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Abstract. This work investigates the features of modeling photoconversion processes in
highly efficient solar cells based on silicon single crystal, where the contribution of surface
recombination significantly prevails over the contributions of recombination in the space
charge region (SCR) and non-radiative excitonic recombination involving impurity centers.
It is shown that in this case, the key characteristics of the photoconversion process, namely
the dark and light current-voltage characteristics and the dependences of the output power
of SC, obtained with account of recombination in the SCR and non-radiative excitonic
recombination involving impurity centers, practically coincide with each other. The results
of modeling were compared with the experiment for the SC from two works, where the
above-mentioned conditions occur. The analysis confirmed the consistency of the
theoretical dependences obtained with and without account recombination in the SCR and
non-radiative exciton recombination with the experimental data. It is shown that optimizing
the base doping level and thickness of the studied SC causes an increase in its efficiency
from 24.37% to 24.62%. The results obtained in this work allow to explain why previously
the recombination in the SCR was not taken into account in the theoretical modeling of the
characteristics of the SC based on silicon single crystal in the overwhelming number of
works, and also to show that the general approach is valid in the case of any ratio between
the components of the recombination currents in single-crystalline silicon.
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1. Introduction

The reviews [1-4] analyzed the state of investigations
and prospects for photovoltaic applications. These
investigations are focused on highly efficient solar cells
(SCs) based on monocrystalline silicon, with account of
97% of their production [5].

Since the record efficiency of silicon SCs (27.3%)
[6] became close to the theoretical limit (29.6%) [7-9],
the importance of an adequate model for accurate
simulation and optimization of their characteristics is
increasing. The theoretical approach in [10] allows for
the correct modeling of the experimental dependences of
the key photovoltaic characteristics of the mentioned SCs.
This approach considers the following recombination
mechanisms in monocrystalline silicon. These are radia-
tive recombination, interband Auger recombination,
surface recombination, bulk Shockley—Reed—Hall (SRH)
recombination, space charge region (SCR) recombi-
nation, and non-radiative excitonic recombination by the

Auger mechanism via deep impurity level. The last two
mechanisms are not considered in existing works on
modeling the characteristics of silicon SCs, except for
our previous works. This work explains when this can be
done. The specified neglect is valid when the SCR
recombination and non-radiative excitonic recombination
are significantly smaller than the surface recombination.

In this work, we theoretically modelled the key photo-
electric and optical characteristics for the SCs obtained in
[11] for the first time. SCs developed in this work are
designed according to the so-called IBC scheme with back
contacts and separated p'-» and isotype n-n" barriers.

The modeling approach developed in [10] was used
for their modeling characterization. The analysis was
performed using six and four processes describing
recombination in the SC base region. In four processes,
the mechanisms of SRH recombination, surface recom-
bination, interband Auger recombination, and radiative
recombination were considered. When considering six
processes, recombination in the SCR and non-radiative
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excitonic recombination by the
mechanism were additionally included.

It was shown in [10] that when the recombination in
the SCR exceeds the surface recombination [12—16], the
approximation of six recombination processes better
describes the experimental characteristics of the SC than
the approximation of four recombination processes.
Particularly, large differences in these cases are observed
when calculating an effective lifetime in the base region,
which depends on the excess concentration of electron-
hole pairs. In the studied SCs, the surface recombination
significantly exceeds the recombination in SCR.
Therefore, both approximations give the same result, as
will be shown below.

Another feature revealed in the analysis of the
experimental results presented in [11] is a weaker-than-
usual dependence of the surface recombination rate S(An)
on the excess concentration of electron-hole pairs. In the
general case, the rate can be described as

s(m)_so(H%J , ()

no

impurity Auger

where S is the initial surface recombination rate, n is the
equilibrium electron concentration in the base, and r is
the slope of the S(An) dependence. Usually, for most
silicon SCs, the value 7 is 1, but in this case, » = 0.62. As
will be shown below, r values less than 1 are realized
when the charge in the SCR of the n" layer of the isotype
n-n" junctions is smaller than the charge of the p" area.

