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The effective minority carrier lifetime in double-layer macroporous silicon is calculated according to
analytically derived equations. The solution of the diffusion equation of minority carriers is written for a
monocrystalline substrate and layers of macroporous silicon. The boundary condition is written for the sur-
faces of the first layer of macroporous silicon and the monocrystalline substrate. The system of seven equa-
tions is analytically reduced to two transcendental equations, which are used to calculate the effective mi-
nority carrier lifetime in double-layer macroporous silicon. The dependence of the effective minority carrier
lifetime in double-layer macroporous silicon on the thickness of macroporous silicon and the depth of
macropores of each layer of macroporous silicon was analyzed. The effective minority carrier lifetime in
double-layer macroporous silicon depends on bulk lifetime of minority carriers, surface recombination,
which depends on the average macropore diameter, average macropore depth, and average distance be-

tween macropores, and diffusion.
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1. INTRODUCTION

Macroporous silicon, nanowires, pyramids, and
structured surfaces have a large recombination area
that affects the effective minority carrier lifetime. A
model was developed for calculating the effective mi-
nority carrier lifetime in macroporous silicon. The ef-
fective lifetime in macroporous silicon with periodically
arranged macropores and through-pores is calculated.
The calculations are compared with the experimentally
measured effective lifetime of minority carriers in
macroporous silicon with thermal oxidation [1]. The
optical and electronic properties of black silicon are
studied. The texture of black silicon was formed by
plasma chemical vapor deposition. Nanostructured
monocrystalline black silicon is passivated by deposit-
ing an atomic layer of aluminum oxide on the struc-
tured surface. The surface recombination velocity of
passivated black silicon was equal to 0.13 m/s. The mi-
nority carrier lifetime in black silicon is milliseconds.
Black silicon demonstrates high efficiency in converting
solar energy into electrical energy [2]. The photocon-
ductivity of bilateral macroporous silicon is calculated
using the diffusion model. The macropores have a large
recombination area, so the photoconductivity of the
bilateral macroporous silicon decreases as the
macropore depth of the macroporous silicon layer in-
creases. The photoconductivity of bilateral macroporous
silicon decreases when the bulk lifetime of minority
carriers decreases [3]. The surface structured by nan-
owires is passivated with silicon oxide. The oxide has a
fixed charge. The concentration of charge carriers in

* Correspondence e-mail: onyshchenkovf@isp.kiev.ua

2077-6772/2024/16(4)04026(7)

