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MECHANICAL MODIFICATION OF ELECTRONIC
PROPERTIES OF ULTRATHIN 8-Ga,05 FILMS

Using the methods of the electronic density functional and pseudopotential theories, the spatial
distributions of the valence electron density, the density of electronic states, and the gap widths
in thin B-Gaz20s films with various free surfaces subjected to mechanical compression are
obtained from the first principles and using the author’s program code. It is shown that the
thickness of the B-GazOs films, the type of their free surface, and the mechanical action of
compression allow the conductive properties of B-Gaz O3 thin films to be controlled.
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1. Introduction

Wide-band-gap materials — such as GaN, InGaN, and
SiC — have been successfully developed during the last
decade, thus affecting our everyday life. In particular,
in the case of nitrides, they allowed the functionality
of both electronic and optoelectronic devices to be
enhanced. Nowadays, the relevant research is aimed
at ultra-wideband semiconductor materials with the
energy bandwidth exceeding 4 eV. There are a few
such materials that attract special attention, namely,
AlGaN, AIN, diamond, and 3-GasOg3. All of them be-
long to the class of so-called transparent oxides with
semiconductor properties. Diamond is very difficult
to produce in large amounts and with a high struc-
tural quality. Al-based nitrides also undergo tech-
nological difficulties when obtaining large quantities
of high-quality crystals. Among those ultra-widegap
semiconductor materials, only 5-GasO3 can be grown
in large amounts.

There are five GagO3 polymorphs [1]: of the corun-
dum type («), monoclinic (8), defect spinel (v), or-
thorhombic (g), and the §-phase, which is considered
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to be orthorhombic. The S-phase (8-GayO3) has the
most stable crystalline structure. It was and still re-
mains the subject of most studies [2]. More impor-
tant is the fact that $-GayOj3 can be obtained di-
rectly from the melt using the scalable growth meth-
ods. The latter require lower production costs in com-
parison with the fabrication of other materials of
this type.

The p-GazO3 material with its unique optical and
electrical characteristics is considered to be an im-
portant complement to other ultra-wideband semi-
conductor materials in new application areas. The
studies of 5-GayO3 were initiated as long ago as in
the 1960s, but later this material was almost for-
gotten for decades. Intensive research of [-GasOg
concerning its physical and functional applications,
which was carried out within the last two decades,
has brought this compound to the forefront of the
development of ultra-wideband semiconductor ma-
terials. Various growth methods and epitaxial tech-
niques were studied, followed by intensive research
of the electrical, optical, thermal, and mechanical
properties. The results of those studies have been
documented in a large number of publications and
patents [3-6].
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Considerable attention is currently being paid to
the epitaxial growth of 8-GasOs films [7]. Epitaxial
gallium oxide is a new, although not yet fully studied,
but very promising wide-band-gap semiconductor. It
possesses a number of properties that make it a sig-
nificant competitor to materials such as silicon car-
bide and nitrides of the third-group elements. First
of all, this is its transparency in the ultraviolet spec-
tral region because its band gap width amounts to
E, ~ 4.9 eV. In the crystalline state, this substance
has a high breakdown voltage of 8 MV /cm. Gallium
oxide can be easily doped, which makes it possible
to obtain conductive layers of this material. 5-GasO3
can be grown in large amounts and used in UV pho-
todetectors, photocatalysts, gas sensors, solar panels,
transparent conductive filters for electrodes of various
optoelectronic devices, and so forth [8-19].

Two-dimensional (2D) GagOs can extend the ap-
plication scope of this compound. Nanodevices based
on 2D GayO3 demonstrate a higher operational effi-
ciency than nanodevices based on -GasOs do. Ho-
wever, the mechanisms of such a difference still re-
main not understood at length. According to previous
studies, the characteristics of GayO3z-based devices
are substantially affected by the mechanical state of
Ga03 [20]. An elastic field in a device arises in the
course of thermal growing of GasQOg3, as well as due
to a grating mismatch with other contacting materi-
als, which is responsible for the thermal stability and
transport properties of the material [21-31].