It should be noted that despite the sufficiently high
surface recombination rate, the efficiency of 24.37% in
this SC is quite high. It can be explained by the small
charge value of SCR of the n'-region, which results in a
lower surface recombination rate at the maximum power
point than at » = 1.

The second reason is the efficient light capture due
to high-quality front surface texturing, which is
evidenced by the spectral dependence of the external
quantum efficiency EQE(A) and a high short-circuit
current density (41.95 mA/cm?). All the above
compensate for the relatively small open-circuit voltage.

In this work we calculate the light J-V
characteristics and the dependences of the output power
P on the applied voltage, experimentally obtained in [17],
using approximations of six and four-recombination
mechanisms and ascertained that they visually coincide.
We have already calculated the light J-F characteristics
obtained in [17], in the approximation of six recombina-
tion mechanisms. The calculation results were published
in our work [18], but the calculation in the approximation
of four recombination mechanisms was not carried out. It
should be noted that [17] was published earlier than [11]
and it considered the SCs with flat surfaces. Both works
were carried out by the same research group. The main
goal of our work [18] was to analyze the wavelength-
dependent External Quantum Efficiency EQE(L) and
Internal Quantum Efficiency /QE()) for a flat SC with a
flat surface in the general and limiting cases of large
diffusion lengths compared to the thickness of the base.

We derived the corresponding expressions in [18] and
established that the aforementioned limiting case of large
diffusion lengths compared to the substrate thickness
appears in [17].

In this work we calculated the recombination rate in
SCR when the inverse lifetime in the SCR is described
by a Gaussian. This part of the work is based on the
theoretical approach proposed in [18]. The work is
structured so that we first interpret the results obtained in
[11], and only then analyze the experimental light J—V
characteristics and the applied voltage-dependent output
power, obtained in [17] in the approximation of six- and
four-recombination mechanisms.

2. Calculation of external quantum efficiency and
short circuit current

The peculiarities of the theoretical approach, described in
[10], that allows modeling the short circuit current Jgc,
having EQE(M) dependences for the device structure, are
the following. The analysis of the EQE(L) experimental
dependence in SC samples of different thicknesses [15, 19]
has shown that it can be divided into two regions. In the
short-wave region (A < 800 nm), denoted by the index s,
the external quantum efficiency EQFE (L) is practically
independent of the sample thickness d. In the long-wave
region (A > 800 nm), denoted by the index /, a certain de-
pendence occurs. In the long-wave region near the ab-
sorption edge, a modified Lambertian is used to calculate
the external quantum efficiency in the following form:

EQE,(\d)=

S
, 2
1+b (4n§i () a(x)dfl

where the fitting non-dimensional parameter b
determines the shape of the EQE; dependence and
describes the ratio of the photon mean path length in SC
with ideal Lambertian surfaces to its actual mean photon
path length, ng; is the refraction index and a(A) is the
absorption coefficient of silicon, d is the SC thickness.
The parameter f'is chosen so that the values of EQFE; and
EQE, coincide at A = 800 nm. It is worth noting that when
b=f=1, expression (1) turns into the well-known formula
for the absorption capacity of SC, introduced in [20].

In the region A < 800 nm, the experimental EQE())
does not depend on the base thickness and is determined
only by the losses due to reflection, shadowing, and
absorption of light outside the base SC region.

By dividing the value EQE()) into two components,
we can calculate the dependence J,.(d,b):

800 1200
Jsc(d,b)=q J[(A)EQES(x)dM j I(V)EQE,(M,b)dr | . (3)
Lo 800

Here, I(}) is the spectral density of the photon flux under
AML.5 conditions.

Fig. 1 shows the experimental dependences of the
external quantum efficiency of SC obtained in [11]. One
can see that the theoretical and experimental curves agree
with each other at 5 =2.6 and f'=0.973.
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Using the expressions (2) and (3), we calculated the
dependence of the short-circuit current of the SC from
work [11] on the base thickness d, as shown in Fig. 2.

