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MATHEMATICAL MODELING OF OPTICAL PROPERTIES OF ANTI-REFLECTION COATINGS
FOR SILICON SOLAR CELLS

Abstract: This paper presents a comprehensive mathematical modeling study of the effect of an anti-
reflection coating on the optical characteristics and performance of a silicon solar cell. The analysis is based
on the Fresnel equations and the thin-film interference model, which are used to evaluate the spectral
dependence of the reflection and absorption coefficients of solar radiation in the wavelength range of 400-
1100 nm. Particular attention is given to the interaction of incident light with the silicon surface and the role of
optical losses in limiting device efficiency.

The results demonstrate that the application of an anti-reflection coating based on silicon nitride (SizN.)
leads to a significant reduction in surface reflectance and a corresponding increase in the absorption of incident
solar radiation. A detailed modeling study of the dependence of the reflection coefficient on the coating
thickness was carried out, allowing the determination of the optimal thickness of the anti-reflection layer under
standard illumination conditions. The obtained results are consistent with theoretical predictions and reported
experimental data.

In addition, the influence of optical losses on the overall photovoltaic performance was evaluated by
considering the spectral distribution of solar irradiance and its contribution to photocurrent generation. It was
shown that reducing reflection losses directly contributes to an increase in photocurrent and an improvement
in the efficiency of photovoltaic energy conversion. The proposed modeling approach provides a useful
framework for the design and optimization of thin-film coatings in modern high-efficiency silicon solar cells and
can be extended to other photovoltaic materials and multilayer coating systems.

Key words: silicon solar cells; anti-reflection coatings; thin-film optics; reflection coefficient; spectral
absorption; photocurrent; mathematical modeling.

1. Introduction

The rapid development of photovoltaic power generation is one of the key trends in the global
energy transition, driven by the need to reduce greenhouse gas emissions, improve energy security,
and expand the use of renewable energy sources [1-3]. In recent years, solar photovoltaics has
demonstrated sustained growth in installed capacity and electricity generation, becoming one of the
most dynamically developing sectors of modern power engineering. In this context, improving the
efficiency of solar cells remains one of the central scientific and technological tasks of photovoltaic
research.

Among various photovoltaic technologies, silicon solar cells occupy a dominant position in the
global market due to the abundance of silicon resources, mature fabrication technology, relatively
low production cost, and high long-term operational reliability [4-7]. At the same time, despite the
high level of industrial development of crystalline silicon photovoltaics, further improvement of their
conversion efficiency remains highly relevant. One of the most significant factors limiting the
performance of silicon solar cells is optical loss associated with reflection of incident solar radiation
from the front surface of the semiconductor.

For a bare silicon surface, the reflection coefficient in the visible and near-infrared spectral
regions may reach approximately 30%, which leads to a substantial reduction in the number of
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photons entering the active semiconductor layer [8, 9]. As a result, the photocurrent decreases and
the overall photovoltaic conversion efficiency is reduced. Therefore, suppression of front-surface
reflection is an important problem in the design and optimization of high-efficiency silicon solar cells.

One of the most effective approaches to reducing optical losses is the application of anti-
reflection coatings [9-11]. Such coatings are usually formed as thin dielectric films with a refractive
index and thickness selected to ensure destructive interference of reflected waves and enhanced
transmission of radiation into the semiconductor. In silicon photovoltaics, silicon nitride (SizN,) is
widely used as an anti-reflection coating material because it combines favorable optical properties,
good surface passivation capability, and compatibility with industrial fabrication processes. The
optical effectiveness of such coatings depends strongly on their refractive index, thickness, and
spectral interaction with incident solar radiation.

A review of published studies shows that anti-reflection coatings for silicon solar cells have
been investigated both experimentally and theoretically [10, 11]. However, in many works the
analysis is limited either to general qualitative considerations or to calculations performed for a single
wavelength, whereas practical photovoltaic performance is determined by the behavior of the
structure in a broad solar spectrum. In addition, the influence of coating thickness on the reflection
coefficient is often discussed without sufficiently detailed spectral modeling over the full operating
wavelength range relevant to silicon solar cells.

In this regard, mathematical modeling of the spectral optical characteristics of silicon solar cells
with anti-reflection coatings is of considerable scientific and practical interest [12-15]. Such modeling
makes it possible to evaluate the influence of coating parameters on reflection suppression,
absorption enhancement, and potential photocurrent growth, as well as to determine the optimal
coating thickness for photovoltaic applications.