In the general case, the induction of deformation
in two- and three-dimensional materials is a process
of introducing the mechanical energy into the system.
Within the elastic deformation limits, this energy is
stored inside the material and leads to the appearance
of nonequilibrium state, which results in a number of
changes in the main properties of the material. If the
elastic limit is exceeded, the energy can be released
via the atomic rearrangement, the phase transition,
or destruction. From the atomic viewpoint, pressure
can change the initial state of atomic bond, by elon-
gating or shortening the lengths of chemical bonds
and modifying the lattice symmetry. As a result, the
electronic structure of the material varies and, in
turn, a number of physical properties also undergo
considerable modifications [32]. Hence, deformation
engineering is a simple and universal approach to the
functionalization of material properties because it di-
rectly affects the atomic structure.
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Thus, in order to further understand the character-
istics and applications of 2D GagQs, it is necessary to
analyze the mechanical effects on the electronic prop-
erties of this compound. In this work, modifications
of the electronic properties of ultrathin 5-GasOj3 films
with various free surfaces via mechanical actions were
studied theoretically. Using the methods of the elec-
tronic density functional and pseudopotential theo-
ries, the spatial distributions of the valence electron
density, the electronic state density, and the forbid-
den band gap width were obtained ab initio making
use of the author’s program code [32].

2. Calculation Models and Methods

The formalism of the electronic density functional
(EDF) theory elaborated by Kohn, Hohenberg, and
Sham is a powerful tool for calculating the electronic
energy of molecules and solids. It is considered that
the total energy of electrons moving in a given ex-
ternal potential can be obtained if the self-consistent
electron density is known. While solving the Kohn—
Hohenberg—Sham equations, the pseudopotential for-
malism can be applied, according to which a solid is
considered as a combination of valence electrons and
an ionic core. Among modern ab initio pseudopoten-
tials obtained by inverting the Schrodinger equation
for atoms, the Bachelet-Hamann—Schluter one [33] is
widely used in solid-state calculations. This work is
not an exclusion.

For non-periodic systems, such as defect crystals,
thin films, or clusters, the problem of periodicity ab-
sence is avoided by means of the superlattice method
[34], in which a supercell translated in space is cre-
ated. When modeling non-periodic systems, such as
thin films or clusters, the translated objects are iso-
lated from one another making use of a vacuum gap
between them.

The overall periodicity of the crystalline (or arti-
ficial) lattice creates a periodic potential and thus
imposes the same periodicity on the electron den-
sity. The Kohn—Sham potential of a periodic system
demonstrates the same periodicity as the lattice does,
and the one-particle Kohn—Sham orbitals can be writ-
ten in the Bloch form

¥ (r) = ¢¥;(r, k) = exp(ikr)u;(r, k), (1)

where k is a wave vector from the first Brillouin zone
(BZ) of the crystalline (or artificial) lattice. The sub-
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script ¢ enumerates all possible electronic states. The
function w;(r,k) has the spatial periodicity of the
lattice and can be expanded in a series of plane
waves. This procedure substantiates the application
of plane waves as a general basis chosen for the series
expansion of the periodic part of orbitals. Since plane
waves constitute a complete and orthonormal set
of functions, the corresponding expansion of single-
particle orbitals looks like

1
¥ (k,r) = ngj (k+G)x
x exp(i(k+G)r), (2)

where G’s are vectors in the reciprocal space, and
Nof is the volume of primitive cells filling the crystal
or the artificial superlattice in the case of non-periodic
objects.

