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Thermodynamics, kinetics, and technology of synthesis of epitaxial
layers of silicon carbide on silicon by coordinated substitution
of atoms, and its unique properties. A review
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Abstract

The review analyses a new method for growing SiC epitaxial films on Si, which is based on the coordinated substitution of
some silicon atoms in the Si crystal lattice with carbon atoms. The main idea and theory of the new method is presented.
This method significantly differs from classical growth schemes of thin films. The developed method consists in replacing
some Si atoms with C directly inside the silicon matrix and not in depositing atoms on the substrate surface. The method
allows us to solve one of the main problems of heteroepitaxy, namely, to synthesise low-defect and unstrained epitaxial
films with a large difference between the lattice parameters of the film and the substrate. For the first time in the world, a
method of the coordinated substitution of atoms of one sort for atoms of another sort has been implemented right inside
the original crystal without destruction of the crystal structure. The method resembles the “genetic synthesis” of protein
structures in biology. The structural quality of layers obtained by this method significantly exceeds the quality of silicon
carbide films grown on silicon substrates by the world’s leading companies. The method is cheap and technologically
advanced. The new growth method is compared with classical thin-film growth methods. The thermodynamic and kinetic
analysis of the process of substitution of atoms in the solid phase is presented. Using the example of SiC formation, the
mechanisms of a wide class of heterogeneous chemical reactions between the gas phase and a solid are described. The
review describes a new method for the synthesis of epitaxial SiC layers on single-crystal sapphire substrates, which is based
on the method of coordinated substitution of atoms. It is shown that an interface layer with non-standard optical and
electrophysical properties appears at the SiC/Si interface formed by this growth method. The unusual properties are caused
by a collapse (shrinkage) of the material at which silicon carbide, as a new phase, separates from the silicon matrix. The
silicon is subjected to abnormally strong compression. As a result of such shrinkage, every fifth SiC chemical bond is fully
consistent with every fourth Si bond, while the remaining bonds are deformed. The latter leads to a change in the structure
of the SiC surface zones adjacent to Si and to a transformation of SiC into a “magnetic semimetal”. The epitaxy of SiC films
on Si due to the coordinated substitution of half of the Si atoms by C atoms results in absence of lattice misfit dislocations
and thus ensures the high crystalline perfection of the SiC films. A description is given for two quantum effects observed
in the SiC/Si structures at room temperature in weak magnetic fields: the Meissner-Ochsenfeld effect and the effect of the
generation of the Aharonov-Bohm oscillations in the field dependences of the static magnetic susceptibility. A description
is given for a discovered phenomenon of phase transition of charge carriers into a coherent state with the simultaneous
appearance of a giant value of diamagnetism of the order of 1/4m in weak magnetic fields, which has been associated with
the appearance of a superconducting state.
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Wide-bandgap semiconductors, Heat-resistant coatings, Superconductivity, Meissner—Ochsenfeld effect, Aharonov—Bohm
effect, LEDs
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1. Introduction

The purpose of our study was to summarise
the latest data on the growth mechanisms,
properties, and applications of silicon carbide
films on silicon that are synthesised by a new
method of the topochemical coordinated
substitution of atoms. The reader may rightly
ask the following question. Why do we need
another review dedicated to a description of this
method? Only in the last year and a half have the
authors of this article published two reviews [1,
2] and a chapter in the book [3] on this topic, and
three more review articles [4-6] were published
several years earlier. This topic, however, turned
out to be so deep and multifaceted, while silicon
carbide synthesised by the method of coordinated
substitution of atoms has shown such unusual
properties — and findings in this field are updated
literally daily — that we hope that the question of
readers about the need for another review article
will vanish in the process.

Before proceeding to a description of the
growth of silicon carbide on silicon, let us try to
answer the following questions. Why is silicon
carbide needed at all, and then why silicon
carbide on a silicon substrate is required? How
is it superior to other materials? What useful
properties does it have? By what parameters does
it exceed silicon?

Silicon is one of the key basic materials for
most modern electronic devices, computers,
communications equipment, sensors,
transmission and playback equipment. This
material has both a number of advantages
and some significant disadvantages. One of
the important advantages of silicon is its
availability: producing silicon wafers for chips
and microcircuits, polishing the wafers, cleaning
and cutting them are well developed all over the
world. Therefore, electronic devices based on
silicon wafers are relatively cheap. Despite this,
the parameters of silicon-based electronic devices
have a number of limitations. For example, with
an increase in the ambient temperature, the
semiconductor properties of silicon deteriorate
significantly, and instability in the operation of
devices and failures appear. Silicon cannot operate
stably under conditions of increased radiation, for
example, in space and in nuclear reactors. It also
has a number of other unavoidable limitations. In
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this regard, presently, it has become clear that, for
some applications, other materials, which can at
least partially, if not completely, replace silicon,
should be used. Such semiconductor materials
include wide-bandgap semiconductors [7]: silicon
carbide (SiC), gallium nitride (GaN), aluminium
nitride (AIN), gallium oxide (Ga,0,), their solid
solutions, and a number of other materials. These
semiconductors possess excellent electrical
characteristics and can ensure the operation
of electronic and optoelectronic devices at
elevated temperatures and under conditions
of increased radiation. These semiconductor
materials have high hardness and high elastic
moduli. Silicon carbide, for example, approaches
diamond in terms of hardness. Semiconductor
materials such as SiC, AIN, GaN, and Ga,O, have
a wide band gap. The width of the band gap of
these materials varies from 2.4 eV for cubic SiC
to 6.1 eV for AIN. Therefore, these materials
are called wide-bandgap semiconductors. The
main obstacle to realising the high potential
of wide-bandgap semiconductors is a lack of
technologies that allow producing epitaxial
layers of these semiconductors to be affordable
in terms of price and quality. It is also important
to provide the possibility of integrating wide-
bandgap semiconductors with traditional silicon
electronics. This is necessary for the production of
devices with wide-bandgap structures on silicon
substrates, the production and the processing
technologies of which have presently been
brought to perfection. Currently, all industrialised
countries and the largest electronic companies in
the world are solving this problem.

Silicon carbide is the only binary compound
of silicon and carbon that exists in the solid
phase under normal conditions. Silicon carbide
is a wide-bandgap semiconductor with a band
gap between 2.32 eV and 3.24 eV, depending on
the silicon carbide polytype. Single-crystal SiC
has a high breakdown electric field strength,
high drift velocity of electrons, and high thermal
conductivity. Due to a dielectric strength of SiC
that is an order of magnitude higher than that
of silicon, the doping level of a SiC diode can
be two orders of magnitude higher than that of
silicon at the same breakdown voltage. Silicon
carbide is a radiation-resistant material. The
high thermal conductivity of SiC (at the level
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of thermal conductivity of copper) significantly
simplifies the problem of heat removal from
devices. This property, combined with high
allowable operating temperatures and high
saturation velocities of charge carriers (high
saturation currents of field-effect transistors),
makes SiC devices very promising for use in
power electronics. In addition, the high Debye
temperature, which determines the temperature
at which phonons arise, suggests a high thermal
stability of SiC. Thus, in almost all important
criteria, silicon carbide is superior to the
classical semiconductor materials Si and GaAs.
By the irony of history, the active use of
silicon carbide in microelectronics began only
recently, despite the fact that silicon carbide
was one of the first materials used in solid-state
electronics. Back in 1907, H. Round observed a
luminescence when an electric current passed
through a SiC crystal. Oleg Losev studied the
electroluminescence of silicon carbide in more
detail in 1923-1940. Losev also established the
existence of a connection between rectification
and electroluminescence in SiC. Thus, the two
most important phenomena for semiconductor
electronics — electroluminescence and
rectification properties of p-n structures — were
first discovered in SiC crystals.

The modern market requires the creation of a
new type of light-emitting diodes, semiconductor
lasers, high-electron-mobility transistors
(HEMTs), sensors and gas transducers, microwave
devices, and optical switches. Recently, there has
been an urgent need for both LEDs emitting hard
ultraviolet radiation and ultraviolet radiation
sensors. It is possible to create such types
of LEDs and sensors by using wide-bandgap
semiconductors such as AIN and GaN. Currently,
however, there are no cheap and high-quality
native substrates of these materials. As a rule,
these materials are grown on sapphire and silicon
carbide substrates. Thus, silicon carbide is an
indispensable material also as a substrate for
creating heterostructures based on wide-bandgap
semiconductors such as gallium and aluminium
nitrides. It is heterostructures based on gallium
nitride compounds grown on SiC substrates that
make it possible to create transistors with high
charge-carrier mobility, high-power LEDs, and
blue lasers.
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For many years, the use of single-crystal SiC
in electronics has been constrained by the high
cost of SiC and the difficulty of its production.
Currently, this problem is gradually being
solved. However, researchers are looking for
other ways to produce SiC. One of these ways is
the synthesis of SiC epitaxial layers on a silicon
substrate. There is every reason to believe that
in the future such structures will occupy their
niche in micro- and optoelectronics, since
they combine the properties of silicon as one
of the main materials for electronics with the
properties of such a wide-bandgap material
as silicon carbide. These materials are much
cheaper than SiC single crystals. Moreover, it is
possible to grow SiC layers on Si substrates of a
large diameter.

The complexity of obtaining SiC films of
epitaxial quality is largely due to the fact that
SiC crystallises in more than 250 different
crystal structures (polytypes), and only one of
these polytypes is cubic (3C-SiC). The remaining
polytypes have hexagonal or rhombic symmetry.
The cubic polytype has the narrowest band gap
among all silicon carbide polytypes and slightly
excels gallium phosphide (GaP) by maximum
operating temperature. The width of the band
gap of the 3C-SiC polytype is 2.32 eV. Although
3C-SiC has the width of the band gap and the
dielectric strength lower than those of hexagonal
polytypes of SiC, its electrical properties are much
more isotropic than properties of the hexagonal
and rhombic polytypes of SiC. In addition, the
mobility of charge carriers in it is very high.
Finally, and most important, the 3C-SiC polytype
is the most suitable polytype for growth on
cubic silicon, since the silicon crystal used as a
substrate has cubic symmetry. At present, there
are no commercial single crystals of the 3C-SiC
polytype. Therefore, the only way to obtain the
cubic SiC polytype is to grow 3C-SiC layers on a
silicon substrate.

The first attempts to obtain SiC films on
silicon substrates were made by S. Nishino [8].
He proposed to use the standard technique
of chemical vapour deposition (CVD) for the
formation of SiC films, which is widely used
for the synthesis of semiconductor structures.
Methyltrichlorosilane (CH,SiCl,) and mixtures
of SiH,and C.H, were used as sources of carbon
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and silicon [8]. Based on the grown films, several
types of field-effect transistors were created.
However, the parameters of these devices, as
well as the quality of the films, were low. This
was due to the fact that the lattice parameters
of Si and SiC differ by approximately 19%. This
is the first (and main) problem preventing the
production of SiC epitaxial films on Si. Due to
the difference in the lattice parameters of Si
and SiC, a large number of misfit dislocations
and other growth defects are formed at the
interface between the film and the substrate;
thick SiC films on Si, with a thickness of more
than 1 pym, contain cracks. The second but not
less difficult problem is a large difference in
thermal expansion coefficients between Si
and 3C-SiC. According to the data provided in
[9], the linear thermal expansion coefficient
of 3C-SiC is 3.9:10°° K-!, while the linear
expansion coefficient of Si is 2.6:10°K-'. As
a result, when a Si wafer with a SiC layer is
cooled from the growth temperature to room
temperature, a strong bending of the wafer
and cracks occur. The review [10] presents a
picture of the deflection of a Si wafer with an
epitaxial SiC film. Finally, the third problem
is associated with the low melting point of Si
(Si melts at a temperature of 1412 °C). It is
impossible to grow SiC films, synthesised on Si,
at temperatures equal to or higher than 1500 °C.
At temperatures above 1500 °C, the diffusion
mobility of the components and the rate of the
chemical reaction between the components
from which SiC is grown are quite high. This
allows implementing the oriented nucleation
of two-dimensional SiC nuclei. Therefore, for
the growth of SiC films at temperatures below
1412 °C, researchers have to apply various
methods of preliminary modification of the
Si surface. In the review [11], an analysis of a
large set of experimental data on the growth
of SiC films on Si was made. It turned out [10,
11] that, in order to obtain films of acceptable
quality, the Si substrate must be carbonised
before the growth. The SiC buffer layer grown
as a result of carbonisation serves as a seed
for further epitaxy of 3C-SiC layers and has a
significant effect on their deformation. However,
carbonisation failed to radically solve the
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problem of obtaining 3C-SiC layers with a low
defect content suitable for creating commercial
semiconductor devices.

The mainreason that did not allow researchers
to obtain low-defect 3C-SiC layers by the
carbonization method and thereby to form a
highly oriented seed layer for further SiC growth
will be described below.

In 2008, in the work [12], a new method
for synthesising epitaxial SiC films on Si was
theoretically predicted, experimentally confirmed,
and patented [13]. The method [12] is based on the
chemical transformation (conversion) of silicon
surface layers into silicon carbide epitaxial layers
due to the chemical interaction of gaseous carbon
monoxide (CO) with the silicon substrate surface
in the reaction

28i(cr) + CO(gas)=SiC(cr)+SiO(gas)T. (D

This method was called the method of
coordinated substitution of atoms (MCSA)
in later works [14]. The term “coordinated”
means that new chemical bonds are formed
simultaneously and in coordination with the
destruction of old bonds, which leads to the
preservation of the structure of chemical
bonds. Later, in [4-12], a consistent theory that
describes the entire spectrum of interconnected
physicochemical processes occurring during the
topochemical transformation of Si into SiC was
developed.

A detailed description of processes of the
SiC growth by the MCSA that were carried out
from the beginning of the studies in 2004 and
until 2014 can be found in the reviews [10-12].
These publications describe both theoretical
and experimental studies and provide a
detailed description of the installation for the
growth of SiC. These studies also describe a
number of technological methods necessary to
obtain SiC layers of a high degree of crystalline
perfection.

In this review, we will not discuss those. Here,
we only briefly outline the basic technology of
the SiC conversion from Si and then proceed to
describe the new, obtained since 2014, theoretical
and experimental data on the growth and
structure of the SiC films.
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2. The method of coordinated substitution
of atoms: processes occurring in the solid
Si phase during the growth of SiC epitaxial
films on Si. A new mechanism of stress
relaxation during the SiC nucleation on Si

2.1. The growth of an epitaxial SiC layer on a
Si(111) surface

2.1.1. The stage of formation of dilatation
dipoles as a necessary condition for the
dislocation-free growth of SiC

In this section, we briefly outline the main
theoretical provisions of the MCSA. Previously,
they have already been repeatedly described in
one or another form in a number of our reviews
[1-6]. For the convenience of the reader, we
briefly repeat these results and then proceed to
describe the new data.

The MCSA is based on the “assembly” of
a new silicon carbide matrix based on the old
silicon matrix by partial substitution of silicon
atoms in the substrate crystalline matrix with
carbon atoms. The “assembly” of the SiC matrix
is carried out due to the chemical reaction (1).
Reaction (1) proceeds in two stages [4-6, 15—
20]. During the first stage, an intermediate state
in silicon is formed (an analogue of the activated
complex): “silicon vacancy - carbon atom -
silicon matrix” (C-V,). During this stage, carbon
atoms are located in the interstitial positions of
the silicon matrix. It can be said that a metastable
superlattice is formed near the silicon surface.
During the second stage of the reaction, it
transforms into silicon carbide, and the released
vacancies coalesce into pores that are being
formed under the silicon carbide layer. In a crystal
of cubic symmetry, these two dilatation centres
(a carbon atom and a silicon vacancy) interact
elastically with each other. If dilatation dipoles
are located perpendicular to the plane (111) of
silicon, then they are attracted to each other [15-
20]. In this case, almost all of the dilatational
elastic energy, arising due to the introduction
of carbon atoms and the formation of vacancies,
relaxes [15-20]. Since, during one of the stages of
the transformation of Si into SiC, the formation
of defects (C-V,) occurs, and a mechanical elastic
interaction arises between them, we had to face
the need to derive a formula for the energy of
their interaction. As a result, the theory of elastic
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interaction of two point defects in crystals of
cubic and hexagonal symmetry was developed
[15, 16, 21], and the formula for the interaction
energy of two point defects in these crystals
was derived. For crystals of cubic symmetry, the
interaction energy E, (cos@(x,y,z)) of two point
defects is [15,16,21]

E, (coso(x,y,z)=

E,(cos* ¢, +cos’ ¢, +cos* ,) (2)

r ’

where E, = 15K(3c,, — 4c,,)Q'Q"n/8n(c,, +2c,,);
K =(c,, +2c,,)/3 is the compression modulus (for
Si K¥=0.98-10"N-m?); ¢, ¢,, and c,, are
elastic moduli of a cubic crystal; for Si,
¢, =1.66-10" N-m-2, ¢,=0.633-10"" N-m~2,
¢,, =0.796-10" N-m%; n=(c,, —¢,, —2¢,,)/C,, is
the crystal anisotropy parameter, n=-0.689 for
Si; Q' and Q" are associated with the difference
between the volumes of the inclusion and the
vacancy cavity; r is the distance between defects;
cos@, = x/r are the directional cosines between
the x, y, z axes and the direction of the straight
line connecting the centres of interacting defects.
The value of (cos* ¢, +cos” @, +cos” ¢_ —3/5) has
a maximum in the (100) direction equal to 0.4, a
minimum in the <111> direction equal to -0.27,
and a saddle point of -0.1 in the <110> direction.
Therefore, the greatest attraction between point
defects occurs if these defects are in interstices
located along the <110> directions of silicon, i.e.,
if the carbon atom is located in the interstitial
position under the (111) planes along the (110)
plane, and the vacancy should be located along
the <111> direction with respect to this atom. In
this case, the attraction between the silicon va-
cancy and the carbon atom will be at a maximum.
The interaction energy is inversely proportional
to the cube of the distance between defects. Such
a system is a stable complex, which, by analogy
with an electric dipole, was called a dilatation
dipole [15, 16]. Formula (2) in this form was first
obtained in [21]. It should be noted that the in-
teraction of two point dipoles in crystals of cubic
symmetry was first studied by Eshelby [22]. Sub-
sequently, it turned out that the sign of the in-
teraction energy obtained by him should be
substituted by the opposite one. The sign of the
interaction of point defects also turned out to be




Condensed Matter and Interphases / KoHaeHCcMpoBaHHble cpeabl M MexXda3zHble rpaHuLLbl

S. A. Kukushkin, A.V. Osipov

incorrect when deriving the formula for the in-
teraction energy from the anisotropic tensor
Green’s function obtained by Lifshits and Roz-
entsveig [23]. A detailed presentation of the in-
teraction of point defects in anisotropic media
can be found in [15, 16, 21-24].

The total elastic energy of a crystal during the
formation of interacting defects in its volume has
the form [16]:

W(coso(x,y,2)) = E; + E, + E;, (cOs@(x,y,2)) (3)

Here, E, is the elastic energy arising in the
Si crystal due to the deformation caused by the
removal of the Si atom and the formation of the
silicon vacancy; E. is the elastic energy arising
in the Si crystal due to the deformation caused
by the introduction of carbon into the interstitial
space of the Si lattice; the magnitudes of these
energies E, and E_. are determined from the

ZHSin (Vd + VSi,m )2
2K +4p¥ 3V
the volume occupied by a defect (a Si or C vacancy
in an interstitial) in silicon; V®"is the volume
of the interstitial position in silicon; p® - shear
modulus of Si, u* =5.2-10"° N/m?; K¢ is the bulk
modulus of a point defect (Si or C vacancies in
the interstitial). Since the carbon atom and the
vacancy are modelled as point incompressible
dilatation centres, their bulk moduli can be
set equal to K =0 ; V¥ is volume per atom in
silicon, V5 =2.0-10% m?®. Calculations of the
values of elastic energy according to formulas (2)
and (3) can be found in [15, 16]. The calculations
have shown that the dilatational elastic energy
can completely relax only due to dipoles. The
lifetime of dilatation dipoles at temperatures
1100-1250 °C is approximately ~107" =1 sec,
therefore, elastic dipoles also play the role of
ordering centres of epitaxy. If point defects are
located along the <100> direction, then, on the
contrary, they will repel each other, dipoles will
not be formed, and the resulting large elastic
energy makes unfavourable the location of
defects along the <100> direction, which leads
to misorientation of the layers.

Thus, during the first stage of the reaction,
the CO molecule interacts with the surface of the
silicon substrate and decomposes into a carbon
atom and an oxygen atom. Oxygen atoms enter

; Vs

expression E_ , =
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into a chemical reaction with Si atoms, which
results in the formation of SiO gas. The SiO gas
is removed from the system, and a vacancy forms
in the substrate in place of the silicon atom,
converted into SiO gas. The excited carbon atom,
which is released from the CO molecule by the
chemical reaction, is shifted to an interstitial
position in the silicon lattice [5, 14, 20]. This stage
can be written as follows:

CO(gas) + Si(crystal) =
= C(point of defect in Si) + V, + SiO(gas) 4)

where V. is the silicon vacancy. It is at this stage
the intermediate phase of the so-called “pre-car-
bide” silicon is formed. This phase is silicon sat-
urated with defect pairs C + V.. As follows from
(4), pairs of point dilatation defects C and V,
always form and disappear in pairs. “Pre-carbide”
silicon is actually silicon where every second Si
atom is substituted with C atom via the reaction
(4). Thus, one Si cell contains 4 pairs of dilatation
defects C + V, i.e., in “pre-carbide” silicon, ev-
erything is ready for the transformation of silicon
into silicon carbide. This process occurs during
the next stage of the reaction, which is described
by the equation

Si(crystal) + C(point of defect in Si)+ V=
= SiC(crystal) (5)

At this stage, the carbon atoms move in
a coordinated manner towards the silicon
vacancies, thus forming silicon carbide. The
final topochemical reaction (1) is obtained
by summing steps (4) and (5). It is the elastic
interaction between pairs of point dilatation
defects C and V,; that determines the kinetics
of reaction (1). It is important to emphasise that
the first-order phase transition (5) proceeds in
a coordinated manner, i.e., the breaking of old
bonds between atoms and the formation of new
bonds proceed simultaneously and in concert,
which essentially ensures the high crystalline
perfection of the silicon carbide film. Such a
transformation is always accompanied by the
formation of voids, since the volume of the Si cell
is twice the volume of the SiC cell. The length of
all bonds decreases by 20%, namely from 2.35
to 1.88 nm. The first-order phase transition (5)
proceeds layer by layer, i.e., several layers of pre-
carbide silicon are simultaneously converted into
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SiC with the interface shifted perpendicularly to
the substrate surface. The reaction rate constant
of chemical reaction (5) is approximately two
orders of magnitude higher than that of reaction
(4), therefore step (5) proceeds noticeably later
and much faster than step (4). This can explain
the fact that the SiC film is formed with rather
uniform thickness and without noticeable voids.
All voids appear in silicon under the SiC film [1-
6, 18-20].

A surprising feature of reaction (1) is the fact
that reaction ends with the formation of silicon
carbide, and the reaction does not proceed further
to the formation of carbon or even diamond.
This is related to both step (4) and step (5). For
reaction (4), it is necessary to have “free space”
in a silicon cell to accommodate a carbon atom
in it. Only one carbon atom can be located inside
this cell. This is the reason why only four atoms
in the silicon lattice can be substituted, and not
all of its eight atoms. Otherwise, we would obtain
a very strongly elastically stretched diamond
lattice. This would require overcoming a very high
activation energy. Such a reaction cannot proceed
under these conditions. Even a simpler reaction
of placing a carbon atom in each crystal cell of
silicon cannot proceed. Carbon atoms can be
inside the cell only if one silicon atom is removed
from the silicon cell, i.e., the cell contains a silicon
vacancy. Moreover, the point defects (carbon
and vacancy) must be located strictly along the
[111] crystallographic direction in Si. Only in this
case, due to the elastic mechanical attraction
of the dilatation defects, their total elastic
energy is equal to zero. Otherwise, along other
crystallographic directions in Si, reaction (4) does
not occur. Thus, reaction (4) not only “selects”
the required four Si atoms but also “selects” one
single direction in the crystal space, along which
the future SiC crystal lattice is formed. However,
reaction (4) is not sufficient for the transition of
Si into SiC. Reaction (5) completes the process
of SiC synthesis. When reaction (5) proceeds, it
is important that five SiC crystal cells formed as
a result of this reaction almost exactly coincide
with four Si cells [4, 10]. As a result, the reaction
of displacement of atoms (5) occurs with minimal
energy consumption. It is reaction (5) that
completes the process of the “final docking” of
crystal lattices.
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2.1.2. The stage of transformation of dilatation
dipoles into epitaxial SiC

The destruction of the dipole leads to an
increase in the elastic energy of the silicon crystal
and, accordingly, to an increase in its total free
energy. When the dipole is destroyed, the carbon
atom must take the place of the vacancy. This
leads, on the one hand, to an increase in elastic
energy, and, on the other hand, to a decrease in
the total internal energy of the system, since
the chemical bonds become saturated. If a
break occurs only in the mechanical attraction
between defects, then the estimate of the lifetime
of the activation complex at a temperature of
1250 °C provides approximately the following
value 1, ~1 sec. However, the transition of
the intermediate substance into silicon carbide
through breakage of the bond in a dipole and
an increase in the elastic energy of the system
are not acceptable for the growth of a single-
crystal layer of silicon carbide. With such a
transition, only a disordered defective carbide
layer containing dislocations, cracks, etc. will
grow, since the elastic energy at the beginning of
such a transition will be high. There is another
and the only possible way for the transition of
the intermediate substance to silicon carbide
without increasing the elastic energy in the
system [5]. Let us turn our attention to Fig. 1. If
carbon atoms move from interstitial positions to
positions occupied by vacancies (numbers No. 1-
No. 4), then a silicon carbide layer will be formed
in the upper part of silicon. In silicon carbide,
the lattice parameters are much smaller than
in silicon. This means that part of the original
volume occupied by the silicon lattice should be
released. In this case, the relaxation of the elastic
energy will occur. The placing sequence of the
(111) planes of the silicon lattice in projection
onto the (112) plane is shown in Fig. 2, as well as
in Fig. 1. Let the upper layer of silicon, which has
already passed into the intermediate state (Fig.
2a), be transformed into a layer of silicon carbide
(Fig. 2b). The interatomic distance between Si
atoms along the (111) plane in the projection
onto the plane (112) equals 3.84 A. We assume
that the interatomic distance in the intermediate
substance has not changed and corresponds to
the distance between silicon atoms. The distance
between C atoms lying along the (111) plane in
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Fig. 1. Silicon lattice: the stacking sequence of
(111) planes in the projection on (112) plane.

— the silicon atoms, @ - the carbon atoms
in interstitial positions, O - the silicon vacan-
cies, I — the directions of the interaction be-
tween defects in dilatation dipoles, N2 1 - N2 4
— the numbers of atoms to be removed for the
formation of elastic dipoles
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5 cells ) 1

c d
Fig. 2. Consecutive stages of transformation of the interme-
diate complex “carbon atom - silicon vacancy” into the sil-
icon carbide (in the projection on (112) plane). (a) Interme-
diate stage. (b) Stage of the “displacement” type phase
transformation with the formation of the silicon carbide and
the contraction pores. (c) Silicon carbide, etch pit and con-
traction pore admitting carbon monoxide into silicon bulk.
(b) Stage of the “displacement” type phase transformation
with the formation of the silicon carbide and the contraction
pores. (c) Silicon carbide, etch pit and contraction pore ad-

mitting carbon monoxide into silicon bulk [5, 6]

the projection on the (112) plane in SiCis 3.08 A.
The distance between the planes of five SiC cells
~ 15.4 A, which, up to the first decimal place,
coincides with the distance between the planes
of four Si cells = 15.4 A. This means that not all
bonds are broken during the transformation of
the intermediate substance into silicon carbide
but only the bonds that do not coincide with
the bonds in Si (Fig. 2b). In this case, under the
place where the bonds have been broken, namely
under the Si layer, an empty space is formed. If
we consider a higher number of layers instead
of two layers of cells as in Fig. 2a, than it follows
from solely geometric considerations that the
etch pits will have a pyramidal shape. In the
section by the (112) plane, they will look like a
triangle, bounded by the planes (111), (131) and
(311) (Fig. 2c). The shape of this figure will be
similar to the shape of the etch pit formed during
silicon etching [25]. Therefore, the voids under
the silicon carbide layer will be called etch pits.
Simultaneously with the etch pits, as can be seen

from Fig. 2b, due to the decrease in the volume
of the material, stresses are formed and lead to
the initiation of shrinkage pores located along
the surface of the substrate. Shrinkage pores are
formed in places that are multiples of five cell
sizes of silicon carbide. The minimum shrinkage
pore has a size comparable to the size of a silicon
cell (Fig. 2b).

Thus, the SiC layer formed according to this
mechanism consists of a SiC film layer covering
triangular pores located under its surface and
shrinkage pores located along the substrate
surface (Fig. 2d). For the growth of the epitaxial
layer of silicon carbide, it is necessary for the
releasing part of the volume occupied by the
intermediate substance transforming into a SiC
film to be redistributed only between the film and
etch pits. The formation of shrinkage pores is an
undesirable process, since in this case, part of the
film is broken. The transition of the intermediate
complex into silicon carbide occurs when carbon
atoms are displaced from interstitial positions
in silicon to positions occupied by vacancies
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(numbers No. 1-No. 4 (Fig. 1)). In this transition,
the C atom combines with the Si atom and, since
the C atom is smaller than the Si vacancy, a
vacancy in Si is formed at the same time. It follows
from formula (2) that, in this case, the attraction
of defects will be changed to repulsion, since the
sign of the defects changes in this case. As a result
of this process, the total elastic energy of the
system increases. To avoid it, a phase transition
occurs in the system with the formation of a SiC
nucleus and a pore [5]. This process minimises the
total free energy of the system. During the phase
transition, the initial volume of the intermediate
complex changes dramatically. From the volume
initially occupied by it, a layer of silicon carbide
and pores are formed. The volume of the formed
silicon carbide is much lower than the volume
occupied by silicon. This means that the transition
of the intermediate substance into silicon carbide
with the formation of etch pits is a typical first-
order phase transition. In [5], the minimum work
of formation (free energy) of a SiC nucleus and
an etch pit was calculated. The transition of an
intermediate substance into silicon carbide is
a first-order structural phase transition of the
displacement type (carbon atoms are displaced
from their original positions into the region of
silicon vacancies). As the carbon atom shifts to
position No. 1, and if the top silicon atom has
not evaporated, the silicon carbide nucleus will
have a pyramid shape, and the etch pits take
the shape of a triangular depression. In order to
simplify the calculations in [5], we assumed that
the silicon carbide nuclei and etch pits have the
shape of a flat disk of a certain size with radius r
and height H/2, which is not true in general. The
scheme of the transformation of the intermediate
complex into the SiC nucleus and the etch pit is
shown in Fig. 3. As can be seen, the silicon carbide
layer is formed near the surface of the silicon
substrate and emerges on its surface. This layer
is only partially coherently, without mechanical
deformation, bonded to the underlying silicon
atoms. The pore is located under the rest of the
surface of the nucleus. If the SiC nucleus was
completely coherently bonded to the substrate
along the entire contact perimeter, then the
expression for the minimum work of the nucleus
formation would contain a term describing the
elastic energy of interaction between the nucleus
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and the substrate. However, this is not the case,
since simultaneously with the nucleus, an etch pit
is also nucleated under its surface (Fig. 3c). This
means that a part of the substrate material “turns
into a void”, turning the energy of the elastic
interaction of the film with the substrate to zero.
At the same time, in contrast to conventional
film growth, a SiC nucleus formed in this way
is already epitaxially oriented. Its orientation is
determined not by the surface of the substrate but
by its internal structure where the intermediate

Y sithki)

P
Y sinkp

3 5
Y s YSiC(hk‘;j Y scasn

Shrinkage pores, Rcr

C

Fig. 3. Consecutive stages of transformation of the
intermediate complex “carbon atom - silicon vacancy”
into the silicon carbide (in the projection on (112)
plane). (a) Intermediate stage. (b) Stage of the “dis-
placement” type phase transformation with the for-
mation of the silicon carbide and the contraction
pores. (c) Silicon carbide, etch pit and shrinkage pore
admitting carbon monoxide into silicon bulk [5]
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substance — silicon with elastic dipoles — have
existed. This process can take place only with the
simultaneous nucleation of the nucleus and an
etch pit, which is ensured by the shift of carbon
atoms, which leads to the simultaneous creation
of vacancies and SiC molecules. If the nucleus is
formed before the etch pit, then the free energy
of the system would increase by an amount equal
to the elastic energy of the coherent interaction
of the nucleus and the substrate. Thus, a joint
nucleus containing the etch pit and the silicon
carbide nucleus is formed.

The formula for the thermodynamic work
of formation of the joint nucleus etch pit - SiC
nucleus was derived in [5]. Note that the concept
of thermodynamic work is wider than the concept
of free energy or the isobaric-isothermal Gibbs
potential of the formation of a new phase nucleus.
If the volume of the system is preserved during
the phase transition, then the work of formation
of the new phase is equal to the change in free
energy, and, as is known, in the case of the phase
transition of the first kind, the volume of the
new phase is different from the volume of the
old phase. Therefore, it is necessary to use free
energy in thermodynamic calculations of phase
transitions with a certain degree of caution. If the
pressure in the system is constantly maintained
during the phase transition, then the work of
nucleation coincides with the isobaric-isothermal
Gibbs potential. Therefore, in [5], a general
expression was obtained specifically for the work
of formation of a new phase, and not for specific
cases. This expression looks like:

I\T,(4nl, -T.¢)
[&— A(cosg(x,y,2)) |

Rr;rin (COS (|)(X, Y, Z)) =

i (6)
nl, s

+— .
ue[ & - A(coso(x,y,2)) ]

In this formula, T, = (ygicm YSic, ~ TSy +y§ih1)
is the total surface energy of the formation of the
SiCnucleus and etch pit; ', = (Ysm,Si + Vg, ) is the
total surface energy of the nucleus and etch pit
bordering the shrinkage pore;
Ty =1/2)(Vgc,,, * ygi(w —2Ygc / ™) isthevalue
describing the increase in surface energy in the
system during the formation of the shrinkage
pore; Yg,, is the surface energy of the SiC nucle-
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us for its facet with indices (hkl) appearing on the
surface; ygi(hm is the surface energy of the silicon
substrate before substitution with the silicon
carbide layer having the facet orientation (hkl);
Y&, s the surface energy of the silicon carbide
nucleus for the facet facing the etch pit; vy s
the surface energy of the (hkl) interface silicon-
gaseous medium (vacuum) from the side of the
pore; in the general case, yg; ~can be replaced by
Y&, if the inner surface of the pore is covered
with a layer of silicon carbide; Ysicsi» 1S the sur-
face energy of the interface between the new SiC
phase and the old Si phase (SiC-Si); coso, are
the direction cosines between the crystallo-
graphic coordinate system (the x, y, z axes in the
crystal) and the direction of the straight line
connecting the centres of the interacting de-
fects; - A(cos@(x,y,z))=W(coso, , )N, +Y ;
Y, =u¥e’/2; N, is the density of dilatation di-
poles in the surface layer of the substrate; u*
is the shear modulus of Si; € is the strain in
the layer of the substrate surface, which occurs
due to the difference in the distance between
the atoms in Si and in SiC along the (111)
planes, e=02; E=y1/VI+1/V5) ;
x=k,T-In(P.,K*/P,, is the chemical affinity;
P, is the pressure of CO vapour; P, is pressure
of SiO vapour; K“ =P /P& is the equilibrium
constant of reaction (1), Pl and P, are the
equilibrium pressures of CO and SiO gases. The
temperature dependence of the constant K* is
provided in [12].

A distinctive feature of formula (6) is the
following. In contrast to the standard expressions
for the work of formation of a new phase [26],
formula (6) consists of two terms. The first term
at e=0 completely coincides with the standard
expression for the formation of a cylindrical
nucleus of a new phase [26], and the second
term describes the effect of a shrinkage pore
on the formation of a nucleus at €#0. Thus,
the nucleation of silicon carbide stimulates the
nucleation of a shrinkage pore, which, in turn,
stimulates the formation of a SiC nucleus. In [5],
we called the first, the main, phase transition the
“master” one, and the transformation at which
shrinkage pores are generated by the formation
of the first phase was called the “slave” transition,
since it is stimulated only by the formation of a
new phase. In the process of nucleation of a new
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phase, despite the existing connection, each of
its components “fluctuates” independently. It is
well known that at an increased concentration of
one of the components of a chemical reaction, the
precipitation of a pure phase of this component
is possible [26, 27]. In our case, the situation is
fundamentally different. Only one phase of SiC
can be nucleated; shrinkage pores are nucleated
only as a result of the formation of SiC nuclei. The
SiC phase is the “master” phase, and the phase
of the shrinkage pores is the “slave” phase. The
formation of the SiC phase resembles a locomotive
that pulls a train uphill. The composition itself
can only reduce the speed of the transition over
the hill, but it cannot speed up this process. The
process of phase nucleation can be accelerated
only by chemical affinity, which determines the
rate of nucleation of SiC pulling the nucleation
of shrinkage pores. In this case, the elastic field
created by the SiC nuclei in the silicon substrate
leads to a new phase transition, the formation
of shrinkage pores. This process resembles
the co-crystallization process that takes place
in some solutions and melts. Thus, in some
systems, one phase transition can cause another
transformation, stimulated by excitation of some
field. In our case, this field is an elastic field.

Nucleation rate of SiC with etch pits and
shrinkage pores I(n,,B,), according to [5], has
the form:

2D ; R
I(n,,B.)= \/E“ (Nd+NS')EXP[— km;j (7
B

where the dipole density N, =1.2:10” m, the
density of silicon atoms N* =5-10” m3, D, is
the diffusion coefficient in the “size space” — the
kinetic coefficient that determines the rate of
addition of atoms and vacancies to the SiC nu-
cleus and pores. At a temperature of 1250 °C,
T i, =0.86 'm~ and InK/K* ~ 0.2, the diffu-
sion coefficient in the size space is approximate-
ly equal to D, =107 sec! [5]. The density of di-
poles and the density of atoms in silicon are ap-
proximately equal to the following values:
N, =1.2:10*® m~3and N* =5-10” m-3.1t follows
that their ratio takes the following value:
N*/N, = 40. In this case, it follows from formula
(7) that their nucleation rates will differ from each
other by approximately the same number, i.e.,
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IB,)/I(n,)~40.At ahigher supersaturation, at
which the critical radius of the SiC nucleus has a
size of the order of several nanometres, the crit-
ical radius of the shrinkage pore will be of the
order of atomic sizes. This means that the SiC
nucleus will be surrounded by vacancy clusters,
which can coalesce into thin cracks surrounding
the nucleus grain (Fig. 3c). They will be located
along the crystallographic directions. For the
“healing” of shrinkage pores and cracks, we sug-
gested to add silane (SiH,) into the reaction zone
[1,2,5, 6, 28]. SiH, increases the total volume of
silicon entering the surface of the substrate, and,
thereby, reduces mechanical stresses in it. This
leads to a decrease in the nucleation rate of
shrinkage pores. Additional introduction of SiH,
into the system reduces the probability of forma-
tion of silicon vacancies in the near-surface lay-
ers of silicon, thereby reducing the driving force
for the formation of shrinkage pores. Silane plays
another important role, namely, it lowers the
surface tension of the resulting silicon carbide
and makes it possible to obtain not only C-ter-
minated surfaces but also Si-terminated silicon
carbide surfaces. This is due to the fact that the
surface of silicon carbide, in this case, will inter-
act not with vacuum (or CO gas) but with silicon
carbide and adsorbed silicon and hydrogen atoms.
The characteristic incubation time for the joint
formation of SiC and shrinkage pores is of the
order of 1, ~107*sec [5]. The critical thickness
of the intermediate substance and, accordingly,
the thickness of the film layer H,,A =H,_ /2 de-
pend on the quantity I', . The thickness of the SiC
film layer can be changed by changing T',. The
value of I', depends on the surface energies of
silicon carbide and silicon. In [5], estimates of the
surface energies and critical thicknesses of films
formed at different temperatures of the synthesis
and pressures of CO and SH, mixture are given.
Thus, during the first stage of a chemical
reaction, a metastable compound with
composition and structure different from both
Si and SiC is formed (Fig. 4a). It consists of layers
of silicon and, divalent in this compound, carbon,
which are separated by a layer of vacancies.
Dipoles stabilise this structure by replacing
broken chemical bonds with elastic interaction
(Fig. 4a). Partial substitution of chemical bonds
with mechanical interaction occurs. This allows
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the reactants to pass to the final state of the
reaction products with the lowest energy cost.
Such a transition is often a first-order phase
transition, the height of the energy barrier of
whichis close to k,T . In this case, elastic dipoles
located along the <111> direction lead to the

2022;24(4): 407-458

anisotropy of the chemical reaction, lengthen
the chemical bonds in silicon, and promote the
formation of silicon carbide with the lowest
energy consumption (Fig. 5b). The destruction
of dipoles due to thermal fluctuations leads to
the formation of dislocation-free SiC, and the

Activation energy, E,

Reaction coordinate

c
Fig. 4. Consecutive stages of the formation of the silicon carbide on the silicon substrate owing to reaction (1);
(a) is the activated complex consisting of an ensemble of elastic dipoles in the silicon lattice; the plane (111)
is perpendicular to dipole direction; springs indicate the elastic interaction between similar dilatation centers;
(b) is the schematic representation of the new method of thin epitaxial film growth by the creation of dilatation
dipoles ensemble; (c) is the path of the chemical transformation of Si into SiC by CO treatment (solid line) and
a conventional path without dilatation dipoles formation (dashed line): I — activated complex of the standard
chemical reactions, 2 — transition (intermediate) complex “silicon —dilatation dipoles”, 3 — reactants CO,, * Siyye0
4 - reaction products SiC, , + SiO, [5, 6]
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mobile silicon vacancies released in this case
either move to the surface or gather together
under the SiC film, thus forming pores in Si [13].
The majority of immobile carbon atoms that
appear during the destruction of dipoles turn into
SiC, but those that do not turn into SiC remain
in SiC and may be present there as impurity. The
phase transition from an intermediate complex
to a final state is often accompanied by another
first-order phase transition in the original matrix.
This second transition is impossible without
the formation of the final phase, i.e., without
the first transition, therefore we can distinguish
the “master” and “slave” phase transitions. As a
result, the coordinate of the chemical reaction (1)
in crystalline silicon along the <111> direction
looks like it is shown in Fig. 4c. If elastic dipoles
were not formed, then the reaction would proceed
along the curve depicted by the dashed line. Since
dipoles are formed, the reaction proceeds along
the curve depicted by the solid line. This line
has a minimum associated with the formation
of dipoles. This minimum distinguishes the
intermediate substance formed in this case from
the concept of activated or transition complex
widely used in chemistry [43]. The activated
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Fig. 5. Potential energy surface in the reaction coor-
dinate space: (1) initial state, (2) intermediate state,
and (3) final state. Arrows show the direct phase tran-
sition at 1 — 3 and the transition through the inter-
mediate state 1 — 2 — 3 [29].
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complex is formed at point 1 in Fig. 4c where
the dashed line reaches its maximum, while the
intermediate substance is located at point 2 in
Fig. 4c where the solid line passes through the
minimum.

For the transition to the equilibrium state,
the system overcomes one more maximum. The
nature of this maximum is related to the need for
the system to overcome the energy of formation
of new surfaces (of silicon carbide and pores) and
the elastic energy at the moment of carbon atom
bonding with silicon vacancies. For example,
during phase transitions in solids, the “master”
transition can lead to the appearance of elastic
stresses between the original and new phases.
The elastic stresses arising in this case will lead
to another, “slave”, phase transition in the initial
phase. In this case, the master phase transition
from Si to SiC leads to the formation of shrinkage
pores in Si at the interface between SiC and Si.
The slave phase transition is the nucleation of
shrinkage pores.

It should be noted that it is also possible to
obtain SiC as a result of the interaction of Si
with CO,. This will also lead to the formation of
SiC. However, as a result of this reaction, solid
amorphous SiO, will be formed instead of the
SiO gas. In this case, a SiC film containing a large
number of SiC twins and other growth defects
will grow.

2.2. The method of coordinated substitution
of atoms as a first-order phase transition
through an intermediate state

We showed above that, before conversion
into SiC, silicon interacting with CO first
passes an intermediate state. This intermediate
state is taken into account in formula (6) by
the quantity included in its denominator:
A(cos@(x,y,z)) =[W(coso, , . )N,+ Y ].Ifdipoles
were not formed in silicon, i.e., if the intermediate
substance were not formed, then the value of
W(coso, )N, would be equal to zero. In this
case, A(coso(x,y,z)) .would contain only the
term Yy, = u¥'e*/2. This term takes into account
the appearance of elastic energy in the substrate
when a SiC nucleus appears. The term Y. with
a minus sign in the denominator of the work of
formation of a new phase (6) could reduce the
driving force of the phase transition to such an
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extent that a new phase could not be formed. This
is due to the fact that it is subtracted from the
value { proportional to the chemical affinity .
However, nature behaves differently. The system
minimises the free energy of the transition from
solid Si and gas CO to solid SiC and gas SiO,
thus forming the intermediate metastable state
“elastic dipoles—silicon”. The formation of this
transitional complex allows the system to bypass
the high barrier of new phase nucleation along
the “pass”. It should be noted that the work of
formation of critical nuclei from the final phase
from the transition state is much less than from
the initial phase.

In [29], this approach was substantially
developed. It was shown that the work of
formation of a new phase in the presence of
a transition state can even approach zero,
providing a barrier-free transition through a
single nucleus. In particular, during martensitic
transformations, the transition through a pre-
martensitic intermediate state occurs, and the
melting of crystals proceeds through a pre-
melting state. In the studied case, the transition
from Si to SiC occurs through an intermediate
“pre-carbide” state, which includes Si saturated
with dilatation dipoles oriented along the [111]
direction of silicon. It was proved in [29] that
from the intermediate state the system enters
the final state through the highest point of
the lowest energy barrier in the coordinate
space of the reaction or phase transition [29],
i.e., the saddle point. Saddle points can only
exist in systems with several independent
reaction coordinates. It was established in [29]
that the role of the order parameters in such
systems belongs to the coordinates of chemical
reactions. In the case of SiC growing from Si,
two reaction coordinates, one responsible for
the formation of SiC, and the other responsible
for the formation of SiO, are the reaction
coordinates. The reaction with the formation of
gas is faster and ends earlier, since the reaction
with the formation of the SiC crystal requires
the restructuring of the entire crystal structure
and the formation of shrinkage pores due to
the fact that the volume of one cell decreases
twice. The transition scheme is shown in Fig. 5.
In [29], analytical formulas describing the phase
transition through an intermediate state were

2022;24(4): 407-458

Thermodynamics, kinetics, and technology of synthesis of epitaxial layers...

obtained, and the instant formation of the new
phase upon transition from an intermediate state
from one island was shown, i.e., the intermediate
state transforms into a new phase simultaneously
throughout the entire volume. In this case, the
entire matrix of the initial phase determines the
crystalline orientation of the new phase, which
is a great advantage of this thin film growth
mechanism. This approach opens up completely
new prospects for the synthesis of high-quality
epitaxial films and other materials. It becomes
possible to grow film structures entirely from
one nucleus. There is no need to deal with grain
boundary defects that arise when nuclei merge
with each other.

2.3. Growth of the epitaxial SiC layer
on the Si(100) surface

Thus, a distinctive feature of the MCSA is
the formation of the (111) plane regardless of
the initial Si crystallographic plane, on which
SiC was synthesised. This effect is due to the
fact that carbon-vacancy structures (these are
dilatation dipoles at the initial stage) are always
located along the <111> direction and located in
the (-110) plane perpendicular to the (111) plane.
Further, after the formation of elastic dipoles, SiC
is formed according to reaction (5). In this case,
shrinkage with the separation of the SiC nucleus
from the Si matrix occurs with the simultaneous
formation of shrinkage pores. In [5, 30], a
theory of the formation of shrinkage pores was
developed based on the model of the nucleation
of cavities from an ensemble of vacancies that
appear under the action of a tensile load [31].
Delamination of one material from another is
also possible as a result of the formation of partial
dislocations in slip planes and the initiation of
vacancy dislocation loops [32]. It is known [33],
that the slip planes in crystals with a diamond
lattice at temperatures exceeding 0.5 of the
melting point of the crystal (in our case, for the
synthesis of SiC, this condition is certainly met
for Si) are the family of (111) planes, while the
slip itself occurs along the < 110> directions.
Therefore, on a smooth (100) silicon surface, SiC
with the (100) orientation cannot be nucleated.
However, nature does otherwise. The (100) Si
facet upon conversion transforms into a SiC facet
consisting of many facets resembling sawtooth

421



Condensed Matter and Interphases / KoHaeHCHpoBaHHble cpeabl M MexdasHble rpaHuLbl

S.A. Kukushkin, A.V. Osipov

structures, the side facets of which are covered
with the (111), (110), and (210) planes, as shown
in Fig. 6 [30]. The angle between the direction of
the (100) facet and the (111) facets is 54°44’. Any
arbitrarily small deviation of the (100) facet from
this direction makes it vicinal, which leads to the
instantaneous formation of a very thin (several
atomic layers) film.

A different picture will be observed if SiC
is grown by the MCSA on the (100) surface
misoriented by 2-7° in the <011> direction. If
this surface is heated to a temperature exceeding
600 °C, then the (100) plane of silicon will be
covered with steps. The terraces of this structure
will be the (100) planes, and the steps will be
limited by the (011) planes. There are “channels”
along the <011> directions in the silicon lattice,
which is associated with the features of the
crystallographic structure of the Si lattice.

