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Abstract. We carried out the modelling of separate technological stages of scanning liquid
phase epitaxy (SLPE) technique: wetting the substrate by the solution-melt using Ampere
force, growing the epitaxial layer during a short-time contact between the substrate and
solution-melt, and removing the solution-melt from the substrate using Ampere force as
well. The modelling was carried out for the case of Ge layers growing on GaAs substrate
from Ga-Ge solution-melt at the temperature 500 °C. We have ascertained that the Peltier
effect and Joule heating practically have no effect on the growth pattern and under certain
conditions could be even diminished. The influence of electromigration and convection in
the solution-melt can be neglected. It has been shown that the basic technological
parameters of SLPE process are as follows: the initial temperatures and sizes of the
substrate and the growing vessel, the conditions of heat removal from the substrate back
side and the time of the process. It has been also shown that the major contribution into the
epitaxial layer thickness distribution over the substrate surface has been made by the heat

distribution in the cooled substrate.
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1. Introduction

To date, basic methods to fabricate various hetero-
structures for device applications are metal-organic vapor
phase epitaxy, metal organic chemical vapor deposition
and molecular beam epitaxy [1-3]. Many of these
deposition techniques are difficult to apply over a large
area and are expensive due to complexity of the
apparatus used. In addition, there is the problem of a
substrate selection, since for many common substrates
there is a large mismatch in the lattice constants and
thermal expansion coefficients. Due to the difference in
lattice constants, it is difficult to homogenously deposit
films onto a substrate. Also, one can find the works on
heterostructures fabrication by using the liquid phase
epitaxy (LPE) methods [4-7]. It is well known that those
techniques are more simple and cheap as compared with
the above mentioned techniques. So, they should have
been widely used for heterostructure fabrication,
particularly for photovoltaic cells (PC) [8, 9]. However,
the LPE techniques possess a series of drawbacks that
limit their potential [10].

In [11], we presented the method that allowed to
eliminate some of the LPE disadvantages. This method is
called as scanning LPE technique (SLPE). This method
is promising, as it allows to eliminate the influence of the
following drawbacks: temperature instability at the
growth interface due to thermal inertia of the heater,
dragging solution-melts between different growing
vessels and diffusion of a solution-melt or an epitaxial
layer components into the solid phase. The technique
allows to produce a short-time contact between a
substrate and a solution-melt only during the growth of
the epitaxial layer and on the growth completion the
substrate is cleansed of the solution-melt immediately.
Segmental contact between the substrate and solution-
melt makes it possible to grow epitaxial layers on the
very large area substrates, which is useful for the PC
fabrication.

Among the most effective PCs, there are
tandem/cascade cells fabricated using 111-V compounds
and their solid solutions [12-14]. As a rule, the bottom
stage of these cells is made using the GaAs/Ge
heterostructure. The investigations of this heterostructure
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started as early as 1960s, and by now it is quite well-
studied. But the interest in the heterostructure is caused
by the lattice spatial symmetry match as well as by good
agreement of the bond length at the heterointerface. All
this allows to utilize GaAs/Ge heterostructure in modern
highly efficient PCs.

SLPE technique is a new method. Its theory is not
described enough in the literature. As any other
technique, SLPE has certain features of its technological
stages that one should be aware of to be able to grow
quality epitaxial layers of a desired thickness. Thus, in
this work we carried out the modelling of epitaxial layer
growth by SLPE technique by using, as an example, Ge
layer deposition from Ga-Ge solution-melt on GaAs
substrate.

2. Theory and modeling

SLPE technique and experimental equipment were
described in [11, 15, 16]. To obtain an epitaxial layer by
using this technique, a solution-melt should be brought
into contact with a cooled substrate for a short period of
time. The contact may be realized using the Ampere
force. At the end of the growth process the substrate is
cleansed immediately of the solution-melt also by using
the Ampere force. Thus, the technological stages of
SLPE technique are as follows:

1. Heating the growing vessel, homogenization of
the solution-melt and the substrate heating, if necessary.

2. Wetting the substrate by the solution-melt.

3. The epitaxial layer growth.

4. Removing the solution-melt from the substrate.

The schematic view of the growing vessel for SLPE
used in the simulation of the technological stages is
shown in Fig. 1.