3. Dependences of the effective lifetime on excess
concentration

We will describe below the algorithm for determining the
experimental values of the total recombination rate in
SCR, namely, the values of the recombination rate in
SCR (Sscr) and in the part of SCR that becomes neutral
due to the reduction in band bending upon illumination,

as proposed in [11]. The experimental Sg', value is

found using the expression:
sgb =d (150 - 1/, ), (4)
where d is the SC base thickness, Tle.clf i1s an effective

lifetime without the component describing the
recombination time in SCR. This effective lifetime can
be found from the following expression:

‘Clgff = (I/TSRH + 1/Tex +1/TS +1/TAuger +1/de yl s (5)

where tgry is the SRH recombination lifetime, 7., is the
non-radiative exciton recombination lifetime, tg is the
surface recombination lifetime, Tauger is the interband
Auger recombination lifetime and, t,,, is the radiative
recombination lifetime.

The theoretical value S%-p is found from the

expression
St g (A W(An = 0)— W(An) (no + An)
SCk SCR( )J{ e (no +An)+bRAn’
(6)
where
g (ny + An)dx
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Fig. 1. Experimental spectral dependence of the external quan-

tum efficiency EQE(L) of IBC SC, obtained in [11] (points),
while the solid line is the calculation according to formula (2).
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Fig. 2. Calculated dependence of the short-circuit current
density on the base thickness d for IBC SC, developed in [11].
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Here, 15 is the lifetime in SCR, b,= C,/C,;, C,,, C, are
the coefficients of hole and electron capture by the
recombination center, respectively, y — dimensionless

potential, n; — concentration of intrinsic charge carriers,

H(no + An)e” + n(T)exp [ZD R b,((po AR 4 (T)exp(_ me

F (7

E, — energy of the recombination center, 7 — temperature,
w — thickness of SCR, Lp = (SQSSikT/ZanO)”Z -
Debye length, g — elementary charge, & — Boltzmann
constant, gy, &s; are the permittivity of free space and
relative permittivity of silicon, respectively, y, is the non-
equilibrium non-dimensional band bending value on the
surface of the weakly doped region, which depends on
the injection level An and is found from the integral
neutrality condition, and y, — non-equilibrium non-
dimensional potential on the boundary between the SCR
and the quasi-neutral region.

Fig. 3 shows the experimental dependence of the

recombination rate in SCR (dots) and its theoretical fit in
blue.
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Fig. 3. Recombination rate in SCR as a function of excess
concentration. Experiment for SC from [11] (points) and the
correlated theoretical fit (solid line). For color interpretation,
the reader should be referred to the web version of the journal.
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Fig. 4. The excess concentration dependent effective lifetime in
the SC base: experiment from [11] (solid circles) and the
theoretical (lines). The solid blue line is calculated in the
presence of recombination in SCR, while the dashed curve
describes the case without recombination.

Fig. 4 shows the experimental dependence of the
effective lifetime in the SC base, measured in [11], and
corresponding theoretical dependences. Using the
recombination rate in the SCR, we can now calculate the
theoretical dependence of the effective lifetime on the
excess concentration, which is shown in Fig. 4 (solid
curve). In the case of a negligibly small recombination
rate in the SCR, the dependence of the effective lifetime
on the excess concentration is described by the dashed
curve shown in Fig. 4. Comparing the last two curves, we
can see that in this case the largest difference between
them in the region of their maximum values is of the
order of 9%, if the value An is 1.3:10cm™ and 15%,
when An=1.7-10" cm™. These values are significantly
smaller than the difference between the effective lifetime
in the presence and absence of recombination in SCR,
obtained in [11]. It can be explained by the fact that the
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Fig. 5. Dependences of the surface recombination rate S on the
excess concentration at the interface between the n and n'
regions of the SC according Eq. (1) (points) and Eq. (11) (red
line) when the charge in the #* region N =—0.515-10"" cm™ and
the parameter » = 0.62 (a) and when the charge in the n" region
N=-10" cm™ and the parameter 7 = 1 (b).

recombination rate in SCR in this case, in the region of
actual excess concentration values, is more than an order
of magnitude smaller than the surface recombination rate,
and in [11], the recombination in SCR is higher than the
surface one. This means that in this SC, the recombina-
tion in SCR plays a significantly smaller role than in SCs
considered in [11].