Si(100) substrate
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Therefore, along this direction, CO molecules
move perpendicular to the steps deep into Si. The
Si surface is saturated with CO, and, as described
above, the interaction of Si with CO occurs,
resulting in the formation of an intermediate
state, which is further converted into SiC. During
this transformation, part of the Si from the (011)
step evaporates, and the (111) SiC step is formed
[30]. This process is schematically shown in Fig.
7. This transformation removes the “degeneracy”
inherent to the non-deflected (100) facet and
leads to the formation of facets consisting of the
(111) SiC facets, but located already on the former
(011) steps, and not randomly located as on the
(100) facet. Naturally, these facets also make an
angle of ~55° with the (100) facet and ~35° with
the (011) facet. Since the attraction between a
silicon vacancy and a carbon atom in the silicon
matrix is maximal along the <111> direction, a

[100]
&»[011]

[011]

@ Siatoms
€ Sivacancies
¢ C atoms

Fig. 6. Schematic representation of the successive stages of transformation of the singular Si(100) surface into
SiC covered with facets during the exposure of the Si surface to the CO gas in accordance with reaction (1): (a)
bringing the Si(100) surface in contact with the CO gas; (b) the first stage of the reaction, namely, the remov-
al of Si using the SiO gas and the formation of dilatation dipoles (C-Vy); (c) the phase transition from the
intermediate state of silicon into a SiC layer; and (d) the formation of a sawtooth surface of the SiC film covered
with (111) facets; 6 =54°44" is the angle between the SiC(111) facet and the Si(100) surface [30]
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[100] .
011 - @ Si1atoms
(011) [011] ®—»[011] ®5s 0
(100) 4,045°

NN

Fig. 7. Schematic representation of the mechanism of successive stages of the occurrence of reaction (1) on
the vicinal Si(100) surface covered with (011) steps: (a) the vicinal Si(100) surface deviated by 4° in the [011]
direction with (011) steps toward the plane; (b) the initial Si(100) surface covered with (011) steps; and (c) the
intermediate state formed during the transformation of the intermediate state into the SiC(111) plane, which

lies at an angle of 6 =54°44" to the (100) face [30]

part of the (011) Si step can turn into the (112)
SiC kink. It is known, that the angle between
the (112) and (100) planes in a cubic crystal
with the diamond lattice is ~35°. As a result, a
longitudinal wedge-shaped protrusion of silicon
carbide is formed with the top protruding above
the step platform and an inclined edge reaching
the platform of the underlying step, with the
formation of a slope. These SiC facets resemble
“fish scales” or “knight’s chainmail,” the wafers
of which closely fit with each other [30]. The
experimental AFM image of a SiC layer coated
with the (111) facets grown on a (100) Si vicinal
surface deviated from the <100> direction by 4°
towards <011> is shown in Fig. 8. Thus, the Si(100)
surface is covered with an array of wedge-shaped
parallel steps, which are triangular prisms (side
facets of pyramids).

Since the symmetry of such prisms is
characteristic of both cubic and hexagonal
crystals, the symmetry is not degenerate.
This means that both crystals with cubic
and hexagonal symmetry can grow on these

7 151 ivii

Fig. 8. AFM image of the SiC layer covered with the
(111) facets grown on the vicinal (100) Si surface
p-type conductivity deviated from the <100> direction
by 4° toward <011> [30]
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surfaces. Most importantly, this will depend
not on the orientation of the substrate but
only on the thermodynamic conditions, i.e., on
the temperature and densities of the incident
fluxes of the components from which the layer
grows. If the hexagonal modification is stable
under the given conditions, then the hexagonal
modification will grow; if the cubic structure is
stable, then the cubic modification will grow.
This opens up completely new perspectives for
growing hexagonal semi-polar crystals.

In [30], a fundamentally new mechanism was
also discovered for the process of substitution of
atoms on the vicinal Si facets of n- and p-type
of conductivity that are deviated from the
singular facet (100). The following findings were
revealed. 1) On the vicinal Si surface of p-type
of conductivity, deviated by 4° or more from
the singular facet (100), an ordered SiC phase
is formed in the process of SiC synthesis. The
surface morphology of this phase has the form
of facets (flakes) consisting of layers of both
cubic and hexagonal phases. 2) On the vicinal
Si surface of n-type of conductivity, deviated by
4° or more from the singular facet (100), only
the ordered 3C-SiC cubic phase is formed in the
process of SiC synthesis. The reasons for this
difference are due to the different mechanism
and different rates of formation of dilatation
dipoles and carbon-vacancy structures on the
(100) facet in Si doped with donor and acceptor
impurities [30].
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3. Quantum-mechanical theory of
epitaxial transformation of silicon into
silicon carbide

Thus, we found out that during the first stage
(4) of SiC synthesis, pairs of defects of C and
V,, are formed and saturate the silicon crystal.
The C atom is attracted to the silicon vacancy;
therefore, the C atom actually replaces the Si
atom in the Si crystal. When every second atom
in the Si crystal is substituted by a C atom, the
crystal will be saturated with pairs of C+Vj;
defects, and the stage (4) is completed. Such a Si
crystal can be called “pre-carbide” silicon, since
everything in it is ready for the transition into
SiC. In the second stage (5), large areas of pre-
carbide silicon “collapse” with the formation of
SiC. Since the volume at stage (5) decreases (the
volume of one SiC cell is two times smaller than
the volume of one Si cell), this is a first-order
phase transition. In [14, 34], the study of the
main elementary processes that occur during the
transformation of a silicon crystal into a silicon
carbide crystal due to a chemical substitution
reaction with CO gas was continued. As a result,
a quantum-mechanical theory of the coordinated
transformation of Si into SiC was proposed. In
this case, the density-functional theory (DFT) in
the generalised gradient approximation (GGA)
was used. The energy profile of this reaction
for the Si(100) surface was calculated using the
nudged elastic band method (NEB) in the PBE
functional approximation using pseudopotentials

Fig. 9. Initial reactants (a) and final reaction products (b) of stage (4) with the reconstruction p(2 x 2) of the
Si(100) surface. At the bottom the broken silicon bonds are saturated with hydrogen, which is not shown for
simplicity. On all three axes, there are periodic boundary conditions. [14, 34]
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and the plane-wave basis with the reconstruction
of p(2x2) (Fig. 9). It has been established
that this reaction (4) is feasible only since it
proceeds through the intermediate state IS (Fig.
10b), in which all atoms are chemically bonded
to each other. In fact, this intermediate state
breaks the reaction into two independent steps.
During the first stage, the entire CO molecule
is absorbed by the Si surface, and then, after a
slight rearrangement (Fig. 10e), the SiO molecule
is pushed out by the surface. Due to this, the
system reduces the activation barrier of this
reaction to 2.6 eV. In [14, 34], the geometry of all
intermediate and transition states was calculated
(Fig. 10 a-e), and the frequency spectrum of
the transition states TS1 and TS2 was found.
The only imaginary frequencies of these states
are |o,,|=160 sm™' and |w,;,|=430 sm™'.
The eigenvectors corresponding to the given
eigenvalues show the minimum energy path
(MEP) at these points (Figs. 10d and 10e). It
was shown that the main transition state TS1
is reactant-like, and the auxiliary intermediate
state TS2 is product-like. On the (100) surface, the

\:
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geometry of pre-carbide silicon corresponding
to the local energy minimum and the geometry
of silicon carbide corresponding to the global
minimum were calculated. It was shown that
the C-Si bonds in pre-carbide silicon on (100)
are stretched on average by 11%. The energy of
the first-order phase transition from pre-carbide
silicon into silicon carbide was calculated for a
region of size Lx L(4). It was shown that such
a transition is possible only if the size of the
transition region L is higher than a certain
minimum size L, =30nm. Such an unusual
character of the simultaneous transformation of
silicon into silicon carbide with the preservation
of the entire structure of chemical bonds explains
the absence of lattice misfit dislocations in these
SiC/Si films. This fundamentally distinguishes
this method of SiC/Si growth from the standard
one (for example, CVD), where islands grow atom
by atom, which inevitably leads to the appearance
of misfit dislocations. The estimates made in [16,
21] using the methods of classical mechanics are
in qualitative agreement with the results of this

study.
z A2

C

d
Fig. 10. Geometry of three intermediate states (a),(b), (c) and two transition states (d) and (e) of the reaction
(4) [14, 34]

e
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3.1. Energy profile, intermediate and transition
states of the reaction of heterogeneous synthesis
of SiC

It should be noted that, in addition to the
predictable intermediate states A1 and A2
corresponding to CO and SiO molecules adsorbed
on the crystal surface (such states always occur in
the presence of a surface), the system has a key
intermediate state IS (Fig. 10b), in which all atoms
are in a chemically bound state. The decisive role
of this intermediate state in the course of reaction
(4) is that it changes the reaction path by lowering
the height of the activation barrier. If it were not
for the IS state, then the intermediate state would
be different, and the height of the activation
barrier would be approximately 4.0 eV. This
means that at temperatures of 1200 -1300 °C the
rate of reactions (1) and (4) would be almost equal
to zero. The intermediate IS state (Fig. 10b) splits
the reaction from state Al to state A2 into two
elementary reactions and lowers the height of the
activation barrier to 2.6 eV (Fig. 11). This means
that the A1 state with an adsorbed CO molecule
exists approximately 10-° sec at T = 1250 °C.
The found barrier provides the experimentally
observed rate of reactions (1) and (4) [35].

The CO molecule moves vertically as a whole,
ensuring that the C atom enters the right place

1.5 T ¥ T

TS2

1R A1 =

_1 5 - 1 L 1 " 1 i Il " A2. 1
© 00 0.2 0.4 0.6 0.8 1.0
Reaction coordinate

Fig. 11. Cross section of the surface of the potential
energy of the reaction (2) along the reaction pathway.
The geometry of the system of atoms corresponding
to three intermediate states A1,IS, A2 and 2 transition
states TS1, TS2 is shown in Fig.10; R is the reactants;
P is the final products [14, 34]
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(Fig. 10b). At the same time, the Si-Si dimer makes
room for this (Fig. 11b), also moving as a whole
in the horizontal direction. At the saddle point,
the C atom is located at approximately the same
distance ~2.65 A from the three nearest Si atoms
without forming a chemical bond with them.
This explains such a low value of the frequency
modulus . The positive frequencies of the
TS1 spectrum are closer to the frequencies of
the A1 spectrum than to the frequencies of the IS
spectrum, therefore the TS1 transition state can
be characterised as reactant-like.

In the TS2 transition state (Fig. 10e), atoms,
not molecules, are moving. The carbon atom
moves almost vertically down and reaches its
final position (Fig. 11c). The oxygen atom moves
almost parallel to the Si-C bond. Since both the
O atom and the C atom are chemically bonded to
Si atoms, the frequency |w,y, | is noticeably higher
than the frequency|w,y, | The positive frequencies
of the TS2 spectrum are closer to the frequencies
of the A2 spectrum than to the frequencies of the
IS spectrum, therefore the TS2 transition state
can be characterised as a product-like one.

3.2. Transition of “pre-carbide” silicon
into silicon carbide on the (100) surface

Thus, stage (4) ensures the substitution of
every second Si atom by a C atom according to the
mechanism described above. In this case, it is very
important to emphasise that the breaking of Si-
Sibonds in silicon and the formation of new C-Si
bonds occur in a coordinated manner through the
intermediate IS state and almost simultaneously
(the IS state lives approximately 10-10-1° sec). If
the Si—C substitution occurs in the volume of the
Si crystal, then the C atom takes the place of the
Si atom. This fact is related to the fact that the C
atom and the silicon vacancy V; are attracted
to each other, forming a bound state called a
dilatation dipole by analogy with an electric
dipole, as mentioned above. In the framework of
classical solid body mechanics, for the calculation
of the elastic energy of the dilatation dipole [16,
21, 36, 37], a number of strong assumptions had
to be made, in particular, point defects were
considered as having no dimensions. Using the
apparatus of quantum mechanics, not only an
estimation but a very accurate calculation of the
interaction energy of C and Vj; is possible, which
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was done by the methods of quantum mechanics
in [14, 34].

Let us now consider the (100) surface of a
silicon substrate where every second Si atom of
the upper atomic monolayer with a thickness of
3.84 A was substituted by a C atom according to
the mechanism described above, after which the
geometry of the system was optimised from this
initial position (Fig. 12, left side). In order not to
involve surface reconstruction in the considered
processes, all broken bonds are saturated with
hydrogen (for simplicity, hydrogen atoms are
not shown in Fig. 12). The optimization of the
geometry leads to the fact that the atoms of the
film are slightly pressed against the substrate,
reducing the bond length. The average C-Si bond
length after optimization on the (100) surface
is 2.09 A. After substitution of every second Si
atom with a C atom and optimising the geometry
according to the terminology of [1, 2, 4-6], this
silicon is “pre-carbide” silicon where everything
is ready for transformation into silicon carbide.
This silicon is obtained after the completion of
the stage (2). Since the optimal C-Si bond length
in silicon carbide is 1.88 A, the bonds in pre-
carbide silicon on the (100) surface are stretched
by an average of 11%, which leads to additional
elastic energy. This is the driving force of the
transformation of pre-carbide silicon into silicon
carbide (5).

Too many atoms are involved in the transition
from pre-carbide silicon into silicon carbide
(3) (the minimum required number of atoms is
~10°), therefore it is not possible to construct
an exact quantum-mechanical theory for this
transition. Nevertheless, using relatively simple
quantum-mechanical calculations, it is possible
to determine all the main characteristics of the
phase transition (5) and provide a qualitative
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description for it. In [14], this was done for the
(100) surface.

The state of pre-carbide silicon, which
corresponds to a local energy minimum in a
simple two-dimensional model on the Si(100)
surface, is shown in Fig. 12 (see the left side of
Fig. 12). The two-dimensionality of the model
means that the thickness of the considered layer
perpendicular to the plane of the figure is equal
to the size of the primitive Si cell, i.e., 3.84 A. In
this dimension (i.e., perpendicular to the plane
of the figure), atoms cannot move, and periodic
boundary conditions apply. The relaxation of
atoms can occur only in two other dimensions,
i.e., in the plane of the figure. The stretching of
bonds by 11% leads to the fact that the energy
of the system has a global minimum, located
below the local minimum. The calculations by the
density-functional theory method showed that,
within the framework of the above-mentioned
DFT approximations and two-dimensional model,
the global minimum corresponds to the “collapse”
of pre-carbide silicon into silicon carbide with the
optimal C-Si bond length. In this case, 5 primitive
SiC cells fit 4 primitive Si cells (their total length
is equal to 15.36 A) (see the right side of Fig. 12).
It turned out that one of the upper Si atoms (i.e.,
every fourth one) actually enters the material of
the SiC film and play an important ordering role,
since it forms a bond with two Si atoms from the
SiC film. The length of this bond is 2.59 A, i.e., it
is stretched by 10%.

Quantum-mechanical calculations within
the above approximations show that the SiC
state is more favourable than the state of pre-
carbide silicon by the value AE, =0.25 eV per
primitive SiC cell. However, for the formation of
such state from pre-carbide silicon (Fig. 12), it is
necessary to break two C—Si bonds in pre-carbide

Fig. 12. Transition from precarbide silicon to silicon carbide on Si(10 ) (reaction (3)). Hydrogen saturating

dangling bonds is not shown for simplicity [14]
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silicon with the total energy AE, =10.0 eV. These
bonds are stretched by 11%, therefore they are
weakened, therefore the energy AE, is so low.

So, a square of the pre-carbide silicon
monolayer located on the (100) surface and
having the size (L x L) enclosing (L/a”) primitive
cells (a = 3.84 A is the size of the primitive cell of
silicon) requires the following energy to collapse
into SiC:

2
AE=—AE1(£] +2£AE2 (8)
a a
since the bonds break up along half the perimeter.
From the condition AE =0, it is possible to de-
termine the minimum size of a cluster of pre-car-
bide silicon, for which the transformation into
silicon carbide is beneficial:

L= Zﬂa 9)
A‘El

As it follows from (8), the larger the cluster
size, the more favourable the phase transition.
However, the larger L, the larger activation
barrier proportional to L must be overcome.
The size of the barrier is influenced by many
factors. First, during the collapse, the outermost
atoms make a path equal to 0.242L. In an
ideal situation, when the substrate potential is
exactly equal to the sine, the energy of cluster
movement along the substrate is 0, since such
movement is described by the soliton solution of
the sine-Gordon equation. However, in practice,
the potential of the silicon substrate differs from
the sine, so energy has to be spent on moving.
In addition, when the cluster moves, the length
of the C-Si bonds changes, i.e., the cluster does
not move as a whole, which also requires energy.
Second, the “collapse” opens up part of the Si
substrate surface, and some Si atoms can move
upward, lowering the total energy. In addition,
these atoms can react with CO and provide
the appearance of SiC in the gap between SiC
clusters. In practice, a certain amount of silane
SiH, is added to CO gas exactly to “heal” the voids
between SiC clusters [5]. This process facilitates
the collapse of pre-carbide silicon clusters and
reduces the corresponding activation barrier.

An estimate of the SiC cluster size made in
[14] showed that the average size of a pre-carbide
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silicon cluster undergoing the first-order phase

transition is of the following order of magnitude:

L~2L, = 4£a =160a = 60 nm.
AE

1

(10)

4. Diffusion mechanism of CO and SiO
molecules into Si with the simultaneous
chemical transformation reaction

of Si into SiC

In [38], a new mechanism of film growth
during the topochemical transformation reaction
of Si into SiC under the action of CO was
theoretically proposed and experimentally
confirmed. The main idea of [38] is as follows. The
drift of CO molecules during a chemical reaction
with Si occurs first through the channels of the
Sicrystal saturated with dilatation dipoles C+ Vg
and then through the SiC channels due to the
difference in CO pressures outside and inside the
crystal. Film growth in this model stops when
the reaction product SiO “block up” the crystal
channels, reducing their hydraulic diameter. This
is the fundamental difference between this model
and the diffusion model, where the increase in
film thickness continues indefinitely as Jt.In
this study, for the first time, experiments were
performed to measure the dependence of the
maximum film thickness on pressure for films on
Si(111) and Si(100), and it was shown that there
is a pressure corresponding to the maximum film
thickness. With a further increase in pressure,
the film thickness decreases, whereasit should
be vice versa for ordinary diffusion growth, since
diffusion only increases. In [38], a general formula
describing the dependence of the thickness
of a SiC film formed during the topochemical
growth was derived. For small time values t, this
dependence is diffusional:

Lt)=+Dt

and for bigger time values it is presented as:

(11

Lt)=L, {1 - exp(— ZIL)Ztm H (12)
L (P) =L — 2P0 P (13)

[1+(PCO /p. )"T

where p. and L. are parameters which have the
dimensions of pressure and lengths, respectively;
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n is the inverse polytropic index,

1
_C-C, _Cc-25R_ _(p) ., _w(d/2)p.
c-¢, c-35R" " \va) "7 mmj,
j. is the volumetric equilibrium flow rate of CO
gas per unit area of the channel; d,, is the hydrau-
lic diameter of the channel; n is the dynamic
viscosity. The dependence of the thickness of the
SiC layer growing on the Si (111) facet on the CO
pressure is shown in Fig. 13a; the time depen-
dence of the thickness of the SiC layer growing
on the Si(111) facet is shown in Fig. 13b. Similar
curves for the growth of SiC on the Si (100) facet
can be found in [38]. It can be seen from these
data that, starting from a certain value of the CO
pressure, the growth of the layer thickness slows
down, in contrast to the thickness of the layer
growing due to diffusion. The growth of the layer
thickness also stops with time (at a fixed pres-
sure). After the layer reaches a certain thickness,
it no longer grows [38, 39].

The study of the processes of diffusion of CO
and SiO gases was started in [38] and continued
in [40, 41]. The key role of vacancies V; and
V. in the kinetics of reaction (1) was shown in
[40, 41] using quantum chemistry methods. The
transport of the reagent CO gas into the reaction
zone and of the reaction product SiO gas from the
reaction zone occurs only in the <110> direction
and equivalent directions, i.e., in the direction
of the SiC channels. The migration of CO and
SiO molecules is equivalent to the migration of
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the O atom and vacancies V;, and V_, since it is
not necessary for the Si and C atoms to migrate,
because the O atom easily forms a chemical bond
with any atom of the SiC crystal. The energy
barrier to migration of vacancies is more than
2 times lower than the barrier to the migration
of atoms and, in an ideal crystal, is equal to 3.6
eV for V; and 3.9 eV for V.. Therefore, at low
temperatures, the synthesis of SiC is limited by
migration of V.. In a 3C-SiC crystal containing
twin boundaries, the migration barriers can be 10—
20% lower. Starting from a temperature of 1100-
1200°C, a significant part of silicon vacancies will
transform into carbon vacancies plus immobile
carbon structures (the activation energy of this
process is 3.1 eV). Therefore, due to the lack of
silicon vacancies, they can limit the synthesis of
SiC. In this case, SiC synthesised by the MCSAwill
contain both carbon clusters and traces of
microexplosions caused by the accumulation of
a large amount of SiO inside the SiC layer.

The processes of diffusion and evolution of
a porous layer were also studied in [42]. In that
study, the temporal evolution of the average
thickness of the porous layer when the sample
was kept in a CO atmosphere was studied
experimentally and theoretically. The result of
the study showed that the thickness at the initial
stages is proportional to the cube root of time. A
model that describes the process of formation of
the porous layer both at the initial stages, when
the layer represents isolated pores, and at the

SiC Thickness, nm

0 1 L 1 1 1
0 10 20 30 40 50 60

Deposition time, min

b

Fig. 13. Dependences of the final thickness of a SiC film on Si(111) on (a) the CO pressure (squares) and (b) growth
time (squares). The solid lines stand for theoretical dependences calculated by formulas (11) and (12) [38]

429



Condensed Matter and Interphases / KoHaeHCHpoBaHHble cpeabl M MexdasHble rpaHuLbl

S.A. Kukushkin, A.V. Osipov

later stages, when the pores coalesce and move
deep inside as a single flat front, was proposed.
It was theoretically shown that in the latter case
the thickness of the porous layer is proportional
to the square root of time.

5. Vacancy growth of single-crystal silicon
carbide — a new stage in the development
of the method of coordinated substitution
of atoms

A surprising feature of the method of
substitution of atoms is that the dependence of the
thickness of the grown SiC layer on the pressure of
carbon monoxide CO has a dome-like shape [38],
i.e.,at firstit increases to a certain maximum value,
then decreases almost to zero (Fig. 13).

The drift model of epitaxy, developed in
[38], allowed to explain the similar behaviour
of the layer thickness on the CO pressure. It
turned out that the gaseous reaction product SiO
interferes with the flow of the gaseous reagent
CO through the channels of the crystal lattice,
thus reducing their hydraulic diameter. Naturally,
the thickness of the SiC films in this case is not
high. In particular, at a growth temperature of
1300 °C, the highest-quality films on Si(111) have
a thickness of 20—100nm and are obtained at
the CO pressures P., = 200500 Pa. The process
of forming the SiC coating proceeds through a
number of intermediate stages. During the first
stage of the reaction, the CO molecule interacts
with Si and decomposes into a carbon atom and
an oxygen atom. The oxygen atom enters into a
chemical reaction with the Si atom, which results
in the formation of SiO gas. The SiO gas diffuses

/ =y
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through the crystal lattice to the surface and is
removed from the system by a vacuum pump. A
vacancy is formed in place of the removed silicon
atom. Vacancies of this type, formed as a result
of the interaction of CO with Si, will be referred
to below as vacancies of a chemical nature or
just “chemical” vacancies. An excited carbon
atom released from the CO molecule as a result
of the chemical reaction does not immediately
take the place vacated after the removal of the
Si atom via SiO but occupies an intermediate
interstitial position, thus forming the so-called
dilatation dipole, i.e., the complex “interstitial
C - ‘chemical’ Si vacancy”. During the final
stage, interstitial carbon atoms “collapse” into
“chemical” silicon vacancies due to the relaxation
of elastic energy, thus forming a SiC coating.
The main disadvantage of this method is the
physically limited thickness of the resulting SiC
coating. It is impossible to grow the SiC coating
with a thickness of more than 200-250 nm by
this method. This is due to the peculiarities of
the course of the chemical reaction: CO gas —
crystalline silicon. As the structure of the surface
layers of silicon is transformed into silicon
carbide, the access of the reactant gas to the
reaction front in the volume of silicon becomes
more difficult, and when the critical thickness is
reached, the reaction stops. This is explained by
the fact that during the transformation of Si into
SiC, the distance between atoms in the crystal
cell of the formed SiC is smaller than in the
initial Si. Accordingly, the diameter of channels,
through which CO gas penetrates and SiO gas is
removed, is also smaller in SiC. Therefore, as SiC

Fig. 14. Microscopic image of the cross-section of SiC-3C/Si(111) (a) and RHEED pattern obtained at an electron
energy of 50 keV from its surface (b) samples grown by modified atomic substitution method at a temperature
T=1350°C and CO pressure p., =80 Pa for 10 min with preliminary saturation of Si by vacancies. Under a high
quality SiC-3C layer with thickness of ~700 nm there is a layer of lower quality SiC with voids and unreacted
silicon. The diffraction pattern corresponds to the epitaxial structure; polycrystalline phase is absent [43]
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is formed, the rate of movement of gases slows
down. As a result, CO gas cannot penetrate to a
great depth, while SiO gas ceases to be removed
from the system, so the chemical equilibrium is
established - the reaction stops,. If the required
thickness of the SiC layer exceeds 250 nm, it is
necessary to repeat the procedure of depositing
precursor layers (with the thickness up to 250 nm)
on the already formed two-layer SiC coatings
with their subsequent modification in a vacuum
furnace in the presence of CO until the required
thickness of the layered coating is reached. This
significantly complicates the technology. In
addition, repeated deposition of thin layers of
silicon (the precursor layer) on an already formed
SiC surface in order to increase the thickness leads
to a deterioration in the crystalline perfection
of the final layer, since during heterogeneous
nucleation of Si on SiC, defects and dislocations
are formed due to differences in the lattice
parameters, and significant elastic stresses occur
as well.

However, for some applications it is necessary
to obtain high-quality single-crystal SiC films
of noticeably higher thickness, for example,
200-1000 nm. In [43], a method that allows to
increase the thickness of the silicon carbide layer
by about an order of magnitude was proposed
and implemented. The method is based on the
theoretical conclusions of [5] and consists in the
saturation of the surface of the silicon substrate
with vacancies by pre-annealing in vacuum at
T=1350 °C during ~1-30 min annealing time
is determined by the need to obtain films of
a given thickness). Thus, at the beginning of
synthesis, silicon vacancies are specially created
in the silicon substrate before the growth of
SiC. This allows to create new pathways for CO
diffusion and SiO removal in the substrate. Silicon
vacancies penetrate from silicon into silicon
carbide and provide a high rate of removal of the
reaction product SiO outside of the reaction zone.
Therefore, SiO much less hinders the growth of
SiC, moreover, using vacancies, CO also penetrates
deep into SiC more efficiently, which ultimately
leads to much thicker SiC layers. This leads to
the fact that when silicon atoms are substituted
by carbon atoms, the interstitial-driven mass
transfer mechanism switches to the vacancy-
driven one. As a result, the SiC layer thickness
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not only increases, but, when it becomes higher
than 400 nm, the layer delaminates from the
Si substrate. The SEM micrograph of a thick
SiC layer grown by the method [43] is shown in
Fig. 14a.

During vacancy-driven growth, a silicon
substrate is placed in a vacuum furnace
and subjected to preliminary annealing at a
temperature of 1250-1400 °C for 1-60 min under
vacuum conditions (at a pressure of about 20 Pa
or less). Due to preliminary annealing under
vacuum conditions, the near-surface region of
silicon is saturated with point defects in the
silicon lattice — “thermal” vacancies (in contrast
to the “chemical” vacancies that arise during the
reaction of CO and Si and are mentioned earlier
in the description of the prototype method). It
is known that two types of “thermal” vacancies
are formed in silicon crystals. Some “thermal”
vacancies are Schottky vacancies, and others are
Frenkel “thermal” vacancies. Schottky vacancies
are formed near the surface of a silicon crystal
as a result of the emergence of a silicon atom on
the Si surface. Frenkel vacancies are formed as
a result of the efflux of an atom from a crystal
lattice site into the interstitial space. The higher
the temperature, the higher the concentration of
both “thermal” Frenkel vacancies and “thermal”
Schottky vacancies.

After annealing in vacuum, a silicon carbide
two-layer structure is formed by supplying CO gas
at a pressure of 20-600 Pa into a vacuum furnace,
and the substrate is kept in a CO atmosphere
at a temperature of 1250-1390 °C. During this
stage, chemical reaction (1) proceeds in the
near-surface region of the substrate. However,
unlike the described above method, in which
vacancies are formed simultaneously with the
occurrence of chemical reaction (1), in this
case, at the stage of formation of “chemical”
vacancies during the interaction of CO and Si,
the system already contains a large number
of “thermal” (nonequilibrium) vacancies. This
makes it an open, non-equilibrium system. In
the diffusion zone region, i.e., in the zone where
the concentration of “thermal” (nonequilibrium)
vacancies is increased, the chemical bonds
within silicon are significantly weakened. The
silicon lattice is in an unstable state. Gases
easily penetrate inside silicon. The process
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resembles the absorption of moisture by originally
compressed porous sponge. Due to the creation
of a high vacuum at the beginning of the process,
silicon evaporates all the time from the surface
of the silicon substrate, it does not deposit on
the substrate and does not “block up” the formed
vacancy channels. Hollow vertically oriented
chains consisting of vacancies are formed inside
silicon. When silicon evaporates, especially in a
vacuum state, the presence of a vacancy leads to
elastic compression of the silicon surface layer,
since some of the silicon atoms have evaporated.
It should be noted that since vacancies change the
volume of the crystal, it is “more advantageous”
for them to form in a coordinated manner, by
forming lines or chains consisting of vacancies
along the crystal surface. Such a process is
impossible without the constant pumping-out
of silicon vapours.

In the second step, as soon as CO gas is
introduced into the system, it quickly saturates
the elastically stressed layer, like a compressed
sponge absorbs moisture. The elastic stresses
relax, but the silicon structure prepared by
such annealing already contains the gas that
has penetrated into it, and a chemical reaction
starts. In contrast to the method described in
paragraph 2, in this case, the chemical reaction
starts at a great depth and it starts evenly over
the entire initially compressed silicon layer. The
Si layer of thickness (0.5-5 um) is converted into
a layer of silicon carbide with the formation of
a decompressed contact at the interface due to
the formation of flattened gaps, the size of which
exceeds the size of the pores by 2-3 times. The
thickness of the SiC layer will depend on the rate
of evaporation of silicon, which is determined by
the temperature, the degree of vacuum created by
the pump, and the reaction time. At temperatures
below 1250 °C, the flow of evaporating silicon
will not be large; therefore, the thickness of the
SiC layer also will not be large. If the evaporating
silicon is not pumped out, then it will quickly
diffuse back from the surface, and the vacancies
will “heal”. The system will then reach a state of
equilibrium, i.e., the process will follow the path
outlined in paragraph 2. In this case, reaction (1)
occurs much easier and, accordingly, faster. The
diffusion layer is transformed into a two-layer
silicon carbide structure, the upper layer of which
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is formed from silicon carbide and has a single-
crystal structure, and the underlying transition
layer has a nanoporous structure and is formed by
silicon carbide and unreacted silicon residues. In
addition, an increased concentration of “thermal”
(nonequilibrium) vacancies allows the process
of withdrawal of reaction products (SiO) to be
significantly accelerated, which accelerates the
process of chemical transformation of Si into SiC.

Thus, a two-layer structure, the upper layer
of which is a continuous layer of SiC, and the
lower layer is decompressed, is formed due to
the following processes. Schottky vacancies
consistently form lines or chains near the surface
of the substrate. If atoms evaporating from the
surface of the crystal are pumped out, then
“thermal” Schottky vacancies will all the time
diffuse deep into the crystal from the surface. They
will diffuse in a consistent manner. The chains
of vacancies formed on the surface will “move”
deep into the substrate. This will lead to the
formation of hollow vertically oriented channels
(chains of vacancies). CO gas penetrates into the
substrate through these channels. The higher the
silicon pre-annealing temperature and the longer
the annealing time, the thicker the silicon layer
saturated with vacancies becomes and the higher
the vacancy density in this silicon layer becomes.
The presence of vacancies leads to a decrease in
the volume of the upper Si diffusion layer. As a
result, this layer becomes compressed. It should
be noted, that if atoms are not removed from
the surface by a pump, then, on the contrary, the
crystal will swell, and its volume will increase.
This is the fundamental difference between the
nonequilibrium and equilibrium processes of the
formation of Schottky vacancies. Diffusion of
Schottky vacancies will occur up to the depth of
the silicon layer at which the formation of Frenkel
defects begins to predominate. Frenkel vacancies
are formed as a result of the exit of an atom from
the lattice into the interstitial space; therefore,
they practically do not lead to a change in the
volume of the crystal. The following processes will
occur on the interface of these regions. Since any
system tends to equilibrium, the interstitial atom
of the Frenkel defect will move to the upper zone
into a vacancy formed by the Schottky mechanism
and will move to the surface under the action of
an elastic stress gradient until it evaporates under
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the action of the pump. The compressed layer
of silicon will push it out, and the vacancy will
again move in the opposite direction and again
capture the next lower atom. This process will
continue until the rate of evaporation of atoms,
which is determined by the degree of pumping-
out of gases, is equal to the rate of migration of
atoms in the field of the elastic stress gradient.
At a certain thickness of the elastic layer, they
are balanced, and the process stops. As we noted
above, this process depends on the degree and
speed of pumping of gases and on the annealing
temperature. When the diffusion zone, i.e., the
ensemble of chains, in the process of diffusion,
reaches the zone in which Frenkel defects are
formed, the interstitial atoms will start to “jump”
into these vacancy formations. It is obvious that
the jumps of these atoms will also be performed
in a coordinated manner, since in this case the
total elastic energy decreases more than in the
case when atoms move one by one. As soon
as they enter vacancies, they start to move
towards the surface. This movement resembles
the movement of an elevator. When CO gas is
supplied, it penetrates deep into the upper layer
along “thermal” vacancies, thus converting the
surrounding silicon into SiC. However, in this case,
according to reaction (1), one Si atom is removed
together with the SiO gas. In place of this atom,
a “chemical” vacancy is formed. These vacancies
will no longer form along the chains of “thermal”
vacancies in the compressed layer (there are
no silicon atoms in these directions, they have
already evaporated), but in the directions specified
by the emerging SiC crystalline layer. However,
as soon as the gas reaches the layer in which
“thermal” Frenkel vacancies are formed, the gas
begins to “pull out” interstitial silicon atoms. In
this case, additional randomly arranged vacancy
“channels” are formed. The elastic deformation
in this part of the crystal completely relaxes, and
in the upper ordered part a strong compression
(shrinkage) of the entire upper layer occurs, and
it separates from the layer where vacancies are
generated according to the Frenkel mechanism.
The upper crystalline layer is formed as the result
of compression. Most of the vacancies located in
this layer disappear, some of them are displaced
deep into the silicon, additionally forming a
system of randomly oriented vacancy channels,
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which are transformed under the action of CO
gas into a nanoporous layer containing lacunae.
The degree of single-crystallinity of the layer
depends on the initial concentration of vacancies
in the upper layer of silicon and the degree of
its “loosening”. At temperatures below 1250°C,
there are not enough vacancies for its formation,
and at a temperature slightly below 1400°C (at
a higher temperature silicon melts), the density
of vacancies is very high, and the formed Si is
“loose”, consisting of many exfoliating crystalline
patches (flakes). A typical electron diffraction
pattern of the surface of a SiC/Si sample grown
using the method of coordinated vacancy-driven
substitution of atoms is shown in Fig.14b and
unambiguously indicates the high crystalline
perfection of the surface of this layer.

6. Coating method for smooth and profiled
Si surfaces by ultrathin silicon carbide
layers

In [44], a method was developed for coating Si
surfaces with ultrathin layers of SiC, completely
preserving their original morphology and
structure. For the solution of a number of
problems in electronics, it is often necessary to
artificially create a certain type of profile of the
nanometre scale on the surface. For example,
the method that allows to artificially create the
required nanoscale profile on the Si(100) surface
was developed in [45]. The profile created in [45]
was a nanoscale ridge-like structure, called by the
authors of [45] nano-patterned silicon (NPSi(100),
triangular in shape, oriented along the <011>
direction with an average period A = 70 nm
and a height h = 7090 nm). A raster image of

Fig. 15. SEM image of the end section and surface of
the NPSi(100) structure [44]
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the cleavage cross-section of this structure is
shown in Fig. 15. Such structures are created
for the formation of electron emitters. It seems
important and natural to cover the surface of
such silicon “pointed needle-shaped figures”
with mechanically stronger chemically resistant
material less prone to evaporation during
field emission than silicon. Such a material, in
particular, is silicon carbide. The MCSA described
above in paragraphs 1-4 was used for covering of
NPSi(100) structure. The main goal of the study
was to determine the parameters of SiC synthesis,
namely, the synthesis temperature, the pressure
of synthesis gases (a mixture of carbon monoxide
(CO) and monosilane (SiH,) is used in the
substitution method [8]), at which the profiled Si
surface is transformed into a profiled SiC surface
without changing its geometry and morphology.
As a result of studies carried out in [44], it was
found that the optimal synthesis temperature for
creating such coatings is a temperature equal to
1050 °C. During the synthesis of a SiC film at this
temperature, a continuous single-crystal coating
of SiC with a thickness of about 3—-5 nm is formed
without nanopores and nanocracks. This film did
not dissolve and remained unchanged when it
was in the etching solution for more than 120 s.
The SEM images of the cleavage cross-section of
a SiC film synthesised at a temperature of 1050°C
(Fig. 16a) and then kept in a selective etchant for
120 sec is shown in Fig. 16 (Fig. 16b). As can be
seen from Fig. 16, the original NPSi(100) profile
remained unchanged during etching. Only the
silicon layer of the Si substrate was etched. The

200 nm
___1
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SiC layer covers the Si like a “lid”. This layer
is a replica of the original NPSi(100) structure
completely converted into SiC.

Atlower temperatures, the layer corresponding
to the chemical composition of SiC is not formed.
It can be said that at a temperature of 1000 °C and
lower temperatures, “carbonization” of silicon
rather than the formation of such a chemical
compound as SiC occurs. At temperatures
exceeding 1050 °C, the initial profile formed on
silicon is not preserved.

Thus, the method of substitution of atoms
can be used to transform (convert) pre-profiled
Si surfaces with the desired geometric pattern
or smooth Si surfaces into chemically stable
SiC surfaces of the same geometry without any
noticeable distortions.

7. Formation of epitaxial SiC layers on the
surface of other materials by the method
of coordinated substitution of atoms

7.1. Synthesis of epitaxial silicon carbide films
on sapphire substrates (0-Al,0,)

7.1.1. Current state and problems of growing of
epitaxial SiC films on sapphire

Researchers have been engaged in the growth
of epitaxial SiC on sapphire for a long time. For
example, in [46], B-SiC films were mechanically
transferred to sapphire substrates for the creation
of an optical waveguide. For the better conjugation
of the sapphire and silicon carbide lattices, usually
an AIN layer is applied as a buffer layer between
sapphire and silicon carbide. The authors of [47]

Fig. 16. SEM images of end sections of SiC/Si nanostructure synthesized at 1050 °C. (a) Surface of the NPSi(100)
structure with SiC layer after synthesis at 1050 °C. (b) The surface of the SiC/Si nanostructure after etching in

a mixture of acids HF and HNO?3 for 120 s [44]
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showed that preliminary deposition of an AIN
buffer layer on a sapphire substrate significantly
improves the quality of the SiC layer and leads
to the formation of an epitaxial 6H-SiC layer on
sapphire. In [48], polycrystalline SiC layers were
deposited on the “c” plane of sapphire by CVD
in ultra-high vacuum in order to further obtain
graphene layers on their basis on an insulating
substrate, such as a sapphire substrate. In [49],
polycrystalline SiC films were grown on sapphire
by low-pressure CVD (LPCVD) for the obtaining
optical temperature sensors based on the Fabry-
Perot interferometric method. The authors of
[50] used the MBE method to grow epitaxial films
of the 4H-SiC polytype on a sapphire substrate
with a preliminarily deposited AIN layer using
fullerenes C,,. Rocking curves had the full width at
half maximum FWHMw, = 0.24°, which is a very
good result. However, this method uses a complex
MBE technology and also requires an additional
layer of AIN to be applied to the sapphire. Later
in[51], the authors, using an AIN layer as a buffer
layer and pretreatment of the sapphire substrate
or that with the AIN layer in a hydrogen flow and
then in a propane flow (C,H,), were able to grow
the 2H-SiC polytype by MCVD. According to the
TEM images presented in this article, the quality
of the 2H-SiC layer is very high in some places
of the film, and the conjugation between the
2H-SiC and AIN layers is good. However, based
on the data obtained from the rocking curves
(Fig. 1 from [51]), the best samples had the value
FWHM_ =40 arcmin.On average, the best films
had FWI—GIMQ,e ~ 80 arcmin, i.e., they were closer to
texture than to epitaxy. Therefore, in our opinion,
the data presented in [51] are very contradictory.
The authors of the study [52] grew 3C-SiC layers
on the (0001) plane of sapphire using the MOCVD
method. The grown 3C-SiC films had thicknesses
of 5-7 um. Unfortunately, nothing definite can be
concluded about the quality of the grown layers,
since the authors did not present the results of
studies on the widths of the rocking curves, i.e.,
the values of FWHM . Based on the shown XRD
plots, the XRD peaks ceorresponding to the 3C-SiC
layer were quite broad, which indicates that the
films were probably polycrystalline. Moreover,
SEM images of cleavage cross-sections of the
3C-SiC films clearly show multiple dislocations
(or twin grains). This is natural, since there is a
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large difference of about 12% between the lattice
parameter of 3C-SiC and the lattice parameters
on the (0001) plane of sapphire. Note that there
is a patent dated May 12,2012 [53], that describes
a method for growing an epitaxial SiC layer on
sapphire by the MCVD method in ultra-high
vacuum (about 10-¢ Torr.). The SiC films had
thicknesses of about 90 nm. The study describes
studies on the growth of 3C-SiC on sapphire from
a melt [54].

Thus, at present, interest in the growth of
SiC epitaxial films on sapphire is constantly
increasing. Indeed, high hardness, inertness to
chemically active media, and excellent insulating
properties can ensure good use of sapphire
substrates with a layer of such a wide-bandgap
semiconductor as SiC in microelectronics, as
well as in the manufacture of various types of
sensors. In addition, based on SiC, it is possible to
obtain graphene layers on an insulating sapphire
substrate.

For growing a SiC layer on sapphire by the
atom substitution method, it was proposed [55,
56] to first deposit a layer of epitaxial Si on the
surface of a sapphire substrate and then convert
itinto SiC by reaction (1). It should be noted that
the proposed approach of applying silicon carbide
coatings to high-temperature materials can be
used not only in semiconductor technology but
also for creating a new class of composite, heat-
resistant, and other hard coatings.

The growth of an epitaxial layer of silicon
carbide on sapphire (Al,O,) by substitution of
atoms is carried out in two stages. During the first
stage, it is necessary to grow an epitaxial silicon
layer, and during the second stage, it is necessary
to convert the epitaxial Si into an epitaxial SiC
layer by the MCSA method. This scheme was
implemented in [55, 56].

7.1.2. Growth of epitaxial Si films on sapphire
with the Si (100) and (111) layer orientations

The silicon on sapphire (SOS) structure is
a thin layer of single-crystal silicon formed
by heteroepitaxy on a dielectric substrate of
synthetic sapphire (leucosapphire, a-Al0O,).
The physicochemical interaction between
silicon and sapphire at the stage of formation
of the transition layer creates a strong bond
at the interface between the layer and the
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substrate, which ensures sufficient mechanical
strength of the heteroepitaxial structure. High
hardness, inertness to chemically active media,
excellent insulating properties, sufficient thermal
conductivity and transparency in the ultraviolet
range of the sapphire substrate make it promising
to use SOS structures in microelectronics
(radiation-resistant integrated circuits (IC),
combinational logic circuits, high-voltage
fast recovery rectifiers), in the manufacture of
transducers and sensors (photodetectors and
resistive integrated circuits), as well as in the
manufacture of microelectromechanical systems
(MEMS) and nanoelectromechanical systems
(NEMS) [57-61].

Barriers to the widespread use of SOS
structures are the high density of structural
defects in the SOS layer and the complexity of
optimising the process of epitaxial growth. For
SOS heteroepitaxial structures, the mismatch
between the lattice parameters of silicon and
sapphire in the lateral direction can reach 12.5%
in case of formation of an epitaxial Si(111) layer
on the c-plane (0001) of a sapphire substrate
and about 6% when a Si(100) layer grows on the
r-plane (1120) of sapphire. The lattice mismatch
and the difference in the values of the thermal
expansion coefficients of silicon and sapphire
lead to the formation of mechanical stresses in
the epitaxial silicon layers and, as a consequence,
to the formation of misfit dislocations. The
vicinal surface of sapphire may contain a large
number of centres for the formation of structural
disturbances (disorientation centres), from which
packing defects and twin lamellae (microtwins)
occur during the initial stages of growth [57, 60,
61]. The growth of Si on sapphire occurs according

a

Fig. 17. RHEED pattern of fast electron diffraction from Si samples grown on Al,O
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to the Stranski—Krastanov mechanism, i.e., three-
dimensional islands are formed at the initial
stage of film growth. The deposited silicon can
chemically interact with the sapphire surface,
thereby contaminating the growth islands and
thusincreasing their mutual misorientation
and the defectiveness of the forming layer. The
optimal conditions for the epitaxial growth
process determine the structural characteristics
of the SOS, which, in turn, are the key parameter
for most applications.

In [56], epitaxial silicon layers with the
thickness of 300-600 nm were grown on sapphire
substrates with c-plane and r-plane orientations.
The structures were obtained using an industrial
vertical epitaxial reactor PE2061S (LPE, Italy).
The operating pressure of about 1 atm was
maintained in the reactor chamber, dried H, with
a water vapour content < 5 ppb was used as the
carrier gas. During growth, silicon layers were
deposited on sapphire from a vapour-gas SiH,
and H, mixture at a volume ratio of SiH,:H, about
0.01:1. Si layers of the (100) orientation grew on
ther-plane (1 TZO) of sapphire. The grown Si(100)/
ALO, (1 TZO) layers had a high structural quality
of epitaxial Si with the full width of the rocking
curve at half maximum FWHM < 0.3°. The mean
square roughness of the working surface did not
exceed 1£0.5 nm.

For the growth of Si on the c-plane (0001) of
Al O, sapphire from the same manufacturer was
used [56]. Si of the (111) orientation grew on this
substrate. The crystal structure of the Si(111)/
Al,0,(0001) layers was a textured crystal with an
ordered distribution of Si crystallites of the (111)
orientation. The mean square roughness of these
structures did not exceed 5 * 0.5 nm.

b

(a) - Si(100)/ AL O, layer

35

on r-plane (1120); (b) - Si(11 1)/Al,0, layer on c-plane (0001) ALO, [56]
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Fig. 17 shows reflection high-energy electron
diffraction (RHEED) images of a Si sample grown
on the r-plane (1 TZO) of sapphire (Fig. 17(a))
and a Si sample grown on the c-plane (0001) of
sapphire (Fig. 17(b)). It is clearly seen from these
data that the Si(100) film grown on the r-plane of
sapphire is epitaxial, well oriented, as evidenced
from the nature of the reflections, and approaches
the quality of a single crystal, since Kikuchi lines
are present on its RHEED pattern indicating the
high crystalline perfection of this layer (Fig. 17
(a)).ASi(111) film grown on the c-plane sapphire
is a texture (Fig. 17c).

Fig. 18 shows typical SEM micrographs of a
cross section of a Si (100) sample grown on the
r-plane (1120) of sapphire (Fig. 18 (a)), and a
cross section of a Si (111) sample grown on the
c-plane (0001) of sapphire (Fig. 18 (b)). Fig. 18
clearly shows that the structure of the Si(111) film
grown on the c-plane of Al,O, is less dense and
looser than the structure of the Si(100) film grown
on the r-plane of Al O,. The Si(111)/A1,0,(0001)
interface contains dislocations and other defects.

In [56], there were obtained also X-ray
diffraction patterns (XRD), which showed that
the Si(100)/A1,0, (1120) structure is strained;
therefore, for the Si(100) layer, the Si(200)
forbidden reflection was observed. The XRD
pattern of a sample of the Si(111)/A1,0,(0001)
structure was measured in symmetrical geometry
0/26. The diffraction pattern showed that the

sapphire

a
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silicon film is textured. The main orientations of
silicon crystals present in the layers correspond
to the [220] and [111] peaks.

Thus, Si films with the (100) orientation can
be grown epitaxially, and for this, it is necessary
to use the r-plane (1120) of sapphire substrates,
and Si(111) films cannot be obtained epitaxially
on the c-plane of Al O, substrates. Supposedly,
other sapphire facets should be used for epitaxial
growth of Si.