After the Fourier transform, the one-particle
Kohn-Sham equation has the following form in the
reciprocal space:

Z [{zhjn(k +G)? - €j} da.a +

G
+VKs(k+G7k+G’)}bj k+G) =0, (3)

where Vkg is the Kohn—Sham potential,

Vks (k+ G, k+G') = Vps(k+ G,k + G') +
+ V(G — G) + Vxc(G' - G). (4)

In the general case, the expressions describing the
interaction potentials are complex-valued. The appli-
cation of atomic bases containing the inversion oper-
ation in its point symmetry group makes the Fourier
components real-valued in the expansion series of all
expressions.

The main quantity in the EDF formalism is the
electron charge density. It is estimated on the basis
of a self-consistent solution of Egs. (3). This solution
must be obeyed at every point of the irreducible part
of the BZ:

p<G>N2T§k;ZZZb;<k+G'+aG)x

j aeT G
x b;(k + G'), (5)

where the subscript j enumerates all occupied states,
k is a wave vector in the first BZ, Nt is the number of
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operations x in the point group 7" of atomic basis, and
the factor 2 takes into account the spin degeneracy.

The calculation efforts can be reduced by apply-
ing the method of special points. There are various
approaches concerning the choice of those points. In
particular, one may use uniform or non-uniform
meshes of points. It is also possible with acceptable
accuracy to replace summation over a finite number
of special points or a single point in the BZ. The con-
sideration can be confined only to the I'-point in the
BZ, which is especially effective in the case of artificial
periodic systems with a large supercell.

The distribution of electrons over their energies
is determined from the one-particle energy spec-
trum obtained after the diagonalization of the Kohn—
Sham matrix (3) (the number of states in the spec-
trum depends on the size of the wave function ex-
pansion) by numerically calculating the derivative
limap_o(AN/AFE), where AN is the number of al-
lowed states per energy interval AE. According to
the EDF ideology, the number of occupied states at
T = 0 K was determined as half the number of elec-
trons in the atomic basis (due to the neglect of the
electron spin).

Our calculation procedure was as follows. Instead
of integration over the BZ, calculation at one BZ
point, the I'-point, was performed. Self-consistent it-
eration loops were terminated if the results of the cur-
rent and previous iterations agreed with a given ac-
curacy. Their number varied depending on the calcu-
lated object, but usually the iteration results agreed
with each other after 3-5 loops. The limitation on the
number of plane waves in the wave function expan-
sion was made according to the results of trial cal-
culations and by evaluating the physical sense of the
obtained results (the spatial distribution of electron
density, and the gap width between the top occupied
state and the bottom unoccupied one in the electron
energy spectrum) on the basis of general ideas ob-
tained by other authors. Rather often, the number
of plane waves was chosen to equal about 20-25 per
basis atom.

Calculations of electronic properties are easier to
carry out in the Cartesian space (X,Y,Z), whe-
reas crystallographic symmetry operations are per-
formed with the fractional crystallographic coordi-
nates (x,y,z). In orthonormal crystallographic sys-
tems (cubic, tetragonal, and orthorhombic), the co-
ordinate transformation is reduced to a simple nor-

ISSN 2071-0194. Ukr. J. Phys. 2021. Vol. 66, No. 12



Mechanical Modification of Electronic Properties of Ultrathin

malization of coordinate values by the correspond-
ing cell constants, for example, * = X/a and
X = ax. In the case of the general oblique crystal-
lographic system, the transformation requires matrix
operations.

The monoclinic lattice of $-GazOs [35] with the
space group C2/m includes two non-equivalently po-
sitioned Ga atoms [six-fold (Gal) and four-fold (Ga2)
coordinated ones| and three non-equivalently posi-
tioned O atoms [three-fold coordinated atoms Ol
and O3, and four-coordinated atom O2]. The unit
cell parameters of the lattice at room temperature
are characterized by the values a = 1.223 nm, b =
= 0.304 nm, ¢ = 0.580 nm, and the angle between
the a- and c-axes § = 103.7°. Any unit cell con-
tains four formula units, eight Ga atoms, and twelve
O atoms, which fill the cell volume with two basis
non-equivalently positioned Ga atoms and three basis
non-equivalently positioned O atoms in the positions
4i, (0,0,0;1/2,1/2,0) (z,0,z) [35-37] (see Table 1).