04026-1

PACS number: 78.20. — e

silicon nanowires is determined by the radius of the
nanowire, the charge concentration in the oxide, and
the concentration of alloying impurities. The concentra-
tion of charge carriers in silicon nanowires is complete-
ly depleted at a certain critical radius. The formula for
this critical radius of a nanowire is derived [4]. The
kinetics of charge carriers in bilateral macroporous
silicon is calculated using the diffuse model. The
macropore depth of the macroporous silicon layers is
the same. The excess carrier concentration sharply
decreases in the layers of macroporous silicon after
their generation is turned off. Excess charge carriers
diffuse from the monocrystalline substrate and recom-
bine on the surface of the macropores [5]. The mobility
of electrons and holes in nanowires has a lower mobili-
ty than the mobility of electrons in the bulk material.
The mobility curves of electrons and holes in silicon
crystalline nanowires are closer to the surface mobility
curves than to the volume mobility curves [6]. The ki-
netics of photoconductivity in bilateral macroporous
silicon is calculated by the finite difference method.
The thickness of macroporous silicon is 500 um. The
depth of macropores of the layer of macroporous silicon
is 100 pm, the depth of the second layer of macroporous
silicon varies. The initial relaxation period of photocon-
ductivity depends on the depth of the macropores of
both layers of macroporous silicon [7]. The current-
voltage and capacitance characteristics of Schottky
barriers on single-crystal silicon nanowires are meas-
ured. Nanowires are grown on p-type silicon by chemi-
cal etching with gold. The metal-semiconductor-metal
model is used to analyze current-current and capaci-
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tance characteristics. The transport properties of elec-
trons are explained by the thermoelectron emission
method. The volt-capacity characteristics of silicon nan-
owires show the presence of space charge regions [8].
The porous silicon layers were separated from the mono-
crystalline silicon substrate using epoxy resin. The pro-
cesses of charge transfer and relaxation are studied us-
ing the methods of impedance and thermal activation
spectroscopy. At temperatures from 270-350 K, an acti-
vation mechanism of conductivity is observed. Localized
electronic states were detected using spectra of thermal-
ly stimulated depolarization. The energy distribution of
the density of filling states with electrons has a maxi-
mum in the range of 0.45-0.6 eV. Electron capture lev-
els are related to defects at the interface between the
nanocrystals and the epoxy resin [9]. The resistivity of
p-type porous silicon depends on the physical proper-
ties of porous silicon. Al/PS/Si/Al structures were used
to determine resistance. The resistivity of p-type po-
rous silicon is thermally activated. The specific re-
sistance decreases with increasing temperature from
30 to 200 C. Mechanisms of transport of charge carri-
ers in porous silicon are shown. The transport of charge
carriers occurs through the tails of the conduction band
bands and deep energy levels. At a volume fraction of
pores greater than 45 %, a conductivity jump between
crystallites appears [10]. Surfaces structured with nan-
owires are present in solar cells to reduce the reflection
of light from its surface. An increase in surface area
increases recombination on the surface of nanodots and
reduces the efficiency of conversion of solar energy into
electricity. The influence of various passivated surfaces
on effective surface recombination is experimentally
analyzed. The influence of the surface concentration of
a fixed charge on the silicon oxide silicon boundary is
shown [11]. The reflectance of nanowires and
macroporous silicon was calculated using the analytical
model of the reflection of a double-layer structure. The
total internal reflection of light from the surface of a
monocrystalline substrate with a macroporous layer is
taken into account. The reflectance of macroporous
silicon decreases as the volume fraction of pores in-
creases. The complex effective refractive index is used
to calculate the reflectance of macroporous silicon sur-
faces [12]. Arrays of nanowires on the surface of silicon
films with a thickness of 8 pm show the best ratio be-
tween improved absorption and reduced photocurrent
due to the rate of surface recombination [13]. The opti-
cal reflectance, short-circuit current and quantum effi-
ciency of solar cells based on silicon nanowires are
measured. The reflection coefficient of silicon nan-
owires decreases by an order of magnitude compared to
a flat surface [14]. Absorption and transmittance of
nanowires and bilateral macroporous silicon are calcu-
lated using derived formulas. Absorption and trans-
mission increase due to the decrease in reflectance of
the surfaces of macroporous layers when the volume
fraction of pores increases. The transmittance of the
lateral surfaces of bilateral macroporous silicon was
calculated [15].

2. THE EFFECTIVE MINORITY CARRIER
LIFETIME IN DOUBLE-LAYER
MACROPOROUS SILICON

JJ. NANO- ELECTRON. PHYS. 16, 04026 (2024)

Fig. 1 shows a scheme of double-layered macroporous
silicon with a thickness of h or nanowires with two diam-
eters on a monocrystalline substrate. On the monocrys-
talline silicon substrate, macropores are etched that up to
a depth of h1 have a volume fraction of pores P:1 (the outer
(first) layer of macroporous silicon), and from a depth of
h1 to a depth of A2 have a volume fraction of macropores
of Pz (the inner (second) layer macroporous silicon).
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Fig. 1 - Scheme of double-layer macroporous silicon or

nanowires with two diameters on a monocrystalline substrate

Let 6pi(x, ), 6p2(x, t), 6pm(x, t) be the excess minority car-
rier concentration in the first and second layers of
macroporous silicon and the monocrystalline substrate,
respectively. Here, x is a coordinate, ¢ is time. The excess
minority carrier concentration will have a maximum in
the monocrystalline substrate after the termination of
the generation of excess minority charge carriers, after a
time greater than the effective minority carrier lifetime
t >> 7of. The origin of the coordinates is selected at the
point of the maximum. The boundary of the monocrystal-
line substrate with the second layer of macroporous sili-
con has the coordinate ha. The boundary of a monocrys-
talline substrate with air has a coordinate of — ho. The
boundary condition at the boundary between the second
and the first layers of macroporous silicon:

(]-_P1)jp12(ha2>t)_(I_Pz)jpgl(hawt): @.1)
= 5,(P, = P)SD,y(Ryz.0) ’

where haz = ha + h2. The value of the diffusion current
density of excess minority charge carriers in the first and
second layers of macroporous silicon, at the boundary
between the first and second layers of macroporous sili-
con, are written as follows:

. 0
.]pl(ha2>t) = _Dp aé‘pl(ha2at) ) (22)

. B
po Pz 1) = =Dy =—5p; (s 1) 2.3)