7.1.3. Conversion of Si epitaxial films grown on
sapphire into SiC epitaxial films by the method
of coordinated substitution of atoms

After growing Si films on sapphire, in order to
transform them into SiC layers, the resulting SOS
structures must be chemically treated with CO gas
according to reaction (1). Before this procedure, it
is necessary to be clearly aware about the degree
of the structural perfection of SiC layers which
can be grown on Si(100)/A1,0, and Si(111)/Al,0,
substrates. From the previous analysis it can be
concluded that a SiC layer of the epitaxial quality
but with a small admixture of SiC twins of the
(110) orientation can be obtained on the Si(100)/
Al Q, substrates. On the Si(111)/Al,0, substrates
with a textured Si layer, it is only possible to
obtain SiC as a textured layer. In the first case, this
is due to the fact that, as shown in Section 2.3.1,
SiC (111) facets will form on the Si (100) surface
during the transformation of Si into SiC. Their

sap"pﬁire

Fig. 18. Typical SEM images of the cross-section and the surface of Si (100) and Si (111) films grown on AL O,;
(a) cross-section and surface of the Si (100)/r-plane Al O, structure; (b) cross-section and surface of the

Si (111)/c-plane Al O, structure [56]
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formation leads to the formation of epitaxial
SiC with a small admixture of SiC facets of other
orientations, in particular (110). In the second
case, it is impossible to obtain a single-crystal
SiC (111) layer until it will not be possible to grow
a single-crystal (epitaxial) Si layer on sapphire.
In principle, both of these tasks are solvable. In
the first case, as was shown in paragraph 2.3.1,
the growth of a vicinal Si surface, deviated by 4-6
degrees from the base plane (100), is required.
Such a structure can be very attractive for the
growth of semipolar AIN and GaN layers [62].
We expect to obtain it in the future. For SiC of
epitaxial quality on Si(111)/A1,0,, it is necessary
to obtain epitaxial Si(111) on AL O.. As soon as
such a silicon is obtained, epitaxial SiC will also
be obtained.

Before the growth of SiC, as in the case of
growth on silicon substrates, it is necessary
to remove the silicon oxide layer, which can
be formed during the interaction of Si with
atmospheric oxygen from the surface. Otherwise,
the chemical reaction between CO and Si, on the
surface of which SiO, is located, will proceed
differently compared to reaction (1). Dilatation
dipoles will not form in this case, and the
polycrystalline SiC film will grow. Thus, for
obtaining an epitaxial SiC layer, before carrying
out the reaction (1), it is necessary to prepare the
Si surface for SiC growth, by obtaining a smooth
(flat) surface at the atomic level and remove even
silicon dioxide nanolayers from the surface of
the silicon wafer. In addition, it is necessary to
passivate the surface of the Si layer with hydrogen
from its possible rapid oxidation during storage
and transportation. The method of preparing
and passivating the Si surface was developed for
the growth of SiC in [63] and described in detail
in [64].

In [56], the growth of SiC films was carried
out according to the MCSA, which was described
in detail above. To compare the growth of SiC
films on Si/Al, O, with the growth of SiC films on
silicon single-crystal substrates under standard
conditions selected by many years of research [1-
6, 12], samples were synthesised under conditions
when SiC films on single-crystal Si were obtained
as highly oriented single-crystal structures. For
example, Si(100) films on sapphirewere converted
into SiC layers at a temperature of T'= 1290 °C.
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The total pressure of the gas mixture (CO+SiH,)
was 133 Pa. The CO gas flow was 12 sccm. The
SiH, gas flow was 3.5 sccm. The synthesis was
performed for 15 min. The growth of SiC films
from Si(111) on sapphire was also carried out
in a mixture of CO and SiH, gases. The growth
temperature, growth time, and gas flow rate
were the same as for the growth of SiC films from
Si(100). Only the total pressure of the (CO+SiH,)
gas mixture was different. In this case, we grew
films with a total gas mixture pressure of 67 Pa.

After the SiC formation process, the samples
were examined by scanning electron microscopy,
confocal Raman microscopy, ellipsometry, X-ray
diffraction analysis, and reflection high-energy
electron diffraction (REED).

7.1.4. Structural and morphological features
of the formation of SiC films on sapphire

SEM images of cross sections from different
parts of SiC/Si(100) and SiC/Si(111) samples on
Al O, are shown in Fig. 19. Fig. 19a shows a cross
section with a region almost free of pores in the
SiC/Si(100)/r-plane (1120) Al O, structure, Fig.
19b shows a cross section of the SiC/Si(111)/
c-plane Al O, structure with an area practically
free from pores.

The analysis of a large number of SEM
micrographs taken in [56] from different parts of
the surface of these samples showed that in the
SiC/Si(100)/r-plane (1120) Al O, there are places
with a large number of pores. However, in general,
the density of pores in the SiC/Si(100)/r-plane
(1120) Al,O, sample was significantly lower than
the density of pores in the SiC/Si(111)/c-plane
Al O, sample. It is interesting to note that if
structure of the initial silicon on sapphire more
“loose”, less crystalline, and closer to texture,
then CO gas penetrate deeper into the Si layer.
As it can be seen from Fig. 20, the c-plane, i.e.,
the (0001) sapphire plane, begins to be etched
during the SiC synthesis (a pore in sapphire is
clearly visible in Fig. 19b; other micrographs
confirming this process are also presented in [56].
In our opinion, the etching can be associated with
a chemical reaction of the type:

Al O,(cr) + CO(gas) = Al,O(gas) +CO,(gas) (14)
which, as shown in [56], can occur at temperatures

of the order of T~ 1280 °C. CO, gas released
during the reaction will react with Si at the Si/
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a b
Fig. 19. SEM images of the cross-sections of different areas of the SiC/Si (100) and SiC/Si (111) samples grown
on Al,O,; (a) cross-section of a region containing pores, coated with a SiC layer in the SiC/Si (100)/r-plane
(1120) ALQ, structure; (b) cross-section of an area practically free from pores on the SiC/Si(111)/c-plane Al,O,

structure [56]

Al O, interface and will again form SiC but with
an admixture of quartz (crystalline SiO,) in ac-
cordance with reaction (5):
CO, (gas) + 28i = SiC + SiO,(cr). (15)
Moreover, in the presence of CO and CO,
a number of other reactions are also possible,
which we do not consider here. Obviously, at the
temperature at which SiC is synthesised, silicon
oxide can be formed both in the form of quartz
glass and in the form of crystalline quartz. It is
quite possible that, during the formation inside
the ordered phases (Si, SiC, Al,O,), more probably
Si0, in the crystalline form will be formed, which
we actually detected [56] in SiC/AL O, layers in
the study of X-ray spectra of SiC samples grown
on Si(100)/Al1,0, and Si(111)/Al,0, and shown in
Fig. 20. X-ray diffraction patterns (XRD) obtained
from samples grown on Si(100)/AL,0,(r-plane)
and Si(111)/A1,0,(c-plane) are shown in Fig. 20.
On a SiC sample grown on Si(100)/r-plane Al O,
XRD peaks were observed. The positions of these
peaks corresponded to SiC of both the 2H-SiC and
3C-SiC modifications. There are peaks from the
2H-SiC and 3C-SiC phases on XRD taken from a
SiC sample grown by the conversion of Si(111) on
the c-plane of sapphire. A peak, the position of
which corresponds to the a-quartz phase, can be
distinguished for all samples. It should be noted
that in this case, we cannot state with complete

certainty that the 2H-SiC phase is formed on
sapphire in the process of Si/Al, O, conversion into
SiC/AlO,. This XRD peak s “blurred”. It is known
that XRD peaks of other hexagonal polytypes are
also located in this region of the XRD scan (26).
It was noted in reviews [1-6, 12] that SiC layers
of various polytypes can form during the growth
of SiC by the method of substitution of atoms.
Therefore, the formation of 2H-SiC layers should
not be surprising, since the physicochemical
nature of the method of substitution does not
prohibit the formation of this phase.

As it can be seen from the data in Fig. 20, along
with SiC, a-quartz is also formed. We attribute its
appearance to the occurrence of reactions (14)
and (15), which take place during the growth of
SiC on sapphire. During the growth of SiC by the
method of substitution of atoms on pure Si, the
formation of a-quartz under the given synthesis
conditions was not observed.

In [56], RHEED, Raman, and ellipsometric
spectra of SiC samples grown on a Si (100)/Al,0,
r-plane and on a Si(111)/Al,0, ¢ plane were shown.
We do not present them in this review, but refer
the reader to the original study [56]. Here it should
be noted once again that the SiC layer grown on
single-crystal Si is much more oriented than the
layer grown on sapphire. However, as follows from
our study of SiC growth on Si(100)/r-plane Al O,
and Si(111)/A1,0, c-plane, it is enough to deposit a
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Fig. 20. X-ray diffractograms from SiC samples grown Si(100)/Al,0, r-plane and Si(111)/A1,0, c-plane ; (a) SiC

on Si(100) r-plane (1120) Al
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high-quality Si layer on sapphire, and as a result,
the SiC layer will also be epitaxial. Moreover, the
higher the degree of single-crystallinity of the Si
layer, the higher the degree of single-crystallinity
of the SiC layer.

7.2. A new method of formation of protective
SiC-C composite coatings on graphite

Graphite products are widely used in various
areas of technology and industry — from parts of
high-temperature furnaces to nuclear reactors —
and during use, these products are subjected to
various loads: mechanical, chemical, and thermal.
For the protection of graphite from such impacts,
various protective coatings are often applied
to it, ranging from niobium, oxides, nitrides,
and ending with various composite layers. In
particular, one of the promising coatings is silicon
carbide, which has chemical resistance, high
hardness and thermal conductivity. In [65, 66],
a method for depositing silicon carbide coatings
on graphite by annealing a graphite sample in
contact with a Si melt in a carbon monoxide (CO)
atmosphere was developed. The method is based
on the interaction of CO and silicon with the
formation of SiC and is similar in many respects
to the MCSA but differs from it by relying not only
on one reaction (1) but two chemical reactions
occurring simultaneously inside the graphite. One
of the reactions is the chemical interaction of Si
melt, located on the surface of graphite, with CO
at a temperature exceeding the melting point of
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silicon (1412 °C), which results in transformation
of Siinto SiC. This is the reaction (1). The second
reaction, proceeding simultaneously with the first
one, is the interaction of the product of the first
reaction — gaseous silicon monoxide (SiO) — with
graphite, which results in transformation of the
latter into SiC. This reaction is as follows:

2C(cr) + SiO(gas) — SiC (cr) + CO(gas) (16)

Thus, during the synthesis of a SiC coating on
graphite, at the initial moment of time, as a result
of reaction (1), SiC and gaseous SiO are formed.
Then the gaseous SiO, which is removed from the
system during the growth of SiC by the MCSA,
reacts with graphite at the interface. In this case,
SiC is formed, but already from the graphite side.
At the same time, CO is released, it reacts from
the interface side with Si and finally converts the
residual silicon into silicon carbide. A schematic
representation of the method of formation of this
coating is shown in Fig. 21.

The coating formed as a result of these
processes has high mechanical strength and
hardness. In the process of composite synthesis
by this method, a coating with a thickness
exceeding 1 mm is formed. Samples of composite
coatings were studied using scanning electron
microscopy, energy-dispersive spectroscopy,
Raman spectroscopy, and also by nanoindentation
[65, 66].

Studies have shown that the composite
material obtained by this method consists of a
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Fig. 21. Schematic representation of the method of forming the SiC-graphite composite on the surface of the

graphite product [65]

continuous silicon carbide film on the surface and
has a branched structure consisting of dendritic
SiC crystals extending deep into the product,
interspersed with large (up to 20 um) single-
crystal grains of predominantly cubic polytype
with a small fraction of hexagonal polytypes. The
deposition of the coating leads to a significant
hardening of the material: the composite coating
has a hardness of 28 GPa, which is ~254 times
higher than the hardness of the original graphite
surface.

For the experiments, MPG-7 graphite sample
was used, on the top of which a silicon wafer with
the thickness of 300 uym and an area of about 1
cm? was placed. The structure was annealed in
a vacuum furnace in a CO atmosphere with the

a

addition of silane at a temperature of 1450 °C
and a total pressure of 0.5 Torr for 20 minutes.
After the synthesis, the resulting samples of
SiC coatings were studied by scanning electron
microscopy using Tescan Mira 3 microscope.
The mechanical properties of the surface were
studied using a Nanotest 600 installation for
nanoindentation.

SEM images of the sample surface and
sample cleavage are shown in Figs. 22a and
22b, respectively. As can be seen from Fig. 22b,
the coating is a continuous crystalline layer, on
which there are areas with different contrasts.
A detailed study of the surface after mechanical
separation of the SiC film allowed to conclude
that voids were observed under the dark regions

Graphite

2um

Fig. 22. SEM-image of the surface (a) and chip (b) of the sample of SiC composite coating on the graphite
surface. The dark areas in figure (a) correspond to the pores under the SiC film surface. The inset to figure (a)
shows the inner surface of the pore after removal of the SiC film [65]
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(see the inset to Fig. 22b). The pores are also
visible on the cleavage of the sample (Fig. 22b,
right side). As can be seen on Fig. 22b, the
immediate surface SiC layer is continuous and has
a thickness of the order of several micrometres. At
great depths from the surface, a mixed structure
of pores, crystals, and druses of silicon carbide
with graphite inclusions starts, and at depths of
the order of several hundred micrometres, the
volume fraction of SiC gradually approaches zero.
The penetration of silicon carbide to such depths
is due to the rather large porosity of the initial
graphite matrix and the fact that the silicon melt
that has flowed into the pores was converted
into SiC as a result of the reaction with CO. SiC
has a volume of the unit cell two times smaller
than that of silicon [1-6,12]. As a result, during
the formation of SiC, new voids appear, and
the channels in the graphite are not “blocked”,
but remain open for further penetration of the
silicon melt into the depths. As a result, “roots”
of SiC, firmly binding the upper single-crystal
SiC film with the graphite matrix are formed in
the volume of graphite. Different shapes of the
resulting SiC microcrystals, which correspond to
the cubic polytype of silicon carbide can be seen
on SEM images of regions of the crystal (see Fig.
23a) at a depth of about 150 pm. It should be
noted that the Monte Carlo simulation of growth
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of SiC crystals of the cubic polytype using Crystal
Grower package [67], performed in this study
for various ratios of the Si and C components,
provides a spectrum of crystal shapes actually
observed in the experiment (Fig. 23b). Thus,
regular octahedral crystals were observed during
the formation of a crystal from a mixture of
stoichiometric composition, while with an excess
of carbon in the system, crystalline forms with
“bevelled” facets were observed.

The microhardness of the coating was
measured using a nanoindenter at a maximum
indentation force of 1 mN. The indenter was
loaded and unloaded at a rate of 0.5 and 1 mN/s,
respectively. It should be noted that due to the
presence of porous regions under the surface of
a thin single-crystal SiC layer (see Fig. 22), in
some cases, an increase in the indentation force
led to the appearance of significant deformation
jumps in the nanoindentation curves up to several
hundreds of nanometres (see the dotted curve
in Fig. 25a). Such jumps, caused by the presence
of pores, significantly distort the result of the
analysis of experimental data. It should be noted
that deformation jumps were also recorded at
nanoindentation up to 1 mN, but this happened
much less frequently. For the determination of the
hardness of the modified and original graphite,
nanoindentation curves were selected exclusively

b

Fig. 23. SEM - image of SiC crystals observed in the pores in the carbon matrix, and growth shapes of cubic SiC
obtained by Monte Carlo simulation in the Crystal Grower package [67] at different ratios of Si and C compo-

nents during growth [65, 66]
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without strain jumps. Typical dependences of the
indentation force on the depth of penetration
of the indenter into the studied material for the
modified and original graphite regions are shown
by solid curves in Fig. 24a. The dependences of
microhardness on depth, calculated using the
standard method [68], are shown in Figs. 24b.
It can be seen that the SiC coating significantly
increased the surface hardness to 25-28 GPa,
while the hardness of the original graphite was
100-130 MPa.

Thus, it was shown in [65, 66] that the
annealing of graphite in contact with a silicon
meltina CO atmosphere allow to form a protective
coating of silicon carbide, which is a continuous
film on the surface and a branched system of
crystals and crystalline druses extending to a
large depth. The coating significantly increases
the hardness and mechanical resistance of the
material, and has antioxidant properties, thus
protecting the surface of the graphite product
from various influences.

8. Crystal structure, polytypism, optical,
electrophysical, mechanical, and other
properties of SiC synthesised on Si by
the method of coordinated substitution
of atoms

The semi-industrial technology [28, 69], which
allows to grow epitaxial SiC layers with a diameter
of 50.8 mm (2 inches); 76.2 mm (3 inches);
100 mm (4 inches) and 150 mm (6 inches)
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was developed based on the described above
MCSA. Photographs of SiC/Si wafers of various
diameters are shown in Fig. 25. The SiC layers
were grown in a vacuum furnace VHT 8/18(22)-
GR 1800 manufactured by Nabertherm GmbH.
Heating of the graphite chamber with a volume
of 8 litres was carried out using graphite heaters.
Preliminary evacuation was carried out with a
turbomolecular pump up to a pressure of 102 Pa.
The heating and cooling rates in the temperature
range 1000-1390 °C were 30 and 15 K/min,
respectively. The chamber was supplied with
carbon monoxide at a flow rate of 50-100 sccm
(cm3/min). For the stabilization of the partial
pressure of silicon, silane (SiH4) with a flow rate
of 10-20 sccm was supplied into the chamber.
The temperature during the growth of SiC layers
was 1000-1390 °C and the operating pressure
was 70-700 Pa. The wafers were subjected to the
maximum temperature for 5-30 min. The total
time of the technological process (from loading
to unloading) was 5-7 hours. Up to 20 SiC layers
on silicon wafers with a diameter of 100 mm and
6 layers of SiC on silicon wafers with a diameter of
150 mm can be simultaneously grown in a single
process. As substrates for silicon carbide epitaxy,
we used silicon wafers of various grades, usually,
(111), (110), (100) orientations; however, SiC
growth was also carried out on Si wafers of other
orientations. Before growing the SiC layer, the Si
wafers were passivated with hydrogen according
to the procedure [63, 64]. A detailed description
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Fig. 24. Load-discharge curves of the original graphite (black solid line) as well as of the formed coating in two
areas: lying directly on the graphite (blue solid line) and “hanging” over the pore (blue dashed line) (a). De-
pendence of the effective hardness of the materials on the depth (b) [65, 66]
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Fig. 25. Photographs of silicon carbide samples on silicon substrates 50.8 mm (2 in) in diameter (Fig. 25a); 76.2
mm (3 in) (Fig. 25b); and 150 mm (6 in) (Fig. 25c) grown by matched atom replacement on a small-scale indus-

trial scale

of the procedure for synthesising SiC layers on
wafers of a given diameter can be found in [69].
The SiC films grown on Si wafers were studied
using spectral ellipsometry, SEM microscopy,
X-ray diffraction, and Raman scattering. Studies
have shown that the SiC layers were epitaxial
over the entire surface of the 150 mm wafer. The
plates were not stressed, even, without bends. The
half-width of the x-ray rocking curve (FWHM,, )
of the wafers varied from 0.35° to 0.55° at a layer
thickness of 80—100 nm. Wafers are suitable for
use as templates for growth of thick SiC, AIN, GaN,
ZnO, films on their surface and other wide band
semiconductors using standard CVD, HVPE, and
MBE methods. The wafers were even and without
bends, as can be seen from Fig. 25. RMS roughness,
measured at scanning fields of 5x5 pm and 20x20
pm, was 1-5 nm and was constant over the entire
diameter of the wafers. The crystal perfection of
the SiC layer was determined using the widths of
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the X-ray rocking curves (FWHM, ) measured
at various points of the wafer surface in the
-0 mode, ellipsometry data, RHEED, Romanov
spectroscopy, Rutherford backscattering, and
a number of other methods. The films were
studied using the following methods: spectral
ellipsometry using a J. A. Woollam M2000-RCE
ellipsometer in the range of 0.7-6.5 eV, Raman
spectroscopy using a Witec Alpha 300R confocal
Raman microscope, RHEED at an electron energy
of 50 keV, X-ray diffraction (taken as diffraction
patterns in the ®-26 mode, and rocking curves
in the ®-6 mode). The surface of the films was
studied using atomic force microscopy (AFM
method) and using a New View 6000 profilometer
(Zygo). The surface of the SiC/Si layers and the
surface of the end cleavages were studied by
scanning electron microscopy (SEM) equipped
with an X-ray spectrometer (EDS), which allowed
determining the chemical composition of the
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layers. The interface and defects in the layers were
studied using high resolution tunnel electron
microscopy (TEM). Many samples were studied
using the Rutherford backscattering spectroscopy
(RBS) method using helium and hydrogen ion
beams [70], as well as by IR spectroscopy using a
Brucker IFS-113v infrared Fourier spectrometer
and an NicoletiS-50 IR spectrometer (Thermo
Scientific, USA) [71-73]. SiC/Si samples were
also studied by X-ray reflectometry [72, 73].
Photoemission studies of the samples were
carried using the BESSY II synchrotron at
Helmholtz Zentrum in Berlin (Germany) using
synchrotron radiation with a photon energy in
the range of 80-450 eV [74-78].

Thus, a comprehensive analysis of the
structural, crystallographic, physicochemical,
electrophysical, optical, and spectroscopic studies
of SiC films on Si was carried out. These studies
and results were described in a number of articles
and summarised in reviews [1-6], therefore we do
not provide a detailed description of them here.
We only note the following. We have studied
more than ten thousand film samples, as a result
of which reliable information was obtained on
the structure and properties of SiC films on Si.
The result of the experimental studies was the
following. 1) The main theoretical idea about
the implementation of epitaxial growth of films
via the formation of an ensemble of dilatation
dipoles was proved. 2) It has been shown that as
aresult of the transformation of the intermediate
into silicon carbide, a SiC film is formed, which
is “hanging” over the cavities like a bridge
over a river or a house built on piles. Further
formation of SiC will occur inside the cavities.
SiC crystals are deposited on the reverse, inner
side of the film, i.e., on the side of the cavities.
Such sediments resemble “stalactites” and
“stalagmites” growing in a cave. The quality of
the top layer of the film is high, since there are
practically no elastic stresses and growth defects
on the film surface. The reverse side of the film
contains numerous disordered “stalactite-like”
structures. The structure of the upper SiC layer
obtained using the MCSA is epitaxial with a high
degree of crystallinity.

The main polytype formed during the growth
of SiC by the MCSA, is the cubic polytype
3C-SiC. During topochemical transformation,
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the 4H-SiC and 6H-SiC polytypes [1-6] and even
rather rare 2H-SC and 8H-SiC polytypes can be
formed. In [79], we determined the polytype
composition of SiC films obtained on Si by the
MCSA at T = 1250 °C, P = 2 Torr, and growth
time of 15 min using a Woollam VUV-VASE JA
ultraviolet ellipsometer with a rotating analyser
in the range of 1.3-9.3 eV. It has been shown
that, under these conditions, the cubic polytype
3C was mainly formed on Si(111), the hexagonal
4H polytype with a small admixture of 3C was
mainly formed on (110), and a mixture of 3C,
6H, and 4H polytypes was formed on (100).
It turned out that during the growth of SiC
using the MCSA, under a number of synthesis
conditions, the formation of new, previously
unknown trigonal (rhombohedral) SiC phase is
possible [81,82].

In the next section, we will describe only the
most interesting and, from our point of view,
unique properties of SiC/Si layers, which this
heterostructure possesses due to the formation
of silicon carbide by the coordinated substitution
of atoms.

9. Features and anomalies of optical,

magnetic, and other properties of SiC
films on Si grown by the method

of coordinated substitution of atoms

9.1. The physical nature of the emergence of
features and anomalies in the properties of SiC
films on Si grown by the method of coordinated
substitution of atoms

The main feature of SiC grown on Si using
the MCSA, is the presence of carbon-vacancy
structures formed in the process of shrinkage or
“collapse” of the material in it. It turned out, that
the “collapse” leads not only to the formation of
an ensemble of point defects. When separating
from the silicon matrix, silicon is subjected to
abnormally strong compression from silicon
carbide. The “collapse” corresponds to a phase
transition from a metastable state with stretched
bonds, in which 4 SiC cells are consistent with 4
Si cells, into a stable SiC phase, in which already
5 SiC cells are consistent with 4 Si cells, and
the Si-C bonds are much less distorted ( about
0.2%). The pressure exerted by stretched Si-C
bonds on the nearest silicon layer can reach
100 GPa. As a result of such shrinkage, every
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fifth SiC chemical bond is fully consistent with
every fourth Si bond, the remaining bonds
either break (hence the appearance of vacancies
and pores) or undergo compression. The latter
obviously leads to a change in the structure
of the surface zones of SiC adjacent to Si and
its “metallization” or transformation into a
“semimetal”. When silicon carbide is doped
with boron atoms, the latter enter the voids of
carbon-vacancy structures (see Fig. 26) [1] and
greatly change their properties. The “collapse”
of one layer with the initial lattice into the SiC
lattice and a model of the carbon-vacancy dipole
formed in SiC [82, 83] schematically shown in Fig.
27. The investigation [82, 83] of SiC/Si samples
grown on the (111), (110), and (100) Si facets
by ellipsometry using a Woollam VUV-WASE JA
ultraviolet ellipsometer with rotating analyser in
the range 0.5-9.3 eV has revealed the following.
At the 3C-SiC(111)/Si(111) interface, an interface
layer with completely new optical and electrical
properties was formed. The optical properties of
this interface cannot be described in terms of the
Effective Media Approximation (EMA) [82, 83].
For their theoretical description, a model with
oscillators not related to either SiC or Si should
be used. The best agreement with experiment
was shown using the Tauc-Lorentz (TL) model,
according to which the SiC/Si interface is a
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material with a zero band gap [82, 83]. Thus,
in studies [82, 83] it was found that thin layers
with semimetallic properties are formed at the
3C-SiC(111) and Si(111) interface. These layers
are fundamentally different from the properties
of both SiC and Si, and cannot be obtained using
the EMA approach. This is due to the complex
nature of the interaction of two surfaces when
the SiC layer attracts individual Si atoms from the
substrate, and the absence of misfit dislocations.
As aresult, an interface structure is formed (Fig.
27), where 88% of the Si atoms at the interface
form a chemical bond with the substrate atoms,
and 12% of the Si atoms at the SiC(111) interface
do not form bonds, since they are located too
far from the Si atoms of the substrate. Such
a structure was described in detail within the
framework of the density functional theory [82,
83] (Fig. 27) using quantum chemistry methods.
It was shown, that p-electrons of 12% of Si
atoms at the SiC(111) interface with dangling
bonds provide a sharp peak in the density of
electronic states just in the Fermi energy region
(Fig. 28). In this case, the conduction band either
touches or even goes deep into the valence band
by a value on the order of several hundredths
of eV, which approximately corresponds to the
calculation error or is less than it. It was shown
that this theoretical representation is in full

Fig. 26. Carbon-vacancy structure in SiC grown by the MCSA method: (a) a nearly planar cluster of four C
atoms formed owing to the displacement of the C atom in the <111> direction (from bottom to top) to the site
of the silicon vacancy and two voids (shown in red) above and below the initial position of the C atom (vertical
axis corresponds to the <111> direction) and (b) the top view of the same structure [1]

446



Condensed Matter and Interphases / KoHaeHCcMpoBaHHble cpeabl M MexXda3zHble rpaHuLLbl

S. A. Kukushkin, A.V. Osipov

2022;24(4): 407-458

Thermodynamics, kinetics, and technology of synthesis of epitaxial layers...

Fig. 27. Configuration of atoms at the dislocation-free 3C-SiC (111)/Si (111) interface corresponding to the
minimum energy. The arrows indicate 3 out of 25 Si atoms that do not form bonds with atoms of the substrate.
It is their p electrons that make the decisive contribution to the narrow peak of the density of electronic states

in the vicinity of the Fermi energy (Fig. 28) [82, 83]

agreement with the experimental results on
ellipsometry, according to which the optical
properties of the layer at the 3C-SiC(111)/Si(111)
interface correspond to the Tauc-Lorentz (TL)
parameterization with a band width close to zero.
The measured ellipsometric spectra show that
the conductivity of the interface approximately
corresponds to such a metal as lead at electric
field frequencies of more than 700 THz. At lower
frequencies, the conductivity deteriorated.

The experiment showed that in the samples
of SiC films grown on the Si (100) surface, the
formation of such a layer with the properties of
a “semimetal” is not observed, and its optical
properties are described with high accuracy by
the simplest ellipsometric EMA model.

Samples of SiC films grown on the Si (110)
surface had properties intermediate in the
comparisonwith (111) and (110) interfaces. In this
case, on this surface, we observed the formation
of an interface with a very small (<0.5 eV) band
gap, not equal to zero.

All SiC samples grown on Si by the standard
CVD method (we studied samples produced by
“Advanced EpiCo”), regardless of the orientation
of the substrate (111), (110), and (100), are
described with high accuracy by the simplest
ellipsometric EMA model. There were no traces
of the presence of “semimetal” in them.
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Fig. 28. Dependence of the density of electronic states
of the studied system on energy (curve I). The Fermi
energy corresponds to 0. Curve 2 is the contribution
of the p electrons of the Si atoms at the SiC boundary
that do not form bonds with the Si atoms of the sub-
strate [82, 83]

9.2. Structural features of the surface

of SiC epitaxial films synthesised by
theMCSA, determined using photoelectron
spectroscopy

Photoelectron spectroscopy (PES) is
a powerful tool for studying the electronic
properties of materials and the most important
experimental method for obtaining the most
complete information about the band structure
of occupied electronic states, which are highly
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sensitive to chemical interactions. Photoemission
studies were carried out by us using a BESSY II
synchrotron (Berlin, Germany) by the PES method
at photon energies in the range of 130-450 eV.
The experiments were carried out in ultra-high
vacuum ~5-1071° Torr at room temperature.
Photoelectrons were recorded along the normal to
the surface, and the excitation beam was incident
on the sample surface at an angle of 45°. The total
energy resolution was 50 meV.

It was found in [74, 75] that the adsorption
of alkaline earth metals on the singular surface
of SiC films synthesised by the MCSA results in a
chemical shift of the electron density from silicon
to carbon. This result fundamentally differs from
similar data obtained both on hexagonal SiC
crystals [84] grown by the standard method and
on SiC crystals of the cubic polytype (Si C, ) grown
by CVD [85]. On the surface of these materials, the
electron density shifts not only for Si, but also for
carbon, towards higher energies. Moreover, these
shifts are less distinct than the shifts in the SiC
samples obtained by the MCSA. This means that
in the electron density shift in SiC crystals and
films grown by standard methods, as well as in
hexagonal crystals, the reconstruction of their
surface leads to the formation of chemical bonds
between Si and C that are different from those
in SiC synthesised by the MCSA. In the case of
SiC grown by the MCSA, some of the bonds are
simply broken on its surface. In this case, the
carbon atom “pulls” the electron density from
silicon. The adsorption of Ba atoms partially
restores the equilibrium state of the electron
density, returning the perturbed states to a state
close to the state of Si and C atoms in the bulk
of the SiC film. It is interesting to note that the
(0001) surface of the 6H-SiC polytype has a more
or less similar spectrum [86]. When this surface
reconstructs to +/3x+/3 the electron density
shift of carbon coincides in direction with the
electron density shift in the case of SiC grown
by the MCSA. However, in this case, the electron
density in silicon shifts in the opposite direction.

In [76-78], the electronic and photoemission
properties of epitaxial SiC layers grown by the
MCSA onvicinal silicon Si(111) surfaces deviated
from the (111) plane by 4° and 8° were studied.
The studies have shown that the electronic
properties of SiC grown on vicinal Si facets are

448

2022;24(4): 407-458

Thermodynamics, kinetics, and technology of synthesis of epitaxial layers...

fundamentally different from the analogous
properties of the same SiC grown on singular Si
facets. The main differences were as follows. First,
a feature of SiC grown by the MCSA is the excess
content of carbon atoms compared to Si atoms
and the presence of silicon vacancies, which,
as we mentioned above, was also confirmed by
other analytical methods. Second, the spectral
lines of both carbon and silicon were shifted
near the surface toward higher binding energies.
This means that a chemical shift of the electron
density occurs on the vicinal surface both at the
Si atoms and at some of the C atoms. Thirdly,
the adsorption of Ba atoms only enhances this
process, leads to the formation of bonds between
carbon atoms and the enhancement of the ionic
component between C atoms and Ba atoms.

Fig. 29 shows the spectra of the core level
Cls obtained for the pure SiC surface (curve I
(Fig. 29a)) and for the Ba/SiC interface (Fig. 29b)
with different Ba coatings (curves 2, 3). It was
found that the C1s spectrum for the pure surface,
SiC consists of two modes. The fundamental
mode B corresponds to C atoms in the bulk of the
sample. The S1 mode at a higher binding energy
corresponds to carbon atoms that are located
on terraces in the surface layer above Si atoms
and, upon interaction, form a C-Si double layer.
Sufficiently similar spectra can be observed for the
3C-SiC(111) surface [87]. The position of the S1
mode at high binding energies indicates that for
a clean carbon-enriched surface in the C-Si layer,
the degree of bond ionicity for C atoms increases.
An extremely unusual C1s spectrum was observed
for Ba/SiC(111)-8° interface formation (Fig.
29(a/b), curves 2, 3). It was found that two new
modes S2 (energy shift by 3.8 eV) and SU (energy
shift 7.0 eV). The S1 mode shifts towards higher
binding energies by ~0.3 eV. Spectrum C 1s with
such a rich set of intense modes in combination
with the spectral width was observed for the first
time during the adsorption of metal atoms on
SiC. This points to the structural features of the
vicinal surface of the SiC(111)-8 nanolayer® with
terraces and steps, as well as unusual electronic
and morphological features of surface C atoms
forming C-Si bonds and hybridised sp? and sp3
bonds in a carbon-rich C-C layer on the surface.

It should also be noted that the SU peak is
a “shake-up” satellite. In this case, the binding
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Fig. 29. Photoemission spectra of the core level C 1s (a) and the core level of Ba 4d (b) for the pure surface of
SiC(111)-8° (1) and for the interface Ba/SiC(111)-8° when coated with Ba 0.5 (2) and 1.2 ML (3). Excitation

energy hv =450 eV (a) and hv =130 eV (b) [76-78]

energy of the SU state coincides with the known
value of the binding energy for the “shake-up”
satellite in graphene on the 4H-SiC(0001) surface
[88]. The SU shake-up satellite was also observed
in the C 1s spectra in other organic compounds.
The Raman spectrum of the SiC/Si(111)-8° sample
in the initial state and the Raman spectrum of the
Ba/SiC/Si(111)-8° interface with an adsorbed Ba
monolayer were studied (see Fig. 30) for obtaining
additional information about the state of the
carbon layer on the vicinal surface after the
adsorption of Ba and the nature of the unusual
form of the C 1s spectrum. It was established
that new features appeared for the interface in
the spectral region 1200-1800 cm™! that were not
observed in this region for the same SiC layer,
but without Ba. In the presence of Ba atoms,
two D and G bands characteristic of aromatic
compounds appeared. In the general case, the
presence of G and D bands indicated the presence
of sp? hexagonal carbon rings with a sp*-type of
hybridization. Thus, Raman spectroscopy also

confirmed the conclusions about the formation of
a new, previously unknown aromatic-like carbon
compound during the adsorption of Ba on vicinal
SiC samples grown by the atom substitution
method.

Fig. 31 shows a diagram of a possible
modification of the atomic structure of the
SiC surface and the formation of new carbon
bonds during the adsorption of Ba. The effect
of the formation of aromatic-like rings on the
surface of SiC samples is new and is stably
observed only on the vicinal SiC-4° and SiC-
8¢ surfaces during the adsorption of Ba and Cs
metals. However, the presence of the shake-up
satellite SU peak in Fig. 29 with a binding energy
in the region of 292 eV, according to the data
of [89-91], unambiguously indicates that the
loss of energy by photoelectrons is used for the
excitation of transitions between m bonding and
m* antibonding (t — ©*) molecular orbitals (MO)
in aromatic rings of organic compounds. Shake-
up satellites were formed due to the relaxation
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Fig. 30. Raman spectra of SiC/Si(111)-8° samples; (a) without a Ba monolayer; (b) of the same sample, but

covered with an absorbed Ba monolayer [76-78]

a

Fig. 31. Schematic representation of the carbon-based 2D structure stabilized by Ba atoms on the vicinal sur-
face of the SiC nanolayer. The 2D cluster structure consists of carbon rings, in which the chemical bonding is
close in character to the bonding in aromatic-like compounds. (a) is the Side view; (b) is the Top view [76-78]

of the electron subsystem of the core hole after
its photoionization. After photoionization, the
shielding of formed core hole occurs (relaxation
of the electron system), as a result of which the
relaxation energy is released. This energy is added
to the energy of the electron leaving the atom. The
appearance of the core hole potential can cause
the rearrangement of the electron subsystem up
to the excitation of valence electrons to higher
free energy levels. In this case, the energy used
for electronic excitations reduces the energy of
the emitted photoelectron. As a result, the kinetic
energy of the photoelectron recorded by the
analyser decreases by the value of the excitation
energy.

450

Thus, special 2D carbon structures were
formed on the surface of inorganic SiC nanoscale
samples grown on vicinal Si surfaces due to the
special structure of SiC layers and in the presence
of adsorbed Ba atoms. These 2D structures
(see Fig. 31) consist of carbon rings, in which
the chemical bond between carbon atoms,
in our opinion, is close in nature to the bond
realised in organic aromatic compounds. The
formation of shake-up satellites is characteristic
of many organic substances and, in particular,
various kinds of organic alcohols, polymethyl
methacrylate, as was recently shown in [91].
Similar spectra were also observed in complex, so-
called organometallic complexes synthesised on
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the basis of metals d elements such as Au, Cu, Ag
[92]. The described effects were not observed both
for the formation of graphene structures obtained
on the surface of hexagonal 6H-SiC(0001) crystals
[93] and on the surface of 4H-SiC crystals with
facet orientation (1102).

9.3. Anomalies of magnetic properties
of epitaxial SiC films synthesised
by the MCSA

In [94], a series of experimental studies of
the magnetic properties, namely, the field and
temperature dependences of the static magnetic
susceptibility were performed for samples of
thin films with a thickness of about 80—-100 nm
of single-crystal SiC grown on the (100), (110),
and (111) surfaces of a single-crystal Si by the
MCSA due to the chemical reaction of silicon with
carbon monoxide gas CO. As a result of studies
in SiC structures grown on Si (110) and Si (111),
two quantum effects at room temperature were
found to occur in weak magnetic fields. These
effects were: firstly, the formation of a hysteresis
of the static magnetic susceptibility [94], and
secondly, the appearance of the Aharonov-Bohm
oscillations in the field dependences of the static
magnetic susceptibility [94]. The formation of
the first effect we associated with the Meissner-
Oxenfeld effect, and the second effect was due
to the presence of microdefects in the form of
nanotubes and micropores in these structures
under the SiC layer. These microdefects were
formed during the synthesis of these structures,
and silicon in the state of “magnetic semimetal”,
as we mentioned above. In SiC structures grown
on Si(100), these effects were not found [94],
which was due to the different mechanism of
SiC formation on the (100) Si surface, discussed
above. Thus, as a result of experimental studies,
the following nontrivial quantum effects at
room temperature were discovered for the first
time: the appearance of the magnetic moment
quantization effect in SiC structures grown by the
MCSA for Si (110) and Si (111); the formation of a
hysteresis of the static magnetic susceptibility at
room temperature in weak magnetic fields, which
was interpreted by us as a manifestation of the
Meissner — Ochsenfeld effect [94].

The simultaneous occurrence of the hysteresis
of the static magnetic susceptibility and the
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Meissner — Ochsenfeld effect was explained in
[94] by the suppression of the electron—-electron
interaction by electric fields. These electric fields
arise due to the presence of microdefects in the
SiC/Si structures, which consist of dipole centres
with a negative correlation energy. In turn,
dipole centres are formed from carbon-vacancy
structures at the SiC(111)/Si(111) interface, where
silicon is in a state close to that of a magnetic
semimetal. In SiC structures grown on Si(100), in
which carbon-vacancy structures are practically
absent and silicon in the semimetallic state is not
formed at the SiC-Si interface, these effects were
not observed [94].

9.4. Electronic phase transitions in SiC epitaxial
layers synthesised by the MCSA

In [95], at temperatures equal to 56, 76, 122,
and 130°C, unusual features of the temperature
dependences of the longitudinal resistance and
heat capacity of epitaxial SiC films grown on
Si by the MCSA were detected. The observed
features of the heat capacity and longitudinal
resistance, taking into account the previously
discovered Meissner-Ochsenfeld effect [94]
and the emergence of gigantic diamagnetism
in weak magnetic fields of the order (1/4m)
were interpreted in [95] as electronic phase
transitions in ensembles of charge carriers
into a coherent (possibly superconducting,
if diamagnetism is taken into account) state.
Fig. 32 shows the temperature dependences of
longitudinal resistance R and heat capacity
C, obtained by differential scanning calorimetry
(DSC) for epitaxial SiC/Si structures grown by
MCSA [95]. It follows from these data that the
temperature dependences of the heat capacity are
characterised by synchronously arising features
at temperatures 56, 76, 122, and 130 °C (which
were recorded as the temperature decreased
from high to low values). It should be noted that
a similar behaviour was also observed in the
temperature dependences of the static magnetic
susceptibility [94]. Sharp peaks are clearly visible
on the graphs of dependencies and longitudinal
resistance and heat capacity C. First of all, it
is a sharply distinguished peak in the region
of 56 °C. Next comes the system of peaks up to
130 °C. In this region, peaks are distinguished in
the region of 76-130 °C and a peak in the region
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Fig. 32. Temperature dependences of the longitudinal resistance R and the heat capacity C obtained by the
differential scanning calorimetry (DSC) of epitaxial SiC/Si structures grown by the method of the coordinated
substitution of atoms. Dependence of the (a) longitudinal resistance and (b) heat capacity C obtained by heat-
ing the SiC/Si sample in the range from 30 to 200 °C at a rate of 6 °C per minute in air after subtracting the
heat capacity C, of the initial silicon measured under the same conditions [95]

of 122 °C. Peculiarities above 130°C (Fig. 32b)
were not considered in [94], since, as it is known,
various transitions can be observed in this region,
associated exclusively with silicon, which are not
related to this problem. The observed features
of peaks in heat capacity and longitudinal
resistance can be interpreted as a consequence
of phase transitions of charge carriers into a
coherent (superconducting, if diamagnetism
is taken into account) state. It should also be
taken into account that the value of the critical
temperature is interconnected with the size of
the energy gap (in the framework of the BCS
theory), and, accordingly, with the frequency
(wavelength) of terahertz radiation, if the pixel
length is represented as a characteristic of the
Josephson transition. In [94], a pixel is understood
as a microdefect limited by a different number
of centres with a negative correlation energy
and containing pairs of charge carriers. Pixels
can form chains consisting of several pixels.
Communication between pixels depends on
temperature. If the temperature is higher than
a certain critical temperature, then there is a
destruction of coherence in a chain consisting of
pixels containing pairs of charge carriers. In [94],a
table containing data on the widths of the energy
gaps, the sizes of microdefects, and the values of
critical temperatures, i.e., temperatures at which
features in the behaviour of the longitudinal
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resistance and heat capacity appear, is presented.

It should be noted that the data presented
in a number of recently published papers [96-
98] show that obtaining record high values of
the critical temperatures of the transition to the
superconducting state is associated with the use
of high sample compression pressures. These
pressures are of the order of 100-270 GPa when
the samples are compressed. Thus, it was found
in [96] that in lanthanum and yttrium hydrides
compounds at temperatures of 245-260 K and
pressures of the order of 1 million atmospheres;
LaH, , becomes a superconductor upon cooling to
250K at a pressure of 188 GPa.In YH, compounds,
a superconducting transition was observed at a
temperature of 227 K and a pressure of 237 GPa.
It was found in [96, 97] that upon compression
of LaH,, compound up to 170 GPa, the critical
transition temperature was 7. = -13 °C. In 2020,
a new record for carbon-doped sulphur hydride
was published in Nature [98]. At a pressure of
267 GPa, the critical transition temperature of
this compound was raised to 15°C.

In this regard, we note once again that SiC
films grown by the MCSA, by the nature of their
formation [1, 2, 4-6], are substances in which
phase transitions of charge carriers into a
coherent state can be observed. With standard
methods of growth of SiC films on Si, in which
the SiC layer grows due to the supply of matter
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to the Si surface, the SiC layer is not compressed.
The SiC layer on the contrary is subjected to
tensile strains from the side of silicon. In the
synthesis of SiC on Si by the MCSA, in contrast to
the classical growth of SiC, the SiC layer shrinks,
during which great compression pressures
appear for a short time at the SiC-Si interface. It
should be noted that the SiC synthesis method
based on the substitution of atoms and proposed
in [12] opens up new possibilities for creating
high pressures in materials using “chemical”
transformations in the process of substitution
of some of their atoms.

10. Conclusions

The review reflects the main results of
the theory, mechanisms, and technology of
growing SiC on Si by the method of coordinated
substitution of atoms (MCSA). New unique
physicochemical properties of the SiC/Si
structures have been described in detail. The
possibilities of the MCSA for growing epitaxial
SiC films not only on Si single crystals but also
on other materials, in particular, sapphire, have
been described. A new method for creating
heat-resistant and antioxidant carbide-carbon
coatings, which is based on the new fundamental
principles of the MCSA, is described. In this
review, we have completely ignored our studies on
the practical application of SiC/Si and our studies
on the growth of a whole class of semiconductor
compounds on the SiC/Si substrates, such as
A’B* compounds (AIN, GaN, AlGaN, and Ga,0,)
and A’B° semiconductor compounds, almost the
entire series of which was grown by us on the
SiC/Si substrates. An overview of these studies
can be found in our previous review articles [1-
6,62]. Also, for the first time, we have developed
a semi-industrial technology for the production
of chips for micro-LEDs on silicon, and a working
prototype of a white LED on silicon was created,
a photograph of which is shown in Fig. 33.
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Fig. 33. Packaged Micro-LED: three Micro-LEDs with-
out phosphor coating and an LED with a polymer lens
containing a phosphor [99]

relationships that could have influenced the work
reported in this paper.
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Abstract

In recent years, the existence of a second critical point of the liquid-liquid transition of water has been proven. In the
pressure-temperature phase space, this point is located in the temperature range —50 °C... -100 °C and at pressure ~ 100
MPa. The exact position of this point is not yet known due to experimental difficulties in achieving the deep supercooling
of bulk water. The Widom line, the locus of increased fluctuations in entropy and density, is associated with the second
critical point. When approaching the Widom line, a sharp increase in a number of physical quantities was established: heat
capacity at constant pressure, isothermal compressibility, volume expansion coefficient. However, the practical significance
of these features is not clear, since for pressures close to atmospheric, the temperature on it is —45 °C. At the same time, it
is known that at temperatures below — 41 °C (homogeneous nucleation temperature), chemically pure supercooled bulk
water is unstable due to the very rapid formation of ice crystal nuclei. Nevertheless, supercooling of bulk water to =70 °C
in nanometre-sized pores is known.

In the present study, we investigated the possibility of reaching the state on the Widom line at negative pressures, for
which, theoretically, the temperature of such a state becomes higher than —45 °C and can reach it positive values at a
pressure of —100 MPa. Such a state, in this study, is assumed in the cylindrical hydrophilic pores with a diameter of several
nanometres. For the investigation of this possibility and the achievable values of negative pressure (and high temperatures
on the Widom line), we measured the low-frequency impedance of a cooled capacitive cell filled with a moistened MCM-41
nanoporous material. In addition, the thermal characteristics were measured in the form of a temperature response of the
medium from a pulsed spot heater at a certain distance from it. The position of the Widom line, associated with the second
critical point of water, was determined based on the anomalies of the measured physical values in the temperature range
-50 °C...+10 °C. For MCM-41 with an average pore diameter of 3.5 nm, dielectric and thermal extrema were found near
-18 °C, which corresponds to a pressure of about —-65 MPa.

Thus, the performed experiments have shown the possibility of reaching the state on the Widom line at temperatures
characteristic of ordinary conditions. Consequently, a significant change in the physicochemical characteristics of dispersed
moistened media in various natural and artificial objects is possible. The study of other sorbents with cylindrical pores in
order to achieve positive temperatures on the Widom line is of interest.
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1. Introduction

Features of the physicochemical characteristics
of supercooled bulk metastable water have
attracted the attention of researchers in recent
decades. Their study allowed a significantly
advance in understanding the structure of water.
For example, a second critical point of the liquid-
liquid transition for water was discovered, which,
according to various models, is located in the
temperature range (T) -50 °C... —=100 °C and at
pressure (P) ~ 100 MPa [1, 2]. It is associated
with the existence of the Widom line, which is
the locus of increased fluctuations in the entropy
and density of the liquid. When approaching the
Widom line, some thermodynamic quantities
of water increase sharply, for example, the heat
capacity at a constant pressure (C), isothermal
compressibility, and coefficient of volumetric
expansion [1]. At P ~ 0.1 MPa T on the Widom
line is —45 °C.

In recent studies, the behaviour of a number
of physical quantities in the region of negative
pressures near the Widom line was studied [3,
4]. It turned out that a simple extrapolation of
the results, for example, for the speed of sound,
obtained at positive P, leads to their strong
differences from the experimental results. At the
same time, there is a lack of studies dedicated to
the clarification of certain models of bulk water.

The phase diagram of the bulk water in the
region of positive and negative P according to the
results of studies [1, 5, 6] is shown in Fig. 1. An
interesting conclusion for research follows from
the diagram. The Widom line can reach positive
T near —100 MPa. Consequently, anomalies in
the physical characteristics of moistened porous
media can be observed under normal conditions
for media with a special pore geometry and a
high degree of hydrophilicity. In this case, an
important feature for practical applications can
be, for example, the expected acceleration of
physicochemical transformations involving water
on the Widom line due to an increase in energy
fluctuations [7].

The purpose of this study was the search for
signs of the state of water located in porous media
at temperatures of -25 °C...+10 °C corresponding
to the Widom line. The manifestation of this effect
is assumed in hydrophilic media with cylindrical
filamentous pores of nanometre diameter. In such
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pores, when concave menisci are formed at both
ends of the capillaries, the liquid is stretched, e.g.,
a negative pressure arises.