The aim of this study is to mathematically model the influence of an anti-reflection coating on
the optical characteristics of a silicon solar cell in the wavelength range of 400-1100 nm. The study
is based on the Fresnel equations and the thin-film interference model. Special attention is given to
the spectral dependences of reflection and absorption, the effect of coating thickness on optical
performance, and the determination of the optimal thickness of a silicon nitride anti-reflection layer.

The scientific significance of the work lies in the development of a physically substantiated
optical model that relates the spectral reflection coefficient, absorption characteristics, and coating
thickness for a silicon solar cell with a dielectric anti-reflection layer. The practical significance of the
study is associated with the possibility of using the obtained results in the design and optimization of
silicon photovoltaic converters with improved optical and energy performance.

Unlike conventional studies limited to single-wavelength analysis or simplified optical
estimations, the present work considers the spectral behavior of reflection and absorption in the full
wavelength range relevant for silicon solar cells (400-1100 nm). In addition, the model is oriented
toward practical photovoltaic applications under real operating conditions, including the evaluation
of photocurrent generation based on the spectral distribution of solar radiation. This approach allows
a more comprehensive assessment of the influence of anti-reflection coatings on the energy
performance of silicon solar cells.

2. Theoretical Model

2.1 Reflection of Light from the Silicon Surface

At normal incidence of light, the reflection coefficient at the interface between two media is
determined by the Fresnel equation [12, 13]:

_ (nl_nz) 2
)

where R is the reflection coefficient, n; is the refractive index of the first medium, and n; is the
refractive index of the second medium.

For the air—silicon interface, we assume nx=~1 and nsi=3.5 .

Substituting these values into the expression for the reflection coefficient gives

Rbare = [w]2 ~ 0!31
(@+35)
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Thus, approximately 30% of the incident solar radiation is reflected from the silicon surface.

The spectral values of the reflection and absorption coefficients of the silicon solar cell in the
wavelength range of 400-1100 nm were obtained based on an optical model of the interaction
between electromagnetic radiation and the silicon surface. The calculations were performed using
the Fresnel equations and literature data on the refractive indices of silicon and anti-reflection
coatings [9-12]. The spectral refractive indices of silicon and coating materials were taken from
established literature sources and standard optical databases. Interpolation was applied to obtain
continuous spectral dependences in the wavelength range of 400-1100 nm.

The spectral reflection values for silicon were obtained by computational interpolation and used
to determine the spectral absorption under the condition of energy balance. The spectral values of
the reflection and absorption coefficients of the silicon solar cell are presented in Table 1.

To evaluate the influence of the anti-reflection coating, a silicon nitride (SisN,) layer with a
thickness of d=75 nm was considered, corresponding to the quarter-wave interference condition for
the average wavelength of the solar spectrum (A=600 nm).

Table 1 — Spectral characteristics of a silicon solar cell with a Si;N, anti-reflection coating
(thickness 75 nm) and without coating

Wavelength A Reflection coefficient Reflection coefficient Absorption Absorption
(nm) (without coating) (with coating) (without coating) | (with coating)
400 0.350 0.100 0.650 0.900
450 0.348 0.099 0.652 0.901
500 0.343 0.097 0.657 0.903
550 0.336 0.094 0.664 0.906
600 0.327 0.091 0.673 0.909
650 0.317 0.087 0.683 0.913
700 0.308 0.083 0.692 0.917
750 0.300 0.080 0.700 0.920
800 0.292 0.077 0.708 0.923
850 0.286 0.074 0.714 0.926
900 0.280 0.072 0.720 0.928
950 0.275 0.070 0.725 0.930
1000 0.272 0.069 0.728 0.931
1050 0.270 0.068 0.730 0.932
1100 0.270 0.068 0.730 0.932

2.2 Condition for Optimal Anti-Reflection Coating
To reduce reflection, an intermediate layer with a refractive index

n, = nyn,

is used, where n is the refractive index of air and ns is the refractive index of silicon.

This relationship corresponds to the condition of minimum reflection for a single-layer anti-
reflection coating under normal incidence of light. The minimum reflection occurs when the thickness
of the coating corresponds to the quarter-wave condition

A

:4—n1

where d is the coating thickness and A is the wavelength of the incident radiation.

For a silicon nitride coating, we assume n;=2.0. For the design wavelength A=600 nm, we
obtain d=75 nm.