It is worth noting that the agreement between expe-
rimental and theoretical dependence for the effective life-
time in the base (Fig. 4) was obtained when using the co-
efficient » = 0.62 (see Eq. (1)). The introduction explained
that this is possible if the charge in the isotype junction is
significantly smaller than in the anisotype junction.

Let’s prove it. The neutrality equation for the isotype
junction is the following:

N _( J”z (o + An)e” —1)-

—noy+An(e_y -1
where ¢gN is the surface charge density in the isotype
junction. In this case, N is negative.

1/2
2kTeyeg;

(10)
7
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Fig. 5 shows the dependences of the surface
recombination rate for the case when such recombination
occurs through a discrete trap level located near the
middle of the band gap at the boundary of the » and n"
regions (defect-assisted SRH recombination). The expres-
sion for this recombination rate has the following form:

S +A

S(an) = — Sl tAn) (11)
(no +An)e” +b,Ane™

with Sy = 1/C,N,, where C, is the hole capture

coefficient, N, is the surface defects level concentration,
b.= C,s/C,s, and C,; is the electron capture coefficient.

In the case when N = —0.515-10"" cm 2, dependence
(11) is in satisfactory agreement with (1) at » =0.62 (see
Fig. 5a). If N= —10"2 cm?, then the coefficient r in the
dependence S(An) equals 1 (see Fig. 5b).

4. Modeling of light J-V characteristics and depen-
dences of power on applied voltage for SC [11]

Fig. 6 shows the experimental dependences for light
current density-voltage J—JV characteristics obtained in
[11]. Theoretically, the light J—F characteristic for silicon
SCs can be determined from expressions (12)—(15):

V+J,R,

|

J,V)=Jg~J,0V)- (12)

SH

d
J.(V)= CIASC[T +800

1+MJ+S§”CRJM(V), (13)
Teﬁ'

)
-1
, (14
w} "

1

T Auger
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Fig. 6. Light J(V) and P(V) characteristics of SC from [11].
Points are experimentally obtained, and lines (/ -3, 4—6) are the
theoretical dependences calculated respectively using six-, five-
and four-recombination mechanisms. Lines /-3 and 4-6
visually coincide.

2
An(V) = —”7°+\/’jT°+n,.(T,AEg)Z[eXp—‘1(V ;;LRS)

_ lj’
(15)
where J (V) = [;(V)/Asc is the total current density,
Asc — SC area, Jgc — the short-circuit current density,
J(V) — recombination (dark) current density, V' — applied
voltage, Ry and Rgy are series and shunt resistance,
n=ny+An is the total electron concentration in the
neutral volume of the base and AE, — temperature-
dependent narrowing of the semiconductor band gap.

Fig. 6 also shows theoretical dependences for light
J-V characteristics, calculated using approximations of
six, five, and four recombination mechanisms. The
meaning of the six- and four-mechanism approximations
is described above. The case of five mechanisms
corresponds to neglecting the recombination in SCR, and
with account of non-radiative exciton recombination. The
theoretical dependences, shown in Fig. 6, as well as in
Fig. 7, were simulated in the following order. Firstly, the
dependences were constructed to approximate six recom-
bination parameters, then five and finally, four recom-
bination parameters. As can be seen from Fig. 6, the
obtained dependences visually coincide with each other
and are consistent with the experiment. The visual coin-
cidence of the dependences here and further in the text
means that their deviation is less than 0.1%. In the case
of six-recombination approximation the following para-
meters were used: S=14.57 cm/s, Rs= 0.165 Ohm-cn?’,
tn=710"s,  r=0.62, 1z=7-10"s, b=0.1,
Rgy=3-10*Ohm-em’, and Jge=41.95mA/cm®. In the
case of five recombination mechanisms, only the surface
recombination rate and the series resistance are changed;
therefore, S=14.77 cm/s, and Rg= 0.183 Ohm-cm’.
When only four mechanisms are considered, the surface
recombination rate and series resistance equal
S$=16.1 cm/s, and Rg= 0.15 Ohm-cm’.