Let us estimate the magnitude of the negative
pressure in the water of a cylindrical pore. For
pores of small diameter, the concave meniscus
has a radius (r) close to the pore cross-sectional
radius. We assumed that r is 1.75 nm. The
pressure in water is calculated using Laplace’s
formula: P = 26/r, where ¢ is the coefficient
of surface tension. At 0 °C ¢ = 0.075 n/m and
the calculation provides P = -110 MPa. Thus,
a significant negative pressure near 0 °C for
positive T on the Widom line, in accordance
with the graph in Fig. 1 it can theoretically be
achieved in the pores of existing silicate sorbents
(e.g. SBA-15; MCM-41) with cylindrical pores.
However, the question about the tensile strength
of water in capillaries arises, since it is known to
decrease sharply in the temperature range from
5t0 0 °C, when a pressure of —10 MPa is reached
[8]. At the same time, the theoretical limit of the
onset of cavitation phenomena is estimated at
about —140 MPa [9]. On the other hand, when
small liquid fragments are formed in a cylindrical
pore, the pressure in them must remain negative,
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Fig. 1. Phase diagram of water in the region of the
Widom line at positive and negative pressures. Adapt-
ed from [1, 5, 6]. LLCP (liquid-liquid critical point) is
the second critical point, HN is the line of homoge-
neous nucleation, W is the Widom line, S is the bound-
ary between stable and metastable water
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since the concavity of the menisci in them
remains even after crushing.

Obviously, the achieved negative pressure
will depend on a number of pore characteristics:
the degree of their hydrophilic properties, pore
geometry, characteristics of water clusters, etc.
The solution of this problem seems to be rather
complicated [10]. Therefore, in order to determine
actually achievable values of negative pressures,
it seems appropriate to perform experimental
studies of the characteristics of moistened
sorbents, which should have special values near
the Widom line. In this case, it is necessary to
select sorbents, the water in the pores of which
has characteristics close to characteristics of
bulk water.

For this purpose, temperature measurements
of the dielectric and thermal characteristics of
the moistened silicate sorbent MCM-41 with
cylindrical pores of nanometer diameter were
performed.

2. Experimental
2.1. Dielectric measurements

The measurements were performed at
frequencies from 25 Hz to 1 MHz. It was assumed
that the state on the Widom line can be registered
from a change in the electrical response to an
alternating electric field, for example, from a
change in the real (z’) and imaginary (z”) parts of
the impedance of the cell with the test material.
It is known that the relaxation frequency of
water molecules is in the gigahertz range. For
silicate materials, it corresponds to the optical
frequency range. However, in porous moistened
materials, low-frequency relaxation (Maxwell-
Wagner) additionally occurs, which has a Debye
character and relaxation frequencies much lower
than for individual materials. It is important that
the effective permittivity at low frequencies is
proportional to the same value for the inclusion
material [11]. This feature allows an investigation
into the nature of the dependence of the dielectric
constant of inclusions, e.g. water in pores, on
temperature at low frequencies.

The low-frequency impedance of a capacitive
cell filled with moistened MCM-41 with a weight
humidity of 4-98% in the temperature range
from 25 °C to -55 °C was determined. The used
material had cylindrical pores with the diameter
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of 3.5 nm. For such a material, a decrease in the
melting temperature of ice in pores (AT, ) when
they are completely filled, is calculated using the
modified Gibbs-Thomson formula: AT = c/(r-t),
where ¢~ 52 (Knm), t = 0.38 nm [12] and the value
is approximately —38 °C. In this case, only the first
two layers on the contact surface of two media
differ in characteristics from bulk water [12, 13].
In the case of incomplete filling of the pores, as
well as for the sample cooling mode, the shift of
phase transition temperature can additionally
increase by tens of degrees. This effect allows
reaching the values of the phase transition
temperature (liquid water)-ice: =50 °C... =70 °C,
which is required to perform the experiment in
the area of deep supercooling of water.

The measurements of z’ and z” were performed
using an RCL meter. The measuring cell was
cooled with cold nitrogen vapour. The results
of the determination of z’, z” for a sample with
a weight moisture content of 70% are shown in
Fig. 2 a, b for some frequencies. On the graphs
of dependences of the real and imaginary parts
of the impedances, characteristic minima in
the temperature range of —25 °C ... +20 °C were
revealed. Another feature of the graphs shown in
Fig. 2 is the absence of frequency dependence for z’

=
N

BT R e L R T e
(a) [——r=25Hz
'“'"“"f: 1 kHz "
~=e== =20 kHz
===~ f=200 kHz

Real part of
impedance (k€2)

10'p
-80 40 0 40
Temperature (°C)
b 1045 g N ll) Ty -f:_-25. [-.[2. T
£g ! ® ~wemf=1kHz |!
g 2 10%F ~e==f=20kHz |5
- 2 B ---s-- =200 kHz| 3
a = | e s
52 100k ooy’ F
EE | ety
_2: ey 1 P T L T O NUI] T T S A AT o e
10 20 20

—40 0
Temperature (°C)

Fig. 2. Dependences of z’ (a) and z” (b) on temperature
at four frequencies during sample cooling. The arrow
marks is a special temperature point (for z’ = const)
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at a temperature of -18 °C, at which a coincidence
of z’ at frequencies from 25 Hz to 200 kHz was
observed. These results were also presented
as Argand diagrams (relationships between z’
and z” at a fixed temperature depending on the
frequency), which consisted of two branches - Fig.
3.For the convenience of comparison, the graphs
are presented on a double logarithmic scale. One
of the branches (LW) corresponded to liquid
water, which was determined from temperature
changes (this branch disappeared after freezing of
water in pores below —40 °C). An analysis of the
results showed that the equivalent circuit of the
cell cannot be represented as a simple circuit of
RC chains (where R is a resistor, C is a capacitor).
It is known that Argand diagrams for z” and z” for
the group of series-connected chains of parallel-
connected R and C for their fixed values have a
different form and represent linked fragments
of circles [14]. However, in experiments, an
unusual change in the nature of the diagrams
was observed: the branch associated with water
occupied a vertical position for an ambient
temperature of —18 °C, i.e. z’ did not depend on
the frequency.

1 1 1 i I T i bt ] i
fremmmmm—— .
e .
OC: “‘
T 2 190k *
| =10 4
Qa - lk’\\oi'
o2 : "1':
S 3
=
'Eng
m Ql
== 1
- 10 E VAR PP A PR 7
10

- 6
Real part of impedance (x€2)

Fig. 3. Argand diagrams of moistened MCM-41 for
temperatures 1: -25 °C,2:-20°C,3:-18 °C,4: -15 °C.
Points for a frequency of 25 Hz are marked with an
asterisk, the other extreme points of the diagrams
correspond to a measurement frequency of 500 kHz
and 1 MHz. LW is the branch of the diagram corre-
sponding to liquid water (it disappears when ap-
proaching —40 °C)

2.2. Thermal measurements

It is known that the heat capacity C_increases
significantly for water on the Widom line, which
takes place at —45 °C at near atmospheric pressure
(0.1 MPa). Anomalous behaviour, according to
theoretical estimates, should also be observed for
the heat capacity at constant volume. In the case
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of a significant change in pressure, some increase
in the volume of the liquid is possible, therefore
the thermal response of water in the pores will
be a function of two heat capacities. However, in
any case, measurements of thermal quantities
near the temperature on the Widom line will
apparently reveal non monotonic temperature
dependences.

For the determination of this special tempera-
ture, the measurement of the characteristics of
a single pulse of thermal energy propagating in
a medium was used [15]. In this method, a short-
term heating of the medium was created in a small
volume of the sample, followed by recording the
temperature at a certain distance from the source
of thermal disturbance. It is known that for a
flat heat flow front in a homogeneous medium,
the thermal conductivity D = k/pC,, where k is
the coefficient of thermal conductivity, p is the
density of the material, C is the specific effective
heat capacity. Near the Widom line, in addition
to the heat capacity anomaly, changes in the
thermal conductivity coefficient also can be
expected. In this case, for a point energy source
and a spherical front of a propagating thermal
pulse, a diffuse temperature pulse in time will be
observed at the points of the medium. In general,
the maximum temperature increment (AT) will
increase with an increase in the coefficient D
and decrease with an increase in C.. Also AT will
depend in a complex way on the properties of the
medium, the geometry of the sample, and the
characteristics of the pulse source. However, the
purpose of measurements was to determine the
temperature range at which an anomaly in the
response of the medium will be observed (these
can be the temperatures of phase transitions,
the critical point, and the area associated with
it on the Widom line). For this purpose, it was
sufficient to determine only the temperature of
the medium for the maximum value of deviations
of T caused by the propagation of a thermal pulse
in the sample. The scheme of the installation
for the measuring the thermal response to an
impulse action is shown in Fig. 4.

During measurements, the moistened
MCM-41 sorbent was placed in a cylindrical metal
container (1), with the diameter of 16 mm and
depth of 10 mm, where a filament heater (3) and
a thermocouple (4) were located. The heater wire
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i b

Fig. 4. Scheme of the installation for measuring the
temperature increment in the medium caused by the
propagation of a thermal pulse, J is current form
through the heater, (designations are given in the text)

was placed in a volume of 0.4 mm?, its electrical
resistance was 3 Ohm, the distance from the
heater to the thermocouple was ~ 7 mm. Thermal
waves were created by a sequence of short current
pulses of 0.2-0.4 A with a cyclic change in the
temperature of the climatic chamber (2) in the
range from 25°C to —55°C. The duration of the
current pulse, the time between pulses, and the
times of cooling and heating of the samples
were experimentally chosen in order to obtain
a noticeable temperature response during the
passage of a thermal pulse with its subsequent
relaxation.

The results of one of the measurements at
a weight moisture content of 8% are shown in
Fig. 5. The graph reveals an extremum of the
measured value at temperatures of —14 °C ...
-18 °C, indicating a special state of the medium
in a certain temperature range and the centre
with these values. A similar behaviour with
slightly different extremes was also found in
measurements with higher humidity MCM-41.
Moreover, for a humidity of 98%, the extremum
AT for the supercooling region of water was not
observed.

In addition, the thermometry of the samples
was performed during their uniform heating from
-55°Cto 10 °C with a relative accuracy of 0.1 °C.
For example, for the medium with 70% humidity,
a deviation of the time derivative of temperature
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Fig. 5. The maximum value of the medium tempera-
ture increment in the thermal wave depending on the
temperature of the moistened MCM-41 when the
sample is heated from -55 °C (at arbitrary units)

from a linear dependence in the temperature
range of —40 °C... 0 °C with a non-sharp deviation
extremum (a decrease by 10% of the value) at
—-15 °C ... -20 °C was established. A decrease in
the value of the derivative can be attributed to
an increase in the heat capacity of water, which
takes place near the Widom line [1].

3. Discussion

The performed experiments showed the
coincidence of the anomalous behaviour of
the dielectric and thermal characteristics of
supercooled water located in the cylindrical pores
of the MCM-41 silicate sorbent at a temperature
significantly exceeding —45 °C. The behaviour of
electrical and thermal characteristics revealed in
new experiments suggests a special mechanism
of susceptibility to external physical influences at
certain temperatures. It was associated with the
achievement of states of pore water on the Widom
line at negative pressures. Anomalous behaviour
was observed in the region with the centre near
the temperature of —18 °C for experiments with
MCM-41 (Fig. 2a), for which the pressure in the
pores is approximately equal to —-65 MPa as
follows from the plot of the Widom line in the
pressure-temperature phase space (Fig. 1).

The effect was found for MCM-41 with a
weight moisture content below 70% (which
corresponded to less than 90% pore volume filling
for its pore space parameters). For a medium with
a weight moisture content of 98%, according to
our measurements, there was no effect. This can
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be explained by the fact that, for higher humidity,
part of the water is located in the space between
the granules, which eliminates the menisci
and leads to the disappearance of the negative
pressure in the pores.

In the case of hydrophobic pores, the pressure
in the water should increase due to the convexity
of the menisci and the Widom line, in accordance
with the graph in Fig. 1 will appear at temperatures
below —45 °C. Similar pattern will be observed for
completely filled spherical hydrophilic pores.
In all cases, the effect will also depend on the
features of the filling of the pore space with water,
its geometry and defects in the pore structure,
moisture values, and possible dissolution of the
matrix substance.

As was noted in [1-4, 7], thermal and acous-
tic indicators change near the Widom line, and
the acceleration of thermally activated physico-
chemical transformations involving liquid water is
possible. These features can manifest under natural
conditions in various finely dispersed media of
complex composition: in atmospheric aerosols,
vegetation covers, soils, subsoils, in engineering
structures and artificial environments in the case
of significant specific volumes of filamentous pores
of nanometre diameter.

4. Conclusions

The experimental study of water in a
silicate sorbent with filamentous pores revealed
anomalous temperature dependences of the
low-frequency impedance of the capacitive cell
with the sample and the thermal response to
pulsed heating of the medium. Extrema of these
characteristics were found near —18 °C for the
moistened MCM-41 material with a pore diameter
of 3.5 nm, which can be explained by the existence
of a significant negative pressure in the pores,
equal to —65 MPa. These parameters in the
pressure-temperature phase space correspond
to a point on the Widom line, where there is
an increase in fluctuations in the entropy and
density of bulk water, which generates anomalies
in the physical characteristics of the fluid and its
host medium. The study of other similar sorbents
for investigation of the possibility of reaching
pressures of ~ —100 MPa in pore water, which
will correspond to positive temperatures on the
Widom line is of interest.
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Abstract

The purpose of article was to show the possibilities of spatial computer models of phase diagrams in solving of the problems
of digitalization of materials science. The study of the high-temperature part of the isobaric phase diagram for the Cu—Ni—-Mn
system was carried out taking into account two polymorphic modifications of manganese (Mn and yMn). For a better
understanding of the phase diagram structure, at the first stage, its prototype was developed with increased temperature
and concentration intervals between binary points with the preservation of topological structure, which is then modified
into the model of phase diagram corresponding to the real system. The phase diagram of Cu-Mn-Ni system above 800°C
was formed by three pairs of liquidus, solidus, and transus surfaces and three ruled surfaces with a horizontal arrangement
of the forming segment.

Experimental part: the effect of changing the peritectic equilibrium (L + 3Mn — yMn) to the metatectic one (Mn — L +yMn)
was revealed. The crystallisation features at the change of three-phase transformation type were considered, the surface
of change of melt mass increment sign and the vertical mass balances for the three-phase region L + 8Mn + yMn were
constructed. The surface of two-phase reaction, on which the change of three-phase reaction type occurs, is a ruled surface
and is determined, using the algorithm for calculating the change in sign of the mass increment of liquid phase. Three-
phase region, taking into account the surface of type change of three-phase reaction, is divided into six concentration fields
when projecting into the triangle of compositions. Four concentration fields differ in the crystallisation stages and the
formed set of microstructures. Isothermal sections were calculated in the temperature range between two minimum points
arranged in the Cu—-Mn and Mn-Ni systems at zero crystallisation interval between the valleys of the liquidus and solidus
surfaces and taking into account the crystallisation interval.

The spatial model of phase diagram greatly expands the possibilities of computer-aided design of materials. In particular,
a solution for the problem of type changing of three-phase reaction was obtained, which cannot be realised either by
thermodynamic calculations or by calculations from first principles.
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1. Introduction

Information about phase equilibria in the
Cu-Mn-Ni system is of great importance for the
creation of high-quality materials and solders
with high physical and mechanical properties and
corrosion resistance. In studies [1-2], the effect
of addition of copper, nickel, and manganese
for the creation of shape-memory alloys, as
well as improvement of the physical properties
of such alloys with the addition of manganese
was studied. The study [3] investigated the
thermoelectric properties of alloys based on the
Cu-Ni—Mn system.

The high-temperature part of the phase
diagrams of binary systems Cu-Mn, Mn-
Ni and Cu-Ni is well studied. According to
the generalised experimental data [4-5], a
minimum is formed on the liquidus and solidus
lines at 871 °C and 33.7 wt. % Mn in the
Cu-Mn system. The system is also characterised
by the occurrence of a metatectic reaction
involving two high-temperature polymorphic
modifications of manganese 6Mn and yMn at
1099 °C: 8Mn — L + yMn. In [6-7], a detailed
study in the high-temperature part of the diagram
rich in manganese, aimed at establishing the
boundaries of phase regions with Mn and yMn
was performed. Phase diagrams obtained using
thermodynamic calculation methods [8—-14] are
in good agreement with experimental data.

The Mn-Ni system has a similar structure in
the high-temperature part and also contains a
minimum point on the liquidus and solidus lines at
1020 °C and 58.4 wt. % Mn, but unlike the Cu—Mn
system, the transition from the polymorphic
form 8Mn to form yMn occurs according to the
peritectic scheme at 1170 °C: L + dMn — yMn
[6, 15-16]. The data of the experimental study
were confirmed by the results of thermodynamic
calculations [8, 17-18]. The Cu-Ni system has the
simplest topological structure and is characterised
by the formation of continuous range of the solid
solutions without extrema on the liquidus and
solidus lines [4-5, 8, 19-21].

For the Cu-Mn-Ni ternary system, in the
earliest studies [22-25], isotherms were obtained
for the liquidus and solidus surfaces in the
temperature range of 1440-800 °C and six
isopleths. A simplified version of the diagram
with the formation of continuous range of the
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solid solutions between all components and with
the absence of a univariant line separating the
fields of the onset of continuous crystallisation
of solid solutions based on various polymorphic
modifications of manganese was shown. At the
same time, it was stated that if a line connecting
the minimum points in the Cu—-Mn and Mn-Ni
binary systems is drawn, then the liquidus and
solidus surfaces will adjoin along this line [24].

This assumption was also analysed graphically
based on hypothetical phase diagrams with
unlimited solubility of components and
ternary points of minimum and maximum and
corresponding extrema in all binary systems
[26]. It was shown that the systems have contact
lines between the liquidus and solidus surfaces
in the direction from binary extrema to the
ternary one. Isothermal sections with contact
of liquidus and solidus isotherms along these
lines were shown. At the same time, at the
point of contact of the liquidus and solidus
isotherms, both two fragments of the two-
phase region L + S and two single-phase regions
(L and S) adjoin. Such sections are typical for the
section of saddle surfaces [27-28]. In [28], when
discussing a similar diagram with maxima, the
author described the contact between surfaces
only at binary maximum points and at a ternary
maximum point. On the section, only binary
maximum points correspond to the contact of
the liquidus and solidus isotherms.

In [29], using the example of the Cu—-Mn-Ni
system, the contact of the liquidus and solidus
surfaces along the line connecting the points of
binary minima was proved using the Gibbs phase
rule. Based on the example of an isothermal
section of a two-phase region without taking
into account the contact of surfaces, it was shown
that, assuming two degrees of freedom, two pairs
of phases are in equilibrium, which contradicts
the Gibbs phase rule. If the liquidus and solidus
isotherms have a point of contact with a zero
crystallisation interval, then, according to the
authors, the violation of the phase rule does not
occur. According to the calculations [30], it was
shown that this line of contact of the liquidus
and solidus between two minimum points is not
straight. Experimental confirmation of the line
corresponding to alloys with a zero crystallisation
interval in the concentration range (35-44%
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Mn, 0-15% Ni) was carried out in [31]. However,
in later studies [32-33] the statement about the
existence of a line of contact between the liquidus
and solidus surfaces on the Cu—Mn-Ni diagram
was proven to be false. According to the DTA
data using the regression analysis method, the
equations of the liquidus and solidus surfaces
for the region of the Cu-Ni—Mn phase diagram
from 0 to 20% Ni and from 30 to 50% Mn were
calculated, the isotherms of the surfaces and
the values of the crystallisation interval for the
selected section of the diagram were shown. In
this case, the temperature difference between
the liquidus and solidus surfaces increases as the
distance from the Cu-Mn binary system to the
centre of the diagram increases.

The surface of the beginning of primary
crystallisation based on the Cu(Ni) solid solution
and isopleth drawn from Cu through the middle of
the Mn—Ni system was obtained using the methods
of thermodynamic calculation [34]. The authors
[25] already calculated both liquidus surfaces
corresponding to Mn and Cu(Ni) and six isopleths
for the high-temperature part of the diagram. The
sections were arranged in pairs parallel to the
binary sides. On two sections located parallel to the
binary systems Mn-Ni (at 20% Cu) and Cu—Mn (at
20% Ni), contact of the section lines of the liquidus
and solidus surfaces was recorded, on two other
similar sections there was no contact between
the lines. It should be noted that when discussing
systems Cu-Ti-Zr [35] and Ti-TiMn,~ZrMn —Zr
[36], containing binary systems with a minimum,
points of contact of the section lines at the
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boundary of the three-phase regions with the melt
were revealed on the isopleths.

2. Computer model of the phase diagram
of the Cu-Mn-Ni system, taking into
account the zero crystallisation interval

A computer model of the high-temperature
part of the phase diagram above 800 °C has
been developed. When constructing a computer
model of the Cu—Mn-Ni (A-B-C) system, the
formation of two high-temperature polymorphic
modifications of manganese (3Mn = B, yMn = B1)
and minimum points in Cu—-Mn binary systems
(min,;) and Mn-Ni (min, ) was taken into
account. We used data on the structure of binary
systems according to the reference book [5]
(Table 1) and the assumption that the liquidus
and solidus surfaces come into contact along
the line connecting the binary minima [22-24,
26, 29-31]. Invariant ternary points with the
involvement of the melt in the system were not
present in the system; therefore, the scheme of
phase reactions has a simplified form (Scheme 1).

The model was developed based on the
methodology of assembling it from phase regions
and surfaces using the author’s software products
[37-38].

The high-temperature part of the phase
diagram of the Cu—-Mn-Ni system above 800 °C
was formed by three pairs of liquidus, solidus,
and transus surfaces (upper «liquidus» surface
t9, and lower «solidus» surface t ), and three
ruled surfaces with a horizontal arrangement of
the generating segment (Table 2). It includes two

Scheme 1. Scheme of phase reactions involving high-temperature manganese allotropes

Cu-Mn (A-B) | Cu-Mn-Ni(A-B-C)| Cu-Ni(A-C) | Mn-Ni(B-C)
B — L+B1 (1170 °C) L+B — B1 (1099 °C)
;
A C A C
Table 1. Coordinates of points on the contour of surfaces (z, — weight fractions of components A, B, and C)
zZ, z, Z, T zZ, z, Z, T
A=Cu 1 0 0 1084.87 k,, 0.27 0.73 0 1099
B=Mn 0 1 0 1246 B2 0.142 0.858 0 1099
C=Ni 0 0 1 1455 B1} 0.132 0.868 0 1099
B1 0 1 0 1143 k.. 0 0.902 0.098 1170
min, 0.663 0.337 0 871 B! 0 0.963 0.037 1170
min,, 0 0.584 0.416 1020 B1? 0 0.942 0.058 1170
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Table 2. Surface contours
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Symbol | Contour | CumBon | Symbol
Liquidus
q, | Mn-k, -k, | Qe | Cu-min, -k, ~k, .—-min, —Ni
Solidus
S| Mn-BE!-B ! | s, |Cu-min,;-B1%-B12-min, ~Ni
Transus
o, | B1-BF-BP! B B1-B13-B1®
Ruled surfaces
Qi k,,~k, ~B12-B1? s B1?-B15-Bl-BE!
Qs kAB_ch_BcBl_BA
Table 3. The structure of the phase regions
Phase regions Surfaces Phase regions Surfaces
L+ B(TP) Q> Sp» O B t9,, 5,
L+ BI(TP) Qpes S Aap B1 S, Uy
L+B+Bl1 Qg iy " B +B1 t, t, 8"

one-phase (B, B1), three two-phase (L + B (SS),
L + B1 (SS), B + B1) and one three-phase (L +
B + B1) regions (Table 3) (SS - solid solution).
Designations B and B1 correspond to two forms of
high-temperature manganese allotropy. Since the
points on the horizontal segments corresponding
to the metatectic and peritectic reactions are
located very close, the prototype of the phase
diagram was initially developed, in which the
points were separated by compositions and
temperatures while maintaining the topological
structure (Fig. 1a—b). Such a prototype provides
the possibility of more visual representation of
the phase diagram, understanding the structure
of the phase regions and interpretation of the
sections. When introducing the coordinates
of real points into the prototype [5] (Table 1),
the final model of the phase diagram of the
Cu-Mn-Ni system (Fig. 1c—d) is obtained.

3. Results and discussion
3.1. Change of three-phase reaction type

Based on a computer model in the three-
phase region L+B+B1, a change of the peritectic
transformation (L + B — B1) to metatectic
(B— L +B1)wasrevealed. The three-phase region
L + B + Bl is bounded by three ruled surfaces g,
q;,and s* (Fig. 2a, ¢), while in the projection there
is a crossing of their directing curves BB and
B17B12. The surface of the two-phase reaction
abc, on which a change of three-phase reaction

type occurs, is a ruled surface and it is determined
using the algorithm for calculating the change of
the mass increment sign of the phase L [39-40].
Three-phase region L + B + B1 with a surface of
change of the three-phase reaction type abc for the
phase diagram prototype (Fig. 2a-b) and the real
Cu-Mn-Ni system (Fig. 2c—d) is shown in Fig. 2.
This surface divides the L + B + B1 phase region
into two parts, in its “upper” part, the peritectic
reaction L + B — B1 occurs, in the “bottom”
part metatectic reaction B — L + B1 takes place
(Fig. 2b,d). This process is clearly demonstrated by
the diagrams of vertical mass balance (Fig. 2e—f).
For the prototype, the mass centre is designated
as G,, for a real system it is designated as G,. For
both mass centres in the three-phase region L. + B
+B1, the B1 phase portion first increases and the L
and B phase portions decrease, which corresponds
to the peritectic reaction L + B — B1. At 501.6 °C
(Fig. 2e) and 1130.71 °C (Fig. 2f), the change of
mass increment sign of the L phase occurs, i.e.,
the decrease in the L phase portion stops and its
growth begins, which already corresponds to the
metatectic reaction B — L+B1.

Concentration projection of the three-
phase region L + B + B1, including the surface
of the change of the three-phase reaction type
abc, is divided into six fields, four of which
differ in ongoing phase transformations and
microstructure elements (Fig. 3, Table. 4).
Fields 2, 3, and 6 are characterised by the

469



Condensed Matter and Interphases / KoHaeHcMpoBaHHble cpeabl M MexdasHble rpaHuLbl 2022;24(4): 466-474

A.E.Zelenaya et al.

Computer model of Cu-Ni-Mn isobaric phase diagram...

FNi=C

Cu=A
Ni=C.

Ni=C

Cu=A

Ni=C

Fig. 1. 3D model and XY projection of the prototype (a—b) and the real Cu—Mn-Ni diagram (c-d)

Table 4 Microstructure formed in the three-phase region L + B + B1"

Field Phase regions Scheme of phase reactions Microstructure
1 L+ B(TP) L'— B, BY,
B
B +Bl1 B!'— B1'p, B1'»,
L+B+Bl1 Bm— L™+ B1m B1m
2,3,6 L+ B(TP) L!'— B}, BY,
L+B+Bl1 LP+B — B1P B1P
4 L+ B(TP) L!'— B}, By,
L+B+Bl1 B®— L™+ B1m B1m
5 L+ B(TP) L!'— BY, BY,
L+B+Bl1 LP+B — BI1P B1v,
Bm— L™+ B1™ B1m
*1 — primary crystallisation, P — primary postperitectic crystallisation, P — peritectic reaction, ™ - metatectic reaction
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G2(0.098; 0.88; 0.022)

N q},,(1136.87°C)
L B Bl
T — — 1130.71°C
L |B Bl
q};,(1128.35°C)

Fig. 2. XY projection and 3D model of the change surface of three-phase transformation type in the phase
region L + B + B1 for the prototype (a—b) and the real system (c-d); calculation of the diagrams of vertical mass

balances for mass centres G1(e) and G2(f)

C Kgc

(L+B=BI)
K\g (B=L+B1)

Fig. 3. Projection of three-phase region L. + B + Bl
with division into concentration fields

formation of primary crystals B! and crystals
B1®, resulting from the peritectic reaction.
Fields 1 and 4 contain primary crystals B! and
crystals B1™ released as a result of a metatectic
reaction. However, since these two fields differ in
crystallisation stages, field 1 additionally includes
primary crystals B1'r. Field 5 besides B!, includes
microstructures such as B1?, and B1™, since it is
the surface on which the change of the three-
phase reaction type takes place.

3.2. Calculation of isothermal sections

Calculation of isothermal sections based on
the prototype in the temperature range between
two minimum points min,, and min, is shown
in Fig. 4. On the section coinciding with the
temperature of the minimum point min, . (Fig.4a),

the liquidus and solidus isotherms adjoin at this
point. As the temperature decreases, the liquidus
and solidus isotherms gradually approach the
minimum min . Since the model was constructed
taking into account the zero crystallisation
interval, there is contact between isotherms
along the min  min__ line (Fig. 4b-e). The point
of contact of the liquidus and solidus isotherms
is a common boundary between the one-phase
regions L and B1 and two fragments of the two-
phase region L + B1(SS). At minimum temperature
min , the isotherms merge into a point, and only
one phase B1 remains in the section.

Since the question of the crystallisation
interval along the line connecting the minimum
points remains controversial, an additional
model of the phase diagram of the Cu-Mn-Ni
system was developed with a non-zero value of
the crystallisation interval along the min, ;min,
line. An isothermal section for such a variant of
the diagram is shown in Fig. 4e. In this case, the
one-phase regions corresponding to the melt L
and the solid phase B1 are separated by a two-
phase region L+B1(SS).

4. Conclusions

A computer model of the phase diagram
of the Cu—-Mn-Ni system above 800 °C has
been developed. The high-temperature part of
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Cu=A Ni=C Cu=A Ni=C

min,g

L+B1(TP)

Cu=A Ni=C Cu=A Ni=C Cu=A Ni=C

Fig. 4. Isothermal sections for the phase diagram prototype with zero crystallisation interval along the line
min, min,.atT_ . =450 °C (a), 414 °C (b), 376 °C (c), 338 °C (d), 310 °C (e); isothermal section at 414 °C in
the presence of crystallisation interval (f)

the diagram includes 9 surfaces and 6 phase The spatial computer model allowed us to
regions. It was revealed that in the three-phase obtain a solution to the problem, which cannot
region L+B+B1 there is a change from peritectic be achieved using thermodynamic calculations
equilibrium to monotectic equilibrium, which and calculations based on first principles. The
was confirmed by the calculation of material presented methodology can also be applied
balance diagrams. Three-phase region, taking to other systems with Mn, where the effect of
into account the surface of type change of three- a change of the type of phase reaction in the
phase reaction, is divided into six concentration three-phase region with two high-temperature
fields when projecting into the composition modifications of Mn can be revealed [41-44].
triangle. Four concentration fields differ in the
crystallisation stages and the formed set of
microstructures. Based on the prototype of the
phase diagram, the calculation of isothermal
sections in the temperature range between two Conflict of interests

minimum points in the Cu-Mn and Mn-Ni binary The authors declare that they have no

systems was carried out. Taking into account the  pnown competing financial interests or personal

crystallisation interval in the sections, the two-  yelationships that could have influenced the work
phase region L + B1(SS) separates the one-phase  reported in this paper.
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Abstract

Most grain boundaries found in polycrystalline metals are not special. The angle of their mutual disorientation is an arbitrary
value, and the axis of rotation is arbitrarily oriented to the plane of the boundary. Periodic atomic structures such as lattices
of coincident nodes, alternating polyhedra, and others do not arise within such boundaries. They are called boundaries of
a general type, non-special, arbitrary, or incommensurate. The general theory of relaxation processes at such boundaries
has not yet been sufficiently developed. The aim of the study was the development of the model of migration of an
incommensurate intercrystalline boundary at the atomic level and the description of the process of self-diffusion along it.

A circle called the main region is described around each boundary lattice node of one of the crystallites. If there is an atom
in the node, then an atom of another crystallite is excluded from entering it. In the case of a vacant node in the main region,
such an atom can be located. An atom in a planar picture means an atomic series in the three-dimensional case. The
distribution of vacant nodes of the growing crystallite is uniform over the flat reduced main region. The migration mechanism
involves the implementation of the following main processes: local rearrangement of atomic configurations and self-
diffusion of atoms in the transverse direction of the slope axis.

The characteristic times of these processes and the expression for the migration rate were found. The migrating boundary
contains a large number of delocalised vacancies. This leads to the high diffusion mobility of atoms. Most vacancies in the
boundary are not of thermal origin, but are determined only by the geometric atomic structure of the boundary. In this
case, the expression for the boundary self-diffusion coefficient does not contain a multiplier depending on the activation
energy of vacancy formation. This leads to the fact that the coefficient of self-diffusion along the migrating boundary is
significantly higher than in the stationary boundary. The model of an incommensurate boundary allows us to describe its
migration and calculate the self-diffusion coefficient.
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1. Introduction

A large number of various models have
been proposed to describe the atomic structure
of intercrystalline boundaries in metals and
relaxation processes involving them. Among
them there is a special class of boundaries. They
separate two crystallites mutually rotated for angle
at which a lattice of coinciding nodes, common
to them, is formed. The atomic structure of such
boundaries has a semblance of a crystal structure
and is characterised by periodicity. Small deviations
from the special misorientation of crystallites are
provided by the introduction of grain boundary
dislocations. The theory of special boundaries is
well developed. However, among the boundaries
actually existing in polycrystalline materials,
their number is low and, according to various
estimates, is approximately one tenth. A significant
proportion of boundaries do not correspond to
special misorientations. Their atomic structure
is formed by conjugation of two surfaces with
rational Miller indices whose translation periods
in one or two directions are incommensurable,
such as, for example, V2 and 1. This means that
the lengths of such segments cannot be expressed
as rational numbers when measured with a ruler
with a one scale bar. The imposition of such
surfaces excludes the possibility of the appearance
of periodic structures in the boundary. Similar
structures also appear when noncrystallographic
planes of adjacent lattices with Miller indices, some
of which are irrational numbers, are conjugated.
Grain boundaries of this type are called arbitrary,
ordinary, non-special, or incommensurate.

The model of the atomic structure of an
incommensurate intercrystalline boundary
was successfully used to describe structural
rearrangements in the process of intergranular
slippage[1].According to this model, rearrangements
of atomic configurations in the near-boundary
region occur in the effective potential field that
exists in this region and is created by the totality
of all near-boundary atoms. The characteristic of
the position of each atom is a scalar or vector value,
called the mismatch parameter (distance), which
uniquely determines its geometric and energy
state. It determines the position of each atom of
one of the two connecting crystallites with respect
to the coordinate system of the other. A somewhat
different parameter was introduced to describe the
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change in the atomic structure of grain boundaries
in aluminium and is called the order parameter
[2]. For atoms with certain regions of variation
of the mismatch parameters, double-well energy
configurations with different pit depths are formed
in the boundary. The elementary act of sliding is
the jump of an atom from one pit to an adjacent
deeper pit. The dimensions of such regions depend
on the structure of the boundary and the magnitude
of the stresses acting in it. The resulting rate of the
process is determined by the size of the regions, the
value of the activation barrier, and the density of
states. Accounting for these factors for boundaries
with different types of incommensurability leads to
different types of functional relationship between
the slip rate and the magnitude of the applied
stresses [3]. The development of ideas about
incommensurate structures allowed possible to
describe not only their energy [4], but also many
grain-boundary processes, such as the formation of
point defects, heat capacity, the role of boundaries
as sources of vacancies, and internal friction [5,
6]. Incommensurate boundaries were studied
by high resolution electron microscopy [7-11]
and computer simulation [12, 13]. Boundaries of
this type are also widespread in nanocrystalline
materials [10, 14]. There is evidence [15] that the
presence of incommensurability at the interface
between the sample and the film deposited on
its surface significantly affects its antioxidant
properties. The ideas about relationship between
the tribological properties of samples and the
structure of surface layers have become widespread.
The relationship between microstructure and
friction allows not only to estimate the lowest
possible coefficient of friction between pure metals
and alloys, but also suggests the possibility of
creating materials with a low coefficient of friction
using grain boundary technology. The connection
between the mechanisms of interfacial deformation
and friction modes can also be interpreted in an
atomistic sense using the concept of commensurate
and incommensurable interfaces [16].

An attempt to describe the mechanism of
boundary migration was proposed in [17]. Under
conditions of boundary displacement along its
normal, the introduction of the third component
of the discrepancy parameter vector is required. In
the general case, it is defined as the radius vector
of an atom of one grain in the coordinate system
associated with the unit cell of the potential relief
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of another grain. The presence of an effective
thermodynamic migration force means an
increased free energy of the atoms of one of the
grains compared to the atoms of the neighbouring
grain. Relaxation in such a system leads to a
shift of the interface towards an energetically
favourable position, and the growth of one grain
at the expense of another. The model predicts a
functional dependence of the migration rate on
the effective thermodynamic force of a power form
with exponents varying from 1 to 3. Such an effect
was repeatedly observed in the experiment [18, 19].
There is currently no general microscopic theory of
such a relaxation process as boundary migration.
The purpose of this study was the development
of the ideas of [17] and development of the
model for the migration of an incommensurate
intercrystalline slope boundary at the atomic level
and a description of self-diffusion processes.

2. Migration model of slope boundary

Let us determine the atomic structure of the
unrelaxed slope boundary. For this, consider
the geometric picture of the imposition of two
identical simple cubic lattices, mutually deployed
at a non-special angle. The result of the overlay is
shown in Fig. 1. The light and dark nodes denote
the projections of the atomic rows of the lattices.
For plotting a straight line, which is a trace of the
boundary plane, it is necessary to leave nodes of
only one colour on different sides. Around each
such node located near the boundary, a sphere of
radius equal to the interatomic distance is drawn as
from the centre. Circles which are sections of these
spheres by the plane of the figure are shown in Fig.
1. Any other atom cannot enter them according
to in the hard sphere model. The boundary atom
located in the centre, can move to the darkened area
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of the circle, where there are no restrictions from
neighbouring circles, if there are vacant positions
in this part. By analogy with [17], the interior of the
darkened part of the circle is the main region. The
coordinate axes x and y, slope axis znormal to them
and to the plane of the figure are shown in Fig. a.
The slope axis has the symbol [001] in all lattices.
The slope boundary separates two crystallites with
different lattice orientations, mutually rotated to
the arbitrary angle relative to the axis z. Nodes of
crystallite 2 are shown as black dots. It is believed
that they are all filled with atoms, with the
exception of nodes in the main regions. The nodes
within each main regions are empty and serve as
possible places to be filled with atoms. In this case,
the lattice of the second crystallite is completed at
the expense of the atoms of the first one, and the
entire boundary shifts upwards in Fig. 1.

The presence of an effective migration driving
force means that each atom of the first crystallite
has an excess of energy W compared to the atoms
of the second crystallite. The incorporation of the
atom in an empty node in the main region leads to
the dissipation of excess of energy. As can be seen
from Fig. 1, the presence of empty nodes in the
main region in the amount of 0, 1, and 2, indicated
by the corresponding numbers, is possible. The
size of the main region does not allow placing
more nodes in it. If all the main regions are
transferred along the boundary and combined
with one of the boundaries, then we reach the
concept of areduced region [3, 17]. In the reduced
region the position of each empty node can be
marked and the density of their distribution can
be considered. Incommensurate structures are
characterised by uniform geometric distribution
of nodes in the reduced main region [1]. Each
empty node in the main region can be filled with

o Crystallite 1 o ¥ -
o o o
o ¢ .
Y o ﬁ‘
X
e 2. " ° 1 0 °
° )
e
o . ° . . °
o " ® (Crystallite 2

Fig. 1. The picture of the overlapping nodes of the two lattices and the main regions
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only one atomic row, its position is unique and
serves as the label for this row. Its coordinates are
completely similar to the discrepancy parameter
introduced earlier forincommensurate structures.
The real arrangement of atomic rows due to the
relaxation of the structure will differ somewhat
from the position of the nodes. However,
these nodes determine the most important
characteristics of atomic series, such as the
activation energy of the transition and the energy
in the final arrangement. The thick line in Fig. 2
shows the reduced main region corresponding to
the boundary shown in Fig. 1. If one of the nodes
of the lattice of the second crystallite falls into
the A zone, then another node falls into the A’
zone. The boundaries of the zones are connected
by the translation operation for the lattice period
of the second crystallite. Only one node can be
located in B zone. If there are no nodes in the
main region, then one of the lattice nodes must
necessarily fall into the C zone adjacent to the
main region. The plotting of the C zone is of an
auxiliary nature, since its nodes cannot be filled
during the migration process. Thus, if the lattice
node of the second crystallite falls into one of the
zones A, B, or C, then the main region contains 2,
1, or 0 nodes, respectively. Areas of the A, A’, and
C zones equal to each other S, =S, . The areas of
the A, B, and C zones are designated as S,, S, and
S, with an index indicating the number of nodes.
The probabilities of the location of nodes in them
isw,=S,/S,where S=S,+5,+S,=2S,+8, isthe
total area of the reduced main region.

If the main region contains only one site, then
the filling of the vacant row occurs by a thermally
activated transition of the atomic row of the
first crystallite located at the top of the region,
overcoming a barrier equal on average to W1.The
presence of a barrier is determined by the need to
break the bonds of atoms with their immediate
neighbours from their crystallite. The transition

Fig. 2. The reduced main region of the slope boundary
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of the atomic series is a conservative process. It
is carried out according to a mechanism similar
to a dislocation slip through the formation
and propagation of double inflections. The
transition time [20] is 1, =(cyv,)", where
¢, =2a'exp(-W,/kT) is the concentration of
inflections, v, is their lateral propagation velocity.
This value can be found using the Einstein relation
v, =D,F, /KT, if we take into account that the
force affects the inflection F, = Wh/a®, and their
diffusion coefficient is D, = v a*exp(-W,, /kT).
Here W and W  are the energy of formation and
migration of the inflection, h is its width, equal to
the row shift distance, v is the Debye frequency
of vibrations of the atom, k is the Boltzmann
constant; T is the thermodynamic temperature,
W is the energy difference between atoms in
crystallites I and 2. From here it follows that:

akT W, +W_ .
- e | 1
BT oy Wh eXp[ KT ) 1

The inflection energy can be determined [20]
from the expression W, =2a,/2U,U, /TE , Where
U, =W, /a is the Peierls energy for a unit length
of an atomic series, I, is the activation energy
of an atom jump to a new position, previously
introduced as the barrier value, U, is the energy
of the unit length of the series. This value can be
found by considering the row in thf inflection
region to be stretched by (lk2 +h2) ?~1,. Then
W, = /AW, /nl, . Here I, is the length of the
inflection, A is the stiffness coefficient of the
interatomic bond.

In the same way, one of the two nodes
that fell into the main region is built up. The
second of them is built up by the atoms of the
first crystallite from another main region with
missing vacant node. This requires the diffusion
movement of atoms over a distance between the
main regions containing 2 and 0 nodes.

Here we consider the case of sufficiently large
values of the migration driving forces. In this
case, the process involves all boundary atoms
located on one side of the boundary in a layer
with a thickness of the order of the lattice period
a. We call such atomic rows “active”. Their number
per unit length of the boundary is N, =a". The
distribution density of nodes in the reduced
area per unit length of the boundary is then
equal to p=a. The number of active atomic
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rows with two vacant sites in the main region is
N, =pw,S . There is the same number of active
atomic rows with main regions without nodes.
The atoms of the first crystallite from the regions
of the last type pass into the main regions with
two vacant sites and complete one of them. In
the two-dimensional problem, the nodes in the
main domain correspond to their rows in the real
boundary along z. The average distance passed by
such atoms along the boundary is:

1 a’

l=—= . 2)
2N, 2w,S
The transition of atoms occurs by diffusion.
Transition time:

v =V, 3)

where u=D/kT is the mobility of atoms, D is the
coefficient of grain boundary diffusion, F is the
force required to move atoms from the source to
the drain along the boundary. For the driving
force of diffusion, we can take the expression
F =W/l .From formulas (2) and (3), we obtain the
transition time:

3 2
. (a_) KT @
2w,S )| DW

Estimates show that t,>> 1, therefore the
boundary migration rate is limited by diffusion
processes in the boundary.

The migrating boundary absorbs vacancies,
some of which are redistributed in it and
participate in diffusion processes, and some leave
the boundary, remaining in a new crystallite.
Taking into account that the main regions are
densely located at the boundary, it can be assumed
that all vacancies are absorbed by only the three
types of the described main regions. A vacancy
absorbed by an atom that is the centre of the main
region of the A type, creates three vacant nodes
in it. One of them refers to the absorbed atom of
the first crystallite, the other two are located at
the sites of the second crystallite. It should be
noted that before the vacancy was absorbed, there
were no vacancies in this region. A vacancy in the
boundary is the lattice node in which an atom can
be located without the occurrence of a high-energy
configuration associated with the displacement of
other atoms from their positions. The nodes that
were originally available in the main region do

2022;24(4): 475-482

Migration of an incommensurate intercrystalline boundary and boundary self-diffusion

not satisfy this condition and therefore are not
vacancies. Such a concept of a grain boundary
vacancy should be distinguished from an excess
volume due to a lattice mismatch in the boundary
region. Relaxation in the boundary region leads
to the concept of a delocalised vacancy. In the
described situation, two vacancies appear in a
growing crystallite, since the maximum number
of atoms that can be located in it is two. Both of
them can fill two nodes of the second crystallite.
Filling the vacant position of the first crystallite
is associated with energy consumption W and
restores the atom to its original position, reversing
the migration process in the opposite direction, in
addition, another atom can no longer be located
in this main region. Therefore, we exclude such a
process from consideration and take the number
of vacancies in this area is equal to two. Using
molecular dynamics methods, it was found that
the binding energy of vacancies into clusters
at the boundary is very low [21], therefore they
easily dissociate. This can also be attributed to
the two considered vacancies, located in such a
way that they form a divacancy in the boundary.
One of them can pass into the volume of the
second crystallite to replenish their equilibrium
concentration in it. The second must be replaced
by an atom according to the described scheme.
This vacancy leaves its original position and
increases the total number of vacancies in the
grain boundary system by one.

The absorption of a vacancy of the first crys-
tallite in the main regions with the number of
nodes in them equal 1 or 0, by analogy, creates
one vacancy or does not create any vacancies. In
this case, the appeared vacancy is able to pass into
a growing crystallite. Due to the absorption of a
vacancy by an atom from the main region of the
third described type with a zero number of nodes,
the need for its diffusion transition to a vacan-
cy located in the region of the previously consid-
ered type with two vacant nodes disappears. The
whole described process is equivalent to a simple
transition of the atom of the first crystallite from
the centre of the main region to one of the sites
present in it. Thus, the absorption and emission
of vacancies by the boundary does not change the
essence of the processes in the main regions and
clarifies only the mechanism of transfer of va-
cancies from one crystallite to another through
the boundary.
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The total number of vacancies in the boundary
participating in diffusion processes is equal
to the sum of their equilibrium number in the
stationary boundary C,, vacancies from the
main type A region and absorbed vacancies in
the region without nodes. When the boundary is
shifted by a distance a it absorbs C,/a vacancies
per unit length, where C, is their concentration
(atomic fraction) in the first crystallite. They
are distributed among the three types of main
regions described. Therefore, a region without
nodes generates C,w,/a vacancies. Regardless of
the absorption of lattice vacancies, each region
of the A type creates w,/a vacancies. Therefore,
their total concentration in the boundary,
taking into account the fact that w,=w,, is
equal to C,=C,+w,(1+C,). Neglecting the
concentrations in the equilibrium boundary and
in the bulk of the crystallite in comparison with
w,, we can assume that <<kul e029.eps>>.

Based on general principles, we obtain the
following expression for the boundary coefficient
of self-diffusion:

w
D =0a*w,v,exp| ——=2 |. 5
Vo p( kT) ©)
Here 0 is a geometric factor of the order of unity,
W is the activation energy of migration of va-
cancies in the boundary.

3. Discussion

Above, we considered the process of shifting
the boundary by a distance a. The migration rate is
determined by the expression v =at ™' .Neglecting
the time t, migratory boundary mobility is
I=v/c, where c=Wa is the value of the
effective driving force of migration for a unit
area. Using (4), the expression for mobility can
be reduced to the form:

202
_ 4D2WZS . ©)
a’kT

When considering the processes of the
emergence of vacancies in a migrating boundary,
the result, according to which the concentration
of vacancies in the boundary is equal to C, =w,
was obtained. This is a very large value. It can
explain the high diffusion mobility of atoms in the
migrating boundary [22, 23]. It should be noted
that the majority of vacancies in the boundary are
not of thermal origin, but are determined only by

I
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the geometric atomic structure of the migrating
boundary. The expression for the boundary
diffusion coefficient now does not contain a
factor that depends on the activation energy of
vacancy formation. Using such an approach, it is
easy to understand the observed increase in the
boundary self-diffusion coefficient in migrating
boundaries [24-26]. The structural state of grain
boundaries during their migration is essentially
nonequilibrium [24]. It can be compared with
stationary nonequilibrium grain boundaries in
freshly prepared ultra-fine-grained materials. As
it is known, they contain a significant excess free
volume in the form of delocalised vacancies [27].
The diffusion activation energy in such boundaries
can be two times lower than in boundaries with
an equilibrium structure [28]. The nonequilibrium
of migrating boundaries is associated by many
authors with an increase in the free volume in
the boundary, which is either the result of the
absorption of excess vacancies in the volume of the
disappearing grain, or the capture of dislocations
with their subsequent dissociation [27, 29]. In the
present study, the mechanism of generation of
vacancies inside the boundary is described without
taking into account all these processes. Here,
the degree of nonequilibrium of the boundary is
determined only by local atomic rearrangements.
The effects listed above can have an additional
influence, leading to an increase in the degree of
nonequilibrium. An increase in the excess volume
in the boundary inevitably leads to its broadening.