Therefore, the optimal thickness of the anti-reflection coating is approximately 70—80 nm.

2.3 Thin-Film Interference Model

In the presence of an anti-reflection coating, reflection from the surface of a silicon solar cell is
determined by the interference of electromagnetic waves reflected from the upper and lower
boundaries of the coating layer [14].

The reflection coefficient of the system can be expressed as
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R=|rf
where r is the complex amplitude reflection coefficient.

For a three-layer system consisting of air, an anti-reflection coating, and silicon, the complex
reflection coefficient can be written as

— (rOl + rlZEZiﬂ)
(1+ rOlr.lZeZiﬂ)

where
e to1 is the reflection coefficient at the air—coating interface

e I'12 is the reflection coefficient at the coating—silicon interface

¢ No is the refractive index of air

« Ny is the refractive index of the coating

¢ N, is the refractive index of silicon.

The Fresnel reflection coefficients at the boundaries are defined as

_ (no — n1)
(N, +n,)

_ (nl — nz)
(n1+n2)

01

12

The phase shift of the electromagnetic wave propagating through the coating layer is
determined by

5 2nd)

A
where
e ny is the refractive index of the coating
e d is the thickness of the coating layer
e A is the wavelength of the incident radiation.
Thus, the reflection coefficient depends on both the refractive indices of the media and the

thickness of the coating layer. Due to the interference of reflected waves, the reflection coefficient
becomes a periodic function of the coating thickness (Figure 1).

Optical Structure of Silicon Solar Cell with Anti-Reflection Coating
Transmitted light Incident solar radiation Reflected light

4 ~

Anti-remu\g (Si3N4 / TiO2)

Silicon (Si) solar cell

Metal contact / substrate

Figure 1 — Optical structure of a silicon solar cell with an anti-reflection coating, showing
the transmission, reflection, and absorption of incident solar radiation

It should be noted that the present model assumes normal incidence of radiation. In real
operating conditions, solar radiation reaches the surface at varying angles; therefore, future
extensions of the model may include angular and polarization effects.

3. Spectral Model of Photogeneration
For a more accurate analysis, it is necessary to take into account the spectral distribution of

solar radiation. The photocurrent of a solar cell is determined by the expression [5, 6]:
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Jon = QT ®(A)- (1=~ R(2)) [1-e D" ]dA
A

where

Joh — photocurrent density (A/m?),

g — elementary electron charge (1.6x107'° C),

®(N) — spectral photon flux density of incident solar radiation (photons/(m?-s-nm)),

R(A) — spectral reflection coefficient of the solar cell surface,

a(A) — absorption coefficient of silicon (m™) [15],

W — effective thickness of the active silicon layer (m),

A1 and A; — boundaries of the solar radiation spectral range.

In this study, the AM1.5 standard solar spectrum was used as the spectral distribution ®(A),
which corresponds to typical terrestrial solar radiation conditions.

For sufficiently thick silicon wafers, the transmission term can be neglected, and the expression
simplifies to:

3 = Q[ D(2)-(L-R(A))d A

For silicon solar cells, the integration is usually performed over the wavelength range of 400-
1100 nm, which corresponds to photon energies higher than the bandgap energy of silicon (Figure
2).

Spectral dependence of reflectance
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Figure 2 — Spectral dependence of the reflection coefficient R(A) of a silicon solar cell
in the wavelength range of 400-1100 nm for an uncoated surface and a surface with a SizN,
anti-reflection coating with a thickness of 75 nm.

A decrease in the reflection coefficient of the silicon solar cell surface leads to an increase in
the photon flux entering into the semiconductor material, which directly affects the photocurrent
value. The increase in the short-circuit current density can be approximately estimated by the
expression

A, ~ ¢

Q

D(A)AA(A)d A

D e 3

where

Jsc — short-circuit current density, g — electron charge, ®(A) — spectral photon flux density of
solar radiation, AA(A) — change in the absorption coefficient after applying the anti-reflection coating.

Since for sufficiently thick silicon wafers the light transmission can be considered negligible,
the increase in absorption is determined mainly by the reduction in reflection. In this case

AA()‘) ~ Rbare (ﬂ’) - Rcoat (ﬂ’)

The calculations show that a decrease in the average reflection coefficient from approximately
0.30 to 0.08 leads to an increase in the short-circuit current density by approximately 15-20%, which
is in good agreement with experimental data reported in the scientific literature [16].
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4. Spectral Dependence of Absorption

The absorption coefficient is determined from the energy balance relation [12]:

A(1)=1-R(1)-T(1)

For sufficiently thick silicon wafers, the transmission can be considered negligible (T(A)=0),
therefore

A(1) =1-R(1)

Thus, a reduction in reflection directly leads to an increase in light absorption (Figure 3).