Since the first stage is inherent to any other
modifications of LPE methods, we have not considered it
here and have payed attention to the rest of technological
stages. Besides, the above mentioned advantages Ge—
GaAs system is also distinguished by high Ge solubility
in Ga at low temperatures: about 15 at.% at 500 °C.

2.1. Stress

The contact between the cooled substrate and the
solution-melt leads to the initiation of a temperature
gradient across the substrate depth. Here, the mechanical
stress or strain is formed, which is able to destroy the
substrate.

In the first approximation, the strain arising due to
non-uniform temperature distribution across the substrate
depth during the growth process one can express as
follows [17]:

c(z,t):—%s(z,t),

)

s(z,t):aT(Z,t), )

(000000000

Fig. 1. Schematic view of the growing vessel for scanning
liquid phase epitaxy used for modeling. 1 — substrate, 2 —
solution-melt in growth capillary, 3 — high-temperature
insulator (ceramics), 4 — electrode, 5 — heater.

where E is the Young modulus, GPa; v — the Poisson
ratio; €(z, t) — substrate deformation along z-axis with the
time lapse; o — thermal expansion coefficient, 1/K [18];
T(z, t) — substrate temperature change along z-axis with
the time lapse, K.

For the GaAs substrate one can write the following
expression [19]:

E- (C11 - C12)((:11 + 2012) ,

Cr1+Cp

@)

—Cp

. (011 —Cp )(‘311 + 2‘312)

E, (4)

where cy1, Cy; are the elastic constants, GPa [20].

By solving the equation (1) with substitution of (2)—
(4), it is possible to obtain the strain distribution across
the substrate depth (z-axis). Considering the breaking
point of the substrate, one can assess minimal possible
initial temperature of the substrate T, (or maximum
possible substrate cooling) depending on the initial
temperature of the solution-melt Tg,. Fig. 2 shows the
corresponding calculations.

2.2. Wetting the substrate by the solution-melt and its
removal

In the SLPE technique, the processes of wetting of a
substrate by a solution-melt and/or the solution-melt
removal can be realized using the Ampere force acting on
the solution-melt [16]. In this paper, we studied the case
where the Ampere force acted from the beginning of the
wetting process up to the end of the growth/removal
process.

If the substrate is located over the solution-melt
(Fig. 1), one should lift the solution-melt against the
gravity force to wet the substrate by the solution-melt.
But the gap between the substrate and electrodes should
not be filled up with the solution-melt. Then the
condition of the substrate wetting by the solution-melt
can be written as follows:
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Fg<lfAslfg+lfC, (5)

where: Ifc ,Ifg ,IEA are the vectors of cohesion, gravity

and Ampere forces acting on the solution-melt,
respectively.

Expressing (5) in terms of the growing vessel size,
it is possible to obtain the value of current to be
transmitted through the solution-melt at the given value

of magnetic field induction:

PamVO < 1, (2)B(2)I, sino < pg, Vg + 20, L (6)
or
psng_ <1 (Z)S psng _"2_GsmL ’ (7)
B(z)l, sino B(z)l, sina
Psm =Pca (1_ X)+ PgeX, (8)
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Fig. 2. (a) Dependence of thermally-induced stress on the time t
at the crystallization front; (b) dependence of minimal initial
temperature of the substrate on the initial temperature of the
solution-melt.

where V is the volume of the growth capillary, m* g —
gravitational acceleration, m/s% 1,(z) — total current
through the solution-melt to wet the substrate by the
solution-melt, A; B(z) — induction of a magnetic field, by
which the solution-melt is exposed to, T; I, — dimension
of the solution-melt along y-axis, m; sin o =1, since the
angle between 1, and B is 90°; oy, — surface tension of
the solution-melt, N/m [21]; L — length of the solution-
melt contour, m; psm,Pca Pce are the densities of the
solution-melt Ga and Ge, respectively, kg/m*; x — mole
fraction of Ge [22].

Similarly, the condition of the solution-melt
removal from the substrate can be written as:
Fa2Fy +F, . 9)
or
1L(2)> —pgnVg +c55m(_1+cos®)Ll (10)
B(z)l,sina

where F, is the vector of the solution-melt adhesive

force to the substrate; 1.(z) — value of a total current
through the solution-melt to cleanse the substrate of the
solution-melt, A; ® — wetting (contact) angle.