Let us estimate the ratio of the boundary
self-diffusion coefficients in the migrating and
stationary boundaries. We accept for the latter
the expression D, =\a’v, exp(-(W, +W, )/kT),
where W, and W, are the energies of formation
and migration of grain boundary vacancies, A is
the coefficient. Taking into account (5), this ratio is
n=D/D, =w,exp(W, /kT).Here 6 ~ \ isaccepted.
Taking w, = 0.1; W, = 0.4W,,where W, =W, + W
is the activation energy of grain boundary self-
diffusion; W, /kT, =9 [27]; T,/T=0.5, T, is
melting temperature; we obtain n = 1.3-10* ,which
agrees with the experimental data for the migrating
boundary n~10 [24]. In [30], the experimentally
measured value of the diffusion coefficient of
Ca into calcite at a temperature of 900 °C at the
migrating boundary exceeded its value for the
stationary boundary by five orders of magnitude.
It should be noted that there is a fundamental
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difference between the nonequilibrium structures
in the considered cases of a moving boundary
during its migration and a solid boundary in
nanostructured systems. When the boundary
stops, the nonequilibrium concentration of
vacancies in it, after a certain relaxation time,
reaches the value characteristic for the stationary
boundary. This nonequilibrium is dynamic
in nature, when vacancies are continuously
generated in the moving boundary and disappear.
The non-simultaneity of these processes leads to
an excess of vacancies in the boundary. Stationary
grain boundaries can be called nonequilibrium
if they have an excess free volume, increased
energy, or are sources of dislocations [31-34].
The disequilibrium of the boundaries is often
associated with the presence of long-range stress
fields, while in the migrating boundary, according
to the described model, they are absent.

4. Conclusions

Based on the concept of the atomic structure
of an incommensurate intercrystalline slope
boundary, a model of its migration has been
developed. It was shown that the rearrangement
of atomic configurations in the boundary
region has both local and non-local nature with
the involvement of diffusion processes. The
relaxation of the atomic structure leads to the
fact that the concentration of vacancies in the
migrating boundary exceeds that in the stationary
boundary. This causes an increase in the self-
diffusion coefficient along such a boundary.
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Abstract

One of the ways to obtain membranes with electroconvection as the dominant mechanism of ion transport is to optimise
the surface of known brands of commercial heterogeneous membranes by changing their manufacturing technology. For
example, the degree of dispersion of the ion-exchanger or the volume ratio of the ion-exchanger to inert binder can be
changed. The aim of this study was to determine and theoretically analyse the fundamental correlations between the
intensity of electroconvection and the surface morphology of ion-exchange membranes with different ion-exchanger
particle content.

The article presents a mathematical model of ion transport across the ion-exchange membrane/solution interface in the
channel of an electrodialysis cell. The phenomenon of electroconvection in electromembrane systems (EMS) was modelled
by solving two-dimensional Navier-Stokes equations for an incompressible liquid with no-slip boundary conditions and a
set distribution of the electric body force. The body force distribution was set taking into account the real size of ion-
exchanger particles and the distance between them that determine the electrical heterogeneity of the surface of experimental
ion-exchange membranes with different mass fractions of ion-exchange resin.

It was determined that in the numerical modelling, the most important parameters were the size of the sections of electrical
heterogeneity of the membrane surface, the current density, and the length of the space charge region (SCR). Numerical
calculations were presented to determine the vortex size depending on the current density and the degree of electrical
heterogeneity of the membrane surface.

It was shown that an increase in the mass fraction of ion-exchange resin in the production of heterogeneous sulphocation-
exchange membranes resulted in a decrease in the step of electrical surface heterogeneity and promoted the formation of
electroconvective vortices interacting with each other. Within the boundary conditions and approximations of the
mathematical model, the vortex sizes reach their maximum value in the middle of the heterogeneity section L,
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1. Introduction

One of the current goals of membrane
electrochemistry and electromembrane
technology is to enhance the mass transfer of
electrolyte ions through ion exchange membranes.
In EMS with a conventional electrodiffusion ion
transport mechanism, the velocity of the process is
limited by the value of the limiting electrodiffusion
current. Hydrodynamic techniques are widely
used to increase the value, such as increasing
the flow velocity of the solution, using turbulent
inserts and/or a mixed layer of ion exchangers,
and profiling the membrane surface.

Another approach to the intensification of
electromembrane processes is based on the use of
new mechanisms of ion delivery to the membrane
surface. Under intensive current modes,
electroconvection is the dominant mechanism
[1-6]. In such cases, the velocity of the process
involving heterogeneous membranes with an
electrically heterogeneous surface may exceed
the velocity of transfer across homogeneous
membranes. This aspect is important because
foreign-made homogeneous membranes are
several times more expensive than heterogeneous
membranes. Key factors in the development of
electroconvection are the chemical nature of
the functional groups and polymer matrix and
the morphology of the membrane surface. The
surface morphology depends on the distribution
of conductive sections of the ion-exchanger and
inert sections of the polyethylene binder, as well
as their size.

The basic principles of electroconvection are
described in works by Dukhin and Mishchuk [3,
4], Rubinstein et al. [4-7]. Studies [8—-10] describe
the possibility of enhancing mass transfer in EMS
by improving the surface morphology of ion-
exchange membranes. The use of membranes with
optimised surface morphology in electrodialysis
for desalting and deionisation of natural waters
and technological solutions provides the
prerequisites for a significant increase in efficiency
of these processes in overlimiting current modes.
The transport characteristics of ion-exchange
membranes depend on the degree of electrical
(alternation of conductive and non-conductive
surface sections) and geometrical (microrelief)
heterogeneity of their surface [1, 2]. The results of
mathematical modelling showed that alternating
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conductive and non-conductive sections on the
surface of heterogeneous membranes can ensure
the occurrence of electroconvective flows at
significantly smaller jumps of electric potential
in comparison to homogeneous membranes.

The aim of this study was to determine and
theoretically analyse the fundamental correlations
between the intensity of electroconvection
and the surface morphology of ion-exchange
membranes with different ion-exchanger particle
content.

2. Theoretical analysis

2.1. Theory of electroconvection in
electromembrane systems

A characteristic feature of electrodialysis in
overlimiting current modes is that the electric
field induces a body force, which stimulates
the movement of both ions and the volume
of the solution. This phenomenon is called
electroconvection. It manifests as microscopic
hydrodynamic phenomena (even at the Reynolds
number Re = 0), which have the properties of
regular turbulence at high values of Re. The
influence of any non-hydrodynamic processes
on the solution flow is carried out through the
body force in the Navier-Stokes equation [11,
12]. Electroconvection is caused by the vortex
nature of the body force (rotf #0). In the case
of EMS, the volumetric force is the electric force
acting on the space charge: f =pE where p
is the charge distribution density and E is the
electric field intensity. Electroconvection in EMS
with homogeneous ion-exchange membranes
is determined by a counterion concentration
gradient, which is caused by uneven desalting of
the solution along the length of the channel of
the electrodialysis unit [13]. Due to the difference
in charge numbers and diffusion coefficients of
cations and anions, values of f near the anion-
exchange and cation-exchange membranes are
different. Consequently, the solution flow in the
channel is asymmetrical. This mechanism of
electroconvection has been theoretically studied
by Rubinstein et al. [5-7]. Electroconvection has
a threshold character and appears when a certain
critical value of electric potential drop is reached.

In EMS with heterogeneous membranes,
the electroconvection mechanism is different.
Heterogeneous membranes are produced by hot
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pressing or rolling dispersed ion-exchange resins
with a particle size of 10 to 100 pm and an inert
polyethylene binder. The structure and surface of
heterogeneous membranes are inhomogeneous.
On the membrane surface, there is an alternation
of the active conductive sections (ion exchanger
particles) and inert non-conductive sections
of polyethylene. The proportion of active
surface depends on the membrane production
technology. At overlimiting current densities, an
electric vortex force arises in the system, resulting
in the occurrence of electroconvective vortices.
In [3, 4], it was shown that this mechanism has
no threshold value of potential drop. It occurs
at significantly lower values of electric current
density than in the homogeneous membrane
systems. Enhanced ion transport may depend
on the surface morphology of ion-selective
membranes as well as the heterogeneity of their
electrochemical properties.

In contrast to conventional turbulence,
which has been extensively studied theoretically
and experimentally for many decades, the
phenomenon of electroconvective turbulence
has just undergone the initial basic numerical
experiments. The current aim is to provide
the resultant mathematical statements that
adequately describe the experimental data.

2.2. Mathematical modelling of electroconvective
vortex structures in the channel of an
electrodialysis unit for membranes with two
conductive sections

Studies [1, 6] set the goal to theoretically
investigate the regularities of electroconvection
in a smooth rectangular desalting channel of
an electrodialysis unit with heterogeneous ion-
exchange membranes. The two-dimensional
mathematical model describing the processes
during operation of the electrodialysis cell in
overlimiting current modes is based on the
Navier-Stokes equations written in terms of the
continuity condition for a steady-state mode [6]:

(u~V)u:V-(—§p+v(V-u))+$f(x,y), (1)
(V-u)=0, (2)

where u is the velocity vector, f(x, y) is the body
force acting in the space charge region (SCR)
(N/m3), p is the solution density (1000 kg/m?),
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v =10"° m¥sisthedynamicviscosity, Re = VowH
\Y%

is the Reynolds number, V__ is the longitudinal
maximum velocity of solution flow in the elec-
trodialysis cell, p is the pressure; and H is the
intermembrane distance.

When formulating the boundary conditions, it
was assumed that the velocity profile at the inlet
of the membrane channel was parabolic (laminar
flow). No-slip conditions were applied to the
membrane surface. At the outlet of the channel,
the hydrostatic pressure was zero:

y=0,u=umaxx(l—%j; x=0,u=0;

y=L,p=0; x=H,u=0. 3)

To solve equations (1) - (3), it is necessary
to know the distribution of the body force

f(x, y), arising under the effect of the electric
field on the volumetric space charge near the
interfaces in the channel. Figure 1 shows a
schematic of the membrane surface (Fig. 1a), the
distribution profile of the electric force acting
over the membrane sections with different
values of electrical conductivity (Fig. 1b), and the
position of the membrane in the electrodialysis
channel (Fig. 1c). We identified conductive
and non-conductive sections on the surface of
heterogeneous membranes, as well as a transition
section of about 0.1 um. Consequently, the body

force f was specified in the regions of the
electroneutrality violation zone S,, adjacent to
the boundaries of x=0, x=H =2 mm (Fig. 1c).
According to Rubinstein’s theory [5], the space
charge extent A at its limit can approach the
thickness of the diffusion layer. In paper [1], it
was assumed to be A =2 pm. In this study, the
value of A was assumed to depend on the current

density A= (1 - lﬂ)& , Where 6 is the thickness
i

of the diffusion layer. Under the condition of
i=1i) , the value of space charge region (SCR)
is zero. As the current increases, the value of
A approaches the value of the diffusion layer
thickness. If we build models using atomic force
microscopy data [13], the thickness of the SCR
can be in the range of 200-1200 nm [14] or even
less than 50-100 nm. The size of the SCR is quite
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Fig. 1. Schematic representation of the model membrane surface in the electrodialysis cell (a): the circles are
conductive sections of the ion exchanger L,, the dark field is the non-conductive sections of the polyethylene
L., and the boundary is the transition sections L . Electric force distribution profile (b) actingon S, S,, S S,:

1 92 O3 94
S =1(x,y):y, SySyZ,OSxSX} , S, :{(x,y):y3 SySy4,OSXSX} , S, :{(x,y):y2 SySy3,OSxSX} ,
S, = (x, y) 1Y, <y<y.,0<x< k} with characteristic size values of L , L,, L, respectively; A is the thickness of

the SCR. Rect indicates the rectangle corresponding to the conductive sections of the membrane, consisting

of the combined rectangles S, S,
difficult to determine, it requires many factors
to be taken into account.

In this study, we first coordinated the data
in Rubinstein’s model and in the works of other
authors [15], who considered the space charge to
be the main driving force of electroconvection
[16-20]. The height of the trapezoid f,_,_ (Fig. 1b)
is the maximum of the space charge distribution
function, which corresponds to its value at the
membrane surface. It is calculated by formula
(5). The electric body force f; =p,E, (N/m’®) is
determined by the electric charge density p,
and the electric field strength E. A force vector
field arises as a result of the electric field ina SCR
with a thickness of A.The y-axis component of

the force is zero f; (x,y)=0. Similarly to studies

[1, 10], we assumed that f varies piecewise-
linearly along the longitudinal axis y : in section
S, , the force changes from 0 to |f,, .|, and in S,

486

S, with a height of A and a width of 2L, + L,

it decreases from |f, .| to 0. In section S;, the
force is constant and equal to f=f . In the

non-conductive section S,, the electric force is
zero. Therefore,

Y-y
(x,y)esS
yz_ylfmax( y) 1

s(x.Y) €S,
)=, ites @

y_y4
froas(X,¥) €S
— (x,y)€S;

0;(x,y)eS,,

In[1], the relationship between the body force
and the current density was determined:
RT
=Fc,E=——i=k,i, 5
fmax 1 DIF f ( )
where kf = 2.5-107 has the dimension of N/(m-A),
if the current density is expressed in [A/m?]. This
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force acts at each point of the SCR, which is
formed in a rectangle with a length of L, and a

width of A, where A = (1 - llﬂ

JS is the thickness

of the SCR and & is the thickness of the diffusion
layer. The electric force is directed along the
normal to the membrane (coaxial to the spatial
coordinate x). The coordinates of the electrodi-
alysis cell (c) are: y—length, 0<y < L ; x - height,
0< x < H ; H-intermembrane distance,z - width

of the electrodialysis cell.

In [10], two cases of the surface morphology
of ion-exchange membranes with a geometric
heterogeneity step of 2R+l were considered:
1) 2R+1=2-30+70= 130 um, 2R/I=60/70=0.875; 2)
2R+1=2-50+30=130 um, 2R/1=100/30 = 3.34, for
the channel length L= 130 and its width of 400 pm.
In our study, we used the surface characteristics
of the experimental sulphocation-exchange
membranes with different ion-exchange resin
contents (Table 1) and, correspondingly, with
different surface parameters: 1) 2R + [ = 9.3 um,
2R/1=0.89; 2) 2R + 1= 8.2 ym, 2R/ = 1.05 at the
channel length L = 6.2; 3) 2R + [ = 7.1 um, 2R/l =
1.84 at the channel length L ="7.1 and its width of
2000 pm. Since we used the same grinding of the
ion exchange resin for the experimental membrane
samples, all the samples had approximately the

same radius of ion exchange particles R.

2.3. Mathematical description of the membrane/
solution interface, considering the microrelief

In theoretical works describing the regularities
of the transmembrane electrodiffusion ion
transport, the model of ahomogeneous membrane
with a flat boundary is usually used. However,
direct experiments on the surface profile of
the membrane by AFM (Fig. 2) showed that the

transition boundary from the solution phase
to the solid phase of the membrane cannot
be modelled correctly by an ideal plane. The
electrical properties of the boundary with
a microprofile depend on the distribution
of the local exchange capacity Q(x) of the
membrane within the specified spatial limits.
The approximation of the distribution of the
averaged exchange capacity along the normal to
the membrane surface Q(x) = q(x)Q, was one of
the problems in the mathematical description of
the ion transport along a rough surface. Figure 2
shows an example of obtaining q(x). Digital
techniques of atomic force microscopy were
applied to obtain the cross-sectional area of the
solid phase S(x), the microprofile was partitioned
by height at different distances. We assumed that
the solid phase fraction is q(x) = S(x)/S,, where S is
the area of the experimentally studied membrane
section. The cross-sections of the sulphocation-
exchange membrane microprofile were numbered
from O to 7. For each cross-section, the solid phase
fraction is calculated as the ratio of the total area
of the blackened areas S along the cross-section
of the membrane microprofile (projected on
the membrane surface) to the total area of the
experimentally studied membrane sample S,. The
calculated area has a size of S, = 12x12x107"* m®.
The horizontal scale in Fig. 2 is 1000 times
larger than the vertical scale. The proportion of
the ion exchanger in cross-section 4 is defined

S S§2+ 854 As

as 9_ (X)=—=
A = 51+ 52+53+54+85

Q S,
the cross-section number increases, the solid
phase fraction q(x) = Q/Q, increases. This results
in dependence of the exchange capacity Q(x)
on x-coordinate (Table 2). The continuous
distribution of the solid phase volume fraction

Table 1. Surface characteristics of experimental samples of swollen heterogeneous sulphocation-

exchange membranes

Ifigcetfgga;‘f;r S, % 7 ,um P, % 7, um T,um | 2R+,um 2R/l
45 21%1 2.2:0.1 | 1.9%0.1 | 1.9%0.1 | 4.9%0.4 9.3 0.89
55 25+2 2.1¥0.1 | 2.2%0.3 | 1.9%0.2 | 4.0%0.3 8.2 1.05
70 38t2 | 2.3040.04 | 3.2%04 | 1.9%0.1 | 2.5%0.1 7.1 1.84

S, % is the ion exchanger fraction; r , um is the weighted average radius of ion exchange sections; P, % is the mac-
ropore fraction; 7, pum is the weighted average pore radius; and [ , um is the weighted average distance between

the conductive regions
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Fig. 2. Microprofile of the sulphocation-exchange membrane surface (a), the cross-sections in which the vol-
ume fraction of the solid phase was calculated (b), and a single microrelief section with a defined volume ele-
ment of characteristic length dx (c). I — solution phase; II - membrane phase; I - surface microprofile; 2 - ex-

change capacity; 3 - ionogenic groups; and 4 — the cross-section used to determine the ionite content

Table 2. Volume fraction of the ion exchanger depending on the number of the layer cross-section

Cross-section | 0 | 1 | 2

| 3 | 4 | 5 | 6 | 7

Volume fraction of the
solid phase g = Q/Q,

along the layer coordinate in the solution was
obtained by interpolating using 3rd degree
splines and 4th degree polynomials (Fig. 3).

We chose such a volume element so that it
exceeded the size of the individual phases of
the system. At the same time, it should be small
enough to consider the dependence of the average
volume concentration of ionogenic groups q(x)
and ionized groups on the side surface of the
selected element as a function of the x-coordinate.
The g(x) dependence also takes into account, on
average, the growth of the lateral area of the dx
element, where the ionised groups involved in
the splitting of water molecules are concentrated.
In order not to complicate the theory with
secondary dependencies, we assumed g(x) to be
the only primary characteristic that depends on
the x-coordinate. The ion concentration c; at a
certain coordinate of x represents the average
concentration of ions in the solid phase and in
the solution phase. At x = 0, all ions are in the
solution, and at x =5 they are in the solid phase.

Numerical calculations were carried out for
micro-layer thickness between 1 and 300 nm.
The exchange capacity distribution as a function
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of the dimensionless coordinate was assumed
to be the same for all cases. Fig. 4 shows the
change in the shape of the space charge and
its integral value. The distribution of the space
charge p over the layer thickness is determined

1.2

q(x)

1.0 1

0.8 24
- g
" vl d
1 - Vs

0.0 .:.ﬂ?-'“‘""'ﬂﬁ """"""

0.0 0z 04 0.6 08 X 10

Fig. 3. Dependence of the solid phase volume fraction
q on dimensionless layer thickness in the solution.
1 - interpolation of the data in Table 2 using splines;
2 — the polynomial approximation g(x) = —4.45x* +
+ 8.28x% — 3.397x% + 0.569x; and 3 - the function of
q(x) =x*
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Fig. 4. Distribution of volumetric space charge p (C/m®) over the dimensionless coordinate of the layer at a
thickness of: 1 - 10; 2 - 50; 3 - 100; 4 - 200; and 5 - 300 nm (a) and distribution of dimensionless charge den-
sity on dimensionless thickness of diffusion layer in the Rubinstein model [22, p. 325] (b)

by the boundary conditions of the problem set
in study [21]. At the left and right boundaries of
the layer, the electroneutrality condition is met.
Therefore, the charge is zero at the boundary
points X = 0 and X = 1. As the layer thickness
increases, the maximum space charge decreases
monotonically (Fig. 4a). The change of surface
charge distribution over thickness of diffusion
boundary layer according to the widely known
Rubinstein model [22, p. 325] is shown in Fig.
4b. The mathematical models differ both by
the approach to their description and by the
studied objects. However, when the results were
compared, we found that both models make
it possible to estimate the space charge at the
membrane surface and the size of the area of its
localisation. It helped to better understand the
mechanism of electroconvection in EMS.

The integral value of the dimensionless
charge was approximately estimated as the
area under the curve using the mean integral
value (rectangle in Figure 4b). The conversion
to a dimensional value provided the value:

L
p=Fc,8[p=~0.002 C/m? where F=10° C/mol;
0

¢,= 1 mol/m*; and 6 = 10° m.

The change in the integral value of the
surface charge was not monotonic (Fig. 5). In the
framework of the boundary value problem with
electroneutrality conditions at the boundaries,
the surface charge approaches zero as the layer
thickness increases. The charge distribution

over the layer thickness in the considered model
corresponds to a thin boundary layer forming
near the membrane in the Rubinstein model.
We compared this value with the corresponding
value at x = 50 nm (Fig. 5) and observed the same
order of values (~0.0014 C/m?). The difference
is that in the Rubinstein model the charge is
distributed in a diffusion layer with a thickness
of (1-100)-10-° m, while in the presented model
it is distributed at the interface in an area with a
thickness of (10-300)-10~° m. The thickness ratio
is in the range of 10-1000.

p 104, C/m’

16

141

121

10 b

o 50 100 150 200 250 300
X, mm

Fig. 5. Dependence of the dimensional integral surface

L
charge density p = '[ pdx on the layer thickness
0
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It should be noted that both considered
mathematical models do not provide entirely real
values of size of the space charge distribution
region. Spatial charge can be described more
thoroughly, if the boundary value problem
domain is extended beyond the height of the
microprofile both towards the diffusion layer and
towards the membrane phase region.

3. Results and discussion

Numerical calculations were performed
under the condition of trapezoidal distribution
of the body force (Fig. 1b) by formula (4)
in accordance with characteristic structural
parameters of the surface of real experimental
ion-exchange membranes (Table 1). Fig. 6a
shows the distribution of ion concentration near
the surface of the cation-exchange membrane
and the scheme of formation of two differently
directed electroconvective vortices (d is the vortex
diameter, d is the diffusion layer thickness, A is the
SCR thickness, C;_and C, are the concentrations
of counterions and coions in the solution,

A
respectively, p,, = Jp(x)dx / A isthe mean integral

0
charge density, and C, is the concentration of
counterions in the SCR). Fig. 6b shows the results

E 3

Lo
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of numerical calculation of fluid flow lines in the
section of membrane channel with heterogeneous
membrane, where y is the horizontal coordinate,
x is the vertical coordinate, L, and L, are the
lengths of conductive (ion exchanger) and non-
conductive (polyethylene) sections, respectively,
and L, is the length of the transition sections.
We carried out two sequences of numerical
calculations to determine the dependence of
the size of electroconvective vortices on the
current density for experimental membranes
with different dimensions of conductive and non-
conductive sections (Table 1). Taking into account
the notations, the total length of conductive and
non-conductive sections was (L, = 2L, + L, + 4L )
13.7 pm and 11.7 pym for membranes with mass
fraction of ion exchange resin of 45 % and 70 %,
respectively. Fig. 7 shows the distribution of fluid
flow lines in the case when electroconvection
occurs near both membranes, which form the
desalting channel in the electrodialysis cell. When
developing a two-dimensional mathematical
model, we considered ion exchange membranes
with only two conductive areas on the surface.
The conductive sections are located in the middle
part of the channel in order to avoid the influence
of inlet and outlet boundary conditions of the

Fig. 6. The ion concentration distribution in the solution (a) and the pattern of the occurrence of electrocon-
vective vortices (b) near the surface of heterogeneous cation-exchange membrane
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Fig. 7. Current lines and fluid flow velocity vectors in a membrane channel with two conductive sections on
each of the membranes at different values exceeding the limiting current density i/i, :a-1;b-4;c-8;d - 16,
e-32;andf- 64
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channel. The rest of the membrane surface is
inert (polyethylene). Numerical experiments
with a sodium chloride solution showed that two
vortices are formed near each membrane due to
the heterogeneity of their surface (Fig. 7). The
vortices are formed in front of the conductive
section. In the case of the cation-exchange
membrane, they rotate clockwise, and in the
case of the anion-exchange membrane, the
rotation is counterclockwise. At high current, the
diameter of the vortices is commensurate with
the channel width. It was determined that vortex
structures arise with the onset of the limiting
state, when, according to Rubinstein’s theory, a
space charge begins to form. The formation of
four vortices was confirmed for membranes with
large dimensions of surface inhomogeneity [10].
The total dimensions of the conductive and non-
conductive sections of the studied membranes
were, on average, an order of magnitude smaller.
Therefore, the two internal vortices were almost
invisible and had no effect on the external
vortices. As the current density increases, the
vortex sizes change nonlinearly and reach a
value equal to half of the membrane channel
thickness. Their further growth is limited by the
size of the channel and the interaction of vortices
on opposite membranes. The vortex diameter is
considered to be the largest distance d between
the points belonging to the area embraced by the
closed current lines.

We assumed that the diameter d of the vortex
at the membrane element (Fig. 1) depends on
the magnitude of the electric force acting on
the volume of the solution F, =k, (i—i,,)d
according to nonlinear law [20]:

d(i):YZ [Fmax (i)]a +Y1F0max (i)”'Yo’ (6)

where vy,, o are the a priori numerical coeffi-
cients: y,, o are the coefficients taking into
account the interaction of vortices; vy, is the
coefficient of linear effect of electroconvection;
and vy, is the coefficient considering other forces
influencing the occurrence of vortices, besides
the electric force. For current density not too
much exceeding its limit value, there is no inter-
action of vortices. Therefore, formula (6) is sim-
plified to d(i)=v,F,., +7,- In the dimensionless
form, the formula is:
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d _ « _ _
E:yz[I—l] +7, (I-1)+7,, (7)

where 7,, v,, ¥, are the dimensionless parame-
ters:

o Yk, o vk, 1

Formula (7) reveals therole of the dimensionless

current parameter I :l_L in the formation of
lim

vortex structures [17]. However, the size of the SCR
is a more significant factor. In reality, alternating
conductive and non-conductive sections are
located along the entire length of the channel. The
electric force acts on the space charge localised
near the solution/membrane interface. If in this
case rot(f)=0, i.e. the vector field is potential
(vortexless), the pressure changes evenly and no
vortex motion occurs in the solution. On the other
hand, the rot(f) value decreases as the proportion
of conductive sections decreases. So, no vortex
motion of the fluid can be observed in the case
of a completely non-conductive surface. In both
cases, the vortex diameter approaches zero. In
intermediate cases, for the value of rot(f)=#0,
there will be an extremum in the dependence of
the size of electroconvective vortices on the ratio
of surface inhomogeneities. The body force of
electroconvection causes an uneven overpressure,
which pushes the solution towards the membrane
surface, but meets the resistance of the underlying
fluid layers and the surface itself. This causes a
change in the flow direction up to a complete
reversal of the direction of fluid movement from
the membrane surface to the depth of the solution.
Oppositely directed currents form vortices, which
partially destroy the diffusion layer and reduce the
thickness of the charged layer. In turn, this leads
to a decrease in the body force and, consequently,
to a decrease in the vortex diameter.

We carried out numerical calculations of
the dependence of the vortex diameters on
current density for experimental heterogeneous
sulphocation-exchange membranes with different
ratios of conductive (L,) and non-conductive
(L,) sections (Fig. 8). We also calculated the
dependence of the vortex diameters on the
length of non-conductive sections L, at different
values of the body force, determining the
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Fig. 8. Vortex diameter dependence on current at sulphocation-exchange membrane surface with the total size
of conductive and non-conductive sections of 2L.+L, = 13.7 um (1) and 11.7 ym (2) in the channel of an elec-
trodialysis cell with a thickness of H = 2 mm at the Reynolds number Re = 2. 1, 2 - numerical calculation, 3 -
calculated by formula (9) at ¥, =0,16; ¥, =10" ; ¥,=0; o= 0.2
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Fig. 9. Dimensionless dependence of vortex diameters on the channel width, as a function of the non-conduc-
tive section length L, at different values of the body force generating the rotor, 10° N/m?®: 1 -4;2-2;and 3- 0.6

force rotor (Fig. 9). For this purpose, at a given
total length of the section L, we changed the
length of the conductive surface section L..
The length of the non-conductive section L,
was expressed by L, and L,. We obtained the
expression L,=(L,-2L;—4L)/2, where L,
is the length of the transition region at the

boundary between the conductive and non-
conductive sections. The initial values of
L, =0.0046 mm, L, =0.0025 mm, L, =0.0001 mm,

and L, =0.0075mm were the experimentally
found dimensions of the surface sections of the
experimental membranes (Table 1). The minimum
possible value of L, . =(L,—4L,)/2 corresponds to

2min
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the case of L, = 0, where there are no conductive
sections on the surface. When modelling another
marginal case with a decrease in L,, the rotor of
the body force decreased linearly according to
the formula:

F=F-E(L), @®)

£%ﬁgs@
where E| (L) =1 L; .

Lif L, > L,

It was determined that under the conditions
and approximations of the mathematical model,
the vortex sizes reach their maximum value in
the middle of the total length of the section L.

4. Conclusions

Itwas shownthat the application of Rubinstein’s
theory of spatial charge together with the
numerical modelling of ion transport phenomena
using the Navier-Stokes hydrodynamic equations
made it possible to conduct theoretical studies
of convectively unstable structures in EMS. It
was found that in the numerical modelling,
the most important parameters are the size
of the electrical heterogeneity sections of the
membrane surface, the current density, and the
length of the space charge region. The use of
mathematical approaches allowed us to study
the occurrence of electroconvective vortices at
the membrane surface, including the study of the
mutual influence of the vortices on each other.

We determined the fundamental correlations
between the membrane surface morphology,
electroconvection strength, and overlimiting mass
transfer in electromembrane systems with different
ion-exchange resin particle content. It was shown
that an increase in the proportion of ion-exchange
resin in the production of heterogeneous strongly
acidic membranes promoted the formation
and development of electroconvection in the
membrane channel due to a decrease in the
electrical inhomogeneity step of the surface.

The developed mathematical model of
electroconvection in membrane channels with
heterogeneous ion-exchange membranes may
be a theoretical basis for targeted modification
of their surface in order to develop new
generation membranes. For these membranes,
electroconvection will be the main mechanism of
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electrolyte ion transfer under intensive current
modes.
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Ferrites play a significant role in a number of applications from magnetic ceramic to multifunctional catalytic and
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1. Introduction

In recent years, photocatalytic materials
draw significant attention due to their ability
to promote a number of chemical processes
using a renewable energy source — sunlight. For
instance, this type of catalysts can be utilized
for several so-called “green processes”, from
wastewater processing [1-3] and carbon oxide
capturing [1-4], to hydrogen production [7]
and antibacterial treatment [8, 9]. There are a
wide variety of materials that can be used for
this purpose, but for commercial applications,
materials made from abundant elements are
more favourable.

In this research work, magnesium ferrite
spinel was the material of choice due to the
inexpensiveness of its precursor elements and
the known high photocatalytic activity of ferrite
spinels [10]. Ferrites are not only catalytically
active but also exhibit magnetic properties [11-
17], which makes them multifunctional and
suitable for facile separation from reaction mass
when needed.

Surface properties play a significant role in any
heterocatalytic reaction [18]. Therefore, the control
over the surface area, its morphology, chemical
composition, and some other characteristics,
determines the resulting performance of any
catalytic material. For the synthetic approach,
the solution-combustion technique was selected,
because of its short reaction times and energy
efficiency [10, 12 19-23].

2. Experimental
2.1. Synthesis

For sample preparation glycine (C,H.NO,)
was used as fuel and added to an aqueous
solution of magnesium (Mg(NO,),-6H,0) and
ferric (Fe(NO,),-9H,0) nitrate in a quartz beaker
and heated until water boils off and further to
start combustion process (ignition starts at 250-
270 °C). All chemicals were used as purchased
without further purification. Synthetic ratios were
calculated based on equation 1:

9Mg(NO,), + 18Fe(NO,), + 40C,H.NO, —
— 9MgFe,0, + 100H,0 + 80CO, + 56N, (1)
The stoichiometric factor ® was proportional

to the equation and was equal to 1 for glycine to
nitrate ion ratio 5/9, and changed accordingly by
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multiplication of glycine amount for the same
weight of nitrates.

2.2. Characterization

Temperature measurements were conducted
using a quartz beaker with inserted K-type
thermocouple assembly 0.4 mm in diameter
sealed in a glass capillary tube 0.5 mm in diameter
attached to ADC-module E20-10 (Lcard) with
a sampling rate of 1KSample/s. The miniature
size of the thermocouple provides low thermal
inertia as well as glass cover prevents short
circuits and dissolution by reaction mixture. X-ray
diffraction patterns were measured with Rigaku
SmartLab3 (Cu-K  radiation, at / = 50 mA and
U = 40 kV). The diffraction patterns of samples
were recorded in the Bragg-Brentano focusing
geometry with a step of 0.01° and speed of 1°/min
in the angle range 10-90°. The specific surface
area was measured with Sorbi-M automatic
BET sorbtometer. Scanning electron microscopy
images were taken with VEGA3 TESCAN scanning
electron microscope. Diffusion reflectance and
absorption spectra of samples were measured
on an Avaspec-ULS2048 compact spectrometer
equipped with an AvaSphere-30-Refl integrating
sphere for DRS spectra and a 3D-printed
cuvette holder for absorption measurements.
Catalytic activity was measured via methylene
blue discoloration under two 35W Xe-arc lamp
irradiation, with 30-minute intervals for two
hours total.

3. Results and discussion

3.1. Temperature-time analysis of solution
combustion

Temperature-time profiles are shown in Fig.
la accompanied by a bar graph of the maximum
combustion temperature for each sample. It can be
noticed that samples with fuel deficiency as well
as proficiency have lover reaction temperature
compared to the stoichiometric ratio, but the
profiles are different. In Fig. 1b, c and d photos
of reaction mixtures during each stage of the
process are shown, and there is a significant
change in the combustion stage. For samples
with fuel deficiency combustion followed by the
evolution of large amounts of nitrogen oxides that
can be observed by the brown coloration of the
beaker, it indicates that thermal decomposition
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Fig. 1. Time-temperature profiles of solution-combustion synthesis of MgFe,O,: (a) - comparison of time-tem-
perature profiles of samples with different stoichiometric ratios, insert bar graph shows maximum peak tem-
perature of reaction; (b), (c) and (d) — thermal profiles curves with photos of reaction beaker at different
stages of reaction for 0.25, 1 and 2 stoichiometric ratios respectively

of nitrates prevailed for this ®. That type of
combustion mode can be called thermolysis due
to prevailing of thermal de-composition over
combustion process.

For @ = 1, combustion proceeds vigorously,
with a high amount of energy, seen by a bright
glow of reaction products and the absence of
fumes, due to most of the products being hot
water vapour along with nitrogen and carbon
dioxide gases. From the temperature-time profile
and visual observation, this combustion mode
can be classified as volume type. The maximum
temperature was measured as high as 2790 °C
while it was in a short period.

Mixture with doubled fuel content (® = 2)
showed partly similar behavior as fuel deficient
mixture, during combustion, large amounts of
gases come out along with foaming of products.
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Thereby, the reaction mixture forms a thermal
insulating cocoon, widening the thermal profile
peak. The formation of active char foam also
prolongs reaction time due to the smoldering
process on ambient air. Thus reaction mode can
be marked as a smoldering type (24-27).

3.2. X-ray powder diffraction

The structural analysis shown in Fig. 2
confirmed that all prepared samples were
magnesioferrite spinels. There is an expected
correlation between ® value and crystallinity, that
goes along with maximum temperature change.
Higher combustion temperatures provide better
crystallinity and bigger crystallite size, where
a sample with ® = 0.25 is al-most amorphous
to @ = 1 with the biggest crystal size and low
amorphous phase content.
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3.3. The N, Adsorption/Desorption Isotherms
(BET)

The surface area with SEM photos is presented
in Fig. 3. A high correlation of surface area with
reaction temperature can be observed, where ® =
0.25 sample has the highest area, with the lowest
reaction temperature, and ® = 1 sample has the
lowest, with the highest combustion temperature,
for ®=0.5 and 2 area values as well as temperature
values are close to each other. From SEM images,
fuel deficient sample exhibit a sponge-like structure
with big, thin-walled pores that resemble bubbles,
stoichiometric sample looks similar to previously
mentioned, but most of the “bubbles” are popped
and only skeletal borders are left, which could mean
that most of the surface gone due to high reaction
temperature and melting of thin pore walls. Sample
with excess fuel has denser foam-like, compared
to previous samples, structure with much smaller
pores, but regarding that specific area is not as high
as could be expected in comparison with sample
® = (0.25, which means that some pores are sealed
and thus unavailable.
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3.4. Diffusion reflectance spectroscopy

Optical band gap values were calculated from
diffuse reflective spectra shown in Fig. 4. Fuel
ratio-dependent changes in band gap can be
observed as a gradual decrease from 2.24 to 2.10
eV with an increase of ® value, but this change
occurs within the 10% region. Nevertheless, this
can be utilized to fine-tune material bandgap
or make it more susceptible to lower energy
irradiation.

3.5. Fenton-like properties

To study the photocatalytic activity of
obtained samples, Fenton-like decolorization of
methylene blue (MB) dye was used. Absorbance
spectra and results of their processing are
shown in Fig. 4c-f. From adsorption capacity
and photodecomposition rate constant data, one
can see that sample with double fuel excess has
the most remarkable parameters among some
prepared samples, despite the fact of its average
specific surface value. Such a significant activity
can be attributed to specific surface morphology
as well as the number and accessibility of active
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Fig. 2. (a) - XRD patterns of MgFe,O, samples; (b) — crystallinity; (c) — average crystal size
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Fig. 3. (a) - BET surface area of spinel samples; (b), (c) and (d) are SEM images of MgFe,O, spinels prepared at

@ =0.25, 1 and 2 respectively

centres. In contrast to samples with @ in a range
from 0.25 to 1, where the main surface species
can be oxide or hydroxide groups, because of
full combustion and carbon depletion, sample
with higher content of the fuel, has a chance
to form not only carbon-based structures but
also carboxylic, carbonate and other species
on the mixed oxide surface, determined by fuel
composition and reaction conditions.

4. Conclusions

A highly photo-Fenton-like active MgFe,O,
spinel sample was synthesized by solution-
combustion approach, with variable fuel content
®. In this research work, it was shown that
change in @ value not only affects combustion
temperature but also the combustion mode
itself, changing the shape of the temperature-
time profile that can result in a combination of
morphological, structural, and surface properties.
Such a behavior can be observed for half and
twice excess of fuel, temperatures are similar and
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the same for crystallinity and surface area, but
due to other types of combustion (smoldering)
and thus wider temperature peak, the sample
with @ = 2 has a larger crystallite size, smaller
pores, and significantly higher adsorption and
catalytic properties. Further investigation of this
phenomenon can provide data to additionally
enhance the photocatalytic activity of these
materials by tuning their properties with reaction
conditions such as fuel type and ratio.
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Abstract

The effect on the characteristics of the electrodialysis process of the acid activation of bentonite included in the cation-
exchange layer of an experimental bipolar membrane obtained by applying a liquid LF-4SK cation-exchange layer containing
bentonite particles onto an anion-exchange membrane-substrate MA-41 was studied.

Acid activation of bentonite was carried out with nitric acid (C = 1 and 4 mol/dm?) for 6 hours at temperatures of 20 and
90 °C. The conversion of sodium sulphate (C = 0.5 mol/dm?) was carried out in a six-section electrodialysis apparatus with
experimental bipolar membranes containing bentonite in its original form and after acid activation. It has been shown that
the addition of bentonite treated with nitric acid (C =4 mol/dm?, t = 90 °C, t= 6 h) to the cation-exchange layer of a bipolar
membrane leads to an increase in productivity, current efficiency and a decrease in energy costs compared to a membrane
containing bentonite in its original form.

Experimental bipolar membranes made on the basis of MA-41 and a liquid sulphonic cation exchanger containing acid-
activated bentonite clays make it possible to obtain an acid and alkali performance comparable to that of the MB-3 bipolar
membrane.
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1. Introduction

Electrodialysis with bipolar membranes is a
technology for the production of acids and bases
without the formation of secondary by-products
and the use of additional chemicals [1-4]. The
efficiency of the electrodialysis process is largely
determined by the electrochemical characteristics
of the used bipolar membranes [5-7]. Catalytic
additives of various nature are introduced into
the bipolar region of the membrane, which
affect the dissociation of water molecules for the
improvement of their properties [8—16]. There
are data that silicate and hydroxyl groups are
effective catalysts for water dissociation in the
bipolar region [17-18]. The addition of particles
of clay material to a bipolar ion-exchange
membrane allows obtaining a nanocomposite
with improved characteristics [19-21], due to
the peculiarity of the structure and composition
of clay, as well as the presence of such properties
as hydrophilicity and the ability to ion exchange.
The chemical activation of clay is carried out for
the improvement of the properties, for example,
treatment with sodium or calcium salts [22], as
well as thermal activation [23]. Among various
methods, acid treatment is the most effective way
to activate the surface and increase its specific
area, which occurs as a result of the modification
of the components of bentonite clays, primarily
montmorillonite and other clay minerals [24-26)].

The aim of this study was the investigation of
the effect of acid activation of bentonite in the
composition of an experimental bipolar membrane
on the characteristics of the electrodialysis
conversion of sodium sulphate.

2022;24(4): 504-510
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2. Experimental

An experimental ion-exchange bipolar
membrane was obtained by applying a liquid
sulphopolymer LF-4SK layer containing bentonite
particles onto an MA-41 anion-exchange
membrane according to a well-known method
[27]. In this study, bentonite from the Trebia
deposit (Morocco) was added to the cation-
exchange layer of the membrane (Fig. 1). The
sample of natural bentonite consists of 76%
smectite and the following impurities: 5% illite,
5% quartz, 21% feldspar, 2% calcite [26]. Smectite
is represented by alkaline montmorillonite with a
predominance of sodium cations in the interlayer,
the main charge is localized in the octahedral
layer.

For acid treatment of bentonite, nitric acid
of various concentrations was used (1 and 4 mol/
dm?), the process was carried out with constant
stirring at temperatures of 20 and 90 °C. Next, the
solid phase was washed with distilled water to a
neutral pH value and dried at 60 °C to constant
weight.

The study considers four types of experimental
bipolar membranes, in the cation-exchange layer
of which bentonite (3% by mass) is added:

-~ MB,,, oric — Original bentonite;

- MB,,,,, - bentonite processed under the
following conditions: C(HNO,) = 1 mol/dm’, t =
20°C,t=6h;

- MB,,;, -C(HNO,) = 1 mol/dm?, t = 90 °C,
1=6h;

- MB,,,, - C(HNO,) = 4 mol/dm?, t = 90 °C,

Fig. 1. Images of the surface of an air-dry sample of bentonite (Trebia deposit, Morocco), obtained by scanning
electron microscopy (LEO 1450VPCarlZeiss) at different magnifications
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Images of the surface and section of the
experimental bipolar membrane with bentonite
particles were obtained using a Levenhuk 625
optical microscope (Fig. 2).

The properties of experimental ion-
exchange membranes were studied during the
electrodialysis of sodium sulphate solution (0.5
mol/dm?®) and compared with the best domestic
bipolar membrane MB-3 (UCC Shchekinoazot),
with the lowest electrical resistance during
operation [28].

The studies were carried out in a six-section

2022;24(4): 504-510
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flow type electrodialysis cell (Fig. 3) consisting
of the studied bipolar membrane, heterogeneous
cation- (RalexCMH-PP) and anion-exchange
(Ralex AMH-PP) membranes manufactured by
MEGA (Czech Republic) [29].

The concentration of acid and alkali obtained
during the conversion of sodium sulphate was
determined by acid-base titration. The efficiency
of the electrodialysis process (fluxes of hydrogen
and hydroxyl ions generated inside the bipolar
membrane, /, mol/(cm?s); current efficiencyn, %;
specific energy consumption for the production

200um

b C

Fig. 2. Photographs of membranes (optical microscope Levenhuk 625): a — surface of the anionic membrane
of the MA-41 substrate; b — surface of the cation-exchange layer with bentonite particles; ¢ — experimental
bipolar membrane (1 — membrane-substrate, 2 — cation-exchange layer, 3 — particle of bentonite clay on the
surface of the cation-exchange layer)

demineralized solution demineralized solution

Na:SO. Na:S0.
H:S0. NaOH
™M | aM | BM | ™M | M
| | |
1 2 ‘ 3
|} H UH' |:|.._+
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L—  NaSO
001
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Fig. 3. Scheme of the flow of ions in the chambers of the electrodialysis cell during the conversion of sodium
sulphate (C = 0.5 mol/dm?3): CM - a cation exchange membrane, AM - an anion exchange membrane, BM —
a bipolar membrane
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of the target product W, kWh/kg) was calculated
using the following formulas:

C —-C)-V

=t M
(C,-C)-V-F

T]=T‘100, (2)

W=t 3)

where C is initial concentration of the solution,
mol/dm?; C. is concentration of ions in the studied
section, mol/dm?; V'is solution volume, dm3; F is
Faraday number A-s/mol; 1 is time, s; I is cur-
rent, A; U is voltage, V; m is the mass of the
product, kg.

j, 107 mol / (sm2?-s)
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3. Results and discussion

The obtained experimental results (Fig. 4)
allow us to conclude that the acid activation of
bentonite introduced into the bipolar membrane
led to an increase in the flux of H*ions by
2.5 times, and the flux of OH" ions increased by
2.1 times.

The addition of acid-treated bentonite to the
cation-exchange layer of the bipolar membrane
also led to a reduction in energy costs (Fig. 5).

Bipolar ion exchange membranes containing
acid-activated bentonite (MB,,,,.), in terms
of performance and current efficiency are not
inferior to industrial MB-3 samples [3] (Table 1).

The obtained results can be explained by
the significant changes in the composition
and structure of montmorillonite which occur

j, 107 mol / (sm2-s)

Fig. 4. Dependence of the fluxes of H* (a) and OH- (b) ions generated in a bipolar membrane on the current

density for experimental samples: 1 - MB, .., 2 - MB

MAR?2?

o (J 1 1 1 1 1 1 ]
0 10 20 30 40 50 60 70
i, mA/sm?
b
5- MBMARl’ 4- MBMAR.ORIG

Table 1. Characteristics of the process of sodium sulfate conversion during electrodialysis with MB-3
and experimental membranes (at current density i = 60 mA/cm?)

H,SO, NaOH
P, mol /m*h n, % P, mol /m*h n, %
MB,,..; oric 2.91+0.29 25.01 9.58+0.96 41.11
MB,,,., 5.24*+0.52 44.70 16.46%1.65 60.89
MB,,,., 5.90+0.59 50.30 14.19%1.42 70.58
MB,,, s 7.43+0.74 63.10 19.82+1.98 85.02
MB-3[3] 6.93+0.69 59.21 18.10+1.81 77.10

507



Condensed Matter and Interphases / KoHaeHC1poBaHHble cpeabl M MexdasHble rpaHuLbl

S. 1. Niftaliev et al.

80 r

70

60

50 .l

m2
40

W, kW- h [ kg

30

20 |

10

MBMAR 3

MBuiar.oric. MBpar1  MBuar 2

Fig. 5. Energy costs for obtaining the target product
(at current density i =60 mA/cm?*): 1-H,SO,,2-NaOH

during acid activation. The content of alumina
in the sample decreased from 23.3 to 7.6%, the
content of magnesium oxide decreased from
2.4 to 0.5%, and the content of silica increased
from 59.5 to 80.22% [26]. This was due to the
replacement of interlayer cations by oxonium
ions, leaching of octahedral cations, and partial
resolution of layer 2:1 and, as a consequence, the
formation of amorphous silica [26]. Also, after
acid treatment, the average size of aggregates
of clay particles decreased from 270 to 150 nm
[26]. The specific surface area increased from 26
to 78 m?/g, on the one hand, due to an increase
in the proportion of amorphous silica, on the
other hand, due to surface modification and
an increase in microporosity (the total pore
volume increased from 0.431 to 4.397 cm?®/d) [30].
Thus, the improvement in the characteristics
of electrodialysis using bipolar membranes
containing acid-activated bentonite is associated
with an increase in bentonite catalytically active
with respect to the water dissociation reaction
of silicon groups and, possibly, an improvement
in the dispersion of bentonite clay particles in a
liquid sulphopolymer.

4. Conclusions

The conducted studies have shown that the
addition of acid-activated bentonite to the cation-
exchange layer of a bipolar membrane increases
the dissociation of water molecules. Activation
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with nitric acid (C = 4 mol/dm?, t = 90 °C, t = 6 h)
of bentonite, which is the part of the experimental
bipolar membrane, improves the characteristics of
the electrodialysis conversion of sodium sulphate
compared to the membrane containing bentonite
inits original form (for H* productivity and current
efficiency increase by 2.5 times, energy costs
for obtaining the target product decrease by 2.7
times; for OH- productivity and current efficiency
increase by 2.1 times, energy costs for obtaining
the target product decrease by 2 times). This is
due to the fact that acid activation increases the
content of silicon groups in bentonite, which
accelerates the dissociation of water molecules,
and hence the rate of generation of H*and OH-
in the bipolar region of the membrane increases
significantly. Also, when bentonite is treated
with nitric acid, a decrease in the particle size
and an increase in the specific surface area and
microporosity were observed, which probably
improves the dispersion of bentonite particles in
the liquid polymer LF-4SK.