The fractional crystallographic coordinates of the
atoms (they are quoted in Table 1) were transformed
into the Cartesian coordinates using the algorithm
described in our work [38]. The resulting positions of
two basis non-equivalent Ga atoms (Gal and Ga2)
and three basis non-equivalent O atoms (O1, 02, and
03) are shown in Fig. 1.

The symmetry operations of the Fedorov group
C2/m were used to construct the images of the
basis (non-equivalent) atoms. As a result, the unit
cell was filled with thirty atoms, which are shown
in Fig. 2. Our transformation of the atomic coordi-
nates from the crystallographic monoclinic system to
the Cartesian one did not distort the crystal geome-
try. Therefore, the obtained set of atomic Cartesian
coordinates can be used to calculate the characteris-
tics of the electronic subsystem of the crystal using
the author’s computer program.

Table 1. Non-equivalent fractional
atomic positions in 3-Gaz03 [35]

Atom T y z Coordination
Gal 0.09050 (2) 0 0.79460 (5) Four-fols
Ga2 0.15866 (2) | 1/2 | 0.31402 (5) Six-fold

01 0.1645 (2) 0 0.1098 (3) Three-fold
02 0.1733 (2) 0 0.5632 (4) Four-fols
03 0.0041 (2) | 1/2 | 0.2566 (3) Three-fold
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Fig. 1. Unit cell of 8-Gaz03 with two non-equivalently posi-
tioned basic Ga atoms (Gal and Ga2, gray spheres) and three
non-equivalently positioned basic O atoms (01, 02, and O3,
white spheres) observed at various observation angles in the
laboratory Cartesian coordinate system. The scheme was cre-
ated with the help of the author’s computer program

Fig. 2. Unit cell of B-Ga20O3 at various observation angles.
The scheme was created in the laboratory Cartesian coordinate
system using the author’s computer program

(001)

y .."'— b

Fig. 3. Laboratory and crystallographic axes, and the planes
that confine a unit cell

The conjugations of the laboratory and crystallo-
graphic axes and the planes confining the g-GasOg
unit cell are depicted in Fig. 3. The laboratory coor-
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Fig. 4. Primitive cell of an artificial superlattice of the orthorhombic type, which reproduces the
crystallographic space of an infinite 3-Ga2Og film with the monoclinic syngony, 0.439 nm in thickness,

and with the (001) free surfaces
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Fig. 5. Primitive cell of an artificial superlattice of the orthorhombic type, which
reproduces the crystallographic space of an infinite 5-GagOs3 film with the monoclinic
syngony, 0.304 nm in thickness, and with the (010) free surfaces

dinate system used in the author’s software package
was rectangular, and the calculation algorithm as-
sumed the translational symmetry, Therefore, while
studying the 5-GayO3 atomic system, an artificial su-
perlattice of the orthorhombic type was developed
first, the primitive cell of which was a rectangular
parallelepiped. A researched object determined the
parameters of this superlattice and the atomic ba-
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sis. We studied ultrathin 5-GasO3 films with the free
surfaces (010), (001), and (100). Therefore, the size
of the primitive cell in the direction perpendicular to
the free surfaces of 5-GagOj3 films was chosen so that
the translationally repeating films would not affect
one another through the built-in vacuum gaps. At the
same time, in the plane parallel to the surfaces, the 3-
Gay O3 films were infinite. In Fig. 4 to 6, the primitive
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cells of the artificial superlattices of the orthorhombic
type, which reproduce the crystallographic space of
infinite 8-Gag O3 films of the monoclinic syngony with
the spatial group C'2/m with various free surfaces are
depicted. Ultrathin S-GasO3 films were assumed to
retain the monoclinic character of their structure ir-
respective of their thickness.