In practice, the magnetic field induction can be
easily measured and the value of a total current through
the solution-melt can be simply calculated. In our
opinion, it is more convenient to control the Ampere
force by changing the current magnitude to wet and clean
the substrate. It is obvious that the current flowing
through the solution-melt would cause it, in its turn, an
excessive heating — Joule heating. Thus, the value of I,
will be also used for further calculation of a heat
transport.

If the contact between the substrate and solution-
melt is supposed to break immediately, then the value of
I, does not affect the growth pattern, so this value is of
interest only from the technological viewpoint for the
substrate cleaning.

2.3. Distribution of the current

In Fig. 1, one can see that due to special shape of the
electrodes of the growing vessel the current distribution
across the solution-melt depth as well as within the
substrate is non-uniform.

To find the current distribution in the solution-melt
and in the substrate, we used a two-dimensional model. It
is related with the rectangular shape of the growth
capillary confined by the high-temperature insulator.
Then, the Poisson equation for scalar electrical potential
U (Laplace equation) in the two-dimensional case is

written as:
2 2
SN w
y z

The current density vector:

‘]drift :_1£7 ‘]diff :_EG_U. (12)
p oy p oz
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The boundary conditions are:

at external boundaries: (13)

at internal boundaries: J, +J, =0, (14)
where J,, is the normal component of the current density
vector (superscripts “—” and “+” mean the “left” and
“right” of the boundary, correspondingly); p — resistivity,
Ohm-cm.

By solving the systems of equations (7), (8) and
(10)-(14), one can find I,(y,z) and Iy, z). The
calculation result is shown in Fig. 3.

2.4. The epitaxial layer growth
2.4.1. Heat transport

To investigate the processes of heat transport in the
liquid phase and in the substrate the equation of Fourier—
Kirchhoff was solved in the following form:

15(y. 2)R

+—

CpMg,

where T is the temperature to be found, K; k — heat
conductivity coefficient, J/(cm-s-K); ¢, — specific heat
capacity J/(g'K) [23]; | — current, A; R — resistance, Ohm;
Mg, — mass of the solution-melt, g; t — time, s;
Iwz(y,z)R/(cpmsm) — component showing additional Joule
heating.

Entry conditions. In the initial moment of time, we
supposed that the solution-melt and the cooled substrate
had different temperatures and the temperature
distribution in them was homogenous.

aT ok

= , (15)
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Fig. 3. Height distribution of the current density and the

magnetic field induction in the solution-melt at the growth
capillary center (curves J (solid line) and B (dashed line)).

Boundary conditions are as follows:
at the top: K, % = a(‘l’S (z,1)-T, (Z,O)),
Tsm(oit) :Tsm(o’o)’
at the side of the solution-melt:

Ten(n,t)=Tg, (N=11),

at the bottom: (16)

at the side of the substrate: T, (n,t)=T, (n-1t)-e™",

. oT oT
at the inner boundary: ki & K -ngJ, a7)
where m is the Peltier coefficient, V; J — current density,
Alcm?; n means the surface normal;

¢=In[T,(n,0)/T,(n —1,t)]/(12kp/cp)o'5 — index of the
exponent calculated according to the entry conditions and
the stability condition of explicit finite-difference
scheme; h — step of the finite-difference scheme, cm; t —
total time of the growth process, s.

The heat-transfer coefficient a under the conditions
of natural convection can be defined by the following
formula:
a-13 Nu-k ,

Ib

(18)

where Nu is the Nusselt number; I, — cooled area length
of the substrate, cm; coefficient 1.3 is for a horizontal flat
surface giving off the heat upwards.

When the number Ra < 500:

p 0.25
I
Nu=1.18Ra**® [—9} , (19)

Pr,
where Ra is the Rayleigh number; Pr is the Prandtl
number taken according to the reference data for a given
temperature (“g” and “s” subscripts stand for “gas” and

“surface” of a substrate, correspondingly).