The use of a bipolar membrane with acid-
activated bentonite allows obtaining fluxes of
H*/OH -ions during the conversion of sodium
sulphate, comparable to the fluxes of these ions
obtained using bipolar membrane MB-3 (the best
domestic sample).
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Abstract

At present, the development of methods for sensitisation to the visible and IR spectral regions of systems for the
photocatalytic production of reactive oxygen species based on titanium dioxide nanoparticles is of great interest. The
purpose of this work was to establish the regularities of the photogeneration of reactive oxygen species during the formation
of TiO, nanoparticle - Ag,S quantum dots nanoheterosystems under the action of radiation in visible and near-infra-red
spectral regions.

The paper analyses the photocatalytic properties of anatase nanoparticles 10~15 nm in size decorated with colloidal Ag,S
quantum dots with an average size of 2.5 nm passivated with thioglycolic and 2-mercaptopropionic acids. Selective sensor
dyes were used to estimate the effectiveness of sensitisation of various reactive oxygen species with the studied photocatalysts
under excitation in the UV and visible region. It was shown that decorating TiO, nanoparticles with quantum dots leads to
an increased efficiency of the production by the system of hydroxyl radical, superoxide anion, and hydrogen peroxide under
photoexcitation in the TiO, absorption region (UV range). Sensitisation of the production of reactive oxygen species by
nanosystems was detected during excitation by radiation in the visible spectral region (outside the intrinsic TiO, absorption
band). It was also found that there is an increase in the efficiency of the production of reactive oxygen species (up to
1.5 times) when thioglycolic acid is replaced with 2-mercaptopropionic acid as a passivator of Ag,S quantum dots. The
obtained data were used to develop a schematic diagram of photoprocesses in the system.
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1. Introduction

Currently, scientists are actively developing
hybrid nanosystems for photovoltaics and
photocatalysis applications [1-4]. They are also
studying the possibility of using them in clean-
up systems [5-7], hydrogen production systems
[8-10], for the creation of photobactericidal
coatings and systems used to produce reactive
oxygen species [11, 12]. Titanium dioxide (TiO,)
has been recognised as being the most suitable
for such applications [13, 14]. However, the edge
of photosensitivity for titanium dioxide (anatase
and rutile) is about 3.1-3.2 eV [15, 16]. Therefore,
there is a practically important problem of
photosensitising TiO, to visible and IR radiation.
Such photosensitisers can be organic dyes [1, 2,
4], plasmonic nanoparticles [17, 18], metal ions
[19, 20], and semiconductor quantum dots (QDs)
[23, 24].

Ag,S QDs are appropriate for sensitising TiO,
to the visible region. Silver sulphide is non-toxic,
insoluble in water, chemically stable, and has the
band gap of a massive crystal equal to 1.0 eV [25].
Ag,S QDs have size-dependent luminescent and
absorption properties [26] and can excite TiO,
throughout the visible and near-infra-red region.

Silver sulphide is mainly considered for use
as a sensitiser for heterosystems based on Ag,S
epitaxial nanoparticles which are grown or
deposited on the surface of TiO, nanoparticles
(NPs). As a rule, large Ag,S nanoparticles are
used, of about 5 nm in size and over that hardly
have any size effect [27-33]. There are practically
no publications devoted to the consideration of
the photocatalytic properties of nanosystems
based on TiO, nanoparticles (NPs) decorated with
colloidal silver sulphide QDs 1-4 nm in size. In
addition, the influence of QD passivators on the
photocatalytic properties of the TiO, NP - Ag S
QDs nanosystems still has not been established.
Due to the significant nonstoichiometry, Ag,S
QDs are characterised by the presence of a
large concentration of defects whose levels
can participate in photocatalytic reactions [34]
and manifest themselves in the recombination
luminescence of the QDs [26, 35, 36]. Thus, it is
important to obtain Ag,S QDs with an interface
structure that provides adsorption on the TiO,
surface and effective photosensitisation of the
production of reactive oxygen species.
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The purpose of this work was to establish
the patterns of photosensitisation of reactive
oxygen species (ROS) during the formation of
the TiO, NP - Ag,S QDs nanoheterosystems when
the latter are passivated with thioglycolic and
2-mercaptopropionic acids.

2. Experimental
2.1. Methods for sample synthesis

Used reagents: silver nitrate (AgNO,),
thioglycolic acid (TGA), 2-mercaptopropionic
acid (2MPA), sodium sulphide (Na,S), titanium
tetrachloride (TiCl,), absolute ethanol,ammonium
hydroxide (NH,OH), sodium hydroxide (NaOH),
5-amino-2,3-dihydro-1,4-phthalazinedione
(luminol), 2H-1-benzopyranone-2 (coumarin),
imidazole, 4-nitroso-N,N-dimethylaniline
(RNO) were purchased from Sigma-Aldrich and
were used without further purification. Amplex
UltraRed and horseradish peroxidase were
purchased from Thermofisher Scientific.

Colloidal Ag,S QDs passivated with thioglycolic
(hereinafter Ag,S/TGA) and 2-mercaptopropionic
(hereinafter Ag,S/2MPA) acids were synthesised
inwater using Na,S as a source of sulphur with the
mixture pH of 10 [36]. During the last stage, 50 ml
of 1 uM aqueous Na,S solution was added to the
reaction mixture to achieve QDs with an average
size of about 2.5 nm. The QDs were then purified
from the reaction products by centrifugation and
subsequent dissolution in water.

TiO, NPs were synthesised using the sol-
gel method by means of titanium tetrachloride
hydrolysis. As part of a typical approach, 3.5 ml
of TiCl, was dissolved in 35 ml of absolute
ethanol in an ice bath at 0 °C. The gel was kept
for 5 days in a refrigerator and dried at 80 °C.
The collected white TiO, crystals were washed
several times in distilled water and centrifuged
to remove residual reaction products. They were
then annealed in air for 2 hours at 400 °C to form a
crystalline anatase structure and remove organic
impurities. The collected fine crystalline powder
was sonicated at 60 kHz for an hour to separate
stuck nanoparticles.

To obtain the TiO,~Ag,S nanoheterosystems
(hereinafter referred to as NSs), the TiO, NP
powder was dissolved in water and sonicated
for half an hour until a uniform suspension was
obtained. After that, the solution of TiO, NPs
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was mixed with the solution of QDs at the rate
of 10 Ag,S QDs per 1 TiO, NP and dried at the
temperature of 65 °C with constant stirring.
The resulting powder was ground in a mortar,
sonicated for an hour, and washed with distilled
water.

2.2. Equipment and experimental techniques

The OceanOptics USB2000+XR1 fiber
spectrometer (Ocean Optics, USA) equipped with
a USB-DT light source and an IS80 integrating
sphere was used to measure optical absorption
spectra and diffuse reflection spectra in the range
of 200-900 nm. Barium sulphate powder (P.A.)
was used as a white standard. The measured
diffuse reflection spectra were rearranged as
the F(hw) function known as the Kubelka-Munk
function [37]:

_ 2
FRy=X LR
S 2R

where R is the diffuse reflection, k is the absorp-
tion coefficient, and s is the scattering coefficient.
The position of the band gap was estimated by
plotting the o*(hw) = F(hw)-ho dependencies
where F(ho) is the Kubelka—Munk function of the
diffuse reflection spectrum. The linear part of the
function was approximated by a straight line to
the intersection with the x-axis [38].

A computer-aided spectrometric system
based on a MDR-4 diffraction monochromator
(Lomo, Russia) with a PDF10/C semiconductor
low-noise photodiode (ThorLabs, USA) as a
detector was used to measure luminescence
spectra in the range of 700—1200 nm. ANDB7675
laser diode (Nichia, Japan) with the wavelength
of 462 nm was used as a source of luminescence
excitation. A Nichia NCSU276C LED module
(Nichia, Japan) with the wavelength of 365 nm,
TDS-P001L4G05 LED module (TDS Lighling
Co., China) with the wavelength of 520 nm, and
a LS-Xe-150 xenon lamp (OKB Spektr, Russia),
equipped with interference filters were used
to stimulate the production of reactive oxygen
species of TiO, NPs.

Luminescence quantum yield was measured
using a standard method of comparing with a
reference [39]. A solution of indocyanine green in
dimethyl sulfoxide with a luminescence quantum
yield of 13% was used as a reference [40].
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The production of superoxide anion (O, )
was measured by the chemiluminescent method
using luminol [41]. The integral intensity of
chemiluminescence was recorded using an R928P
photoelectron multiplier (Hamamatsu, Japan)
operating in photon counting mode.

Hydrogen peroxide (H,0,) was detected with
an Amplex UltraRed selective sensor [42]. The
luminescence intensity was recorded at the
wavelength of 596 nm.

The concentration of hydroxyl radical
(-OH) was determined by the luminescence of
7-hydroxycoumarin (7HC) in the 470 nm region
[43].

The concentration of singlet oxygen (*O,) was
measured by the absorption method using an
imidazole solution with the addition of 4-nitroso-
N,N-dimethylaniline (RNO) dye [44] in a ratio of
160:1. The measurement was made by decreasing
the optical density of RNO absorption band in the
445 nm region.

The structural properties of the samples were
examined by transmission electron microscopy
(TEM) using a LIBRA 120 transmission electron
microscope (CarlZeiss, Germany) and by X-ray
diffractometry (XRD) using a THERMO ARL
X’TRA X-ray diffractometer (Thermofisher
Scientific, Switzerland).

3. Results and Discussion
3.1. Structural properties of the studied samples

The structure of the synthesised TiO, NPs was
examined by X-ray diffraction. Figure 1 shows
the X-ray diffraction pattern obtained for the K,
emission of copper (1.054 A).

The analysis of diffraction patterns showed
the presence of reflexes corresponding to the
anatase crystal lattice broadened due to the small
size of nanoparticles [45]. Size estimation by the
Scherrer formula:

090
Bcoso’

where f is the half-width of the reflection, A is
the wavelength of radiation (K Cu 1.054 A), 0 is
the diffraction angle, showed 'the presence of
crystallites with an average size of about 12 nm.
This is consistent with the TEM data for the
images shown in Figure 2.
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Fig. 1. X-ray diffraction pattern of TiO,NPs

The analysis of TEM images showed that the study of high-resolution TEM images showed the
TiO, NPs had a shape close to spherical and had  presence of diffraction of the crystallographic
an average size of about 11 nm with a dispersion  plane (121) of the monoclinic crystal modification
of ~27%. of Ag,S (space group P2 /c with an interplanar

The samples of Ag,S QDs had an average size  distance of ~0.27 nm). In the TEM images of the
of 2.5 nm with a dispersion in size of 35 and 40%  TiO,-Ag,S/2MPA and TiO,-Ag,S/TGA NSs, there
for Ag,S/2MPA and Ag,S/TGA, respectively. The were QD clusters near the surface of the TiO,

N
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»
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Fig. 2. TEM images of TiO,NPs, Ag,S QDs, TiO,~Ag,S NSs, histograms of Ag,S QD size distribution, and a high
resolution TEM image of Ag,S nanocrystal
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nanoparticles. Thus, a conclusion can be made
about the adsorption of Ag,S QDs on the surface
of the TiO, NPs.

3.2. Absorption and luminescence properties
of the studied samples

Optical absorption spectra were broad bands
with the absorption edge shifted towards the
short-wave region relative to the absorption
edge of massive Ag,S (1.0 eV). In the 700 nm
region (Fig. 3a), there were features associated
with excitonic absorption. Using the data on
the position of the exciton transition, the size
of QDs was estimated using the effective mass
approximation [46]:

R’rt 1.8¢°
2uR>  eR

where E is the peak exciton absorption, E,"*
is the width of the band gap of the bulk crystal,

—0.248F,

eff _ yrbulk
EY = EM* 4 .

4 4

m_m,, 3
u=—<——.is the reduced effective mass of
m,_ + m,.,

exciton, e is the charge of the electron, ¢ is the
4

dielectric permeability, £}, = ¢ is

2,0 1 1

2e°h" (——+—)

e— mh+

Rydberg’s effective energy. The average size for
the Ag,S/TGA QDs and Ag,S/2MPA QDs was about
2.4 nm, which is close to the TEM data.
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The edge of the absorption spectra obtained
from diffuse reflection (Fig. 3b) for TiO, NPs was
located in the region of 3.21 eV, which coincides
with the data on the width of the band gap of
anatase (3.2 eV) [14, 38]. The absorption spectra
of TiO,-Ag,S/2MPA and TiO,-Ag,S/TGA NSs
(Fig. 3b) had complex structure and were not a
simple superposition of the absorption spectra of
Ag,S QDs and TiO, NPs. Such spectral behaviour
can be a result of the formation of agglomerates of
Ag,S QDs during their adsorption on the surface of
TiO,NPs. It can indicate the emergence of charge
carrier transitions between the components of the
TiO, NP- Ag,S QDs hybrid system.

In the luminescence spectra of the Ag,S/2MPA
and Ag,S/TGA QD samples (Figure 4),luminescence
bands were observed with their maxima at 890 nm
(1.39 eV) and 980 nm (1.27 eV) and quantum
yields of 0.14 and 0.06%, respectively. The value
of the Stokes shift of the luminescence peak
(0.4-0.5 eV) and the half-width of the emission
band of ~ 0.3 eV indicate the trap state nature of
luminescence [26]. It is worth noting the fact that
when the average size of QDs in the samples was
the same, the luminescence peaks were shifted
by 90 nm relative to each other, which indicates
the influence of the surface environment on the
energy of the luminescence centre [26, 35, 36,47].

For Ag,S/2MPA QDs, a 70-fold decrease in
the luminescence quantum yield of Ag,S QDs

b)

o
U
T

Absorbance

TiO2-Ag2S/TGA

TiO2-Ag25/2MPA

500 600 700 900
Wavelength, nm

0
300 400 800

Fig. 3. (a) Optical absorption spectra of Ag,S QDs. (b) Optical absorption spectra obtained using the method
of diffuse reflection and the Kubelka-Munk equation for TiO, NPs, TiO,-Ag,S/2MPA NSs, and TiO,-Ag,S/TGA

NSs
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Fig. 4. Luminescence spectra of Ag,S QDs and TiO,-
Ag,S NSs

was observed when they were used to decorate
TiO, NPs. For Ag,S/TGA QDs, there was a 12-fold
decrease. A significant luminescence quenching
indicates the formation of charge transfer
channels in the nanoheterosystem. Thus, during
the formation of TiO,-Ag,S/2MPA and TiO,-
Ag,S/TGA NSs, there was a transformation of the
structure of the optical absorption spectra of the
NS components and luminescence quenching of
Ag,S QDs.

3.3. ROS Sensitisation with the studied samples
of the TiO,~Ag,S nanoheterosystems

Figure 5 shows the results of measurements
of ROS generation by nanoheterosystems during
excitation in the absorption region of TiO, NPs.
TiO, NPs in water exposed to radiation with
the wavelength of 365 nm produced superoxide
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anion (O,"), singlet oxygen ('0,), hydroxyl radical
(‘OH), and hydrogen peroxide (H,0,), which is
consistent with the data [13]. In the colloidal
solutions of Ag,S/2MPA and Ag,S/TGA QDs,
only the production of hydrogen peroxide was
recorded (Fig. 5d), which had not been previously
recorded for Ag,S QDs in the literature. The
formation of nanosystems led to a change in
the efficiency of production of all types of ROS.
When TiO,-Ag,S/2MPA NSs and TiO,-Ag,S/TGA
NSs were excited in the absorption region of
titanium dioxide, the production of superoxide
anion accelerated by 1.24 and 1.2 times, the
production of hydroxyl radical accelerated
by 156 and 115 times, and the production of
hydrogen peroxide accelerated by 4.14 and 3.4
times, respectively, relative to TiO, NPs. At the
same time, there was a decrease in the efficiency
of production of singlet oxygen by 2.1 and 1.25
times, respectively, for TiO,~Ag,S/2MPA NSs and
TiO,-Ag,S/TGA NSs as compared to TiO, NPs.
When Ag,S QDs and TiO,-Ag,S NSs were
illuminated with the wavelength of 520 nm, the
radiation which is only absorbed by Ag,S QDs,
certain types of ROS were generated (Fig. 6).
Both types of Ag,S QDs only produced hydrogen
peroxide with nearly the same efficiency. Non-
decorated TiO, NPs did not produce ROS under
photoexcitation with the wavelength of 520 nm.
The formation of TiO,-Ag,S/2MPA NSs and
TiO,-Ag,S/TGANSs led to an increase in hydrogen
peroxide generation by 44 and 38.5 for visible
radiation (520 nm) as compared to the original
Ag,S/2MPA QDs and Ag,S/TGA QDs. In addition,
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Fig. 5. Histograms of relative concentrations of ROS produced by Ag,S QDs and TiO,~Ag,S NSs under excitation
at A =365 nm: singlet oxygen (a), superoxide anion (b), hydroxyl radical (c), hydrogen peroxide (g). Histograms

are normalised relative to TiO,
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Fig. 6. Histograms of relative concentrations of ROS produced by Ag,S QDs and TiO,-Ag,S NSs under excitation
at A = 520 nm: superoxide-anion (a), hydroxyl radical (b), hydrogen peroxide (c). Histograms are normalised

relative to TiO,-Ag,S/TGA NSs

after decoration, anion superoxide and hydroxyl
radical were formed, and the effectiveness of
TiO,-Ag,S/2MPA NSs was respectively 1.13 and
1.4 times higher than of TiO,-Ag,S/TGA NSs.
None of the samples produced singlet oxygen
under the excitation with the wavelength of
520 nm.

3.4. ROS generation mechanisms in the studied
nanoheterosystems

The analysis of data [48—54] allowed deter-
mining possible mechanisms of ROS production.
Nanoheterosystems produce singlet oxygen only
when excited in the UV region. What is more,
the association with Ag,S QDs results in reduced
efficiency. This indicates a hole transfer from
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TiO, to Ag,S and that the generation of 'O, in the
system occurs due to the interaction of superoxide
anion molecules with holes generated in TiO,
under the action of excitation radiation, following
the O; +h" — 'O, mechanism [53]. The absence
of 'O, production when illuminated with visible
radiation is determined by the absence of holes in
TiO,. To confirm this hypothesis, the generation
of ROS in NSs was measured in the presence of a
colloidal solution of a hole acceptor, 1% methanol
(Fig. 7a). The introduction of 1% methanol
resulted in a ninefold decrease in the efficiency
of singlet oxygen generation for TiO,, whereas
for TiO,—-Ag,S NSs there was a 20-fold decrease.
H,O, production in Ag,S/2MPA QDs and
Ag,S/TGA QDs was performed according to the
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Fig. 7. ROS production by the samples of TiO, NPs and TiO,-Ag,S/2MPA NSs in the presence of a hole acceptor
(methanol): singlet oxygen (A, = 365 nm) (a), hydrogen peroxide (A, = 520 nm) (b), hydroxyl radical

(A_ =520 nm) (c), anionic superoxide (A

exc exc

=520 nm) (d)
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reaction: O,+2H"+2h" — H,0, [53]. The fact that
the reaction terminated when a hole acceptor was
added speaks in favour of this theory (Fig. 7b).
At the same time, it is likely that in NSs the
process of H,0, production took place on the
surface of TiO, NPs during photoexcitation due
to thereaction of O; +2H"+e” — H,0, [53]. The
3.8-fold increase in the efficiency of production
of H,0, by TiO,-Ag,S NSs when a hole acceptor
was added was probably due to the acceleration
of hole recombination, and hence the increase
in the number of electrons transferred to TiO,.

The production of -OH radicals occurred
on the surface of TiO, by decomposition of
hydrogen peroxide according to the reaction:
H,0,+e" — -OH+OH" [53]. When 1% methanol
was added, the production of -OH radicals
increased by 2.4 times, which was due to an
increase in the concentration of peroxide in the
solution.

Superoxide anion was generated by NSs on
the surface of TiO, according to the reaction
0,+e — O; [53, 54] similar to the case of pure
TiO, NPs. This is supported by the fact that O,"

2022;24(4): 511-522
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was not generated by pure Ag,S QDs. An increased
production of O, under the action of UV radiation
was due a more efficient electron transfer from
Ag,S QDs to TiO,, NPs, which was indirectly
confirmed by quenching QD luminescence during
the assembly of NSs.

The proposed reactions were used to build a
schematic diagram of photoprocesses in the TiO,—-
Ag,S NSs during excitation by radiation in the
visible spectral region (Fig. 8). Photogenerated
electrons pass from size quantization levels of
Ag,S QDs to the conduction band of TiO, NPs,
where they localise in the near-surface layer
and interact with the molecules of H,0 and O,
dissolved in water, which is accompanied by the
release of superoxide anion, hydroxyl radical,
and hydrogen peroxide. The holes at the levels
of size quantization of Ag,S QDs interact with
hydrogen ions and oxygen molecules, which
results in the production of hydrogen peroxide.
NSs are reduced due to the absorption from the
environment (H,0) of free charge carriers which
are formed during the decomposition of short-
lived ROS.

0 Yacuum
Atr4 %
m
E2

2rr -3 \|§|‘,

3rr-2 B b
> & e\‘
w I’I ‘\
B4 ] —0%Y e T
2] ! ' S 3 '
c I ! hv v 0.5V
- hv| 3 I> 18vz]/ ' H——— 033V O,+e->0r

LE O ~ o g @ |1
L 1033V I I oI al WP
vooht SHOE. |V 1WA A
Oxt2H+2h" SHOF. |, '] L[ |, +0.73VHaOxr+e ->-OH-+OH-
' N — P
6Ff i +0.79V ] gy Or+2H"+e->Ha0:
" Ag,SITGA  Ag,S/2MPA
JFT 2 \\_____-h’;
gt~ 3 +2.7V

Fig. 8. Schematic diagram of photoprocesses and photocatalytic reactions in the studied samples of
TiO,-Ag,S/2MPA NSs and TiO,-Ag,S/TGA NSs during excitation at A = 520 nm. The data on redox potential and
the location of bands were taken from [1, 2, 10, 25, 46, 48—54]

518



Condensed Matter and Interphases / KoHaeHCcMpoBaHHble cpeabl M MexXda3zHble rpaHuLLbl

0.V. Ovchinnikov et al.

4. Conclusion

The study established new regularities of
photosensitisation processes for reactive oxygen
species of TiO, NPs (anatase) decorated with
Ag,S/2MPA and Ag,S/TGA QDs. It was found
that there is a decrease in the luminescence
quantum yield of Ag,S QDs (a 70-fold decrease
for Ag,S/2MPA QDs and a 12-fold decrease for
Ag,S/TGA QDs) when TiO, NPs are decorated,
which indicates the separation of charge carriers
between the nanosystem components. The
photoexcitation of Ag,S QDs is accompanied
by the production of hydrogen peroxide. It was
shown that the formation of TiO,~-Ag,S NSs (when
excited in the absorption region of TiO,) leads to
an increase in the efficiency of the production
of superoxide anion by 1.2-1.4 times, hydrogen
peroxide by 4-6 times, and hydroxyl radical by
100-150 times and reduces the efficiency of
the production of singlet oxygen by up to two
times. It was found that the excitation of the
NSs in the visible region is accompanied by the
photosensitisation of superoxide anions, hydroxyl
radicals, and hydrogen peroxide, which does not
happen in the case of TiO, NPs. It was noted that
the type of surface environment of QDs affects the
efficiency of the production of individual ROS:
when the system is excited by radiation in the
visible spectral region, NSs based on Ag,S/2MPA
QDs produce ROS 1.1-1.4 times more actively
than NSs based on Ag,S/TGA QDs. As a result of
the study, we developed a schematic diagram of
photoprocesses that determine ROS generation.
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Abstract

The purpose of the research was to develop and study biocatalysts based on ficin associates with chitosan nanoparticles.
We obtained medium and high molecular weight chitosan nanoparticles with the addition of ascorbic acid and without
it.The zeta potential of all types of nanoparticles was 0 mV. The associates of ficin and chitosan nanoparticles formed with
the addition of ascorbic acid exhibited higher proteolytic activity. While determining the stability of the associates of
chitosan and ficin nanoparticles, we noticed a decrease in the proteolytic activity of the samples within seven days. Medium
and high molecular weight chitosan nanoparticles obtained using ascorbic acid differed significantly in size from the
nanoparticles produced without ascorbic acid. The proposed biocatalysts have high prospects for use in cosmetology,
biomedicine, and pharmacy.
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1. Introduction

Recently, nanoparticles which are highly
dispersed materials smaller than 100 nm,
have gained great importance in modern
medicine. Their applications range from contrast
imaging agents to carriers for the delivery of
genes and bioactive substances to target cells.
These unique nanomaterials have a number of
properties due to their size distinguishing them
from macromaterials of similar composition.
Among these properties are high reactivity,
electromagnetic energy absorption, and high
biological mobility [1-3].

Nanoparticles are also known as zero-
dimensional nanomaterials. They are called so
because the sum of their dimensions is at the
nanoscale. This feature differs them from one-
and two-dimensional nanomaterials (nanowires,
nanotubes, and self-assembled monolayer films,
etc.) having one or two dimensions outside the
nanoscale [4].

As mentioned above, nanoparticles have
numerous advantages for modern medicine. First,
their structural stability and ability to protect
the bioactive substance against degradation,
deactivation, and clearance make it possible to
maintain the required substance therapeutic
concentration [5-7].Moreover, it is possible to
achieve the desired size and surface charge in the
production of nanoparticles. The release kinetics
of bioactive substances from the nanocomplexes is
controllable. It occurs by diffusion, polymer swelling,
or degradation, or a combination of these processes
depending on the polymer type used to produce
the carrier matrices [8]. Thus, nanoparticles are
promising materials for the medical use. Chitosan
is one of the promising polysaccharides for their
production. It is a modified natural polyamino-
B-glycoside combining various mechanisms of
medicine release. In addition to its biodegradability
and the immune response absence, chitosan is
marked by antibacterial activity due to the free
primary amino group presences [9-10] and high
mucoadhesive properties [11].

Proteases are the first enzymes used in
food biotechnologies. Today, they proteases are
applied in many industrial processes such as the
tanning and pharmaceutical industry, as well as in
biomedicine. Ficin occupies a special place among
the frequently-used plant proteases.
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Ficin (EC 3.4.22.3) is a proteolytic enzyme
isolated from the genus Ficus plant latex . It
is a monomeric protein consisting of a single
polypeptide chain with a molecular weight of
25-26 kDa. Ficin is a representative of cysteine
papain-like proteases and it is characterised
by broad substrate specificity. The maximum
catalytic activity is reached in the pH range of
6.5-9.5. [12-16]. Ficin exhibits antimicrobial
activity against gram-positive and gram-
negative bacteria. It is also known to have anti-
inflammatory, anthelmintic, antithrombotic,
fibrinolytic and anticancer properties, as well as
immunomodulatory effect [17-19].

However, the use of native protease solutions
is limited by their low stability and autolysis
resulting in the loss of practically valuable
enzyme properties. One way to save them is
to obtain hybrid enzyme formulations using
nanoparticle carriers [20].

Therefore, the aim of this research was to
study the catalytic (proteolytic) activity of ficin
associates with chitosan nanoparticles.

2. Experimental

Ficin was the object of the study, while
azocasein was chosen as the substrate for
hydrolysis (both produced by Sigma, USA).
Nanoparticles were obtained from medium
molecular weight (MMWC, 200 kDa) and high
molecular weight (HMWC, 350 kDa) chitosan
purchased by Bioprogress, Russia.

Chitosan nanoparticles with ascorbic acid
and without it, and their associates with ficin
were prepared using the method described in
[20-22].

Protease activity of the immobilized ficin
was measured by the common method described
in [24]. The research was carried out using 0.5%
azocasein solution in 50 mM Tris-HCI buffer
with pH 7.5 for 2 h at 37 °C. The amount of
ficin (in mg of protein) that hydrolysed 1 pmol
of substrate in 1 min was taken as a unit of
catalytic activity.

Nano Zetasizer ZS (Malvern Instruments,
USA) equipped with 4 mW He/Ne-laser with
A=632.8 nm and scattering angle 173 °C was used
to measure the nanoparticle and ficin associates
size and surface charge.
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3. Results and discussion

In the first series of experiments, we
determined the size and zeta potential of chitosan
nanoparticles. The nanoparticle parameters
are presented in Table 1. It was found that
medium and high molecular weight chitosan
nanoparticles obtained using ascorbic acid
differed significantly in size from the ones
produced without ascorbic acid. The median zeta
potential of all nanoparticles was 0 mV.

When ficin was associated with medium and
high molecular weight chitosan nanoparticles
formed without ascorbic acid, the proteolytic
activity of the associated enzyme was 84 and 88 %
of native enzyme. When ficin was associated with
nanoparticles obtained with ascorbic acid, its
catalytic activity increased by 15 % for medium
molecular weight chitosan and by 18 % for high-
molecular-weight chitosan (Fig. 1). The better
preserving enzyme activity in the complex with
chitosan nanoparticles obtained with ascorbic

2022;24(4): 523-528
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acid is probably due to the antioxidant effects of
additive on the biocatalyst[25, 26].

We carried out experiments to determine
the residual proteolytic activity of native and
associated ficin at 37 °C and pH 7.5 in 0.05 M
Tris-HCI buffer. All samples showed a decrease
in their activity within 7 days.

After incubation for 168 hours, native ficin
retained 8 % of its initial catalytic activity. Its
associates with medium and high molecular
weight chitosan nanoparticles obtained without
ascorbic acid retained 27 and 16 % of their
activity, respectively. The ficin associates with
medium and high molecular weight chitosan
nanoparticles with ascorbic acid retained 39 and
18 % of their proteolytic activity, respectively
(Fig. 2).

Starting from 4 hours of incubation at 37
C in 0.05 M Tris-HCI buffer at pH 7.5, the ficin
associates with nanoparticles were more stable
than the free enzyme.

Table 1. Parameters of medium and high molecular weight chitosan nanoparticles

. . . . Median zeta- Zeta-potential
Chitosan nanoparticles Average size,nm | Size range, nm .
potential, mV range, mV
Medium mqlecular weight 12 791 0 0
chitosan
Medium molecular weight
chitosan with ascorbic acid 21 14-59 0 0
High molecular weight chitosan 33 18-79 0 0
High mol_ecular we}ght .chltosan 78 28-79 0 0
with ascorbic acid

80

60

Total activity, U/ml

40

20

Total activity, %

Fig. 1. Catalytic activity of ficin, units/ml (a) and its change, % (b): soluble ficin (1); ficin associated with me-
dium molecular weight chitosan nanoparticles (2); ficin associated with medium molecular weight chitosan
nanoparticles with ascorbic acid (3); ficin associated with high molecular weight chitosan nanoparticles (4);
and ficin associated with high molecular weight chitosan nanoparticles with ascorbic acid (5). The activity of
free ficin under optimum hydrolysis conditions was taken as 100 %.
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Fig. 2. Residual catalytic activity of ficin after incubation of the samples at 37 °C (a: in units/ml of solution or
suspension, b: % of the original value): I — soluble ficin; 2 - ficin associated with medium molecular weight
chitosan nanoparticles; 3 - ficin associated with medium molecular weight chitosan nanoparticles with ascor-
bic acid; 4 - ficin associated with high molecular weight chitosan nanoparticles; and 5 - ficin associated with
high molecular weight chitosan nanoparticles with ascorbic acid. The catalytic activity of the obtained samples
under optimum hydrolysis conditions was taken as 100 %.

4. Conclusions

Thus, we obtained medium and high molecular
weight chitosan nanoparticles with or without
ascorbic acid. The ficin associates and chitosan
nanoparticles obtained with ascorbic acid exhibited
higher proteolytic activity. While determining the
stability of the ficin and chitosan nanoparticles,
we noticed a decrease in the proteolytic activity
of the samples within seven days.
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Abstract

This work presents the results of a study of zinc sulphide films deposited by aerosol pyrolysis from aqueous solutions of
thiourea complex compounds [Zn(N,H,CS),Cl,] and [Zn(N,H,CS),Br,] in the temperature range of 350-500 °C.

The IR and Raman spectra of zinc complexes were studied. It was determined that in the studied complexes, the thiourea
molecule was coordinated to the metal cation through the sulphur atom. In the low-frequency Raman region (v <400 cm™),
we recorded the bands characterising the vibrations of the zinc-sulphur and zinc-chlorine (bromine) bonds of the studied
complex compounds in the Raman scattering spectra. The optical properties of zinc sulphide films were studied using
optical spectrophotometry. Based on the absorption spectra, the optical band gap of ZnS films was determined. It was
3.67-3.74 eV and 3.63-3.70 eV for the samples deposited from [Zn(N,H,CS),Cl,] and [Zn(N,H,CS),Br,] complexes, respectively.
We recorded a decrease in the band gap of the synthesised layers upon an increase in the deposition temperature. It is due
to changes in their defect structure.

One of the main types of defects in the ZnS films deposited from [Zn(N,H,CS),Cl,] and [Zn(N,H,CS),Br,] complexes is a
halogen atom in the anion sublattice of the sulphide (CI, Br,"). As the deposition temperature increases, the content of
these defects in the films decreases due to the complete destruction of Zn—Cl and Zn-Br bonds and volatilisation of halogen
during the thermolysis of the complexes. Oxygen (O,*) occupies the vacated places of Cl;, Br,. The films contained oxygen
as they were synthesised in an oxidising atmosphere and due to partial hydrolysis of the initial zinc salt. An increase of
oxygen content in the samples upon an increase of the deposition temperature results in a decrease of the optical band
gap of the ZnS films.
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1. Introduction

Zinc sulphide films are of great interest
because of their promising application in modern
microelectronics. Various optoelectronic and
recording devices, information display systems,
electroluminescent light sources, etc., are based
on zinc sulphide [1, 2]. Therefore, the synthesis
of ZnS films with variable optical properties by
a convenient and affordable method of aerosol
pyrolysis of thiourea complex compounds (TCC)
is a topical issue.

Aerosol pyrolysis makes it possible to
synthesise targeted metal chalcogenide films
with required semiconductor characteristics
by producing complex compounds of different
compositions and structures in a solution [3-
5]. The sulphide phase is formed as a result of
thermal destruction of the complex on a heated
substrate. The crystal and defect structures of the
sulphide films deposited by this method, as well
as their properties, depend on the nature of the
initial complex.

The aim of this study was to deposit zinc
sulphide films from [Zn(N,H,CS),Cl,] and
[Zn(N,H,CS),Br,] complex solutions at different
temperatures and to study the optical properties
of the deposited films.

2. Experimental

Zinc sulphide films were synthesised by
aerosol pyrolysis using aqueous solutions of
thiourea complex compounds formed by the
interaction of zinc salt and thiourea. To prepare
TCC in an aqueous solution, we used chemically
pure ZnClL-2.5H,0 and ZnBr, salts, as well as
extra pure N,H,CS thiourea. The concentration
of the metal salt in the sprayed solution was 0.05
mol/1, the concentration of thiourea was 0.2 mol/1.
Previous studies showed that at certain molar
ratios of the used components, the formation of
[Zn(N,H,CS),CL] and [Zn(N,H,CS),Br,] complex
compounds occurred in the solution at room
temperature [6].

The TCC solutions were sprayed onto a heated
substrate by a pneumatic nozzle. As a result of
the thermal destruction of the complexes, metal
sulphides were obtained. The substrates were
silica plates, which were prewashed in nitric acid
and chromic mixture, then washed repeatedly
in distilled water. The deposition temperature
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was varied from 350 to 500 °C. Each sample was
sprayed for 1 to 2 minutes.

To study the optical properties of the films,
we recorded absorption spectra using a Shimadzu
UV-2550 spectrophotometer in the range of 190-
900 nm versus a pure substrate (SiO, glass). The
optical band gap E_ was determined based on the
self-absorption edge from the spectral dependence
D=f(hv) (Dis the optical density), assuming direct
allowed transitions [7]. The measurements were
carried out at room temperature.

The infrared (IR) and Raman spectra of the
complexes were recorded to understand the
mechanism of interaction between zinc salt
and thiourea. IR spectroscopy was carried out
by the method of attenuated total reflectance.
The transmission spectra were recorded using a
Vertex 70 IR Fourier spectrometer in the range
of 400-4000 cm~!. The zinc complexes were
separated from the working solutions by the slow
evaporation of the solvent. Initially, the samples
were prepared in powder form.

The Raman spectra of the TCC were recorded
using a RamMix M532 Raman microscope in
the spectral range of 90-4000 cm. The study
was conducted using a laser with a radiation
wavelength of 532 nm, a radiation region of 4 um,
and a spectral resolution of 2 cm!.

3. Results and discussion

The IR spectroscopy of the complex compounds
obtained from aqueous solutions of zinc salts and
thiourea (Fig. 1, 2) showed a shift of the frequency
of stretching vibrations v, and v to the high
frequency region compared with the vibration
of free thiourea, and v shifted to the low-
frequency region of the spectrum (Tables 1, 2).
It confirmed that the coordination of thiourea
with zinc salt occurred through the sulphur atom
N,H,CS [8]. This is attributed to the redistribution
of electron density in the thiourea molecule upon
S-coordination, which causes a decrease in the
order of the C-S bond and an increase in the order
of the C-N and N-H bonds [8, 9].

In the Raman spectra of the studied complex
compounds, there were intense bands in the low-
frequency region (v < 400 cm™!) characterising
the vibrations of the metal-ligand bonds (Fig. 3,
4). According to the results of studies [10-13],
the bands with wave numbers of 250-280 cm™!
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Fig. 1. The IR spectrum of the complex compound obtained from an aqueous solution of zinc chloride and

thiourea

Table 1. Maximum of absorption bands (cm™!) of IR spectra and Raman spectra of complex compounds,
prepared from an aqueous solution of zinc chloride and thiourea

. N.H,CS Zn(N,H,CS).CI ZnCl,+ N, H,CS ZnCl, + N H,CS
Assignment [28,49] [ ((I/ZIKj [8]))2 2 (IR, e>2<peri2m‘ént) (Raman,2 expierfment)
3445 3445 3449
3375 3370 3371 3379
v(NH) 3273 3330 3313 3339
3160 3210 3286 3297
3203 3212
S(HNH) 1630 1632 1630
S(HNC) 1606 1612 1610 1612
v(CN) 1464 1494 1497 1491
v(HNC) 1408 1448 1445 1444
v(CS) 1415 1406 1402
v(CN) 1082 1106 1103 1107
v(CS) 729 718 714 721
S(NCN) 629 600 610 619
561
S(NCN) 484 478 498 479
472
v(NCS) 420 422 424 430
8(ZnCl) 238
8(ZnS) 275
162

correspond to vibrations of the zinc-sulphur
bond (Tables 1, 2). In the Raman spectrum of the
[Zn(N,H,CS),Cl,] compound, we recorded a low
intensity peak at 162 cm!, which can also be
attributed to the vibrations of the Zn-S bond [14].

The band recorded in the Raman spectrum
of the [Zn(N,H,CS),Cl,] compound at 238 cm™ is

attributed to the vibrations of the Zn-Cl bond [15,
16].For heavier elements, the vibration frequencies
shifted to the low-frequency region. Thus, the
Zn-Br bond vibration in the [Zn(N,H,CS),Br,]
complex was observed at 184 cm™ [17, 18].

Inthe Raman spectra of the studied complexes,
there are two bands in the range of 50-140 cm™.
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Fig. 2. The IR spectrum of the complex compound obtained from an aqueous solution of zinc bromide and
thiourea

Table 2. Maximum of absorption bands (cm™) of IR spectra and Raman spectra of complex compounds,
prepared from an aqueous solution of zinc bromide and thiourea

Assignment N,H,CS ZnBr,+ N,H,CS ZnBr,+ N,H,CS
[8, 9] (IR, experiment) |(Raman, experiment)
3433 3431
3375 3406 3398
v(NH) 3273 3381 3380
3160 3315 3327
3296 3217
3205
3142
S(HNH) 1632 1631
S(HNC) 1606 1608 1615
v(CN) 1464 1516 1518
1491 1491
v(HNC) 1408 1445 1431
v(CS) 1416 1385
1385
v(CN) 1082 1111 1112
1098
v(CS) 729 719 721
706 705
S(NCN) 629 613 605
563 528
S(NCN) 484 484
467 473
S(NCS) 420 438 430
409 415
v(ZnBr) 184
v(ZnS) 258
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The more intense band is in the frequency range
of 100-115 cm™!, and the less intense one is in
the range of 140-145 cm™! (Fig. 3,4). According to
the authors of [12, 19], the bands observed in the
above region characterise the translational and
rotational motion of the thiourea molecule, which
is part of the complex compound. Apparently, the
first band recorded at 113 cm™ for the chloride
complex and at 100 cm™ for the bromide TCC
characterises the translational motion of the
coordinated N,H,CS molecule. The low intensity
band with maxima at 141 and 145 cm™ for the
chloride and bromide complexes, respectively,
characterises the rotational motion of the
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thiourea molecule. The deformation vibrations
d(C1ZnCl) and 8(BrZnBr) in zinc complexes, as a
rule, appear in the lower frequency region, at 95—
100 cm™ and 70-75 cm™}, respectively [20, 21].
Thus, the results of the IR and Raman
spectroscopy prove the formation of metal-
sulphur bonds in the inner sphere of the complex
compound. The bonds are the fragments of the
crystal structure of the prospective sulphide,
which is formed during the thermolysis of the
respective complex. The defect structure of the
obtained sulphide depends on the immediate
environment of the complexing substance in the
first coordination sphere. Therefore, it is possible

3339

Raman shift, cm’

Fig. 3. The Raman spectrum of the complex compound obtained from an aqueous solution of zinc chloride and

thiourea
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Fig. 4. The Raman spectrum of the complex compound obtained from an aqueous solution of zinc bromide and

thiourea
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to model the structure by introducing different
acidic ligands [3-5]. The relationship between the
composition and structure of the environment of
the central ion in the TCC and the environment of
the metal cation in the sulphide lattice is the basis
for the directed synthesis of metal sulphide films
with a particular set of semiconducting properties.

When studying the optical properties of the
synthesized ZnS films, we obtained the absorption
spectra in the region of the fundamental
absorption edge. By extrapolating the linear
section of the power dependence of the optical
density on the photon energy (hvD)? = f(hv) (Fig.
5) to the abscissa axis, we determined the optical
band gap of the zinc sulphide layers. The ZnS
films deposited from the [Zn(N,H,CS),Cl,] complex
solutions are characterised by the optical band gap
of 3.67-3.74 eV. For the samples obtained using
the [Zn(N,H,CS),Br,] TCC, the E, values are 3.63—
3.70 eV (Table 3). It is clear from the obtained data
that the optical band gap of ZnS films generally
decreases when the deposition temperature

a)

1
ol 32 4

(Dhv)’, eV’

O 1 1 1 1 I 1 1 1
2,8 33 3,8 43 4,8

hv, eV
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increases from 350 to 500 °C. A similar trend was
observed in studies of other authors [22, 23].
The specifics of the change in E_depending on
the spraying temperature of the samples can be
associated with a change in the defect structure
of the films. Thus, the samples deposited from
the [Zn(N,H,CS),Cl,] and [Zn(N,H,CS),Br,]
TCC contain chlorine (bromine) that replaces
sulphur during the decomposition of the initial
complexes. They also contain oxygen due to the
synthesis in the air and partial hydrolysis of the
initial zinc salt. With an increase in the deposition
temperature, the Zn-Cl and Zn-Br bonds
decompose more completely, and the content of
halogen atoms in the films decreases. The reason
is that they are removed as volatile products
during the thermolysis of the [Zn(N,H,CS),CL]
and [Zn(N,H,CS) Br,] compounds. In this case,
there are less Bry and CI defects in ZnS films,
and the vacated places of sulphur are occupied
by oxygen, forming the O¢ defects. In addition,
due to the partial hydrolysis of the initial zinc

b)
31 2 4
10
8 -
% 6
)
~
S
4 +
2 -
0 1 1 1 I}
2,8 33 3,8 4,3 4.8
hv, eV

Fig. 5. The absorption spectra of the ZnS films obtained from the Zn(N,H,CS),Cl,] (a) and [Zn(N,H,CS),Br,] (b)
TCC solutions at different temperatures: I — 350 °C; 2 -400 °C; 3 - 450 °C; 4 - 500 °C

Table 3. Optical band gap (eV) of ZnS films deposited at different temperatures

Complex compound 350°C 400 °C 450 °C 500 °C
[Zn(N,H,CS),CL,] 3.74 3.73 3.70 3.67
[Zn(N,H,CS),Br] 3.70 3.70 3.65 3.63
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salt in the samples synthesised by this method,
ZnS may contain an impurity of ZnO oxide, which
has a lower band gap than that of zinc sulphide.
Its values are 3.35-3.43 eV [24]. Therefore, the
presence of oxygen in the samples leads to a
decrease in the optical band gap of ZnS with an
increase in the deposition temperature.

It should be noted that pyrolytic deposition
of zinc oxide films from an aqueous solution of
zinc nitrate also showed a decrease in the optical
band gap of the samples with an increase in the
synthesis temperature [25]. Thus, for ZnO films
obtained at 250 °C, the value of E, was 3.45 eV,
and when the deposition temperature reached
295 °C, the band gap decreased to 3.25 eV.

The zinc sulphide films obtained by
the spraying of [Zn(N,H,CS),](NO,), and
[Zn(N,H,CS),(CH,CO0),] complex solutions
in the temperature range of 350-500 °C are
characterised by the optical band gap of 3.39-
3.41eVand 3.38-3.50 eV, respectively. The lower
E_values of the ZnS layers obtained from the
above compounds compared with those of the
samples from the halide complexes are also due
to the oxygen present in them.

4. Conclusions

We synthesised zinc sulphide films from
[Zn(N,H,CS),ClL ] and [Zn(N,H,CS),Br,] thiourea
complex compounds by aerosol pyrolysis
at temperatures from 350 to 500 °C. The
coordination of thiourea to metal cation in the
complex compound occurs through the sulphur
atom. Using the absorption spectra of the ZnS
films, we determined the values of their optical
band gap (3.63-3.74 eV). The optical band gap
of the ZnS films decreases as the deposition
temperature increases from 350 to 500 °C. It is
due to a change in the defect structure of the
sulphide.
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Abstract

The goal of this work was to study the specific features of obtaining (Zr,Hf), R O, . solid solutions through solid-phase
sintering and to analyse the correctness of the existing variants of phase diagrams for (Zr, Hf)O,-R,0, zirconia and hafnia
systems with the oxides of rare earth elements.

We analysed the existing data on the duration of annealing used to study phase equilibria in zirconia and hafnia systems
with the oxides of rare earth elements. The “annealing time logarithm - reciprocal temperature” dependences were
constructed. It was shown that the effective diffusion coefficient upon annealing was at least 200 kJ/mol. The time of
annealing required for the achievement of equilibrium at 1300 °C was no less than 6 months. The annealings for one year
did not allow receiving reliable information on phase equilibria in these systems with temperatures lower than 1250 °C.
All the data on phase diagrams presented in earlier studies for lower temperatures did not characterise the equilibrium
state of systems. Apart from low-temperature phases of variable compositions presented in phase diagrams, among the
characteristics of non-equilibrium states there were violations of the Hume-Rothery rule and observations of diffusionless
processes of ordering of solid solutions, including those occurring upon “fluorite-pyrochlore” solid state transitions. Probable
schemes of low temperature phase equilibria in the ZrO,-Er,0, and HfO,-Eu,0, systems were presented taking into account
the third law of thermodynamics.

The obtained results are fundamental and will be useful for the assessment of the stability of thermal barrier coatings and
fuel cells based on zirconium and hafnium oxides with the oxides of rare earth elements.
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1. Introduction

Solid solutions of R,0, rare earth elements
oxides in high-temperature cubic modifications
of zirconium and hafnium dioxides with a general
formula of (Zr,Hf) , R O, . are among the most
refractory oxides with a melting temperature of
over 2700 °C [1, 2]. The materials based on them
are widely used as crystals for jewellery (fianites)
[3, 4] as well as refractory and corrosion resistant
ceramics [5-9]. The high anionic conductivity
of these solid solutions is combined with low
thermal conductivity [10]. These conditions
allow using the corresponding materials in
electrochemical devices (fuel cells and oxygen
sensors) [11-13] and as thermal barrier coatings
[14, 15]. In both areas the materials are used as
films and require continuous work with increased
temperatures (up to 30,000 hours at 800 °C and
higher).

Cubic solid solutions of (Zr,Hf), RO, .
are obviously thermodynamically unstable at
low temperatures. However, negligibly small
coefficients of cation diffusion [16] prevent
the decomposition of solid solutions, which
makes the corresponding materials stable for
an indefinitely long period of time at ambient
temperatures. Still, what happens with an
increase of temperature up to 800-1000 °C has
been studied insufficiently [17].

To present the final scenario of the expected
evolutions of the material based on zirconium
and hafnium oxides stabilised by the oxides of
rare earth elements upon a prolonged exposure
to increased temperatures, it is advisable to know
the phase T-x diagrams of the corresponding
systems. Enormous efforts were needed to
construct such phase diagrams (see, for instance,
[18-35]), but the results of these studies cannot
be considered satisfactory.

The main issues were associated with the
achievement of equilibrium in the corresponding
systems as the time required for the achievement
of equilibrium increased exponentially with a
decrease in temperature [36, 37]. The researchers
from Tokyo Institute of Technology (M. Yashima,
N. Ishizaawa, M. Yoshimura, etc.) showed that
in some works the annealing was insufficient
[25, 33]. In particular, it turned out that the
temperature of the eutectoid decomposition
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of the solid solution based on the medium
temperature tetragonal modification in the ZrO,-
Er,0,, system identified in [30] was understated
by approximately 500 °C [25].