The dependence of the SC output power on the
applied voltage is described by the expression

PO =1,V V. (16)

Fig. 6 also shows the experimental and theoretical
dependences P(V) calculated in the approximations of
six, five, and four recombination mechanisms, using the
above parameter values. In the case of light J-V
characteristics, they coincide with each other. The reason
for their coincidence is the insignificance of the recom-
bination in the SCR and non-radiative exciton recombi-
nation compared to the surface recombination rate.

The expression for the dark current has the
following form:

gdscdAn V= JpR,

Jp(V)= , (17)
b tejf(An) Ry
2
_ M M, aV=JpR,) _
An(p) =~ +\/ y +n,(T,AEg>2[exp e 1).
(18)
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Fig. 7. Theoretical dark J—V characteristics (lines /—3) and
dependences Js(Vpc) (lines 4-6), calculated using six (1, 4, 7,
10), five (2, 5, 8, 11) and four (3, 6, 9, 12) recombination
mechanisms for the case when the shunt resistance is 3-10*
(lines I—6) and 3-10'°Ohm-ecm’ (lines 7-I12). Upper curve
contains visually matching lines /-6, while the middle and
lower curves contain similarly matching lines 7, /0 and 8, 9, 11,
12, respectively.

Finally, the dependences of the short-circuit current
on the open-circuit voltage are determined from the
equations

_ qAscdAngye

V.
1.V, )= Yoc (19)
SC( ¢ ) Teﬂ(AnOC) " Ry,

2
%
Anpe (V) = —”7°+\/"T°+ni(T,AEg)2(exp%—1) (20)

Fig. 7 shows the theoretical dependences for the
dark current on the applied voltage and the short-circuit
current on the open-circuit voltage in the approximations
of four-, five-, and six- recombination mechanisms. In
this case, firstly, theoretical dependences for the dark J—V
characteristics were calculated and plotted, and then
theoretical dependences Js(Voc). In this case, the shunt
resistance is relatively small (3-10* Ohm-cm®), and the
surface recombination rate significantly exceeds the
recombination rate in SCR and the rate of non-radiative
exciton recombination. In this case, all the calculated and
plotted curves practically coincide visually.

The close similarity of the dark J—V characteristics
and the short-circuit current dependences in this case is
associated with the small series resistance and the limit
of the maximum applied voltage and open-circuit
voltage, while the shunt resistance is sufficiently small. It
should be noted that with and without the recombination
in SCR, the dependences coincide at both low applied
voltages and open-circuit voltages only because, in the
region of low voltages, the dark current is determined by
the shunt resistance. If the shunt resistance is set to be
large (about 10'°Ohm-em® or more), then the dark
current and the Jgc(Vpc) dependences in the presence and
absence of recombination in SCR differ (see Fig. 7).

In this case, as before, theoretical dependences for the
dark J-V characteristics were firstly calculated and
plotted, and then theoretical dependences Js(Voc).

Consider that most of the simulation programs for
calculating key parameters of silicon-based SCs were
developed before researchers learned to effectively
minimize surface recombination. Therefore, it becomes
clear why the theoretical dependences obtained in the
approximation of four recombination mechanisms were
in good agreement with the experiment. The situation
changed when technologies were developed for effective
passivation of the surface of silicon crystals, which
reduced the surface recombination to a few cm/s or even
less [12, 21-25]. As the results of our studies, in [10, 27],
have shown that in cases where surface recombination is
less than recombination in SCR, the latter should be
considered. In this case, recombination in SCR has a
particularly strong influence on the dependence of the
effective lifetime on excess concentration.

5. Optimization of the parameters of SC studied in [11]

In the case described in [10], the efficiency obtained in
[11] can be increased by optimizing the base thickness
and the base doping level. Our calculations showed that
the maximum efficiency of 24.62% can be achieved at
the base doping level of 5-10"° ¢cm ™ and the thickness of
520 um. The dependence of the output power of the
optimized SC on the applied voltage for this case is
shown in Fig. 8. Considering that the experimental
efficiency from [11] was 24.37%, the authors of the work
have selected parameters that allowed getting the
efficiency close to the optimal one.