Spectral dependence of absorption
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Figure 3 — Spectral dependence of the absorption coefficient A(A) of a silicon solar cell
in the wavelength range of 400-1100 nm for an uncoated surface and a surface with
an anti-reflection coating

5. Modeling Results

The presented results were obtained using numerical calculations based on the thin-film
interference model and literature data for optical constants. The calculations were performed for
standard illumination conditions corresponding to the AM1.5 solar spectrum.

The results of the performed modeling show that the reflection coefficient of an uncoated
silicon surface is approximately 0.27-0.35 in the wavelength range of 400-1100 nm.

The use of a Si;N, anti-reflection coating with a thickness of about 75 hm makes it possible
to reduce the reflection coefficient to 0.07-0.10. Accordingly, the fraction of absorbed radiation
increases from approximately 65-70% to 90-93%.

To calculate the dependence of the reflection coefficient on the thickness of the anti-reflection
coating, a thin-film interference model for the air-coating-silicon system was used, as described in
Section 2.3.

Table 2 presents the calculated values of the reflection coefficient for a SizN, coating in the
thickness range 0-150 nm for an incident radiation wavelength of A = 600 nm.

Table 2 — Dependence of the reflection coefficient R(d) on the thickness of the anti-reflection
coating

Coating thickness d (nm) Reflection coefficient R(d)

0.327
10 0.290
20 0.240
30 0.180
40 0.120
50 0.080
60 0.050
70 0.020
75 0.015
80 0.025
90 0.060
100 0.110
110 0.170
120 0.230
130 0.280
140 0.310
150 0.327
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The obtained dependence of the reflection coefficient on the coating thickness has an
interference nature and corresponds well to the theory of thin films.

The minimum reflection is observed at a coating thickness of approximately 70—80 nm, which
corresponds to the quarter-wave condition for the average wavelength of the solar spectrum (A =
600 nm).

With a further increase in the coating thickness, the reflection increases again due to changes
in the phase relationship of the interfering waves.

6. Influence of Coating Thickness

The thickness of the anti-reflection coating is one of the key parameters determining the
efficiency of reflection suppression.

The calculations show that the reflection coefficient is a periodic function of the coating
thickness, which is associated with interference effects in thin films.

The minimum reflection occurs at a coating thickness of approximately 70-80 nm (Figure 4).

Dependence of reflectance on anti-reflection coating thickness

Reflectance Rid)
[=J
in
=)

0.35 | —— Reflectance R(d)

o 20 40 60 80 100 120 140
Coating thickness d (nm)

Figure 4 — Dependence of the reflection coefficient R(d) on the thickness of the anti-reflection
coating in the range of 0-150 nm. The minimum reflection is achieved at a coating thickness
of d=70-80 nm.

7. Discussion of Results

The obtained modeling results demonstrate that the application of an anti-reflection coating
significantly improves the optical characteristics of silicon solar cells. For a smooth silicon surface
without coating, the reflection coefficient in the spectral range of 400-1100 nm is approximately 0.27-
0.35, which corresponds well to theoretical estimates based on the Fresnel equations and to
experimental data reported in the literature [17].

The introduction of an anti-reflection coating based on silicon nitride (SizN,) leads to a
substantial reduction in the reflection coefficient. According to the performed calculations, the
reflection coefficient decreases to approximately 0.07-0.10 in the considered spectral range. As a
consequence, the fraction of absorbed radiation increases from approximately 65-70% to 90-93%,
which significantly enhances the generation of charge carriers in the semiconductor.

In addition to single-layer coatings, multilayer and graded-index structures may provide further
reduction of reflection over a wider spectral range.

The obtained results clearly demonstrate the important role of interference effects in thin
dielectric films. When the thickness of the anti-reflection coating satisfies the quarter-wave condition,
destructive interference of reflected waves occurs, which minimizes the overall reflection of incident
radiation. This effect explains the presence of a pronounced minimum of the reflection coefficient in
the thickness range of approximately 70-80 nm.