The atomic basis of the primitive cell of the ar-
tificial superlattice (being translated, it reproduced
the (001) B-GayOgs film) consisted of 20 atoms
(8 Ga atoms and 12 O atoms), the atomic basis
that reproduced the (010) 5-GagOs film consisted
of 30 atoms (12 Ga atoms and 18 O atoms), and
the atomic basis of the primitive cell reproducing
the (100) 5-GapOgs film at translation consisted of
20 atoms (8 Ga atoms and 12 O atoms). The surfaces
of the (001) and (010) films were perfectly flat with
a perfect crystalline arrangement, and they could be
associated with epitaxially grown films. On the other
hand, the surfaces of the (100) films were corrugated,
and they could be associated with polycrystalline
films, the grain size of which coincided with the unit
cell size in B-GasOs.

The thicknesses of the model infinite films were
0.304, 0.439, and 1.29 nm for the films with the
surface (010), (001), and (100), respectively. These
are the thicknesses of the thinnest $-GasOg3 films at
which they preserve the peculiarities of the crystalline
structure of this material. They can be interpreted as
freely suspended films, which we really studied in this
work to understand their characteristics and possible
applications. For example, such films can be used as
the main element in a pressure sensor, where an ultra-
thin and almost two-dimensional structure is freely
suspended in the chamber in a position that allows
the examined medium to affect both surfaces of the
B-GagOg3 film. The authors of work [39] reported on
technological possibilities of manufacturing freely sus-
pended B-GayO3s-based nanoobjects of this kind.

3. Calculation Results
and Their Discussion

The simulation of mechanical actions like static com-
pression was performed by changing the correspond-
ing atomic coordinates in the compression force di-
rection. In particular, for the film with the (001) free
surfaces, the compression force acted in the [001] di-
rection conjugate to the Cartesian direction Z. Ac-
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Fig. 6. Primitive cell of an artificial superlattice of orthorhom-
bic type, which reproduces the crystallographic space of an in-
finite 8-Ga2O3 film with the monoclinic syngony, 1.29 nm in
thickness, and with the (100) free surfaces

cordingly, the Z-coordinates of atoms decreased to
35% of the original values with a step of 5%. At the
same time, for the film with the (010) free surfaces,
the compression force acted in the [010] direction,
which is conjugate to the Cartesian direction Y. Ac-
cordingly, the A -coordinates of atoms decreased to
35% of the original values with a step of 5%. For
the film with the (100) free surfaces, the compression
force acted in the [100] cos(13.7°) direction, which is
conjugate to the Cartesian direction X, and, accord-
ingly, the X-coordinates of atoms decreased to 35%
of the original values with a step of 5%.

The spatial distributions of valence electron den-
sities, the electron state densities, and the band gap
widths of model films were calculated ab initio using
the EDF methods in the local and pseudopotential
approximations. In so doing, the author’s program
code [32] was applied. The atomic basis was not opti-
mized. The results calculated for the forbidden band
gaps in the films at various mechanical compression
levels are quoted in Table 2 and illustrated in Fig. 7.

The analysis of the obtained values makes it possi-
ble to state the following facts.

1. The film with the (010) surface is the thinnest
one (0.304 nm) in comparison with the others (0.439
and 1.29 nm). It can be interpreted as a 2D ob-
ject. In the initial (uncompressed) state, it has the
largest band gap width among all studied films. The
corresponding value is almost five times as large as
the forbidden gap width in the massive [-GagOgs
crystal.

2. The film with the (001) surface was also rather
thin (0.439 nm). But in the initial (uncompressed)
state, it has the narrowest band gap among all ex-
amined films, which is three times as narrow as the
forbidden gap in the massive 5-GasQOg crystal.
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Fig. 7. Forbidden gap widths in infinite 8-Ga2Os3 films with various free surfaces — (010),
solid curve; (001), dashed curve; and (100), dashed-dotted curve — at various mechanical

compression levels

3. The film with the non-flat (100) surface was
the thickest one (1.29 nm). Under mechanical com-
pression, the changes in its band gap (its insignifi-
cant growth was observed) were the most monotonous
among the other films (up to 15% at low compres-
sions). At higher compressions, the monotonic behav-
ior of the changes in the film band gap width disap-
peared and a drastic increase was registered at the
compression to 20%. The further compression to 30%
resulted in the band gap disappearance.