Fig. 9 plots the dependences of the photoconversion
efficiency on the surface recombination rate. One can see
that at S> 20 cm/s, the values of the photoconversion
efficiency calculated in the approximations of six and
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Fig. 8. Theoretical light J(V) and P(V) characteristics of the
optimized SC, calculated using the six recombination
mechanisms approach.
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four recombination mechanisms visually coincide. It is
also seen that even at S =100 c/s, the photoconversion
efficiency remains sufficiently high.

6. Modeling of light I-V characteristics and depen-
dences of useful power on excess concentration for
work [17]

Fig. 10 shows the experimental dependences for the light
J-V characteristics from [17], as well as the theoretical
ones in the approximations of six and four recombination
mechanisms. The calculated graphs use the formalism
from [18] with the following parameters: T, = 3.8:10°%s,
X,=8.510%cm, 6=2.410°cm, b,=0.1, Ty =2.1-10"s,
So=17.4 cr/s, Rg=0.64 Ohm-cm’, where 1, is the
lifetime at the maximum point, x,, is the position of the
maximum, and o is the dispersion of Gauss distribution.

As can be seen from the figure, the voltage-depen-
dent light J(V) characteristics, calculated in the approxi-
mations of six and four mechanisms, visually coincide.

Fig. 10 also shows the experimental dependence of
the output power on the applied voltage P(V) and the
theoretical dependences in the approximations of six and
four recombination mechanisms, calculated following the
approach of [18]. As can be seen from the figure, the
theoretical dependences of the output power, calculated
in the approximations of six and four recombination
mechanisms, also coincide.

In this case, the excess concentration at the maxi-
mum efficiency point is 1.96:10"*cm™, S=18.1 cmys,
Ssck=9.6 cm/s. Thus, in contrast to [11], the surface
recombination and recombination rates in SCR are
comparable. However, in the case of four recombination
mechanisms, when recombination in SCR is absent, it is
necessary to consider the change in the surface
recombination rate to reconcile theoretical dependences
with the experimental ones. This consideration gives a
new surface recombination rate, with its 26.6 cm/s
minimum value. From the comparison of the total surface

26

25 +

Efficiency, %

24

23 ]

10
S, cm/s

100

Fig. 9. Dependence of the efficiency of SC photoconversion on
the rate of surface recombination at the boundary of the isotype
junction calculated using approaches with four (/) and six (2)
recombination mechanisms.
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Fig. 10. Light J(V) and P(V) characteristics of the SC from
[17]. Points are experiments, and lines are the theoretical
dependences calculated, respectively, using six (lines /, 3), and
four (lines 2, 4) recombination mechanisms. Lines /, 2 and 3, 4
visually coincide.

recombination rate and recombination rate in SCR and
the new surface recombination rate, it is seen that at the
point of maximum power, they are the same. This
explains the coincidence of theoretical dependences in
the case of six and four mechanisms.

7. Conclusions

In summary, as shown experimentally in [11] and
explained in this paper, a sufficiently high efficiency
exceeding 24% can be obtained even when the surface
recombination rate is sufficiently high. This is due to the
high-quality texturing, which results in a short-circuit
current density of the order of 42 mA/cm?.

We have shown that for SC studied in [11] the
exponential index r in expression (1) for the surface
recombination rate on the excess concentration is 0.62,
which is less than unity — the value that usually occurs.
We explain this by the fact that in this case, the donor
charge in the isotype contact is much smaller than the
acceptor charge in the anisotypic contact.

It was also shown that for the theoretical modeling
of the light J—V characteristics, dark J—V characteristics,
short-circuit current, and output power, the approxima-
tion of four recombination mechanisms can be used. This
can be done when the surface recombination rate
significantly exceeds both the recombination rate in the
SCR and the rate of non-radiative exciton recombination.