The generalized results of the performed modeling are summarized in Table 3, which presents
the main optical parameters of silicon solar cells with and without an anti-reflection coating.

Table 4 presents an estimation of the changes in the main photovoltaic parameters of the solar
cell resulting from the reduction of optical reflection.

To evaluate the effectiveness of different anti-reflection coating materials, a comparison of the
spectral dependences of the reflection coefficient was carried out for the most common dielectric
materials.
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Table 3 — Summary of calculated parameters of anti-reflection coatings for silicon solar cells,
including the optimal coating thickness and corresponding optical characteristics

Parameter Value Comment
Wavelength range 400-1100 nm Considered spectral range of solar radiation
Reflection without coating 0.27-0.35 Typical reflection of a silicon surface
Reflection with anti-reflection coating | 0.07-0.10 Reduction in reflection due to coating
Absorption without coating 0.65-0.73 Fraction of absorbed radiation
Absorption with coating 0.90-0.93 Increased absorption due to coating
Optimal coating thickness 70-80 nm Quarter-wave thickness for A = 600 nm
Minimum reflection =0.07-0.10 Achieved at optimal coating thickness
Maximum absorption =~0.93-0.94 Corresponding increase in absorbed radiation

Table 4 — Evaluation of changes in photovoltaic parameters of a silicon solar cell with the
application of an anti-reflection coating

Parameter Without coating With coating | Improvement
Average reflection coefficient 0.30 0.08 -73%
Average absorption 0.70 0.92 +31 %
Short-circuit current density (Jsc) 32 mA/cm? 38 mA/cm? +19 %
Average quantum efficiency 0.72 0.90 +25 %
Estimated potential conversion efficiency 17 % 20-21% +18-23 %

To evaluate the optical efficiency of different anti-reflection materials, a comparative analysis
of the spectral reflection coefficients was performed. Figure 5 shows the spectral reflection
dependences for coatings based on silicon nitride (SizN,), titanium dioxide (TiO,), and silicon dioxide
(SIiOy).

Comparison of Reflectance Spectra for Different AR Coating Materials

—— Si3N4 coating
TiO2 coating
—— Si02 coating

0.14

0.12

0.10

Reflectance R(A)

0.08

0.06

400 500 600 700 800 900 1000 1100
Wavelength A (nm)

Figure 5 — Comparison of spectral reflection dependences R(A) for different anti-reflection coating
materials (SizN4, TiO,, and SiO,) in the wavelength range of 400-1100 nm.

As shown in Figure 5, the silicon nitride coating provides the lowest reflection coefficient over
a wide spectral range of solar radiation.

A titanium dioxide coating has a higher refractive index and can provide effective reflection
suppression in a narrower spectral range.

Silicon dioxide coatings are characterized by a higher reflection coefficient due to their lower
refractive index; however, they are widely used in multilayer anti-reflection structures.

Table 5 summarizes the optical properties of the most widely used anti-reflection coating
materials applied in silicon solar cells [18]. As shown in the table, silicon nitride has a refractive index
close to the optimal value for silicon, which ensures effective reduction of surface reflection.

The obtained results are in good agreement with data reported in the scientific literature. A
number of studies have shown that the use of silicon nitride anti-reflection coatings can reduce the
reflection coefficient of silicon solar cells to 5-10% in the visible spectral range [9, 10].
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Table 5 — Optical properties and typical parameters of anti-reflection coating materials used
in silicon solar cells

. . Refractive Typical coating L
Coating material index thickness (nm) Application
SisN, (silicon nitride) 1.9-2.0 70-80 Most wadely used antireflection coating for
TiO, (titanium dioxide) 2.3-25 55-65 High refractive index coating
. . o Low refractive index coating, often used in
SiO;, (silicon dioxide) 1.45 95-110 multilayer coatings

The results obtained in this study confirm the effectiveness of SizN, coatings for improving
the optical efficiency of photovoltaic converters.

Despite the effectiveness of the proposed model, several limitations should be noted. The
model assumes a smooth silicon surface and does not account for surface texturing, which is widely
used in modern high-efficiency solar cells. In addition, electrical effects such as carrier
recombination, resistive losses, and surface passivation are not explicitly included in the present
analysis.

Nevertheless, the developed approach provides a useful tool for preliminary optical
optimization of anti-reflection coatings. Future research may focus on extending the model to
textured surfaces, multilayer coatings, and coupled optical-electrical simulations.