4. In the case of the thinnest film, which we inter-
preted as a 2D object, its compression led to sub-
stantial oscillations of the band gap width. A certain
periodicity of those oscillations was observed, with a
step of 10% of compression.

Table 2. Band gap widths in infinite 8-Gaz03
films with various free surfaces and at various
mechanical compression levels

Film with the free surfaces
% compression
(010), &V | (001), eV | (100), &V

0 19.05 1.63 8.16
5 1.90 20.14 17.41
10 39.46 18.50 21.22
15 8.98 4.63 13.33
20 44.90 7.89 39.18
25 8.16 1.09 10.61

30 6.80 34.56 0
35 20.68 81.36 31.84
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5. The band gap in the film with the (001) surface
was the most responsive to the compression growth to
35% in comparison with other films. Its width grew
by almost two orders of magnitude.

Thus, the thickness of the 8-GasOs3 film, the type
of the film free surface, and the mechanical com-
pression action on the film make it possible to affect
and control the conductive properties of ultrathin (-
GagO3 films. Our results of theoretical calculations
are close to the conclusions drawn by the authors of
work [7] that the mechanical properties of gallium ox-
ide films vary considerably depending on the type of
their growth surface.

As concerning the form of the spatial distributions
of the valence electron densities in various films at
various mechanical compression levels, they did not
change qualitatively. Only a reasonable growth of the
electron density was registered in the film bulk when
the film thickness decreased at compression. It can
be seen from the cross-sections of the spatial distri-
butions of valence electrons (see, e.g., Fig. 8) as an
increase in the intensity of the gray color in the image,
followed by its transformation into black.

In Fig. 9, a selected oxygen atom from a primi-
tive cell of an artificial superlattice reproducing the
crystallographic space of an infinite 8-GayOs3 film of
the monoclinic syngony with the (001) free surfaces is
marked by an arrow. The evolution of the spatial dis-
tributions of the valence electron density in a vicinity
of this atom under the mechanical compression of the
film is exhibited in Fig. 10 in detail.
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Fig. 8. Cross-sections of the spatial distributions of the va-
lence electron density in a primitive cell of an artificial super-
lattice of the orthorhombic type, which reproduced the crys-
tallographic space of an infinite 3-GagOg film with monoclinic
syngony and the (001) free surfaces, at various mechanical com-
pression levels of the film from 0 to 35%

Figures 8 and 10 demonstrate that under the com-
pression action, the electron density becomes con-
centrated along the chemical bonds, thus counter-
acting the mechanical load; the chemical bonds be-
come as if they are “strained”; the angles between the
neighbor bonds and the length of the bonds them-
selves change (but without their catastrophic rup-
tures), which brings about the appearance of point
defects or dislocations. This process was described
in works [40, 41], where it was claimed that if the
ideal structure of the crystal lattice becomes dis-
torted, most of the bonds available in the defectless
crystal survive, but they change and form configu-
rations with turned bonds. This is called the orien-
tational defect. Depending on the chemical composi-
tion of the material and, hence, the type of bonds
between the atoms in the crystal, this specific fea-
ture manifests itself differently, but always affects
the macroscopic physical characteristics of the ob-
ject. The influence of the formed orientational de-
fects in ultrathin 8-GasOs films with various types
of free surfaces under the influence of mechanical
compression distinctly reveals itself as a sharp and
nonmonotonic change in the widths of electron band
gaps (see Fig. 7). The availability of jumps in the
values of the band gap widths is just associated
with an extremely thin film thickness, when, in the
course of a step-by-step model film compression,
atomic shifts bring about a radically new organiza-
tional scheme of the orientational defects of chemi-
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Fig. 9. Position of the selected oxygen atom (marked by an
arrow) in a primitive cell of an artificial superlattice of the or-
thorhombic type, which reproduces the crystallographic space
of an infinite 8-GaO3 film with the monoclinic syngony and
the (001) free surfaces