The corresponding criteria that allow using the
approximation of the four recombination mechanisms for
modeling SCs are satisfied for SCs in experimental
works [11, 17]. At the same time, when calculating the
effective lifetime, it is always necessary to consider the
recombination in SCR; otherwise, there is no region of
decreasing T, (An) with decreasing An at a small An.
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Oco0suBoCTi XapakTepu3anii Ta onTuMizanii BHCOKOe()eKTHBHUX KPEMHiI€EBMX COHSYHMX eJIeMEeHTIB, B AKHX
JOMiHY€ MOBepPXHeBa peKOMOiHaLLlist

A.B. Cauenko, B.I1. Koctuabos, 1.0. CokosioBeskuid, A.I. IIIkpedTiii

AHoTanis. Y po0oTi AOCTIIKEHO OCOOIUBOCTI MOAETIOBAHHS IPOIECIB (POTOTEPETBOPEHHS Y BHCOKOE(PEKTHBHUX
consiunux enemenTax (CE) Ha OCHOBI MOHOKpPHUCTaJIIYHOTO KPEMHIIO JUIsl BUMIAJIKY, KOJIM BHECOK TIOBEPXHEBOT PEKOM-
OiHawii 3Ha4HO IepeBakae BHECKH peKoMOiHawii B 00xacTi mpocropoBoro 3apsay (OI13) Ta Oe3BHIIPOMIHIOBAIBHOT
E€KCUTOHHOI peKoMOiHaIlil 3a yJacTi0 JOMIMKOBHX HeHTpiB. Iloka3ano, Mo B I[bOMY BHITQAKy KIIOUOBI XapaKTepHC-
TUKU TIpoliecy (OTONEPEeTBOPEHHS, a caMe TEMHOBAa 1 CBITJIOBa BOJBT-aMIIEPHI XapaKTEPUCTUKU Ta 3aleXKHOCTI
BuxigHoi nortyxHocti CE, orpumani 3 ypaxyBaHHsIM Ta 0e3 ypaxyBaHHS pekomOinarii B OII3 ta Ge3BHIIPOMIHIO-
BaJIbHOT €KCUTOHHOI peKOMOIHAIIIT 32 yJacTIO JOMIIIKOBUX IIEHTPIB, MPAaKTUYHO 30iratoTbcst Mk c00010. PesynbraTn
MOJIEIIIOBaHHS MopiBHIOBaNMCA 3 ekcriepumenToM a1t CE 3 1BoxX poOit, B SIKMX Maii Micle 3a3HaueHi BHIE YMOBH.
AHaJi3 MiATBEPANB Y3TODKEHICTh TCOPETHYHUX 3AJICKHOCTEH, OTPUMAaHMX 3 ypaxyBaHHIM Ta 0e3 ypaXyBaHHS pPEKOM-
6inauii B OI13 Ta 06e3BUIPOMIHIOBAIBEHOT €KCUTOHHOT peKOMOiHaIlii, 3 eKCIIepUMEHTaIbHUMH JaHuMH. [lokaszaHo, 110
ONTHUMI3aIlis PiBHS JIETyBaHHS 0a3M Ta TOBIIMHH JIOCITIIPKYBAaHOTO COHSYHOTO €JIE€MEHTa IPUBOAUTH /10 30LIbIICHHS
fioro edextuBHOCTI 3 24,37% 1o 24,62%. Pe3ynpraTti, oTpuMani B poOOTi, JO3BOJISIOTH MOSCHUTH, YOMY paHimIe
pexombinariss B OI13 He BpaxoByBajacs NMpH TEOPETUYHOMY MojentoBaHHI xapakrepuctuk CE Ha oCHOBI MOHO-
KPUCTATIYHOTO KPEMHII0 Y MEePEBaXHIN KUTBKOCTI poOiT, a TaKOXK TOKa3aTH, M0 3arabHUH IMIAXIN CIpaBeIINBUI Y
BUIAJIKY OyIb-SKOTO CITiBBiTHOIICHHS MiXK KOMIIOHEHTaMH CTPYMiB peKOMOiHaIlli B MOHOKPHUCTATIYHOMY KpeMHii.

KnrouoBi ciaoBa: MoIeNrOBaHHS, KPEMHIEBHH COHSYHMIA €JIEMEHT, MIBHAKICTh TOBEPXHEBOi pPEKOMOIHAIIT,
pexomoinaitis B OI13, eekTrBHICTH POTOTIEPETBOPEHHSL.
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