The values of the excess minority carrier concentration in
the first and second layers of macroporous silicon must be
equal at the boundary between the first and second
layers of macroporous silicon:
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pl(haZ’t) :pz(hazat) . (24)

From expressions (2.1)-(2.4), the boundary condition at
the boundary between the second and first layers of
macroporous silicon is written as follows:

9 0
1-B, 5 Pt 2 0nhal) (g )

- = .(2.5)
1-P, 6p,(h,.t) Opy(hys,t) D,(1-PF)

The boundary condition at the boundary between the
monocrystalline substrate and the second layer of
macroporous silicon:

(U= P () — () = Py5,5p,, (o) . (2.6)

The value of the diffusion current density of excess mi-
nority charge carriers in the second layer of macroporous
silicon and the monocrystalline substrate, at the bounda-
ry of the second layer of macroporous silicon with the
monocrystalline substrate, are written as follows:

. 0
Jo(hy,t) ==D, —5py(hy,t), 2.7)
ox
i hty=-D, 2 5p (ht) =
me( ait)__ p& pm( ait)_ (28)

=D, 6p,(h,,t)a, tan(ah,)

where the excess minority carrier concentration in a
monocrystalline  substrate is  represented  as:
pm(x, t) = A1exp(— t/tef)cos(asx) [7]. The values of the ex-
cess minority carrier concentrations in the second layer of
macroporous silicon and in the monocrystalline substrate
must be equal at the boundary of the second layer of
macroporous silicon with the monocrystalline substrate:

Dy(hy,t) = P, (1) - (2.9)
Boundary conditions at the boundary of the first layer of
macroporous silicon with air and a monocrystalline sub-
strate with air are written as:

0
8010, (hyy,t) = Dpaé‘pl(hal’t)7 (2.10)
0
800D, (hy,t) =D, aépz(ho,t) =
=D, 6p,,(hy,t)a, tan(ahy), (2.11)

where hai = ha + h2 + h1, so1, So are surface recombination
velocities at the boundary of the first layer of
macroporous silicon with air and at the boundary of the
monocrystalline substrate with air. From expressions
(2.5)-(2.8), the boundary condition at the boundary of the
monocrystalline substrate with the second layer of
macroporous silicon is written as:

0

- 5py(h, 1)

P J AU

a, tan(a,h,) =| ~2r _q_pyx " " (919
D, 5py(h 1)
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Boundary conditions in double-layer macroporous silicon,
expressions (2.4), (2.5), (2.9)-(2.12), are a system of equa-
tions. The excess minority carrier concentrations in the
first and second layers of macroporous silicon are written
in the form: Dp1(x,t) = exp(— t/te)(Criexp(x/L1) +
+Ci2exp(— x/L1)), p2(x,t) = exp(—t/Ter)(Ca1exp(x/L2) +
Coz2exp(— x/L2)). Here, Ci1, Ci2, Ca1, Co2 are constants, Tefis
the effective minority carrier lifetime in double-layer
macroporous silicon, L1, Lz are diffusion lengths in the
first and second layers of macroporous silicon. The ratio
of the derivative of the functions to the functions in the
first layer of macroporous silicon is written as follows:

0
—0 t
M - i(l_#) . (2.13)
omxn L C“exp[2x1+1
Clz 1

The ratio of the derivative of the functions to the func-
tions in the second layer of macroporous silicon is written
similarly. Using expression (2.13), expression (2.5) is
written as:
1-A L, a- 2
=B L C“exp[2h”2]+1
Cy
2 _siLy(PA - PF)

+ =
Cot g 2z ) 11 DR
CZZ LZ

)—1+

(2.14)

From expressions (2.11) and (2.13), the Ci1/Ci2 ratio is

written as:
& ~ exp —2h,, \[1-8Sy
C,, L Sy +1)

where So1 = s01L1/Dp is the dimensionless velocity of sur-
face recombination, where D) is the diffusion coefficient.
Using expression (2.13), expression (2.10) is written as:

(2.15)

S, 1P 2

L, L CZlexp(Qh“JH
C22 2

a, tan(ah,) = ) .(2.16)

Using expressions (2.14), (2.15), expression (2.16) is writ-
ten as follows:

RS,  Sp0-P)

tan(a h ) =
n(ah,) oL,

2.17
L 2.17)

The dimensionless surface velocity of disappearance of
minority charge carriers at the boundary of a monocrys-
talline substrate with a monocrystalline silicon matrix of
the second layer of macroporous silicon is written as fol-
lows:

Sy = o 2 - 1218
17exp(—j(17 )
1+ 42 —f2

The dimensionless surface velocity of disappearance of
minority charge carriers at the boundary of the mono-
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crystalline silicon matrix of the second layer of
macroporous silicon with the monocrystalline silicon ma-
trix of the first layer of macroporous silicon is written as
follows:

2

Sp=1- PYRYS . (2.19)
1—exp 2 | Sy =1
-L, ) Sy +1
Expression (2.11) is rewritten as:
So Sy
tan(a,(h—h, —h —hy) = Da - (2.20)

0 Lpas

The value as is found from the system of two equations
(2.17) and (2.20). The effective minority carrier lifetime
is as follows:

p o Lo(y)A =Ry + Ryl (h,)
" 1-R,R I, (h,)

. (2.21)

3. RESULTS AND DISCUSSION

Fig. 2 shows the dependence of the effective minority
carrier lifetime in double-layer macroporous silicon with
a thickness of 500 um on the depth of macropores of the
first (varies from O to 250 um) and second layers of
macroporous silicon with different effective lifetimes of
minority charge carriers in the first layer of macroporous
silicon. The effective minority carrier lifetime in the sec-
ond layer of macroporous silicon is 1 ps.

10

T, uS

0 100 200 300 400 500
h, h,, um

Fig. 2 — The effective minority carrier lifetime in double-layer
macroporous silicon depending on the depth of macropores of
the first (varies from 0 to 250 pm) and second layers of
macroporous silicon, when the effective minority carrier life-
time in the first layer of macroporous silicon, ps: 1-8; 2—-1; 3—
0.1. The effective minority carrier lifetime in the second layer
of macroporous silicon is 1 ps

The diameter of the macropores, the average distance
between them, and the surface recombination velocity
on the surface of the macropores correspond to the ef-
fective minority carrier lifetime in each layer of

JJ. NANO- ELECTRON. PHYS. 16, 04026 (2024)

macroporous silicon. The surface recombination veloci-
ty on the surface of double-layer macroporous silicon is
0.9 m/s. The effective minority carrier lifetime in dou-
ble-layer macroporous silicon is calculated according to
expressions (2.18)-(2.21). The depth of the macropores
of the first layer of macroporous silicon varies from zero
(single crystal silicon) to 250 pum, when there is no sec-
ond layer of macroporous silicon. The effective lifetime
of the first layer of macroporous silicon determines the
effective minority carrier lifetime in double-layer
macroporous silicon. This is due to the fact that the
first layer of macroporous silicon has a boundary with a
monocrystalline substrate. Excess carriers diffuse from
the monocrystalline substrate to the recombination
centers on the surface of the macropores. An increase
in the depth of macropores increases the area of surface
recombination of macropores. Curve 2 in Fig. 2 shows
the dependence of the effective minority carrier lifetime
in double-layer macroporous silicon on the depth of
macropores, when the effective minority carrier lifetimes
in the second and first layers of macroporous silicon are
the same. The diameters of the macropores of each layer
of macroporous silicon are different, but due to the corre-
sponding surface recombination velocity on the surface
of the macropores, the effective minority carrier lifetime
in the first and second layers of macroporous silicon is
the same. The effective minority carrier lifetime in dou-
ble-layer macroporous silicon decreases when the depth
of the macropores of the first and second layers of
macroporous silicon increases. Curves 1-3 in Fig. 2 con-
verge to one curve with the increase in the depth of the
macropores of the second layer of macroporous silicon.
The effective minority carrier lifetime in the second layer
of macroporous silicon determines the effective minority
carrier lifetime in double-layer macroporous silicon. The
second layer of macroporous silicon has an interface with
the monocrystalline substrate, so it determines the effec-
tive lifetime minority carrier lifetime in the double-layer
macroporous silicon.