Ra =Gr-Pry, (20)
or - OB MLE)-T20)E o1
A\
Pry =—, (22)
ar

where Gr is the Grashof number; = 1/T — coefficient of
cubical expansion of gas, 1/K; v =n/psm — coefficient of
kinematic viscosity of gas, cm?/s; n — coefficient of
dynamic viscosity of gas, N-s/cm?; ar = k/(p-C,) — thermal
diffusivity, cm%s.

To solve the equation (15) with entry and
boundary conditions (16), (17), we used the method of
finite differences. The calculation results are shown in
Figs 4 and 5.
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2.4.2. Mass transport

The characteristic feature of SLPE technique is a short-
time contact between a solution-melt and a substrate with
t<1s. In this case, the growth mode can be considered
as the diffusion one. l.e., the convective component of
the mass transport may be neglected in viscous fusible
metal-solvent. For the growing vessel the proposed
characteristic time of diffusion is as follows:
12 .

=—~10"s,
DI
where | is the height of the solution-melt over/under the
substrate (~1 cm).

(23)
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Fig. 4. (a) Dependence of the crystallization front temperature
and the layer thickness on the time (curves T (solid line) and
Hy (dashed line), respectively); (b) temperature distribution at
the crystallization front and the layer thickness distribution
depending on the growing vessel width in the direction of the
current flow (curves Ty (solid line) and Hy (dashed line),
respectively).

This makes much more time than the process time
itself, i.e., tp>> 1. Thus during the time of an epitaxial
layer growth the concentration change of a component
being deposited near the substrate does not affect the
concentration at the opposite side of solution-melt. In this
case, there is a growth from a semi-infinite solution-melt
[23].

Summarizing all the aforesaid, one can write the
equation of mass transport (2nd Fick law) for SLPE:

DI[ }_HE

where D; is the interdiffusion coefficient of a component,
cm?s [23]; u — mobility of Ge, cm?(V-s); E = Juy, 5P —
electric field, V/cm.

Entry conditions. We assumed that the solution-
melt was homogenized before every growth act. Thus in
the initial moment of time the dissolved component
concentration distribution in the solution-melt is uniform
and corresponds to the equilibrium concentration at the
initial temperature of the solution-melt.

Boundary conditions (at the exterior boundaries)
had the form:

0°N  8°N
+ +

%N

ox>

N

N N
ot

'

(24)

at the top: N(x,y,Z,t)=N, (ch (x, y,t)),
atthe bottom: ~ N(x,y,0,t)=N,(t=0), (25)
at the side: N(n,t)=N(n-1t),
where N, is the equilibrium concentration; Ty —
temperature at crystallization front.

For the Ga—Ge system [23]:
N (X Y,z t)z Na - Pom -X(X, y,z,t) em=3,

T Mg, - x(x, Y, 2,t)+ Mgox(x, Y, 2,t)’

(26)

where N, is the Avogadro number, mole™; Mg, Mg, are
the molar masses of Ga and Ge respectively, g/mole.

The thickness of epitaxial layer being deposited was
calculated using the formula:

10*-2-ANF(x,y)

05 @7)

(DI t)O'S, um,

where N is the component concentration in the solid
phase, cm™; AN — sum of differences between the initial
and the final equilibrium component concentration (or
oversaturation) in the solution-melt within the time
considered, cm®; t —time, s.

Simultaneously solving the equations (24)—(27)
with substitution of the obtained above data on the
temperature and current distributions, one can find the
thickness of the grown epitaxial layer. The calculation
results are shown in Figs 4 and 5. The parameters
necessary for calculation are presented in the table.

H,(xyt)=
a(xv.1) N
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Table. Input parameters.

Parameter Unit Value
Growth capillary size mm 3.9%3.9x7.1
Substrate thickness pum 395
oot o e sohon-melt | M| 392171
(€] degree 28

TTs) \% 0.3

3. Results of modeling and discussion
3.1. Stress

Thermally-induced stress arising in a cold substrate
during the contact with a hot solution-melt was
calculated. The stress is maximal at the crystallization
front and exponentially decays with the time lapse (see
Fig. 2a). So, the initial moment of the contact between
the cold substrate and the hot solution-melt is the very
moment to be considered. Fig. 2b shows the calculation
of the initial temperature inherent to the substrate, which
depends on the initial temperature of the solution-melt.
To calculate, the following requirements were put on: the
stress arising in the initial moment of time should not
damage the substrate and must be less than the breaking
point for GaAs (150 MPa). The latter figure shows that
for the chosen growth temperature (500 °C) the substrate
might have the near room temperature 25 °C.