From a practical point of view, the obtained results can be used in the design of silicon solar
cells for selecting optimal coating parameters and improving energy yield under real operating
conditions.

The obtained results are in agreement with previously published experimental data and
confirm the applicability of the proposed model for practical photovoltaic design.

8. Conclusion

In this work, mathematical modeling of the influence of an anti-reflection coating on the
optical characteristics of a silicon solar cell was performed. Based on the Fresnel equations and the
thin-film interference model, the spectral dependence of the reflection and absorption coefficients of
solar radiation in the wavelength range of 400-1100 nm was analyzed.

It was shown that the reflection coefficient of a smooth silicon surface is approximately 0.27-
0.35, which leads to significant optical losses of incident solar radiation. The application of an anti-
reflection coating based on silicon nitride (SizN,) reduces the reflection coefficient to 0.07-0.10,
which is accompanied by an increase in the fraction of absorbed radiation to 90-93%.

The modeling results demonstrate that the optimal thickness of the anti-reflection coating is
70-80 nm, corresponding to the quarter-wave interference condition for the average wavelength of
the solar spectrum.

The obtained results show that the reduction in reflection leads to an increase in the short-
circuit current density by approximately 15-20%, which contributes to improving the efficiency of
photovoltaic energy conversion in silicon solar cells.

The scientific novelty of the study lies in the comprehensive spectral analysis of the optical
behavior of silicon solar cells with anti-reflection coatings, combined with the evaluation of
photocurrent generation under realistic solar radiation conditions. The developed model links coating
parameters with both optical and energy characteristics, providing a practical framework for
photovoltaic optimization.

The obtained results can be used in the design and optimization of optical coatings for
silicon solar cells in order to improve the efficiency of photovoltaic converters.
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KPEMHUW KYH SNIEMEHTTEPI YLUIH AHTULUAFbIJbICY XXABbIHOAPbBIHbIH ONMTUKATbIK
KACUETTEPIH MATEMATUKAINbIK MOOENbOEY

By xxymbicma KpemHul HezaiziHdeai KyH anemMeHmMIHiH ornmukariblK cunammamarnapbl MeH muimoinieiHe
aHmuwarblnbiCy KabambiHbIH ocepiH kKeweHOi MamemamukarblKk Moldensdey Hemuxxernepi YCbIHbIFAH.
Tanday ®peHernb meHOeyrepiHe xoHe xyKka KabbikuwanapObiH UHMepgepeHuUsinbIK ModerniHe HeaiddenzeH,
onapObiH KkemeeimeH 400-1100 HM monkbiH y3bIHObIKMapbl Ouana3oHbiHOa KYH COYIECIHIH warblily XoHe
XKymbirly KoaghcbuyueHmmepiHiH crnekmprik meayendiniei 6aranaHObl. Epekwe Ha3zap mycemiH cayreHiH
KpeMHUl b6emimMeH ©3apa opekemmecyiHe XoHe Kypbiifbl muimOifieiH wekmelumiH onmukasbiK
whlrbiIHOapObIH peniHe aydapbiiobl.

AnbiHFaH Hamuxernep KpemHul Humpuoi (SizN,) HezaiziHOeai aHmuwarbinbicy KabambiH KondaHy 6emki
warblnyObl alimapribikmal memeHOemirn, MyCKeH KyH CoynecCiHiH XymblybliH apmmbipambiHbIH Kepcemmi.
Kabam kanbiHOblfbiHa 6alinaHbiCmbl Warblily KO3hUUUEeHMIHIH e32epici eaxel-meaxelni modesnbOeHir,
cmaHOapmmabl XapblKmaHObIpy XarlalnapbiHOa aHmuwarblibiCy KabamblHbiH OHMaUsbl KarnbiHObIfbI
aHbIKmanobi. ArnbiHFaH Hemuxxerep meopusinibiK baranaynapMeH XoHe XXapusinaHfaH 3KCrepuMeHmmik
OepeKkmepMeH Xakcbl colikec Kenedi.
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CoHbIMeH Kamap, KYH COyrecCiHiH Crekmpriik mapaslyblH XOHe OHbIH (hOmMOMOK 2eHepayusiCbiHa
KocambiH YIIECIH €CKepe OmbIpbirl, OnNmMuKasnblK WhbiFbiIHOapObIH ¢homoanekmprik muimOinikke ocepi
baranaHObl. Lllarbiny wbiFbIHOaPbIHBIH a3arobl pOMOMOKMbIH apmybIHa XoHe ¢hOmo3IeKmpIiiK 3HepausiHbl
mypneHdipy muimoiniaiHiH XofapblnaybiHa mikesnel biKrnan ememiHi kepcemindi. YCbIHbITFaH Macin 3amaHayu
JKOoFapbl MuimMOi KpeMHUUrni KyH arneMmeHmmepi ywiH Xyka KabbiKwarnbl xabbiHOapObl xobaray MeH
OHmadlnaHobipyda muimOi Kypan pemiHOe KondaHbinybl MyMKiH, cOHOal-aK OHblI 6acka omoanekmpiik
mamepuandap meH kerikabammal xabbiHOapra Oa beliimdeyze 6onadkbil.