Fig. 3 shows the dependence of the effective minority
carrier lifetime in double-layer macroporous silicon with
a thickness of 500 pm on the depth of the macropores of
the first (varies from O to 250 pm) and the second layers
of macroporous silicon with different effective lifetimes
of minority charge carriers in the second layer of
macroporous silicon. The effective minority carrier life-
time in the first layer of macroporous silicon is 1 ps. The
diameter of the macropores, the average distance be-
tween them, and the surface recombination velocity on
the surface of the macropores correspond to the effective
minority carrier lifetime in each layer of macroporous
silicon. The surface recombination velocity on the sur-
face of double-layer macroporous silicon is 0.9 m/s. The
depth of the macropores of the first layer of macroporous
silicon varies from zero (single crystal silicon) to 250 pm,
when there is no second layer of macroporous silicon.
The effective minority carrier lifetime in double-layer
macroporous silicon decreases when the depths of the
macropores of the first and second layers of macroporous
silicon increase. Curve 4 in Fig. 3 shows the dependence
of the effective minority carrier lifetime in double-layer
macroporous silicon on the depth of macropores, when
the effective minority carrier lifetimes in the second and
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first layers of macroporous silicon are the same. The
effective minority carrier lifetime in double-layer
macroporous silicon increases to 4.7 us, 3.5 us, 2.7 us at
a macropore depth of 450 um (see Fig. 3, curves 1-3,
respectively).

10

T, us

0 100 200 300 400 500
hl, hz, pm

Fig. 3 — The effective minority carrier lifetime in double-layer
macroporous silicon depending on the depth of the macropores
of the first (varies from 0 to 250 um) and second layers of
macroporous silicon, when the effective lifetime in the second
layer of macroporous silicon, ps: 1-8; 2—4; 3-2; 4-1; 5-0.5; 6—
0.1. The effective minority carrier lifetime in the first layer of
macroporous silicon is 1 ps

An increase in the effective minority carrier lifetime in
double-layer macroporous silicon occurs if the effective
lifetime in the second layer of macroporous silicon is
greater than in the first. The effective life time in dou-
ble-layer macroporous silicon decreases to 1.6 um,
1.3 um at a macropore depth of 450 um, if the effective
life time in the second layer of macroporous silicon is
less than in the first (see Fig. 3, curves 5, 6).

Fig. 4 shows the dependence of the effective minority
carrier lifetime in double-layer macroporous silicon with
a thickness of 500 um on the depth of the macropores of
the first and second layers of macroporous silicon at dif-
ferent depths of the macropores of the first layer of
macroporous silicon. The effective minority carrier life-
time in the first and second layers of macroporous silicon
is 8 us and 0.1 ps, respectively. The diameter of the
macropores, the average distance between them, and the
surface recombination velocity on the surface of the
macropores correspond to the effective minority carrier
lifetime in each layer of macroporous silicon. The surface
recombination velocity on the surface of double-layer
macroporous silicon is 0.9m/s. The depth of the
macropores of the first layer of macroporous silicon var-
ies from zero to the specified depth when the second lay-
er of macroporous silicon is absent. The second layer of
macroporous silicon has a shorter effective minority car-
rier lifetime, so the effective minority carrier lifetime in
double-layer macroporous silicon decreases as the
macropore depth of the second layer of macroporous sili-
con increases. As the depth of the macropores of the first

JJ. NANO- ELECTRON. PHYS. 16, 04026 (2024)

layer of macroporous silicon increases, the effective mi-
nority carrier lifetime in double-layer macroporous sili-
con decreases by a greater value when the depth of the
macropores of the second layer increases (see Fig. 4,
curves 1-4). Curve 4 in Fig. 4 shows the effective minori-
ty carrier lifetime in double-layer macroporous silicon
with a depth of macropores of the first layer of
macroporous silicon up to 400 um. Curve 1 in Fig. 4
shows the effective minority carrier lifetime in double-
layer macroporous silicon with a depth of macropores of
the second layer of macroporous silicon up to 400 pm.
Curve 4 smoothly transitions to curve 1 when the
macropores of the second layer of macroporous silicon
appear (see Fig. 4, curves 1-4).

10

0 100 200 300 400 500
hl, hz, pm

Fig. 4 - The effective minority carrier lifetime in double-layer
macroporous silicon depending on the depth of the macropores
of the first and second layers of macroporous silicon, when the
depth of the macropores of the first layer of macroporous sili-
con, um: 1-100; 2—-200; 3-300; 4—-400. The effective minority
carrier lifetime in the first and second layers of macroporous
silicon is 8 ps and 0.1 ps, respectively

Fig. 5 shows the dependence of the effective minority
carrier lifetime in double-layer macroporous silicon with
different thicknesses on the depth of the macropores of
the first (varies from 0 to 150 um) and the second layers of
macroporous silicon. The effective minority carrier life-
time in the first and second layers of macroporous silicon
is 2.5 us and 0.3 us, respectively. The diameter of the
macropores, the average distance between them, and the
surface recombination velocity on the surface of the
macropores correspond to the effective lifetime of minor
charge carriers in each layer of macroporous silicon. The
surface recombination velocity on the surface of double-
layer macroporous silicon is 0.9 m/s. The depth of the
macropores of the first layer of macroporous silicon varies
from zero to 150 pm, when there is no second layer of
macroporous silicon. The maximum macropore depth of
the second layer of macroporous silicon decreases as the
thickness of the double-layer macroporous silicon decreas-
es. The maximum depth of macropores of the first
macroporous silicon is 150 um. The effective minority car-
rier lifetime in double-layer macroporous silicon decreases
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with decreasing thickness of double-layer macroporous
silicon. The dependence curves of the effective minority
carrier lifetime in double-layer macroporous silicon on the
depth of the macropores become less convex.