3.2. Wetting the substrate with the solution-melt and its
cleaning

The calculated values of the total current through the
solution-melt to wet the substrate and to clean it are:
11A<Iy<4l Aand I.>39 A, respectively.

We should note that the obtained current values
were calculated for the above mentioned parameters of
the growth process (growth temperature, solution-melt
and substrate composition) and the growing vessel size.
Fig. 3 (curve J) shows the height distribution of the cur-
rent in the solution-melt (z-axis) at the growth capillary.

448
446
444
442
440
438
436
434
4324
4304

The calculation showed a weak current change along the
y-axis. We believe that it is caused by the current
spreading into the substrate. The gradient of magnetic
field induction accepted for the calculations is shown in
Fig. 3 (curve B).

The gradient distribution of these values in the
solution-melt (z-axis) and in the substrate arises due to
the special shape of the electrodes in the growing vessel
(see Fig.1). As a result, the maximal current and
maximal magnetic field will be at the crystallization front
where the substrate cleaning of the solution-melt takes
place. In addition, it will allow to decrease “‘unwanted”
Joule heating of the solution-melt bottom.

3.3. Heat transport

Fig. 4a (curve Tg) shows that the overcooling at the
growth interface decreases substantially with the time
lapse and later remains almost constant. As it has been
mentioned above, the characteristic feature of our tech-
nique is a short-time contact between the solution-melt
and substrate. Thus, the effective contact time between
the substrate and solution-melt should be t < 0.3 s. If the
contact time reaches t> 0.3 s, then one should consider
that there is a growth in a temperature gradient.

Fig. 4b (curve T) shows that there is non-linear and
asymmetric (with respect to y-axis) temperature change at
the crystallization front in the direction of the current flow.
We believe it is connected with two factors: the heat
spreading into the cold substrate and Peltier effect. The
effect is caused by spreading of the current into the
substrate. And where the current enters the substrate, there
is the crystallization front cooling, while where the current
exits the substrate there is the crystallization front heating.
The result of Peltier effect action can be seen in Fig. 4b
(curve T) — there is a small temperature difference at the
area boundaries. The temperature change along the x-axis
is related only with the heat spreading into the substrate
(Fig. 5a). In Figs 4b and 5a, one can see that the
biggest contribution into the temperature change at the
crystallization front is made by the heat spreading into the
cold substrate.

y.mm =

Fig. 5. (a) Temperature distribution at the crystallization front; and (b) the layer thickness distribution over the substrate surface.
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3.4. Mass transport

The calculated thickness of the grown epitaxial layer
depending on the above mentioned conditions is shown
in Figs 4 and 5b. Fig. 4a (curve Hg) shows that after
0.03 s, the epitaxial layer thickness changes linearly in
spite of the non-linear temperature change. In our
opinion, it is related with the sustained concentration
profile in the solution-melt.

In Fig. 4b (curve Hg), one can see that the heat
spreading into the cold substrate contributes about 25%
into the change of the epitaxial layer thickness over
the surface. Peltier effect contribution in the whole
growth pattern is minor — less than 1% of change of
the epitaxial layer thickness over the surface. Fig. 5b
presents the whole growth pattern confirming the
mentioned above.

During the calculations, we assumed that wetting
the substrate by the solution-melt was achieved by means
of the Ampere force. l.e., the current flows through the
solution-melt and the substrate and produces Joule
heating — equation (15). To reveal the influence of Joule
heating on the growth pattern, we carried out the
simulation with Joule heating component and without it
in equation (15). Comparing the results, we found that
Joule heating contributed into change/increment of the
epitaxial layer thickness about +0.7%. Obviously, the
Joule heating component becomes more essential when
using large mass of the solution-melt, which causes
applying larger currents to obtain the larger Ampere
force necessary for wetting the substrate by the solution-
melt. Also, significant increase of the current through the
solution-melt will lead to the overcooling decrease at the
crystallization front till the overcooling disappearance
and the beginning of the substrate dissolution.
Simultaneously, the contribution of Peltier effect will be
increased.