The systems ZrO,-R,0, were studied by
different groups of researchers. The reports were
presented in [18, 19]. The results obtained for
various rare earth elements did not correspond
well with one another. There is an array of data
for the systems HfO,-R,0, which were obtained in
the Materials Science Institute (Kyiv, L. M. Lopato,
A.V. Shevchenko, E. R. Andrievskaya, etc.) in the
course of studies conducted in accordance with
one method, and the plotted phase diagrams
showed natural changes for the motion along rare
earth elements [18, 19].

The goal of this work was to study the specific
features of obtaining (Zr,Hf), R O, . solid
solutions through solid-phase sintering and to
analyse the correctness of the existing variants of
phase diagrams for the (Zr, Hf)O,-R,0, systems.

2. Analysis methodology

As we showed before [36], there is a linear
dependence of the annealing time logarithm
(t) on the reciprocal temperature upon the
achievement of equilibrium during sintering.
Indeed, Fick’s diffusion equation shows that

X2~ Dt (1)

where X is the thickness of the diffusion layer, D
is the effective diffusion coefficient, and t is time.
In its turn, the diffusion coefficient exponential-
ly depends on temperature

D = D, exp(-E/kT), @),

where E is the diffusion activation energy, T is
the absolute temperature, k is the Boltzmann
constant. Therefore, the following linear depen-
dence is valid in case of the same dispersion of
the sintered particles

1/t = Aexp(-E/kT), 3)

where A is a constant, and from the tangent of
the slope of the line in coordinates Igt~ 1/T it is
possible to determine the activation energy of
the limiting stage of the sintering process:

E =206tgofk]/mol] = 1.99tg o [eV]. 4)
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3. Results and discussion

Fig. 1 presents some previous data on the
thermal processing modes used for the study of
phase equilibria in zirconia and hafnia with the
oxides of rare earth elements. It supplements
the information that was earlier presented
graphically in [36, 37]. The data on the systems
with zirconia and hafnia are seldom studied
together, which corresponds to the first stage of
the analysis.

Fig. 1 shows that there is a great scatter
of data. It is obvious that in many works the
duration of synthesis was insufficient. The use of
the following protocol seemed quite reasonable:
10 hours at 1900 °C, 30-60 hours at 1600 °C,
1200 hours at 1300 °C. Pascual and Duran [20]
annealed the samples for 3 hours at 2000 °C, for
10 hours at 1800 °C, and for 385 hours at 1450 °C,
which seems acceptable. However, the 8 months
of annealing at 800 °C used in this work were
definitely insufficient. Apparently Yashima et
al. [25] achieved the most correct results. They
annealed the samples in the ZrO,-Er,0O, system
at 1690 °C for 48 hours and 8 months at 1315 °C.
A linear dependence plotted in accordance with
these data (angle o, on Fig.1) corresponded to
the diffusion activation energy E = 360 kJ/mol,
which reasonably corresponded to the value of
391 kJ/mol obtained in [16] for bulk interdiffusion
of cations within the range of 1584-2116 °C.
Other variants of the approximation relationships
presented such values as E = 260 kJ/mol (angle
on Fig. 1) and E = 200 k]/mol (angle o, on Fig.1).
These values are closer to the values obtained by
Glushkova and her colleagues [23, 38].

It can be seen that with a decrease in the
temperature, the required duration of the
experiments quickly exceeded laboratory
capabilities and reached the time of about a year
at 1250 °C. Since all real laboratory experiments
described in previous works did not exceed the
duration of 8 months, the results obtained for
temperatures below 1300 °C cannot be considered
as those associated with the state of equilibrium.
Itis also true for many published variants of phase
diagrams. However, the inverse proposition is
wrong: not all research results associated with high
temperatures can be considered as equilibrium.

The violations of the third law of
thermodynamics are among the indications of
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Fig. 1. The duration of annealing for the synthesis of
samples in systems (Zr, Hf)O,-R,0, depending on the
reciprocal synthesis temperature according to I — Pas-
cual, Duran, 1983 [20]; 2 — Scott, 1978 [21]; 3 — Meister
et al., 1991 [22]; 4 - Krzhizhanovskaya, 1990 [23];
5 - Schedecker e.a., 1977 [24]; 6 — Yashima e.a., 1991
[25]; 7 = Ruh e.a, 1977 [26]; 8 — Thornber, e.a., 1970
[27]; 9 — Stubican e.a., 1984 [28]. The arrow shows the
melting point of zirconium dioxide

thermodynamic incorrectness of the plotted
phase diagrams. According to the consequence of
this law, when the temperature tends to absolute
zero, all phases of variable compositions in
quasi-equilibrium processes disappear through
decomposition or contraction of compositions to
those stoichiometric [37]. The second important
thermodynamic condition is the so-called
Hume-Rothery rule, according to which the
region of existence of a disordered phase sharply
narrows when an ordered phase with a narrow
region of homogeneity appears [39]. This rule is
regularly violated when a solid phase ordering of
heterovalent fluorite solid solution with phase
separation of the pyrochlore structure is shown
in the (Zr, Hf)O,-R,0, systems [18, 19].

The use of the correction method for phase
diagrams with extrapolation of phase equilibria to
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absolute zero seems promising for the (Zr, Hf)O, -
R,0, systems. This method has been successfully
applied in a number of binary systems in our
works [40-42].

Fig. 2 shows corrections in the data on phase
equilibria in the ZrO,-Er,0, system while Fig. 3
shows corrections in the HfO,-Eu,O, system [18].
The ZrO,~Er,0, system is among the most well-
studied systems of this group with the duration
of annealing up to 8 months [25, 31]. The basis
(Fig. 2a) was the diagram plotted in [31]. The
region of low concentrations of erbium oxide was
corrected according to the data from [25] (the
temperature of the eutectoid decomposition of the
tetragonal phase was increased by approximately
500 °C). Accordingly, the temperature of the
eutectoid decomposition of the cubic solid
solution, with account of the data from [25], was
presumably targeted at 600100 °C. The thin
dashed line indicates a metastable extension
of the curve of the maximum concentration of
this solid solution (the solvus curve). This curve
must pass through the origin of the coordinates
and have a vertical tangent at this point. This
condition can be fulfilled only if there is a point
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of inflexion on the solvus curve (in this case, on
the metastable part of this curve). Such inflexion
points are typical for all heterovalent solid
solutions based on compounds with the fluorite
structure [43], which is associated with diffuse
phase transitions in fluorite matrices [44]. In the
region of high concentrations of erbium oxide, the
correction has a significant effect on the decrease
in the homogeneity region of the ordered phase,
which must shrink to its ideal composition
Er,ZrO,, when the temperature decreases. It also
affects the position of the decomposition curve of
a solid solution based on the cubic modification
of erbium oxide, which must come to the point
of the pure component at T= 0 K.

The correction of the phase diagram in
the HfO,-Eu,0O, system (Fig. 3) in the region
of ordering of the fluorite solid solution with
the release of a pyrochlore-type phase was
conducted in accordance with the third law of
thermodynamics (the homogeneity region of the
pyrochlore phase contracted to the stoichiometric
composition, two-phase “fluorite + pyrochlore”
regions expanded with a decrease in temperature,
and two eutectoid equilibria limiting the region

—_—Qe—g A G

1
2

0
Zr0y

10 20 30 40 50 60 70 80 90
MOL %

100
Er03

\
- — EZ

— — — ErgZrO—o—

0
ZFOZ

10 20 30 40 50 60 70 80 90 100
MOL % Er03

Fig. 2. Phase diagram of the ZrO,-Er,0, system according to [31] (a) and its correction with account of the

requirements of the third law of thermodynamics (b)
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Fig. 3. Phase diagram of the HfO,-Eu,O, system according to [18] (a) and its correction with account of the

requirements of the third law of thermodynamics (b)

of existence of the fluorite phase from below were
implemented). It should also be noted that the
region of phase equilibria near europium oxide
was plotted in [18] assuming the existence of a
low-temperature cubic modification of Eu,O,. This
assumption, which is a part of the polymorphism
and morphotropy scheme in a row of oxides of
rare earth elements plotted in accordance with the
data from [45], turned out to be incorrect due to
the hydroxyl contamination. A low-temperature
cubic phase identified in this system in the region
of ~75 mol% Er,O, is probably another ordered
fluorite-like phase that requires further studying.

4. Conclusions

Phase equilibria at low temperatures in
systems with zirconia and hafnia are among the
fundamental issues that still need solving. Since
the time of achieving equilibrium, controlled
by cationic diffusion, increases exponentially
with decreasing temperature, the study of low-

temperature equilibria is a very difficult and
often insoluble problem. Regions for which the
time for establishing equilibrium by means of
dry sintering is about 1 year can be considered
as being low-temperature regions. For systems
based on zirconium and hafnium oxides, this is
no lower than 1250 °C.

On numerous published (Zr,Hf)O,-R,0,
“phase diagrams” at temperatures below 1300 °C,
frozen states are depicted instead of equilibrium
phase regions. The actual behaviour of materials in
these systems upon cooling is determined mainly
not by equilibrium phase transformations, but
by diffusionless phase transitions. Accordingly,
in some cases two-phase regions on phase
diagrams are reduced, and instead of them we
see the martensitic phase transformation lines.
This is also true for the processes of “fluorite-

pyrochlore” ordering.
It should be noted that the ordering processes
in the systems with zirconia and hafnia have
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not been studied well, see, for example, [47].
Important discoveries can be made in this area.

Thermodynamic modelling is not always
reliable. In particular, the temperature of the
eutectoid decomposition of the cubic phase in the
Zr0,-Y,0, system differed according to the data
of different models by hundreds of degrees [48—
50], while in [51] it was below absolute zero, which
contradicted the third law of thermodynamics.

We need other methods to study low-
temperature phase formation in the discussed
systems in addition to simple sintering. It is
reasonable to use the methods of synthesis
involving a liquid phase. The use of hydrothermal
synthesis for acceleration of achieving equilibrium
allowed obtaining the most reliable data on ZrO,—
R,0, (R=Er,Y, Sc) and ZrO,-CeO, systems [33, 52,
53]. It can be expected that the use of salt melts
will allow making progress in this matter.
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Abstract

The article presents the results of research of optical spectra of surface plasmon polaritons on laser modified titanium with
a deposited micron polymer polyvinyl alcohol (PVA) film.

The metasurface of titanium was created by means of femtosecond laser treatment with A = 1.035 p and the duration
7 =280 fs with linear and circular radiation polarization. Sets of laser pulses were applied pointwise to the surface with a
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the line of beam pulse propagation.

Mathematical modelling of real Re(¢) and imaginary Im(e) permittivity established that the spectral parameters in the
reflectance spectra of polarized radiation almost fully matched. The analysis of the spectra also established that the
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1. Introduction

Currently, femtosecond laser structuring is
one of the most promising ways to modify metal
surfaces at the micro and nanoscale in order to
provide them with special physical and optical
properties [1-3]. The formation of laser induced
periodic surface structures (LIPSS) is influenced
not only by the parameters of laser radiation
(duration, frequency, fluence), but also by the
environment in which the radiation interacts with
the material [4-6]. There is a great interest in
such surfaces which is explained by their unique
spectral [5-7], mechanical [5, 8-10], tribological
[8, 10, 11], and other physicochemical properties
[8, 10-12]. The peculiarities of the creation of
LIPSS make it possible to use such metamaterials
in various optosensor and biophysics applications
[13-17] and also as plasmon transducers of
electromagnetic radiation in visible and terahertz
regions [18].

It is known that surface plasmons of different
mode compositions are generated on micro- and
nanostructured rough metal surfaces [18-21]. In
addition to the morphological parameters of the
structured surface, the generation efficiency of
local plasmons on the elements of roughness is
greatly influenced by the medium on the surface
of the material, in which the electromagnetic
wave propagates and exponentially decays in a
direction perpendicular to its surface. It is known
that the physical reason for the generation of
surface plasmons on the metal surface is the
presence of an interfacial nanometre film (for
example, oxide) on the metal-dielectric interface
where the transformation of electromagnetic
energy takes place [22, 23]. Some authors also
consider layered systems consisting of metal-
dielectric compounds and conductive media [24—
26]. The localization regions of surface plasmons
for such media can be both within the optical
range and within the range of infrared frequencies
[18, 23, 27]. Thus, changes in the surface
morphology by introduced metal-dielectric-
metal nanoparticles or resonators leads to the
formation of a resonance plasmon spectrum
in the IR region [27]. These structural changes
mean that many parameters need to be taken
into account when modelling plasmon fields and
designing plasmon emitters on metasurfaces,
which makes this process challenging [28-31]
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due to complex processes of radiation interaction
and conversion on the surface of the modified
material.

When metasurface is created by laser
lithographyj, it is possible to use Pancharatnam-
Berry phases of plasmon scattering [30] and
create nano-optical elements and devices [32].
Thus, for example, when titanium is exposed to
linear polarized femtosecond radiation, linear
ablated structures of different geometric sizes
shaped as strips consisting of grooves and bumps
appear as a result of surface self-organisation [2,
4,5,16,17]. When a metal metasurface is created
by circular polarized femtosecond radiation [7,
32-34], there appears a vortex electromagnetic
field leading to the formation of rotating ablated
arched micro- and nanostructures which melt and
solidify. Thus, nonlinear laser lithography allows
creating on metal linear and “twisted” structures
of different nanoroughness [35-37] with new
optical elements.

The key physical problems of this work
include: to use laser structuring to create ablated
micro- and nanostructures on the surface
of titanium by means of linear and circular
radiation with a wavelength of 1 ym at different
energy levels of high intensity; to record surface
plasmons appearing under the influence of
radiation on the rough metasurface-dielectric
(micron film of polyvinyl alcohol) interface; and
to study the features of their optical polarized
reflectance spectra.

It should be noted that this work continues
a series of works dedicated to plasmon
photoprocesses on laser-structured metal
surfaces with the participation of dye molecules
and biological objects.

2. Experimental

The femtosecond laser structuring of the
surface of a rolled titanium strip (plate) with a
thickness of d ~ 0.6 mm was carried out using
a TETA-25 laser system (Avesta, Russia). The
laser emission parameters were as follows:
the duration of a single pulse was 280 fs with
a pulse repetition rate of 25 kHz. The laser
operated in pulse decimation mode controlled
by Lascos software. The sample (titanium
plate) was shifted using a two-axis motorized
positioner (Shtanda, Lithuania) controlled by
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XILab software. The surface was structured
by laser radiation with linear and circular
polarization. Circular polarization was achieved
by passing the laser beam through a CP1L1064
circular polarizer (Thorlabs, USA) placed on the
laser’s path between the focusing lens and the
flat mirror. The laser output power was measured
with an Ophir meter (Nova II, Israel).

2.1. Structuring the surface of the titanium plate

Pointwise structuring of the titanium surface
was carried out as follows. The sample was placed
on the motorised positioner and shifted relative
to the position of the laser beam focused on the
surface by a system of mirrors and lenses. When
the sample was shifted, the angle between the
polarization vector of the laser radiation and
the direction of the sample movement was 45
degrees. The duration of the radiation exposure
for a zone was between 25 and 750 ms. The
distance between the centres of the zones was 100
um, which meant that there were no overlapping
zones. The power of laser radiation incident on
the sample was P=40 mW, which was sufficient to
overcome the critical value necessary for titanium
surface structuring [5].

This structuring method was implemented for
two types of laser radiation polarization: linear
and circular. Titanium linear structuring was
performed at a scanning rate of 500 um/s.

Polymer PVA films were then coated to the
structured titanium surfaces.

The morphology of the titanium surface was
examined using a Zeiss Cross Beam-540 (FIB-
SEM) electron microscope.

2.2. Applying PVA films on the laser-structured
surface of titanium

An Ossila Spin Coater (Great Britain) was
used to apply PVA films on the structured
surfaces of titanium. The sample was spun to
the rotation speed of 6,000 rpm, and then a drop
of 9% aqueous PVA solution was applied at its
centre. Under the action of centrifugal force, the
solution evenly distributed over the surface of
the sample. The thickness of the obtained film
was 750 nm.

2.3. Spectral measurements

Permittivity spectra and reflectance spectra
of polarized radiation were measured using a

2022;24(4): 545-558
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spectral ellipsometer in the wavelength range of
450-1,000 nm (AUTO SE, Horiba-France).

3. Results and Discussion

Let us consider the effect of the type of laser
radiation polarization on the LIPSS transformation
under the changing duration of laser treatment.

3.1. Morphology of titanium structures obtained
as a result of linear and circular polarization of
laser radiation

In the first series of experiments, SEM
microscopy was used to study the morphological
features of the titanium surface after it was
exposed to a laser beam with linear and circular
polarization of various durations.

Fig. 1 shows SEM scans of the surface after it
had been exposed to a set of pulses with linear
polarization with the total duration of laser
treatment of 25 and 100 ms (Fig. (a) and (b)) and
with circular polarization with the duration of
laser treatment of 25s, 100, 250 ms, and 750 ms,
respectively.

The general physical processes that result
in the appearance of laser-modified structures
on titanium metasurfaces presented in Fig. 1
have been described in detail in [5]. This work
considers these processes in terms of optical wave
processes of diffraction and interference that
occur on the elements of the material roughness.
It also takes into account thermodynamic
processes of superfast melting which result in
an instantaneous change in the phase of the
material [38-41].

After 25 ms of laser treatment (number
of pulses N - = 625), ripple structures with
connecting bridges began to form on the surface
(Fig. 1a). The interval between such structures
was ~1 um. This corresponded to the wavelength
of the laser radiation A = 1,035 nm. The width
of such structures corresponded to half of the
wavelength and was equal to ~ 500 nm. As the
laser beam penetrated deeper into the material
(with an increase in the duration of treatment
to 100 ms, N, = 2,500), the initial large ripple
structures with a size of 500 nm transformed
into smaller/more frequent structures (Fig. 1b,
insert) whose width was approximately 4 times
smaller. It should be noted that in the case of
linear polarization, the E vector in the incident
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Fig. 1. SEM images of the titanium surface after femtosecond laser treatment with linear polarization of inci-
dent radiation with a total time of treatment of: a) 25 ms; b) 100 ms. Insert (a) shows a sample of ripple struc-
tures on the titanium metasurface which can serve as elements of a reflective diffraction grating

wave oscillated parallel to the plane of the
sample surface. The formation of parallel ripple
structures was also largely determined by the
surface polarization (linearly oriented and
perpendicular to the surface of the material).

At given values of the energy of laser treatment
(with a total time of treatment of 25 ms), studied
ripple structures on the titanium metasurface
could be considered as elements of a reflective
diffraction grating with the main diffraction
maxima: d-sing=k-A,duration d=770 nm at an
angle ¢ = 30°and a line density N ~ 1,200 mm™},
and a gloss wavelength of 750 nm. This means
that the ripple structures on the titanium
metasurface can become good optical elements of
reflective diffraction gratings used in integrated
nano-optics.

The formation of such titanium metasurface
structures can be described as a three-step process
under both types of polarisation of incident
radiation. Due to the action of an electromagnetic
wave with a duration of 280 fs and an energy
density in the laser pulse (W =0.17-10° W/m?)
sufficient to melt and evaporate the material
during one femto pulse, all the energy absorbed by
the material was transmitted to the crystal lattice
in several steps (heating of conduction electrons
and transfer of heat from electrons to the lattice,
electron-phonon interaction) [35, 42-44].

Superfast (less than the duration of 1
pulse) heating of electron gas in the metal
accompanied by electron-phonon relaxation
led to high-temperature heating of the metal
which resulted in the formation of plasma and
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instant (superfast) melting (less than 1 ns). The
process of continuous melting of titanium lasted
for 100 ms and was accompanied by a radial
distribution of the material which resembled
the effect of drilling followed by stretching of
newly formed flat structures towards the centre.
This was due to the forces of electromagnetic
interaction between the charge density of molten
metallic titanium. At the same time, it is known
that heating titanium to 600-700 °C results in
the formation of a TiO, oxide layer. The process
of metal oxidation under the influence of laser
radiation with a duration of about 1 ns and 1 fs
has been well studied [34, 39]. Pulsed high-
intensity laser treatment under the influence of
radiation A = 1.035 pm, leads to a change in the
morphology and phase composition of the oxide
film on titanium. Thus, modern studies show
[45,46] that thermally oxidised films of titanium
with a thickness of 120 nm are synthesised at
a temperature of 600 to 1,000°C. In this case,
the structure of the film turns into rutile and
takes the shape of a column and as temperature
increases, the phase of the oxide film can
change from amorphous to ordered (rutile,
anatase). Experimental data show that long-
term oxidation at temperatures of 1,000 °C leads
to a transition from the parabolic to the linear
law of growth of the oxide layer on the surface
of titanium accompanied by the formation of
pores and cracks in the formed oxide [47]. Also,
it should be noted that the electronic processes
in the film of titanium oxide in the UV region are
caused by transitions in the band gap (A ~ 3.6 eV)
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since it is a wide-gap semiconductor material
[48]. Along with these slow thermal processes
resulting in the formation of titanium oxide film,
the material exposed to the femtosecond laser
reaches melting and evaporation temperatures
of up to 2,000 °C and then cools at a high rate
[3], which is followed by the precipitation of the
sprayed material. This results in the metasurface
roughness and dispersion of nano- and micro-
adsorbed titanium nanoparticles with the oxide
film. Then, the material oxidizes over a time of
about 1 ns and several tens of femtoseconds. This
process has been well studied [34-43, 49].

Thus, when titanium was exposed to the
femtosecond laser beam, a rough metasurface
with precipitated titanium and titanium oxide
nanoparticles was formed. Such a surface
structure exhibited special spectral and plasmonic
properties, which will be described later in this
paper.

It should be noted that when the surface of
titanium was exposed to laser radiation with
circular polarization, the same thermal processes
occurred on the surface of titanium and in the
material as in the case of linear polarization.
However, in the case of circular polarization, the E
vector followed a spiral trajectory [32,40,49-51],
which caused the induction of electrical dipoles
on the lateral extensions of the cone, What is
more, the vector of dipole moments parallel to
the E vector was directed to the centre of the
symmetry axis of the cone.

Let us consider the spatial distribution of the
ablated material on the titanium metasurface
under the circular polarisation of radiation
(Fig. 2).

Exposure to laser radiation with a duration
of 25 ms resulted in occasional ablation from
the surface layer of titanium with a TiO, oxide
layer and local cracking of the material (Fig. 2a).
It should be noted that the thickness of titanium
oxide at ordinary temperature was approximately
~20nm, which was determined by the ellipsometer
resolution (AUTO SE, Horiba-France). It can be
seen in the figure that islets of TiO, film with an
average size of < 1.0 uym formed on the surface
(Fig. 2a, insert). At the same time, there was
almost uniform distribution of ablation cavities
and metal splashes (light points) on the surface
of titanium, which can be due to the uniform
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distribution of the photonic field in the laser
beam.

With an increase in the number of pulses to
2,500 (100 ms), the laser beam went deeper into
the material and the ablated material (titanium
and TiO,) distributed radially in the centre of the
beam (insert, right corner of Fig. 2b). The centre
of the beam formed deep cavities on the titanium
surface and occasional ablated structures of
different densities on the periphery. It was
evident that with an increase in the energy, the
fragmentation of the oxide film and cracking of
the oxide layer continued.

Fig. 2d shows the region which was structured
by the laser for 750 ms (~18,750 pulses) with
circular polarization. As a result, a cone with a
base equal to the diameter of the beam (~26 pm)
was formed. From the base to the point of the
cone, ablated material had distributed radially
on the inner lateral surface of the cavity. An
interesting effect was observed: the formation
of lobed structures of metallic titanium coated
with titanium oxides TiO, (insert, Fig. 2d [4]),
which were distributed along the circles, from the
base to the centre, perpendicular to the lateral
surface. Such structures are sometimes called
surface debris.

As the energy density of the laser beam
increased, the laser-ablated spot widened
(Fig. 2d), however, the pattern remained almost
the same. At the same time, in comparison with
the ripple structures that appeared during linear
laser polarization used to form ablated titanium
metasurface, in the case of circular polarization
of radiation, the ablated ripple structures (surface
ripple of the shock wave) changed at an angle of
Ao~ 15°. The length of each nano-structure was
determined by the pulse duration of the set of
photons. The number of these structures on the
disc of the ablated spot along the circumference
and depth of the cavity was estimated (Fig. 2d -
[2]). It appeared to be equal to approximately
90,000 units. This is significantly more than
the number of laser pulses generated during
750 ms, which can be due to the additional
vortex ablation of the material and hydrodynamic
processes resulting in the formation of vortex
ripple structures located along the radius of the
ablation cavity, which was composed of two types
of dependencies:
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Fig. 2. SEM images of the modified titanium surface after femtosecond laser treatment with circular polarisa-
tion of incident IR radiation (A = 1,036 nm) with a total time of treatment of: a) 25 ms; b) 100 ms; ¢) 250 ms;
d) 750 ms. Figure 2d shows the SEM quadrants (1, 2, 3, 4) of an ablation cavity: (1) backlit; (2) graph of the

function of the cavity profile; (3) surface; (4) (insertion) lobed ablated structures of 1 um (surface debris)
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It can be assumed that the obtained
logarithmic dependence reflects the combination
of electron-phonon processes (t ~ 0.1 ps) and
thermal processes of melting and evaporation
of the material (¢t < 1 ns). According to the two-
temperature model of titanium ablation used
in our experiment, the exponential function
can reflect material ablation with a high rate of
material release from the cavity (“recast layer”)
[35, 39, 41-44].

The obtained results of the study of metal
titanium ablation with circular polarisation of
radiation showed that the change in the type of
polarisation of the incident beam significantly
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changes the surface relief at the same power
of treatment and with a different duration.
Laser pulses with circular polarisation led to
the formation of conical cavities with a radial
distribution of the material along the lateral
surface.

3.2. Deposition of a thin PVA film and
calculation of its thickness

It was noted above that a nanometre oxide
film appeared as a result of the exposure of the
structured titanium metasurface to radiation. On
the other hand, it is known [41] that all optical
plasmon processes are generated in thin metal-
dielectric structural films. It was interesting to
apply a polymer film on the laser-structured
titanium surface and to expose it to femtosecond
laser radiation with circular polarisation. The
thickness estimate is given below:
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_ mPVA vV

Mpy, =OXM,; Viovu = 0 ;8:5. (D)
Where m,,, is the mass of the PVA solution,

o is the molar mass of the substance, m, is the
mass of the substance, V, , is the volume of PVA,
p is the density of the substance, S is the area of
the substrate surface, and § is the thickness of
the film.

Thus, the thickness of the PVA film on the
surface of the structured titanium was d ~ 750 nm.

Optical density D of the PVA film on the glass
is shown in Fig. 3. The ellipsometric method was
used to determine the permittivity function of the
film in the optical range from 450 to 1,000, which
has constant values for functions Re(g) = 2.3 and
Im(e) = 0.1.

3.3. Optical properties of Ti LIPSS after the
exposure of the PVA film to circularly polarized
laser radiation and simulation of spectral
functions

3.3.1. Simulation of laser treatment with
circular polarisation on the metasurface of
titanium with PVA

Fig. 4 shows the optical spectra of the
real Re(e) and imaginary Im(e) permittivity of
titanium. The surfaces of titanium were modified
in the form of cavities (Fig. 4) by means of laser
structuring by sets of femto pulses (Fig. 4) with a
duration of 100 ms and with circular polarization.
PVA films (d ~ 750 nm) were applied to the surface
structured with laser pulses within a square area
of 2.25 mm?: 1.5x1.5 (Fig. 2b).
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The curves in Fig. 4a correspond to the
experimental and theoretical spectra of the
permittivity function for the surface of structured
titanium with PVA.

Let us consider the experimental curves of the
permittivity function (solid curves). For example,
in the spectrum of the imaginary component,
maxima were observed at wavelengths of 500,
660, 780, and 815 nm. These wavelengths were
characterised by the absorption of incident
radiation by the surface. Let us determine the
regions of plasmonic oscillations for a given
surface taking into account the experimental
permittivity spectrum obtained for a smooth
unstructured titanium surface (Fig. 4b). It should
be noted that the spectrum obtained for a smooth
titanium plate corresponded to the literature

1,04
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0,8—.
07
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0,5—-
0,4-
0,3-

0,2 1
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Fig. 3. Spectrum of optical density of a PVA film on
silicate glass
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Fig. 4. Spectra of real Re(g) and imaginary Im(e) permittivity of titanium: (a) solid curve: experimental spectra
and dotted curve: simulation for structured titanium with a PVA polymer film; (b) permittivity spectra for a
smooth titanium plate; (c) permittivity spectra for a smooth titanium plate with a polymer PVA film
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data presented in works [35, 47, 52] and the
spectral distribution of functions confirmed to
the classical Drude model for a free electron
gas. For example, since maxima were present
in the spectrum of negative Re(e) permittivity
component within the range of 450-700 nm,
the region of possible generation of surface
plasmons could be located at wavelengths of 500
nm and 600 nm. However, the range of positive
values for Im(e) (Fig. 4a) corresponded to 450-
650 nm and 800-1,000 nm at these wavelengths
Re(e) ~ 0 (450-650 nm) and Re(e) < 0 (800—1000
nm). Therefore, it can be argued that on the
studied surface prepared by means of circular
polarization of laser radiation, in the presence
of a polymer film surface plasmons appear in the
region of 500 and 600 nm. It should be noted that
the unstructured titanium surface had no maxima
of this kind in the presence of a polymer film and
the functions of e remained almost constant over
the entire wavelength range of 450-1,000 nm
(Fig. 4¢). This means plasmonic oscillations are
generated and propagated over the rough surface
(at 500 and 600 nm) on the structure of a metal-
dielectric with a thin PVA polymer film [35, 41,
44-48, 50-53].

Let us consider the low-frequency range
with the maximum of the imaginary component
within the region of 800 nm (Fig. 4a). For example,
resonance at this wavelength may be due to
volume plasmon oscillations. Here it is necessary
to add that this spectrum was quite narrow with
a half-width of AA ~ 20 nm, which may indicate
high-volume and fast (t ~ 1-2 fs) electronic
processes in the metal. It should be noted that
in the case of smooth titanium (Fig. 4b), there
were no such maxima in the spectrum at this
wavelength due to the complete screening of the
incident radiation by free electrons.

To determine the contribution of various types
of electrons (free and bonded) to the spectral
composition of functions, curves Re(e) and Im(g)

Table 1. Parameters of the dispersion model
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were simulated by means of ellipsometry. The
Drude-Lorentz dispersion model was used to
simulate the optical functions of the structured
titanium surface with a thin-film polymer coating.

This dispersion model is a combination
of the Lorentz and Drude models and it takes
into account the contributions of both types of
electrons [44-48, 50-54]:

2
0)17 (ex _ 80@ )cl2

-0’ +il,0 o -0’ +io
2 2
150,

2 2 . ?
T, -0 +iy,o

Ew)=¢_+

(D

+

where ¢_ is high-frequency permittivity; €_is the
difference between ¢_and ¢_ which determines
the force of the Lorentz oscillator; o, is the reso-
nance frequency of the oscillator, whose energy
corresponds to the absorption peak; I'; is the
attenuation coefficient of the Drude oscillator ;
f. is the force of the oscillator; ,, is resonance

requency; and Y, is the spread-out parameter.
Where o is plasma frequency corresponding to
the position of the photon energy at e(m) = 0; and
I, is the value of the resonance plasmon oscilla-
tor (0.4 < T, <4).

The parameters of the dispersion model are
given in Table 1.

The spectra simulation was carried out at
121 points on a structured titanium surface
with an area of 1.5x1.5 mm? in the presence of
a polymer film. The average spectrum shown in
Fig. 4a with dotted curves agrees well with the
experimental spectra. Some differences between
the value of the oscillator force f, = 4,308 and
the theoretical value of f,"***" < 1.0 in the Drude-
Lorentz model can be due to the presence of a
PVA polymer film whose dielectric properties can
have a considerate influence in the blue region
of the spectrum.

It should be noted that when the combined
Drude-Lorentz model was used, the plasma

o, eV | o, eV w®,,, eV ®,,, eV
© &% Jommlonm| o | % A J@hm) v |k ohm| %
1.530 | 1.009 1.988 2.110
1.304 | 1.986 (784) | (1189) 0.224 | 7.995 | -4.308 (603) 0.666 | 2.881 (569) 0.519

Note: Pearson correlation coefficient y* for modelling is x? = 0.000073 and indicates the possibility of using this model to calculate

experimental functions.
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frequency of oscillations in the region of
600 nm (o = 2.023) manifested as the oscillator
frequency with an oscillator force of 0.104 and
an attenuation factor of 0.666. This model is of
some interest and can be considered as an energy-
efficient characteristic of the obtained surface
with a given geometry of surface structures
and a dielectric film of a certain thickness. The
resonance frequency in the region of 580 nm also
corresponded to plasmon oscillations, however,
the attenuation factor decreased to 0.519.

At the same time, the simulation allowed us
to determine the average value (calculated from
the 121st measurement) of the thickness of the
polymer coating and to use the experimental data
to draw a conclusion about the continuity of the
film applied to the structured titanium surface.

This research is essential for a variety of
applications. For example, ellipsometry allowed
establishing that the average thickness of the
polymer coating was (710 # 20) nm, which almost
coincided with the pre-calculated thickness of the
PVA film (750 nm).

The results of the simulation are as follows:
it was established that the spectra of surface
and volume plasmons at A = 600 and 800 nm,
respectively, can be described within the
framework of the proposed model. It should
be noted that the experimental spectrum Re(g)
(Fig.4a, red solid curve) had a narrow absorption
maximum in the region of 815 nm due to the
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absorption of the PVA film. It can be assumed
that this maximum appeared as a result of dipole-
dipole processes of energy absorption in the PVA
film, which was also observed on the smooth
surface of titanium with PVA (Fig. 4c, red solid
curve). During simulation, this maximum shifted
to the IR region and was a wide spectrum with
a half-width of ~200 nm. The obtained spectral
difference can be explained by the fact that when
modelling functions, it is difficult to take into
account the physical and chemical parameters
of the polymer coating (molecular structure,
solubility of polymer globules). However, film
thickness and optical density were taken into
account.

3.3.2. Reflectance coefficients of s- and
p-polarized light from the metasurface of
titanium with PVA

It was of interest to study the optical
reflectance spectra of linearly polarized laser
radiation from the metasurface of titanium with
a PVA film (Fig. 5) pre-treated with circularly
polarized laser radiation within the range of 450-
1,000 nm.

The reflectance coefficients of s- and
p-polarized radiation of the structured titanium
surface are shown in Fig. 5a. It was shown that
these functions had their minima in the region
of 450-500 nm and 815 nm. These wavelengths
coincided with the regions shown in Fig. 4a, which

b)
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Fig. 5. (a) Reflectance coefficients of s- and p-polarised light from the structured surface with a PVA film (sol-
id curves) and the reflectance spectrum of s-polarised light obtained by simulation according to formula (1),
with a PVA film (black dotted curve). (b) Reflectance coefficients of s- and p-polarised light from unstructured
surface with a PVA film (solid curves)
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confirms the hypothesis about the generation of
surface plasmons in this wavelength range. At
the same time, it was p-polarized radiation that
contributed more since it was absorbed more than
s-component. This indicates that for p-polarized
light, the difference between the values of the
reflectance coefficients in their local minima
is close to zero, and at these points the surface
is almost mirror. What is more, for s-polarised
radiation, the reflectance coefficients from the
surface had rather large values of 0.52 and 0.58 for
wavelengths of 500 and 815 nm, respectively. It
should be noted that the spectral analysis shown
in Fig. 4a and Fig. 5a revealed more significant
differences in the position of the spectral
maxima in the red region of the visible range at
wavelengths of 650-850 nm. This may be due
to the polarizing properties of the polymer film,
which requires additional optical experiments to
estimate the optical density of the PVA film based
on its thickness.

In the case of reflection of s-polarized
radiation, the simulation of the reflection
processes of the titanium metasurface was
performed according to the Fresnel equations
[45, 48, 49]:
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Where ¢, €, is the permittivity of the metal and
the plasmon propagation medium, respectively,
o is the frequency of external radiation, c is
the speed of light; and k is the wave vector of
plasmons.

The results of comparing experimental and
modelling reflectance coefficients according
to the above mentioned formulas are shown
in Fig. 5a. It is obvious that experimental and
theoretical data have extremes at the same
wavelengths. However, it is worth noting that
the values of the reflectance coefficients in their
minimums do not coincide. Thus, it was shown
that the minima model value of the reflectance
coefficient of s-polarized light was ~0.2 while
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according to the experimental data the reflectance
coefficient had a value of ~0.5.

It should be noted that the reflectance
coefficients of s- and p-polarized radiation
reflected from the unstructured titanium surface
(smooth titanium, Fig. 5b) with a PVA film
significantly differed in values in the wavelength
range of 450-1,000 nm and were equal to R, =0.33
and R, = 0.04.

4. Conclusions

Smooth titanium plates were structured
by femtosecond laser treatment with linear
and circular polarization with a wavelength of
A = 1.035 ym and a total time of treatment of:
t.= 25,100, 250, and 750 ms and the duration of
t =280 fs. This resulted in occasional ablation of
the material and the formation of cavities <1.0 ym
in size and a repeated layer with surface ripples
caused by the shock wave.

Spectral permittivity functions during
plasmon generation were simulated for the
titanium metasurface with a PVA film (750 nm
thick).

When titanium plates were exposed to laser
radiation with circular polarisation and different
energy, ripple structures and cavities appeared
following a completely different optical pattern.
Thus, for example, exposure to a circular field
resulted in the formation of cone-shaped
loped cavities and circular ripple nano- and
microstructures along the line of action of laser
beam pulses.

The functions (logarithmic and exponential)
of laser ablation of the material and their
dependence on energy were studied along
the lateral surface of cavities formed as a
result of electron-phononic and thermal
processes associated with laser treatment.
When modelling plasmonic processes on the
metasurface of titanium with PVA, it was
established that spectral parameters almost
fully matched with small offsets of spectra
maxima of the real Re(e) and imaginary Im(g)
permittivities. What is more, spectral shifts
of less than < 20 nm were mostly associated
with the presence of a polymer PVA film on the
titanium metasurface. Plasmonic processes
of reflection of polarised light with R, and R,
components from the titanium metasurface
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after it was treated with circular radiation were
modelled. It was found that the amplitude of
the R, polarized radiation was significantly
smaller than that of the R, component and at
some points on the surface its spectral values
were close to zero. It should be noted that the
reflectance coefficients of R, and R, polarized
radiation reflected from the unstructured
titanium surface (smooth titanium) with a PVA
film differed significantly in values within the
wavelength range of 450-1,000 nm and were
equal to R, = 0.33 and R, = 0.04.

At the same time, it was established that
linear-polarized radiation during a pointwise
scanning of the titanium surface with a step of
100 pm can be used to create ripple structures
with a line density of N~ 1,200 mm~ and a gloss
wavelength of the reflected radiation of 750 nm,
which can be of great practical importance in the
field of creating diffractive elements in integrated
optics.
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Abstract

The aim of this research was to study the growth kinetics of anodic oxide films on cobalt silicides in sulphuric acid solutions
under potentiostatic conditions with various pretreatment of the electrode surface. For the study, we used low and high
silicon silicides (Co,Si and CoSi,) in 0.05 and 0.5 M H,SO,.

We obtained the chronoamperograms in the time interval ¢t = 0.3-3000 s with the oxide formation potentials of E = 0.2,
0.5,and 1.0 V (SHE). It was determined that the kinetics of the growth of oxide layers on cobalt silicides in acidic solutions
greatly depends on the method of the silicide surface pretreatment (mechanical polishing; cathodic pre-polarisation in a
H,SO, solution; exposure to H,SO, solution at the open circuit potential; exposure in a 2 M KOH solution; and exposure to
2% HF solution). In most cases, at low ¢ (up to 30-50 s), the oxide films grew due to the ion migration in the strong electric
field generated in the film during anodic polarisation.

In some cases (Co,Si silicide with higher cobalt content; pretreatment of Co,Si in alkaline solution, further enriching the
silicide surface with cobalt; and the region of high values of t), the point defect model seemed to be executed.
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1. Introduction

One of the most important characteristics
of the corrosion and electrochemical behaviour
of metals and alloys is the tendency for anodic
passivation [1]. The passivity phenomenon
is of great practical importance, because the
formation of the passivating oxide films makes
many materials highly resistant to corrosion in
media where oxide layers are difficult to dissolve.
In this regard, various aspects of anodic passivity
are extensively studied, including the kinetics of
the nucleation and growth of anodic oxide films
(AOF).

The high corrosion resistance of transition
metal silicides [2-10] is also attributed to the
formation of dense passive films. The composition
of oxide films on the transition metal silicides
depends primarily on the silicide composition [5],
the electrode potential [3], and pH of the solution
[3]. When the silicon content in the silicide
increases, the composition of the oxide film
approaches that of SiO, [3, 4, and 11]. According
to [12], on Fe-Si alloys (at > 21 at.% of Si), the
outer part of the oxide film in a solution at pH 9
contains only Fe, and at pH 5 it contains about
50 at.% of Fe. In other words, the Fe content in
the oxide layer decreases as the pH decreases. In
strongly acidic solutions, almost pure protective
Si0, is formed and Fe is dissolved.

In research [13], the results of the study
of anodic oxide layers on FeSi, CoSi, and NiSi
monosilicides in a 0.5 M H,SO, solution were
presented. Linear dependences of the layer
thickness on the electrode potential E in the
range of 0.5-1.1 V (SHE) were obtained. The
calculated values of the specific electrical
resistance of the oxide films demonstrated that
the anodic oxide may contain small amounts of
metal. Cyclic voltammetry showed that after the
initiation of anodic polarisation, the metal atoms
preferentially dissolved, i.e., silicon accumulated
on the electrode surface. This is a precondition
for the formation of oxide films with high barrier
properties.

The growth patterns of the AOF on alloys
are more complex than on pure metals [14-18].
This also applies to metal-silicon alloys. While
some data on the composition of oxide films on
transition metal silicides is available, the kinetics
of the AOF growth on these materials has not been
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studied. The purpose of this research was to study
the kinetics of the formation of anodic oxides on
Co,Si and CoSi, cobalt silicides in sulphuric acid
solutions under potentiostatic conditions upon
different pretreatment of the electrode surface.

2. Experimental

In this study, we used Co,Si and CoSi, cobalt
silicides obtained by the Czochralski method.
To study the AOF growth, the electrode surface
must be unoxidised before the potential step is
applied [19]. Therefore, we used various methods
to ensure an active surface at the beginning of the
experiment by removing the oxides formed due
to the contact of the silicide with the air. When
choosing these methods, we took into account
possible chemical processes involving cobalt and
silicon oxides, which may occur on the silicide
surface. Differences in the state of the surface of
the silicides resulting from different pretreatment
methods are evident at the nucleation stage of
the oxide phase, when the anode potential is
applied. They affect the growth of the AOF and,
consequently, the anodic current as a function
of time.

The following electrode surface pretreatment
methods were used:

1) Polishing with abrasive paper (finishing
by P4000 paper), cleaning with ethyl alcohol,
and rinsing in the working solution. Mechanical
surface conditioning also preceded the other
pretreatment methods.

2) Cathodic activation (1 mA/cm?, 20 min).
Cathodic oxide reduction is often used (e.g., [14,
20]) to remove oxide films from the electrode
surface. We also used this method. Though, in the
case of cobalt silicides, cathodic activation may be
ineffective, because anodic oxide films on Co,Si
are hard to reduce. On CoSi,, cathodic reduction
of anodic oxides barely takes place [21].

3) Exposure to 0.5 M H,SO, at an open circuit
potential, E  for 30 min. This treatment has
almost no effect on the silica component of the
oxide, but can affect cobalt oxides.

4) Exposure to 2% HF at E__for 5 min, rinsing
in deionised water and in working solution. HF
is known to dissolve SiO, effectively [22], but it
has almost no effect on silicon (it may dissolve
one monolayer of silicon atoms) [23]. A 2% HF
solution can also remove the cobalt component
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of the oxide. This type of pretreatment probably
provides the most oxide-free electrode surface.
As a variation of this pretreatment, we also
used a 10 min exposure to 0.5 M H,SO, + 0.05 M
HF at E_. It was assumed that HF would dissolve
SiO, and the presence of sulphuric acid would
lead to a faster dissolution of the cobalt oxides.
5) Exposure in 2 M KOH at E__ for 40 min,
rinsing (neutralisation) in the working solution,
and transfer to the electrochemical cell with or
without the electrode exposure at E_ . In alkaline
solutions, both silicon and silicon oxide dissolve
[24], the silicide surface is enriched with a
metallic component [2]. The exposure time was
chosen in view of the results obtained in [25]. The
study showed that the self-activation of Co,Si
electrode in 2 M KOH occurs in about 2000 s
(~33 min). The treatment in a KOH solution does
not affect the cobalt oxides (if they are present

2022;24(4): 559-571
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in the oxide film). The cobalt oxide may partially
dissolve after transferring the electrode to a cell
with a sulphuric acid solution.

The measurements were carried out at
room temperature (22-25 °C) in non-deaerated
solutions of 0.5 M H,SO, and 0.05 M H,SO,
prepared from a chemically pure reagent
and deionised water (Millipore). We used the
following measurement procedure: the potential
was changed from E__ of the electrode, pretreated
by one of the above methods, to a given value of
E, (in the range of 0.2-1.0 V, all potentials are
provided for standard hydrogen electrode) for
50 minutes. The Lt curve (I is the current, t is
the time) was recorded. The E__ values for each
of the silicides varied only slightly depending
on the electrode pretreatment method (Tables
1, 2). Therefore, the value of E, - E__ at a given
E_ was also approximately the same for different

Table 1. The values of dlgi/dlgt for Co,Si passivation in H,SO, solutions

Pretreatment of electrode surface Con%erslgatll\zn of E_,V E,V | dlgi/dlgt | Time interval, s
2 4
Mechanical polishing 0.05 -0.266 0.5 -0.86 < 200
Mechanical polishing 0.05 -0.266 1.0 -0.80 < 200
Mechanical polishing 0.5 -0.232 0.5 -0.61 1-10
-0.92 50-2000
Mechanical polishing 0.5 -0.232 1.0 -0.70 <10
30 minin 0.5 M H,SO, atE_ 0.5 -0.225 1.0 -1.0 5-30
-0.84 100-3000
Cathodic polarization 0.5 -0.233 1.0 -0.71 <10
-0.94 30-1000
Treatment in 2% HF 0.05 -0.270 1.0 -0.94 1-10
-0.86 500-1000
Treatment in 2% HF 0.5 -0.235 0.2 -0.76 1-100
-0.85 200-1000
Treatment in 2% HF 0.5 -0.235 0.5 -0.65 1-30
-1.2 500-3000
Treatment in 2% HF 0.5 -0.235 1.0 -0.78 0.3-20
-1.4 > 1250
Treatment in 0.5 M H,SO, + 0.05 M HF, 0.5 -0.233 0.5 -0.77 5-100
10 min
Treatment in 0.5 M H,SO, + 0.05 M HF, 0.5 -0.235 1.0 -0.87 1-220
10 min
Treatment in 2 M KOH 0.05 -0.278 1.0 -0.57 3-15
-0.91 30-1000
Treatment in 2 M KOH 0.5 -0.223 0.5 -0.66 1-10
Treatment in 2 M KOH 0.5 -0.223 1.0 -0.64 <2
-0.84 30-1000
Treatment in 2 M KOH, 0.5 -0.21 1.0 -0.77 <2
30 minin 0.5 MH,SO, atE -0.89 10-1000
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Table 2. The values of dlgi/dlgt for CoSi, passivation in H,SO, solutions

Pretreatment of electrode surface Concentration of E ,V E,V | dlgi/dlgt | Time interval, s
H, SO, M oc P
Mechanical polishing 0.5 +0.12 1.0 -0.87 2-20
Treatment in 2 M KOH 0.5 -0.09 1.0 -0.67 <10
-0.78 10-100
-0.84 100-1000
Treatment in 2 M KOH 0.5 -0.09 0.5 -0.64 1-10
-0.86 100-1000
Treatment in 2% HF 0.5 -0.10 1.0 -0.83 <10
-1.4 200-450
Treatment in 2% HF 0.5 -0.10 0.5 -0.72 <10
-0.98 200-500
Treatment in 2% HF 0.5 -0.10 0.2 -0.50 10-50
-1.0 200-1000
Treatment in 2% HF 0.05 -0.145 1.0 -0.88 1-5
-0.71 60-200
-1.1 300-1000

types of surface treatment. The measurements
were taken with a Solartron 1287 potentiostat
(Solartron Analytical). The data collection rate
was 5 points per second.

3. Results and discussion

In some cases, the lgi,lgt dependences had
a simple form of a single linear section (with
a negative slope slightly less than 1) with the
current density reaching a steady-state value
at high t (Fig. 1). However, in most cases,
chronoamperograms had a more complex shape
with several linear sections, inflection points, etc.
(Fig. 2). The values of the dlgi/dlgt slopes for the
Co,Si electrode are provided in Table 1.