10

0 100 200 300 400 500
h], hz, um

Fig. 5 — The effective minority carrier lifetime in double-layer
macroporous silicon thickness, pm: 1-100; 2-200; 3-300;
4-400, 5-500, depending on the depth of macropores of the
first (varies from O to 150 um) and second layers of
macroporous silicon. The effective minority carrier lifetime in
the first and second layers of macroporous silicon is 2.5 us and
0.3 us, respectively

A rapid decrease in the effective minority carrier lifetime
in double-layer macroporous silicon with an increase in
the depth of macropores is observed when the first and
second layers of macroporous silicon appear.

4. CONCLUSIONS

The effective minority carrier lifetime in double-
layer macroporous silicon decreases with increasing
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EdexTuBHuit yac ;kuTTI HEOCHOBHUX HOCIIB 3apsaay B JBOIIaPOBOMY MaKpPOIIOPHCTOMY KpPeMHIil

B.®. Oumenxo
Incmumym gpizuxu nanienposionuxie imeni B.€. Jlawkapvosa HAH YVkpainu, 03028 Kuis, Yikpaina

EdextuBHumit yac sKUTTS HEOCHOBHUX HOCIIB 3apsifly B JBOIIIAPOBOMY MAKPOIIOPUCTOMY KPEMHII po3paxo-
BAHO 34 AHAJITUYHO BUBEACHUMHU PIBHAHHAMU. P03B’I30K PIBHAHHS ardy3ii HEOCHOBHUX HOCIIB 3apsay 3a-
[IUCY€eTHCS JJIS MOHOKPHUCTAIIYHOL MIJKJIAKY Ta IIapiB MAaKpOIOpHCTOro kpemuin. ['pannyna ymoBa 3amnu-
CYEThCSI JIJIsI TIOBEPXOHB IIEePIIOro Iapy MaKpPOIIOPUCTOT0 KPEeMHI Ta MOHOKpHUCTATIUHOI migkiaanku. Cucre-
Ma CeMU PIBHSAHB AHAJITHYHO 3BOJMTHCS J0 JBOX TPAHCIIEHIEHTHUX PIBHAHB, SKI BUKOPUCTOBYIOTHCS JIJIS
PO3paxyHKy e(PeKTUBHOIO Jacy SKUTTS HEOCHOBHUX HOCIIB 3apsay B JBOIIAPOBOMY MAKPOIIOPHUCTOMY KpeM-
uii. [IpoanasmisoBana 3aJIesKHICTE €(DEKTUBHOTO YACY SKUTTS HEOCHOBHUX HOCIIB 3apsay B JBOIIAPOBOMY Ma-
KPOIOPHUCTOMY KPEMHII BiJl TOBITUHU MAKPOIIOPUCTOTO KPEMHI0 Ta TJIMOMHU MAKPOIIOP KOKHOTO Iapy Mak-
pomopuctoro kpemHuio. EdexTrBHMII vyac sKUTTS HEOCHOBHUX HOCIIB 3apsay B JBOIIAPOBOMY MaKPOIIOPHUCTO-
My KpeMHIi 3aJIeKUTh BiJl 00'€MHOI0 Jacy SKUTTS HEOCHOBHHUX HOCIIB 3apsijly, TOBEPXHEBOI peKoMOIHAIT, SKa
3aJIeKUTDH BIJI CepeIHBOr0 iaMeTpa MAKpPOIOpP, CepeaHbol IMNIMOMHM MAKPOIIOP TA CepemHbOl BiJCTAHI MIK
MagKpomopamu, Ta audyaii.

Knrouori cnopa: EderturHmit yac KUTTST HEOCHOBHUX HOCIIB 3apsay, JlBomapoBuii MaKpOIOPUCTHIT KpeM-
Hi, MaKkpomopruCcTHil KpeMHIH.
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