0% 5%

20 %

Fig. 10. Spatial distributions of the valence electron density
for isovalues of 0.5-0.4 times the maximum value in the vicinity
of the selected oxygen atom (Fig. 9) in an infinite 8-GazO3 film
with the (001) free surfaces various mechanical compression
levels

cal bonds. For massive films, this reaction is averaged
over their thickness.

Under real conditions, every specimen contains
point defects and impurities, which play a crucial role
for their conductivity. In future works, the indicated
factors will also be taken into account and analyzed
in the framework of the described model.

4. Conclusions

Using the ab initio electron density functional and
pseudopotential methods, the spatial distributions of
valence electron density, electron state density, and
band gap width in ultrathin 8-GasOj3 films with the
(010), (001), or (100) free surface subjected to me-
chanical compression have been calculated with the
help of the author’s program code. It is shown that
the thickness of the 5-GasOg film, the type of the free
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film surface, and the mechanical compression action
allow the conductive properties of ultrafine 8-GasOgs
films to be affected and controlled.

It is found that the thinnest (0.304 nm) film with
the (010) surface, which was interpreted as a 2D ob-
ject, has the largest band gap in the initial (uncom-
pressed) state among all other studied films, which is
almost five times as large as the forbidden gap in the
massive 5-GasOgs crystal. The forbidden gap in the
thickest (1.29 nm) film with the non-flat (100) surface
is found to vanish, if the film was compressed to 30%.

The spatial distributions of the valence electron
densities in the studied films had no qualitative
changes in their organizations at various mechani-
cal compression levels. The formation of orientational
defects in ultrathin £-GasOg3 films with various free
surfaces under the action of mechanical compression
manifests itself as a drastic and nonmonotonic change
in their electron band gap widths.
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P.M. Banabati, B.M. 3dewuy, M.B. Haymenxo

MOJUPIKAILIA EJIEKTPOHHIX
BJIACTUBOCTEN HAJJTOHKUX ILJIIBOK
B-Gaz03 MEXAHIYHNMMW BIIJIMBAMU

Meromamu dyHKIIOHAIA €JIEKTPOHHOI I'YCTUHH Ta ICEBJONO-
TEeHIIiaJly, i3 HepIIuX NPUHIUIIB, 3 BUKOPUCTAHHAM aBTOPCHKO-
r'o IIPOrpaMHOI0 KOJIy OTPUMAHO IIPOCTOPOBi PO3IOIiIN I'yCTH-
HYM BaJIEHTHUX €JIEKTPOHIB, 3HAWIEHO T'yCTHHU €JIEKTPOHHUX
cTaHiB, mMUpPUHU 3a00POHEHUX 30H y HAJATOHKUX ILIBKax (-
Gaz0O3 3 pi3HEMH BUIBHHMHU [OBEPXHSIMH IIiJl BIIMBOM MeXa-
HigHOrO crucHeHHs. [lokaszano, mo ToeuHa wiiBku B-GagOs,
THII BiJIbHOI OBEPXHI IUIIBKU Ta MeXaHIYHA Jiisl CTUCHEHHS J10-
3BOJISIIOTH KEPYBaTHU IPOBIJHUMU BJIACTUBOCTSIMU HAITOHKUX
mriBok [B-GagOs.

Karwvwosi caosa: f-GagOg, iiBKY, pO3PAXyHKH i3 HEPIIUX
IIPUHIAIIB, MeXaHIYHE CTUCHEHHSI.
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