To reveal the influence of electromigration on the
growth pattern, we carried out simulation with electro-
migration component and without it in the equation (24).
Comparing the results we did not found any influence of
electromigration on the grown epitaxial layer thickness.
We believe such a result is related with low electric
mobility of Ge in Ga and with very small growth time.

4. Conclusions

The mathematic model of technological stages of SLPE
technique depending on the technological parameters of
the growth process was created. Being based on the
example of modelling of the technological stages of Ge
epitaxial layers growing on GaAs substrate from Ga—Ge
solution-melt by using SLPE technique, we showed that:
it is necessary to heat the substrate to avoid its
destruction at the growth temperatures above 530 °C;
Peltier effect and Joule heating almost do not
affect the growth pattern. Peltier effect can be decreased
using high-resistance substrates. Joule heating can be
also lowered by decreasing the solution-melt size and the
growth time;

e the electromigration and the convection in the
solution-melt may be neglected due to the short-time
contact between the substrate and the solution-melt;

the whole growth pattern is affected by: initial
process parameters (initial temperature and sizes of the
substrate and the solution-melt), conditions of the heat
removal from the substrate back side and the process
time itself;

heat spreading in the cold substrate contributes
the most into the thickness distribution of the epitaxial
layer over the substrate surface.
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BusnaueHHsi yMoB KpucTaJizanii rerepoctpykryp Ge/GaAs
Y MeTOAi CKaHy040i pitnHHO(a3HOI emiTakcil

B.B. Iludynaenko, C.B. Illyros, C.1O. €poxin

AHoTAaIisg. My mpoBeid MOJIC/TFOBAHHS OKPEMHX TEXHOJOTIYHUX €TaliB CKaHy4ol pinuHHO(a3Hoi emitakcii (CPDE):
3MOYYBaHHs MiJKIaJKH PO3YMHOM-PO3ILJIABOM 3a JIOIIOMOIOI0 CHiIM AMIliepa, BUPOIYBaHHS €MiTaKCIHHOrO Iapy Iij
4ac KOPOTKOYACHOTO KOHTAKTY MiX IMTIIKJIaIKOI0 1 pO3YMHOM-PO3ILIABOM Ta BUJAJICHHS PO3YMHY-PO3IUIABY 3 MiJKIIAJKKA
3 BUKOPUCTAHHAM CHJIM AMIiepa. MoeoBaHHs IPOBOIMIIN IS BUIMAJIKY BUpOINyBaHHs 1rapiB Ge Ha migkmanii GaAs
3 po3umHy-po3miaBy Ga-Ge mpum Temneparypi 500 °C. Byno BusBieHo, mo edekt [lenbThe Ta TXKOYIEBO TEILIO
MPaKTHYHO HE BIUIMBAIOTh HA CTPYKTYPY POCTY Ta 3a MEBHUX YMOB X HaBiTh MOXKHA 3MEHIIUTH. Ejekrpomirpaiiero Ta
KOHBEKII€I0 Yy PO3YMHI-pO3IUIaBI MOXXHa 3HEXTyBaTH. [loka3aHo, 110 OCHOBHMMH TEXHOJIOTIYHMMH IIapaMeTpaMu
Mmerony CP®OE € Taki: mo4aTKOBI TeMIlepaTypH Ta po3MipH IMiAKIaIKH 1 pPOCTOBOI KOMIpKH, YMOBH BiJIBEJICHHS TeIUIa 3
THWJIBHOTO OOKY MiZKJIa/IKU Ta Yac MpoIecy pocTy. byio Takox noka3aHo, 1110 OCHOBHUM BHECKOM Y PO3IOJIiT TOBIIUHA
eMiTaKCIHHOTO Iapy 110 MOBEPXHI MiIKIAIKK OYB PO3IOJIi TEIIa B OXOJIODKEHIH i IKIaIi.

Kiro4oBi ciioBa: ckanytoda pituHHO(A3Ha EMiTaKCis, cuiia AMIepa, TeTepoCTPYKTYPH, TOHKI TUTiBKH.
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