Preliminary cathodic polarisation of the Co,Si
electrode in 0.5 M H,SO, had very little effect on
the i,t-curves (Fig. 2). The current density slightly
increased, while the shape of 1gi,1gt-dependence
did not change. Pre-exposure of the electrode in
a 2 M KOH solution had a more prominent effect
(Fig. 2). At short passivation time (up to t ~ 50 s),
the shapes of the lgi,Igt-curves depend on the
pretreatment of the electrode surface. The lowest
values of the current density were observed when
the electrode was washed in deionised water and
transferred to the measuring cell after exposure
in a KOH solution. Higher current densities were
observed when the electrode was washed ina 0.5
MH,SO, solution after exposure in a KOH solution
(in this case, the alkaline solution remaining on
the electrode was quickly neutralised) and then
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transferred to the measuring cell. Even higher
current densities were observed when, after
exposure to a KOH solution and neutralisation
in 0.5 M H,S0,, the electrode was kept for 30
min at the open circuit potential in a cell with
a working solution of 0.5 M H,SO,. The increase
in i at low t in the latter case was probably not

3 -

4}

log (i/ A cm2)
-

-7 i i 1 1 i
-1 0 1 2 3 4

log (t/s)
Fig. 1. Chronoamperograms of the Co,Si electrode in
0.05 MH,SO,. I - E = 1.0V,2- E = 0.5 V. Pretreated
by mechanical polishing
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due to an increase in the true surface area (since
at large values of t, the current densities were
approximately the same both with exposure
at E__and without it), but to a more complete
dissolution of cobalt oxides on the electrode
surface due to its exposure at E_ . Exposure of the
Co,Si electrode at the open circuit potential to
the working solution without pretreatment in a
KOH solution resulted in lower current densities.

The chronoamperograms for the CoSi,
electrode in logarithmic scale were also similar to
the linear dependences (Fig. 3). As in the case of
Co,Si, lower current densities were observed for
the electrode with mechanically polished surface.
The values of the dlgi/dlgt slopes for CoSi, are
provided in Table 2. At the same pretreatment of
the electrode, the values of dlgi/dlgt for CoSi,
were slightly greater than for Co,Si (at least at
low t).

A characteristic feature of the passivation of
cobalt silicides is an inflection on the 1gi,Ig t-curve
at t = 30-100 s, when the surface was pretreated
with 2% HF (Fig.4, 5). The inflection was less
prominent for the CoSi, electrode than for the
Co,Si electrode. Upon the transition from Co,Si to
CoSi,, the value of t,, decreased noticeably, while
i, changed less (t, and i, are the coordinates
of the inflection point). The inflection section
became longer with an increase in E,. In the case
of CoSi,, the influence of Ef on the inflection
point coordinates was more pronounced than
in the case of Co,Si. When the concentration
of sulphuric acid decreased at the same E, the
value of ¢, decreased slightly, and i increased.
The values of t, and i, are provided in Table 3.
After the inflection, the dlgi/dlgt slope becomes
steeper.

The formation of oxide films on cobalt
silicides can be associated with the following
overall reactions (in the studied potential range
upto1V)

Si+2H,0=Si0, +4H" + 4e, E°=-0.857V (1)
Co+H,0=CoO +2H" + 2e,E°=0.166 V (2)
3C00 +H,0 = Co,0, + 2H' + 2¢, E°=0.777V (3)

The standard potentials for the reactions
were taken from [26]. Reactions (1) and (2)
directly describe the oxidation of silicide

components, while reaction (3) describes a
possible transformation in cobalt oxide.
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log (i/ A cm2)

1
log (t/s)

Fig. 2. Chronoamperograms of the Co,Si electrode in
0.5 M H,SO, at E, = 1.0 V for different types of the
electrode surface pretreatment: (O) — mechanical
polishing; (&) - cathodic pre-polarisation of the elec-
trode; (¢) — exposure of the electrode to 2 M KOH,
washing in the deionised water; (0) — exposure of the
electrode to 2 M KOH, washing (neutralisation) in 0.5
MH,SO,; (V) — exposure of the electrode to 2 M KOH,
washing (neutralisation) in 0.5 M H,SO,, exposure to
0.5 M H,SO, for 30 min at E_; and (+) - etching in 2%
HF

3

log i/ A cm-2)

-6 T | ]
1 2
log (t/s)

Fig. 3. Chronoamperograms of the CoSi, electrode in
0.5 M H,SO, at E, = 1.0 V. I — mechanical polishing;
2 — exposure to 2 M KOH for 45 min
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Fig. 4. Chronoamperograms of the Co,Si electrode in
0.5MH,SO, (1-3) or 0.05 MH,SO, (4). The surface was
pretreated in 2% HF. Potential E,, V: 1 - 0.2; 2 - 0.5;
and 3,4-1.0

Table 3. Inflection point coordinates
(pretreatment with 2% HF)

Silicide CH7SOA, M E,V | Igt, Igi.
Co,Si 0.05 1.0 1.95 | -4.53
0.5 0.2 1.93 | -4.73
0.5 0.5 1.94 | -4.73
0.5 1.0 2.03 | -4.83
CoSi, 0.05 1.0 1.39 | -4.50
0.5 0.2 1.34 | -4.62
0.5 0.5 1.63 | -4.80
0.5 1.0 1.74 | -4.87

To describe the kinetics of anodic passivation,
different models were proposed: the high electric
field model [27, 28], point defect model [20, 29—
31], generalised oxide growth model [32], and
mass-charge balance model [33]. The brief review
of the models is provided in [32, 34]. The high field
model (HFM) and the point defect model (PDM)
can be considered as the key models of the AOF
growth, they have been tested on a large number
of systems.

The high electric field model describes the
movement of ions through interstitial positions
in an oxide film by a thermally activated hopping
mechanism. Due to this mechanism, a moving ion
crosses a certain potential barrier that depends
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Fig. 5. Chronoamperograms of the CoSi, electrode in
0.5MH,SO, (1-3) or 0.05 MH,SO, (4). The surface was
pretreated in 2% HF. Potential E, V: 1-0.2; 2-0.5; 3,
4-1.0

on the electric field in the film. According to the
HFM, the rate-determining stage of the oxide film
growth is the migration of ions in the oxide or the
injection of cations into the oxide at the metal/
oxide interface. According to the model, the electric
field strength during the oxide growth is very high
(> 1 MV/cm). The film growth results in a decrease
of the electric field strength in the film (under
potentiostatic conditions), and hence in a decrease
of the anodic current density. The HFM leads to the
approximate fulfilment of the logarithmic growth
law or the inverse logarithmic law [27].
According to the point defect model, the ion
current in the AOF is carried by nonequilibrium
anion and cation vacancies which are generated at
the metal/oxide and oxide/electrolyte interfaces.
The value of the electric field in the oxide film
can be much lower than that in the HFM [28]. It
is assumed that the electric field is independent
(or little dependent) on the film thickness and
electrode potential (this is the main difference
between the PDM and HFM). The model takes
into account the potential drops at the metal/film
¢, and film/solution ¢, interfaces, and o, is
the linear function of the applied potential and
the pH of the solution. It also takes into account
the chemical dissolution of the oxide. The PDM
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provides a logarithmic law of the oxide layer
growth.

To distinguish between the mechanisms
determining the passivation kinetics of silicides,
the diagnostic criteria proposed in [20] can be
used. When the current densities i(t) are much
higher than the steady-state current density,
the dependence of F(i) = (-i")*/i on Ini is plotted,
where i’ = di/dt is the derivative of the current
density with respect to time. If the value of
(-1")"%/i is constant, the data are consistent with
the point defect model. If (-i")"?/i increases
linearly with Ini, the high field model of film
growth is applicable. When the current densities
become comparable with the steady-state current
density i, the dependence of [-i"/i(i - i)]"* on Ini
should be considered [20].

The theoretical expression for (-i")"%/i in the
case of the high electric field model is presented
as [20]:

J—(d{ /dt) _ 1 JRWM (Ini-InA) 4)
aV

i zF

where A = 2FaC, v exp(-W/RT), 2a is the ion jump
distance, C,, is the concentration of interstitial
ions in the oxide film, v is the ion vibration fre-
quency, W is the activation energy at zero field,
z is the ion charge, V' is the potential drop in the
film, and V_is the molar volume of the oxide.
The theoretical expression for (-i")"/%/i in the
case of the point defect model is presented as [20]:

J-(di/dr) _ \/ochVm
i RT

where o, is the transfer coefficient for the oxygen
vacancy generation reaction at the metal/oxide
interface, € = V/L is the electric field strength in
the oxide film, and L is the film thickness.
Examples of the dependence of F(i) = (-i")"%/i
on Ini are shown in Fig. 6, 7. The derivative at
the k™ point of the data set was calculated by the
formula: -i/=(i,_, -1, )/(t,, —t._) -Ascanbe seen,
in many cases, linear dependence is executed.
So, it can be assumed that in these cases, the
anodic oxide film grows on the studied silicides
in H,SO, solutions by the mechanism of ion
migration in a high electric field. In general, linear
dependences of (-i")"%/i on Ini are well executed
for low values of time and correspondingly lesser

(5)
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thickness of the oxide films. This is in agreement
with the general conclusion that the high field
model should work better for very thin films [32],
because in such films the electric field strength
is the highest.

Within the HFM, the expression for the slope
of the Igi,lgt-dependence was obtained [35]:

_dlni _ dlgi _ In(i/ A)
dint  dlgt 2+In(/A)

The implications of equation (6) are: 1) the
slope of -dlgi/dlgt is always less than 1 and it
can vary over a wide range; 2) the dependence of
lgion Igt is not strictly linear, but at significant
values of In(i/A) and a relatively small time
interval the curvature of the chronoamperogram
is almost imperceptible. The experimental data
(Fig. 1-5, Tables 1, 2) are consistent with (6), at
least at low values of t.

The experimental values of the slopes of the
dependences of (-i")?/i on Ini are provided in
Tables 4, 5. According to (4), the theoretical slope
of the dependence of (-i")"%/i on Ini within the
framework of the HFM is (1/zF)(RTV /aV)"*. The
values of V__and a for those oxides which can grow
on silicides can only be estimated approximately
because: a) the properties of very thin oxide films
may differ from those of bulk oxides [19]; b) the
exact composition of the oxide film growing on a
silicide is not known. There is also an uncertainty
regarding the value of V, as the set electrode
potential E, generally does not coincide with the
potential drop on the oxide film.

For cobalt oxide CoO, we calculated
V_=11.64 cm’/mol from the molecular weight
and density. From the crystallographic data, we
obtained the jump distance of the interstitial
ions of 0.21 nm. Therefore, the theoretical slope
of the dependence of (-i")"%/i on Ini for CoO at
V=1Vis 8.6 (C/cm?'2 For silica, the molar
volume is 27.27 cm3/mol [36]. The value of 2a is
close to the length of the Si—O bond [37], i.e., it is
about 0.16 nm. So, the theoretical slope for SiO,
at V=1Vis 7.53 (C/cm?)~2 at z = 4. Therefore,
the theoretical slopes for the considered oxides
vary insignificantly, and at V = 1 V they are in
the range 7.5-8.6 (C/cm?)-2, These values are
in satisfactory agreement with the results in
Tables 4, 5, although in some cases there are
noticeable discrepancies. Some of them are

(6)
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Fig. 6. Dependence of F(i) on Ini for: a: Co,Si/0.05 M H,SO,, E, = 1.0 V, the electrode pretreated by mechanical
polishing; b: Co,Si/0.5 MH,SO,, E,= 0.2V, pretreatment in 2% HF; c: C0,Si/0.5 MH,SO,, E,= 0.5V, pretreatment
in 2% HF; d: C0,Si/0.5 M H,SO,, E,= 1.0V, pretreatment in 2% HF; e: C0,Si/0.5 MH,SO,, E,= 1.0 V; pretreatment
in 2 M KOH; f: Co,Si/0.5 M H,SO,, E, = 1.0 V; pretreatment in 2 M KOH followed by 30 min at the open circuit
potential; g: Co,Si/0.05 M H,SO,, E, = 1 V; pretreatment in 2 M KOH; and h: Co,Si/0.5 M H,SO,, E= 0.5V, pre-
treated by mechanical polishing. The density of the current i is expressed in A/cm?, the value of F(i) is in
(C/cm?)-12
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Fig. 7. Dependence of F(i) on Ini for CoSi,/0.5 M H,S0,: a: E,= 0.2 V, pretreatment in 2% HF; b: E,= 0.5V, pre-
treatment in 2% HF; c: E, = 1.0 V, pretreatment in 2% HF; and d: E, = 1.0 V, pretreatment in 2 M KOH. The
density of the current i is expressed in A/cm?, the value of F(i) is in (C/cm?)~2

Table 4. The values of the slopes of the dependences of (-di/dt)”?/i on Ini for the Co,Si electrode

Pretreatment of electrode Concentration of EV Slope of (-di/dt)"?/ivs.Ini Time
surface H,SO,, mol L™ i plot, (C cm%)~12 interval, s
Mechanical polishing 0.05 1.0 5.0 1.5-90
Mechanical polishing 0.5 1.0 5.4
Mechanical polishing 0.5 0.5 11.5 0.5-8
~0 > 20
Cathodic polarization 0.5 1.0 6.4
Treatment in 2% HF 0.5 0.2 6.2 10-100
Treatment in 2% HF 0.5 0.5 10.7 <20
Treatment in 2% HF 0.5 1.0 6.9 1.2-20
Treatment in 2 M KOH 0.05 1.0 15.0 1.5-10
~0 > 15
Treatment in 2 M KOH 0.5 1.0 Weak dependence >2
Treatment in 2 M KOH, 0.5 1.0 Complex weak dependence
30 minin 0.5 MH,SO, atE_,

explained by the fact that Vis different from 1 V.

The slope (1/zF)(RTV /aV)"* should increase
as the potential drop in the oxide film decreases
(upon the same electrode pretreatment). This
was well achieved for the CoSi, electrode in 0.5 M
H,SO,, pretreated in 2% HF. The slope increased
from 9.5 to 24.5 as E, decreased from 1.0 t0 0.2V
(Table 5). In the case of the Co,Si electrode with

the same pretreatment, the slope only increased
when E, decreased from 1.0 Vto 0.5 V (Table 4).

For the Co,Si electrode, the dependences of
(-=i")*/i on Ini were linear for the mechanically
polished electrode or pretreated in 2% HF
(Fig. 6a-d). For the Co,Si electrode pretreated
in 2 M KOH solution, when the silicide surface
is enriched with cobalt and cobalt oxide may be
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Table 5. The values of the slopes of the dependences of (-di/dt)"?/i on Ini for the CoSi, electrode

Pretreatment of electrode Concentration of E,V Slope of (-di/dt)*?/i vs. Ini Time
surface H,SO,, mol L' plot, (C cm~2)-12 interval, s

Mechanical polishing 0.5 1.0 21.7 0.6-40
Treatment in 2% HF 0.5 0.2 24.5 0.5-7.5
14.3 7.5-42
Treatment in 2% HF 0.5 0.5 10.8 0.4-10
Treatment in 2% HF 0.5 1.0 9.55 1.1-19
Treatment in 2% HF 0.05 1.0 19.1 3.5-12

Treatment in 2 M KOH 0.5 1.0 4.5 1-85

Treatment in 2 M KOH 0.5 0.5 8.0 1-48

present on the surface, the value of (-i")"%/i in
a rough approximation does not depend on the
current density (Fig. 6e, f). In some cases (Fig. 6g,
h), during the growth of the oxide film, there is
a transition from a linear change in F(i) with Ini
(in accordance with the HFM) to constant F(i)
(in accordance with the PDM). Approximately
constant values of F(i) for the Co,Si electrodes
pretreated in an alkaline solution are 22-24
(C/cm?)~12 at sufficiently large t (Fig. 6e-g). To
obtain 22 (C/cm?)-2 from relation (5) derived
from the PDM, at o, = 0.5 and V_= 11.6 cm*/mol
(as for Co0), the electric field strength in the
oxide film must be 2.1-10° V/cm, which can be
considered a plausible value for the PDM. In
contrast to Co,Si, for the CoSi, electrode, where
the oxide is significantly enriched in silicon
dioxide [11], the HFM is also achieved upon
pretreatment in 2 M KOH (Fig. 7d).

Thus, with a higher cobalt content on the
electrode surface (Co,Si silicide with higher
volume concentration of cobalt, the Co,Si surface
pretreated in a KOH solution), the point defect
model is either approximately fulfilled in a wide
range of t, or becomes fulfilled at comparatively
high t. Under the above conditions, the anodic
oxide contains higher amounts of cobalt oxide.
The main types of point defects in CoO are
cation vacancies [38]. The Co,0, oxide also
contains a stoichiometric excess of oxygen [39].
The formation of point defects in SiO, is more
complicated compared to CoO [40]. These factors
contribute to the execution of the PDM for cobalt-
rich oxide and do not promote the execution of
the PDM for SiO,.

The 1gi,lg t-curves with an inflection were
observed when using the electrodes pretreated
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in 2% HF (Fig. 4, 5). The current density in the
lgi,lgt-dependence section after the inflection
were higher compared to the continuation of
the initial section into the region of large t. This
probably indicates that an additional process is
taking place: a) oxidation of cobalt in addition
to oxidation of Si resulting in a bilayer structure;
b) oxidation of Co(II) to a higher oxidation degree
(reaction (3)). The higher current densities in
0.05 M H,SO, (Fig. 4, 5) can be explained by the
fact that with an increase in pH, the equilibrium
potential of oxidation reactions (1)—(3) shifts in
the negative direction. That is, at a given E, a
higher anodic overpotential is generated, which
provides an increase in i at the beginning of
passivation.

For Co,Si pretreated in 2% HF, the dependences
F(i) on Ini for the whole studied interval of t (up
to 3000 s) have a complex shape (Fig. 8): at low t

60

wn
(=]
T

F(i) / (C cm-2)-1/2

0 ! I 1 1 1 ]
-14 -13 -12 -11 -10 -9 -8
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Fig. 8. Chronoamperograms for Co,Si/0.5 M H,SO, over

awide time interval, pretreatment in 2% HF. Potential
E,V:(©)-0.2; (©)-0.5;(2)-1.0
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(large i) there is a linear section, then there is a
minimum (corresponds to the inflection on the
lgi,l1gt-curves), and then F(i) becomes almost the
same constant value for all E.. The constant value
of F(i) at large t could indicate that the point
defect model is executed. At high t (relatively
thick oxide films), F(i) has the same value of 22—
24 (C/cm?)2 as after pretreatment in a solution
of 2 M KOH. Apparently, when thicker films are
formed, the oxide is gradually enriched with
cobalt also when the electrode is pretreated in
2% HF or two-layer structures are formed. The
structures consist of a SiO, layer and a layer
enriched with cobalt oxide under it.

4. Conclusions

The study showed that the kinetics of the
anodic oxide film growth on cobalt silicide in
sulphuric acid solutions significantly depends on
the pretreatment of the electrode surface. This
agrees with the literature data indicating that
the presence of the native oxide film and surface
pretreatment are important factors influencing
the formation of the passive films [41, 42].

It was shown that a large number of results
are adequately described by the high field model.
This is particularly true for the data obtained at
short passivation time (up to 30-50 s) without
the pretreatment of the Co,Si electrode in an
alkaline solution. When the silicide surface is
enriched with metal (Co,Si pretreated in a 2 M
KOH solution) before passivation, the point
defect model is executed with sufficiently high
values of time.
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Abstract

TiO, nanotubes formed by electrochemical anodising of Ti (titanium foil) are normally X-ray amorphous. To improve their
functional properties, they are usually converted into crystalline nanotubes by annealing at T = 400—500 °C. What is more,
under certain conditions, oxide films with a hierarchical micronanostructure can be formed on titanium foil by anodising
in fluorine-containing electrolytes. Such films contain nanostructured microcones whose atomic structure corresponds to
anatase (0.-TiO,). It is interesting to find out whether it is possible to form anodic oxide coatings with a hierarchical
micronanostructure on the surface of sintered powders of titanium sponge, which should have much larger specific surfaces
and a wider range of applications. This paper is aimed at the study of the process of anodising porous samples of sintered
powders of titanium sponge in an aqueous electrolyte (1 M H,SO, + 0.15 wt % HF).

The object of our study were sintered titanium powders in the form of samples of porous powder materials with a specific
area of S = 1,350 cm?g. Anodising was conducted ina 1 M H,SO, + 0.15 wt % HF electrolyte at various values of current
density (j, ). Surface morphology before and after anodising was investigated by scanning electron microscopy and atomic
force microscopy. X-ray diffractometry was used to study the phase composition.

The research involved the study of the influence of conditions for the galvanostatic anodising of samples of porous powder
materials made from titanium sponge on the growth, morphology, and atomic structure of anodic oxide coatings. For the
first time, it was shown that anodising at the values of current density j = (230+1,890) mA/g leads to the appearance of
nanostructured o-TiO, microcones (with base diameters and heights of up to 4 ym) in an amorphous nanoporous/nanotube
oxide matrix (with an effective pore/tube diameter of about 50 nm). Since such coatings have a high specific area and a
hierarchical micronanostructure, they are promising for the design of devices for photocatalytic environment purification
and production of superhydrophobic surfaces.
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1. Introduction

Electrochemical anodising allows forming TiO,
films directly on titanium substrates. Depending
on the process parameters such as electrolyte
composition and concentration, voltage/current,
and the duration of anodising, anodic oxide
coatings (AOCS) of different morphologies and
atomic structures can be created.

Anodising Ti in fluorine-containing
electrolytes results in the formation of self-
organised nanotube or nanoporous AOCs with
evenly distributed nanosized structural elements
(tubes or pores) [1-7]. TiO, nanotubes obtained
by electrochemical anodising are normally
X-ray amorphous. In many cases, amorphous
nanotube AOCs are converted into crystalline
AOCs by annealing at T'~ 400-500 °C to improve
their functional properties (catalytic activity,
electronic conductivity or mechanical strength),
which expands the range of their applications
[1,2,6]. Therefore, it is important to form anodic
TiO, nanotubes with a crystalline structure
without any additional thermal treatment. A
number of methods for Ti anodising have been
proposed. They allow obtaining TiO, nanotubes at
room temperature with a crystalline component
in the form of anatase (hereinafter, o -TiO ,)
and completely crystalline o-TiO , nanotubes
at T=60 °C [3, 8, 9]. In particular, some authors
have reported one-stage synthesis of arrays of
0-TiO, crystalline nanotubes by anodising at
room temperature by using polyols [10]. Despite
certain technological difficulties, researchers
have been actively developing the method for
converting amorphous TiO, nanotubes into
crystalline nanotubes with a a-TiO, structure by
water or water vapour treatment [11-13].

Over the past 10 years, a number of works [14—
20] have shown that under certain conditions of
anodising titanium foil in fluorine-containing
aqueous electrolytes, oxide coatings can be
formed, whose amorphous matrix has microcone
0-TiO, formations. Thus, in 2011, Wang C. et al.
[14] reported about a method of anodising Ti foil

(99.6%) in aqueous solutions of NH F at room
temperature which resulted in the formation
of AOCs, on the surface of which there were
homogeneously distributed cone-shaped micron
formations with a o.-TiO, structure. According to
the authors, the shape of crystalline formations
was flower-like, although it would be more
appropriate to call them “microcones” given their
geometric shape and dimensional parameters.
Each microcone, in its turn, was nanostructured
and had a set of layers with a thickness of about
20 nm. It should be noted that similar o.-TiO,
structures were also found when studying the
formation of AOCs on titanium foil in aqueous
solutions of acids (sulphuric, orthophosphoric)
without adding fluorine [21-25].

Later, it was reported that similar oxide films
on Ti were obtained in aqueous solutions of acids
(H,PO,, H,SO,, and C,H,0,) with a HF additive
[17-20]. It was found that the critical parameters
affecting the appearance of o-TiO, microcones
in the amorphous oxide matrix are the value
of the applied potential and the concentration
of the fluorine-containing additive (NH,F [14~
16] or HF [17-20]). Due to their high surface
area, morphological regularity, and a crystalline
structure, o-TiO, micronanostructures obtained at
room temperature directly on a titanium substrate
can be used in various ways. For example, they are
a promising material for water photoelectrolysis,
solar energy conversion [14], and the manufacture
of lithium-ion battery anodes [20, 26, 27]. At
present, only the initial assumptions have been
made about the mechanism of the formation of
anatase microcones when anodising titanium foil
in aqueous solutions with fluorine ions. Therefore,
this issue needs to be further researched.

Porous powder materials (PPM) obtained
by pressure treatment and the sintering of Ti
sponge powders are characterised by a set of
unique physicochemical properties, including
antibacterial effect, accelerated osseointegration
with bone tissues, etc. [28, 29]. The formation of
nanostructured AOCs on the surface of sintered
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powder particles should lead to a noticeable
increase in the specific area of the sample and
a range of its functional applications. In [7], it
was shown for the first time that under certain
conditions of anodising samples of titanium
sponge PPM samples (hereinafter, TS PPM) in
a1l MH,SO, +0.15 wt% HF aqueous electrolyte,
an X-ray amorphous TiO, film with a thickness
of about 300 nm was formed on the surface of
the sintered powder microparticles. This film
was characterised by the presence of evenly
distributed open pores/tubes with effective
diameters between 30 and 70 nm. What is more,
the microinhomogeneous surface of anodised
samples both had areas with pores and areas with
tubular structures. There is no information on the
formation of anodic oxide coatings (AOCS) with
hierarchical micronanostructures on the surface
of sintered powders of sponge titanium, that is
why it is very important to find out whether it
is possible to obtain coatings of this type. For
this purpose, this paper studies the process of
anodising porous materials made from sintered
powders of Ti sponge ina 1 M H,SO, + 0.15 wt %
HF aqueous electrolyte.

2. Experimental

In our study, we used sintered titanium
powders in the form of samples of porous powder
materials (PPM). PPM samples were prepared
by pressing sponge powder of technically pure
titanium with a fraction of 0.63-1.0 mm at
100-120 MPa followed by vacuum sintering at
a temperature of 1,090°C for 70 minutes. As
a result, we obtained disc-like samples with a
diameter of 20-30 mm, a thickness of 3 mm, and
a specific area of S = 1,350 cm?%/g [7,28,30].

The samples were preliminarily degreased
in acetone and ethanol in an ultrasonic bath,
washed in distilled water, and dried in the air.
Anodising was performed in three-electrode
electrochemical cells with a tantalum cathode
and platinum counter electrode ina 1 M H,SO, +
0.15 wt% HF aqueous electrolyte at room
temperature in a galvanostatic mode (GSM). To
determine the cell current during galvanostatic
anodising of sintered powders, it is necessary
to know the surface area of the sample, which
can be found if the value of the specific surface,
S, is known. Thus, to anodise TS PPMs with a

sp?
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massof m=1gand S =1,350 cm?g at a current
density j = 0.15 mA/cm?, it is necessary to set
the value of the cell current at I, = 202 mA. When
anodising samples of sintered powders of various
sizes (masses) under galvanostatic conditions, it
is advisable to compare voltage-time transients
in the electrolytic cell, U (t), obtained at constant
current values per unit mass of the sample
j,=1/m(mA/g)[31].

In this work, anodising was carried out at
the values of j =202, 230, 405, and 1,890 mA/g.
Normally, the duration of the process was
t.= 1 hour. At j = 1,890 mA/g, we studied
anodising for t_= 45, 60, and 90 min. During the
growth of AOCs, voltage-time transients, U (),
were recorded using an ERBIY-7115 electronic
recorder connected to a computer. The detailed
description of the anodising method is presented
in the works [7, 31-33].

Scanning electron microscopy (SEM), atomic
force microscopy (AFM), and X-ray diffraction
were used to study the morphology, elemental
composition, and atomic structure of the samples.
The surface morphology of the samples before
and after anodising was investigated by SEM
using high-resolution microscopes Mira (Tescan,
Czech Republic) and S-55009 (Hitachi, Japan).
The elemental composition was evaluated by
energy dispersive X-ray spectroscopy (EDS) using
a Thermo Scientific attachment (USA). The data
were collected for 5-10 sections, including those
of microscopic size (up to 50x50 um?) as well as
“dots” of 50x50 nm? and 10x10 nm? The sections
were chosen according to previously obtained
SEM images of the surface and their elemental
composition was quantitatively analysed.

The AFM studies were conducted in air on
a Solver Next (ZAO NT-MDT, Russia) scanning
probe microscope in a tapping mode. High-
resolution diamond-like carbon tips (NSGO1) with
the length of 125 pm, resonance frequency of 87-
230KkHz, and curvature radius of the needle of 10
nm were used. The size of the scan area varied in
the range from 1 to 25 pm? From 2 to 5 surface
sections were scanned. The thickness of the oxide
films was assessed by AFM images of the samples
[7]- The sequence of processing AFM images is
described in [32].

X-ray diffractometry was used to study the
phase composition. The samples were studied
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using the X-ray technique before and after
anodising on a D8 ADVANCE (Bruker, Germany)
automated diffractometer using CuK  radiation
in the angular range 26 = (10-90)° at 0.02°
intervals. The phase composition of AOCs was
identified by comparing a set of d-spacings
calculated according to the experimental data and
the corresponding values for Ti and crystalline
modifications of titanium oxides.

3. Results and discussion

The first stage of the research of galvanostatic
anodising of porous samples of sintered powders
of Ti sponge in a 1 M H,SO, + 0.15 wt% HF
aqueous electrolyte involved the study of the
growth kinetics of anodic oxide coatings (AOCs)
at constant current values per unit mass of
the sample, j _, equal to j_ = 202, 230, 405, and
1,890 mA / g. Figure 1 shows the voltage-time
transients in the electrolytic cell, U (t), registered
during the growth of AOCs. We can see that
U (t) changed noticeably with an increase in the
current value.

At values of j =202 and 230 mA/g, during
the first 30 minutes of the process, kinetic
dependencies (Fig. 1, curves I and 2) corresponded
well to the growth of self-organised porous/
tubular AOCs [2, 7, 32] and were characterised
by the values of steady-stage voltage between 5
and 9 V. There were successively distinguished
sections of U (t) curves that are commonly
interpreted as those corresponding to different
stages of the formation of self-organised oxide
films: the growth of a barrier layer, initiation and
self-organisation of pores, and the steady-state
growth of the porous/tubular layer. However,
further voltage began to grow and reached
values of about 20 V (j, = 202 mA/g) and 30 V
(., =230mA/g) at the end of the process (¢, = 1 h).

The dependencies U (t) (Fig. 1, curves 3-6)
recorded at large current values, j = 405 mA/g
and j = 1,890 mA/g, were also close to the
typical galvanostatic growth curves of self-
organised porous/tubular AOCs. However, the
value of steady-stage voltage in such conditions
was noticeably higher and close to U~ (25~
27) V. Also, at j = 405 mA/g (Fig. 1, curve 3),
60 minutes of anodising was required for the
transition to the stage of steady-state growth,
whileatj =1,890mA/g, it took 40 minutes (Fig. 1,
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curves 4-6). We can see that at j = 1,890 mA/g,
the variation of the anodising time between 45
and 90 minutes practically did not cause any
changes in U (t). It should be noted that the
presence of numerous voltage peaks at the stage
of self-organisation and the steady-state growth
of pores was characteristic of U (t) obtained both
at j =405 mA/g andj_ = 1,890 mA/g (Fig. 1,
curves 3 and 4). Such voltage behaviour can be
caused by multiple local breakdowns in the barrier
layer [35]. The analysis of the initial sections of
the U (¢) transients for all of the used values ofj_,
with the exception of j =202 mA/g, showed [31]
that in the initial sections, a few seconds after
the beginning of anodising, there was a change
in the slope of U (), which is usually associated
with the appearance of the crystalline component
0-TiO, in the composition of the amorphous
oxide layer [34].

During the next stage, a microscopic study
of the surface morphology of the samples before
and after anodising was conducted using SEM.
According to the data [7], the surface relief of the
sample before anodising indicated a sufficiently
developed structure characteristic of a titanium
sponge [28, 36]. The analysis of the elemental
composition of the samples before anodising
showed that its main element was Ti (C, = 90—
100 wt%). The presence of C (between 5.5 and
9 wt%) was also established. It was found that
some areas had individual defects (micron
inclusions whose composition included Si, Ca, Al,

0 1000 2000 3000 4000 5000
t,s

—1—2—3—4—5—56

Fig. 1. Voltage-time transients, U (t), recorded during
anodising of the samples of porous powder materials
made from titanium spongeina 1 MH,SO, + 0.15 wt %
HF solution at different values of current; :202 mA/g
(curve 1, t, = 60 min); 230 mA/g (curve 2, t, = 60 min);,
405 mA/g (curve 3, t = 60 min); 1,890 mA/g (curves
4-6,t =45, 60, 90 min)
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and O (up to 20 wt%), which corresponds to the
state standard GOST 17746-96 Titanium sponge.

Fig. 2 shows that after anodising at
J.,= 202 mA/g, the surfaces of the TS PPM samples
had self-organised AOCs with open pores and
effective diameters from 40 to 60 nm, which
corresponds well to the results [7]. The estimation
based on the pore size and the thickness of the
oxide layer [7] showed that the surface area of
TS PPM samples anodised under such conditions
would increase by approximately 10 times.

The study of the morphology of AOCs anodised
atj_=230mA/g (t,= 1 h) mainly revealed regions
with a regular-porous relief similar to that
shown in Fig. 2. It also revealed separate regions
containing a set of rounded formations with a size
of 0.2 to 2.0 um (Fig. 3 a,b) which, according to the
results [3,34,35], can be interpreted as crystalline
nuclei with a o-TiO, structure (anatase).

After anodising at j = 405 mA/g, unevenly
distributed rounded formations of cone-like
morphology were observed on the surface of all
studied areas of the porous oxide layer (Fig. 4).
Their shape was close to conical, their estimated
base diameters were between 0.7 and 3.5 uym and
their heights were between 0.3 and 3.0 um (Fig.
4 b, ¢), which allows calling them microcones
(MCQ). Each formation, in its turn, was a set of
heterogeneous layers with a thickness of about
20-35 nm (Fig. 4c), i.e. they were nanostructured.
There were cracks around the cone-like MCCs
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and separate depressions, craters (Fig. 4b). It can
be assumed that the craters had been filled with
MCCs. It means that after anodising for ¢ = 60
min atj =230 mA/g, multilayer formations only
began to appear on the surface of the porous/
tubular oxide film, while at j =405 mA/g, their
number and size increased.

During the final stage, we examined the
surface of AOCs obtained at j = 1,890 mA/g.
Despite bubbling the electrolyte, by the end
of the anodising process the temperature near
the surface of the sample increased by 15-20°C.
Anodising at j = 1,890 mA/g for 45 minutes
(Fig. 5a) resulted in the uneven distribution of
multilayer conical formations of various sizes on
the surface of the samples with porous/tubular
AOCs. The values of their base diameters varied
between 0.8 and 3.0 microns, and their heights
varied between 0.8 and 4.0 microns. The thickness
of the layers was about 30 nm. As compared to
the MCCs formed by anodising at j =405 mA/g
(Fig. 4), these MCCs were more elongated and
their height in most cases exceeded their base
diameter. The analysis of SEM images obtained
at larger magnification suggests that the MCC
layers were nanoporous, which is consistent with
the data in [26]. All studied areas within most
MCCs were characterised by cracks around the
bases with a width of ~90-150 nm. Cracks also
appeared in the areas between MCCs, the number
of craters with diameters between 1.0 and 2.5 ym

Fig. 2. SEM images of the surface of the samples of porous powder materials made from titanium sponge after
anodising ina 1 M H,SO, + 0.15 wt % HF electrolyte for 1 hour atj =202 mA/g. The images were obtained at

various magnifications (a, b)
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Pa 90

Fig. 3. SEM images of sections on the surface of the samples of porous powder materials made from titanium
sponge after anodising ina 1 M H,SO, + 0.15 wt % HF electrolyte for 1 hour atj =230 mA/g. The images were
obtained at various magnifications (a, b)

Fig. 4. SEM images of a section on the surface of the samples of porous powder materials made from titanium
sponge after anodising ina 1 M H,SO, + 0.15 wt % HF electrolyte for 1 hour atj =405 mA/g. The images were
obtained at various magnifications (a, b, c)

Fig. 5. SEM images of the surface of the samples of porous powder materials made from titanium sponge after
anodising ina 1 M H,SO, + 0.15 wt % HF electrolyte for 45 (a) and 60 (b) min at j, = 1,890 mA/g
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also increased. Increasing the anodising time to ¢,
= 60 min did not result in any noticeable changes
in the appearance of the AOC surface. Multilayer
MCCs were unevenly distributed on the surface
of the AOCs, the diameters of their bases were
in the range from 0.8 to 3.0 um, their heights
were between 1.9 and 4.1 um (Fig. 5b), and the
number of craters and cracks between microcone
formations increased. The AFM was used to
study in detail the surface relief of the AOC
sections between large microcone formations.
It can be seen (Fig. 6a, b) that along with surface
areas characterised by the presence of regular
open pores/tubes (d_~ 20-30 nm), there were
unevenly distributed cone-shaped formations
with base diameters in the range from 50 to 200
nm and heights below 200 nm. This means that
anodising at a current value of j =1,890 mA/g for
t. =60 min leads to the formation of nanoporous/
nanotubular oxide coatings on microparticles
of porous powder samples. These coatings
have multilayer conical formations whose base
diameters and heights vary over a wide range.
After t, = 90 min, the studied sections of
the AOC surface had multilayer MCCs with
base diameters between 0.6 and 3.9 ym and
heights between 1.7 and 4.5 pm. The number
of craters sharply increased and their estimated
diameters were between 0.3 and 3.0 um (Fig. 7).
The elemental composition of AOCs which
were formed within ¢, = 90 min was studied
within different areas: (I) within microcones,
(IT) between craters/microcones, (III) in the
conjugation area of craters and the surface of

80 100 120 140 160 180
]

60

0 0,5 1,0 1,5 2,0 25 um
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the AOC, (IV) at the bottom of craters (Table 1).
The obtained data indicate that the MCCs had
Ti and O in their composition. The values of
weight percent of the elements were C . = 60 wt %,
C, = 40 wt%, which corresponded well to TiO,.
Additionally, an insignificant amount of F (up
to 4 wt%) was found in some microcones. The
elemental composition of AOCs outside cones
and craters also corresponded to TiO, There
were traces of sulphur S (less than 0.2 wt%). The
presence of S could be due to the inclusion of
SO} anions into the porous oxide layer of AOCs
during its growth [36]. All studied surface sections
were characterised by the presence of 2 to 10 wt%
of carbon. It was found that only titanium was
present at the bottom of the craters.

Next, an X-ray technique was used to examine
the phase composition of the samples before
and after anodising at j = 1,890 mA/g for 60
and 90 min. In addition to reflections from the
titanium substrate, the XRD patterns of the
studied samples after anodising had several
additional low-intensity lines. Fig. 8 shows a
typical XRD pattern of a sample anodised in 1 M
H,SO, +0.15 wt % HF solution at a current value
of j_=1,890 mA/g for t, = 90 min. Identification
of the diffraction lines on the XRD patterns
of powder samples is a very challenging task,
firstly, due to their low intensity and, secondly,
due to the coincident positions of several Bragg
reflections. Hence the need for repeated X-ray
examination of the samples and strict compliance
with the accuracy requirements when aligning the
studied object. As a result, we identified isolated

b

180
120
60

Fig. 6. AFM images (2D - a, 3D - b) of the surface of the samples of porous powder material made from titani-
um sponge after anodising ina 1 M H,SO, + 0.15 wt % HF electrolyte for 1 hour atj =1,890 mA/g.
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Fig. 7. SEM images of a section on the surface of the sample of porous powder material made from titanium
sponge after anodising in a 1 M H,SO, + 0.15 wt % HF electrolyte for 90 min at j = 1,890 mA/g. The images
were obtained at various magnifications (a, b) The results of the EDX analysis of the elemental composition of
sections I-1V (b) are presented in Table 1

Table 1. The main elemental composition of sections I-IV (Fig. 7B) on the surface of the samples of
porous powder materials made from titanium sponge after anodising in a 1 M H,SO, + 0.15 wt% HF
electrolyte for 90 min at j 1,890 mA/g

Element Mass fraction of the element, C, wt%
1 11 111 I\Y
C 10.0+1.9 5.3+1.3 6.9+1.8 -
0] 35.2%3.2 41.4+2.9 33.5%3.3 -
Ti 54.8+1.8 53.2%0.3 59.6%3.5 100.0+1.8

lines corresponding to the Bragg reflections (101)
and (200) for o-TiO, with d-spacings: d, = 0.351
nm (101), d,= 0.189 nm (200). In addition, the
asymmetry of the line (002) Ti (d = 0.234 nm)
may indicate [17] the presence of a reflection
corresponding to the reflection (004) for o-TiO,
with d, = 0.239 nm. This fact suggests that the
phase composition of the microcone formations
included in the X-ray amorphous nanoporous/
nanotubular titanium oxide matrix corresponded
to the crystalline modification of TiO, (anatase).
It should also be emphasised that the results of
qualitative phase analysis correlate with the data
in papers [16-18] devoted to a comprehensive
study of the atomic structure of microcone
formations in AOCs on titanium foil using X-ray
diffraction and X-ray photoelectron spectroscopy.

As has already been noted above, only
qualitative models for the formation of such
microstructures have been proposed to date.
For example, some authors [14] discuss reasons
for the formation of anatase microcones during
the anodising of compact titanium in aqueous
solutions of acids with fluorine ions. They
suggest, in accordance with [21-23], that the
mechanism of growth of anatase microcrystallites

can be explained by the development of nanosized
crystalline nuclei that form in defective sites on
the metal/oxide interface under the influence
of high local current density. However, they
do not describe the effect of fluorine ions.
It is believed [22, 23] that the growth of the
crystalline component is due, firstly, to local
heating, secondly, to compressive stresses that
are present on the metal/oxide interface. It was
also indicated that one of the reasons for the
flower-like shape of the anatase microcones may
be due to the reaction of oxygen evolution [38,
39]. When explaining the formation of MCCs by
anodising titanium foilina 1 MH,SO, + 0.1 vol.%
HF electrolyte, authors [18] presented a model
whose determining factor was considered to be
the existence of internal compressive stresses
leading to the detachment of the oxide film and
the appearance of hollow microcone formations.
However, the authors did not give any reliable
justification for the model.

Taking into account the available information
on the growth of anatase microcone formations
during anodising of compact titanium [14, 18,
21, 23], it can be assumed that the formation
of hierarchical o-TiO, micro-nanostructures
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Fig. 8. X-ray diffraction (XRD) pattern of the sample of porous powder material made from titanium sponge
after anodising in a 1M H,SO, + 0.15 wt % HF electrolyte at j = 1,890 mA/g, t, = 90 min

on the surface of TS PPM is also influenced
by the heterogeneous relief of the surface
of titanium sponge and oxygen-containing
inclusions. Moreover, their effect on the process of
crystallisations should increase with an increase
in the current density of the galvanostatic
process, which correlates well with the results of
the study of the atomic structure and morphology.

Thus, the study of the growth, morphology,
and atomic structure revealed that the proposed
treatment conditions for porous materials
from sintered powders of Ti sponge allow
forming hierarchical micronastructured anodic
oxide coatings characterised by a nanoporous
amorphous matrix containing nanostructured
anatase microcones.

4. Conclusions

The study of the influence of the conditions
of the galvanostatic process on the growth of
anodic oxide coatings on the samples of porous
powder materials made from titanium sponge in a
1MH,SO, +0.15 wt% HF electrolyte showed that
anodising at a current density of j ~ 202 mA/g
leads to the formation of an X-ray amorphous
layer of TiO, with a thickness of about 250-
350 nm and evenly distributed pores/tubes with
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effective diameters of (50£20) nm. Anodising
at large current values of j in the range from
230 to 1,890 mA/g leads to the appearance of
nanostructured o-TiO, microcones with base
diameters and heights of up to 4-4.5 pm. These
microcones are unevenly distributed in the
X-ray amorphous oxide matrix. The obtained
coatings on the surface of porous materials made
from sintered powders of titanium sponge with
a high specific area and a hierarchical micro/
nanostructure are promising for a whole range of
applications, in particular, for the design of devices
for photocatalytic environment purification and
production of superhydrophobic surfaces, which
can be an area for further research.
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90" anniversary of the Department of Physical Chemistry
of Voronezh State University

The Department of Physical Chemistry as an
independent structural subdivision of Voronezh
State University (VSU) was founded in 1932. The
first head of the Department was Professor N. V.
Kultashev, a well-known scientist of the scientific
school of the outstanding physical chemist
Gustav Tamman at Yuriev University. Since
1924, academic work and extensive scientific
research has been carried out at VSU in the field
of physical chemistry. These were started under
the leadership of N. V. Kultashev. The study of
the processes of vacuum evaporation of zinc from
alloys with silver and copper for the production of
metal membranes concluded with the defence of a
Ph.D. thesis by associate professor F. A. Santalov,
who was head of the Department from 1938 to
1939. In the period from 1942 to 1954, associate
professor S. A. Kretinin was the head of the joint
Department of Physical and Colloidal Chemistry.

Since 1939, research into electrochemical
corrosion has performed at the Department of
Physical Chemistry of Voronezh State University.
Assistant A. Ya. Shatalov, under the supervision of
Prof. N. V. Kultasheyv, for the first time performed
measurements of the electrode potentials
of antimony and other metals. The studies
interrupted during the Great Patriotic War were
resumed by Associate Professor A. Ya. Shatalov
in 1950. The corrosion behaviour of metals in
solutions with various acidity was investigated.
The defence of his doctoral thesis at the Institute
of Physical Chemistry of the Academy of Sciences
of the USSR (Moscow) by A. Ya. Shatalov was
a notable event that confirmed the productive
application of the theory of electrochemical
kinetics for the description of corrosion processes
on metals in electrolyte solutions. Since 1956,
under the guidance of Professor A. Ya. Shatalov,
intensive research has been carried out at the

Department of Physical Chemistry relating to the
electrochemical corrosion of metals.

In 1979 Professor I. K. Marshakov, became the
head of the department and guided systematic
studies on anodic dissolution and the selective
corrosion of alloys, which he started back in 1958.
Professor I. K. Marshakov is one of the founders of
anew area in corrosion science, "Electrochemistry
and the corrosion of alloys".

A significant contribution to the general
theory of alloy dissolution with an analytical
description of kinetic regularities was made in
the doctoral thesis of A. V. Vvedensky, who was
head of the Department from 2000 to 2019. For
the first time, a fairly complete and consistent
physicochemical model of the anodic dissolution
of a homogeneous alloy was presented in the
thesis. Professor A. V. Vvedensky continues
to actively work at the department and he
is the chairman of the dissertation board on
physical chemistry, inorganic chemistry, and
electrochemistry.

The current head of the Department
of Physical Chemistry of VSU is Doctor of
Chemical Sciences, Associate Professor O. A.
Kozaderov. In his thesis (2016) he established the
physicochemical regularities of the formation and
development of a nonequilibrium surface layer
at the alloy/solution interface under conditions
of simultaneous unsteady diffusion processes,
phase transformations, and changes in surface
morphology.

The main scientific area of the Department of
Physical Chemistry of VSU is "Thermodynamics
and kinetics of heterogeneous processes in metal
and metal-polymer systems with electrochemical,
chemical, adsorption and transport stages
as a scientific foundation for the creation of
new principles of electrocatalytic reaction

The content is available under Creative Commons Attribution 4.0 License.
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control, production of highly active electrode
materials and the creation of new principles of
electrocatalytic reaction control". Fundamental
research is carried out within the framework of the
state task for universities in the area of scientific
research of the Ministry of Science and Higher
Education, grant projects of the Russian Science
Foundation and the Russian Foundation for Basic
Research, the federal scientific and technical
programme of development of synchrotron and
neutron techniques and research infrastructure
and other science support programmes.

The Department has educational and scientific
laboratories for electrochemistry and the corrosion
of metals and alloys, photoelectrochemistry, the
physical chemistry of metal/polymer systems,
electrocatalysis, and the electrodeposition of
metals and alloys. The workplaces of researchers,
teachers, and students are equipped with
modern electrochemical stations (IPC-Compact,
IPC-Pro L, IPC-Pro MF, P-20X, P-40X, etc.) and
computers with specialised software (Comsol
Multiphysics, Mathematica , Matlab), which allow
them to conduct scientific research at a high level.

Academic cooperation between the Depart-
ment of Physical Chemistry of Voronezh State
University and scientific Russian and foreign
organisations is successfully developing. A joint
laboratory of Voronezh State University and the
A. N. Frumkin Institute of Physical Chemistry
and Electrochemistry of the Russian Academy of
Sciences “Adjoint processes in Electrochemistry
and Metal Corrosion” was created. International
projects with the National Chemical Engineering
Institute in Paris (France) and the National
Institute of Technology in Kurukshetra (India)
are supported by national governments.
Interactions with real economy enterprises
were established and based on requests from
these organisations, commercial R&D projects

are carried out. The results of fundamental and
applied research are used in solving urgent
problems in the field of electrochemical and
hydrogen energy, in the synthesis of functional
coatings for micro- and nanoelectronics, in
the development of effective methods of anti-
corrosion protection.

The training of staff for specialised sectors
of the economy is carried out at the department
within the framework of training courses and
practical sessions in physical chemistry and
electrochemistry, chemical current sources and
electrochemical technologies, quantum chemistry
and computer modelling of electrochemical
systems, physical chemistry of adsorption
processes and thermodynamics of irreversible
processes, methods of protection against
corrosion. The graduates of the department work
at the enterprises of the electronic, energy, and
food industries (OAO “Concern SOZVEZDIE”,
OAO NIIPM, AO NIIET, AO VZPP-Mikron,
Novovoronezh nuclear power station, GC "EFKO",
etc.), in medical organisations, pharmaceutical
companies and environmental laboratories
(Rospotrebnadzor, AO Binergia, Binnopharm
group, OOO DNA-Technologies, etc.), teach at
schools and universities, conduct research in
scientific organisations (A. N. Frumkin Institute
of Physical Chemistry and Electrochemistry
and other institutes of the Russian Academy of
Sciences).

Today the Department of Physical
Chemistry is the core of the dynamically
developing and somewhat original Voronezh
School of Electrochemists and Corrosionists.
Congratulations to the staff of the Department of
Physical Chemistry of Voronezh State University
on its 90" anniversary and wishes for future
successes in education and new scientific
achievements!

The Editorial board
of the journal Condensed Matter and Interphases

Translated by Valentina Mittova
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