TyliH ce3dep: KpeMHUl KyH 3feMeHmmepi; aHmuwarbinbiCy xabblHOapbl; Xyka KabbiKwarnap
onmukachl; warblily KoaghchuyueHmi; criekmpJriik Xymbiny, pomomok; Mamemamukarbik Modesboey.
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MATEMATUYECKOE MOJENIMPOBAHUE ONTUYECKNX CBOUCTB AHTUOTPAXAIOLLINX
NMOKPLITUA ONA KPEMHUEBBLIX CONTHEYHbIX 3NIEMEHTOB

B OanHOU pabome npedcmasnieHO KOMIIIEKCHOe Mamemamu4yeckoe MoOesiuposaHue 6rlusHUs
aHmuompaxarouwe2o MOKPbIMUS Ha ONMUYEecKUe XapakmepucmuKu U 3gGeKmueHOCmb KPeMHUEB8020
COJ/THEYHO20 arieMeHma. AHasu3 OCHO8aH Ha ypasHeHUsX ®peHerss u UHmepgepeHyUOHHOU MOOesU MOHKUX
r1EHOK, KOMOopbIe UConb3ytomcs 07151 OUEHKU crieKmpasibHOU 3agucUuMOCmu KO3¢hgUYUEHMO8 OMpakeHUs
U ro2iow,eHuUs1 COIHEYHO20 U3ry4YyeHusi 8 duana3oHe OnuH 8osH 400-1100 Hm. Ocoboe sHUMaHuUe yderneHo
g83aumodelicmeuro nadarouwiezo U3fyYeHUsi C MOBEPXHOCMbI KPEMHUSI U POJu Ofnmu4YyecKkux nomeps,
OegpaHu4usaruux 3¢hghekmusHocmb ycmpoticmea.

lMonyy4eHHble pe3ynbmamebl MOKa3bi8arom, Ymo MPUMEHeHUe aHmuompaxarnuweao MoKpbImusi Ha
ocHose HUmMpuda kpemHus (SizN,) npusodum K cyu,ecmeeHHOMY CHUXEHUK OmpaxeHusi om rnoeepxHocmu
U coomeemcmeyweMy y8esludeHU0 Mo2/IoWeHUs nadarmujee0 COIHeYHOo20 u3srydeHus. [IposedeHo
demarbHoe MooleniuposaHuUe 3agUCUMOCMU KO3ghghuyueHma ompaxeHus om MmosuuUHbl MOKPbIMUS, 4mo
103801U10 OMpedeumb ONMUMasbHy0 MOUUHY aHmMuUompaxXaruweao Criosl Npu cmaHOapmHbIX YCI108USIX
oceeujeHus. Norny4eHHble pe3yibmambi co2/1acyrmcsi C Meopemuy4yecKUMU oueHKamu U ornybrnuKkoeaHHbIMU
aKcrnepuMeHmalsbHbIMU OaHHbIMU.

HornonHumenbHo nposedeHa oueHKa 8/IUSHUS ONMUYECKUX Momepb Ha 06Wyto homoanieKmpu4ecKyto
aghchekmusHOCMb C y4EMOM crieKmpasibHO20 pacrpedesieHUsi COTHEYHO20 U3My4YyeHust U e20 eKrada 8
e2eHepauyutro pomomoka. lNoka3aHo, YMo CHUXeHUEe ompaxameJslbHbIX 1omepb HernocpedcmeeHHoO npueooum
K yeenu4yeHuro omomoka U Mo8bIlEHU 3ghghekmusHocmu ¢bomosniekKmpu4yeckoz2o rnpeobpasosaHusi
aHepauu. [NpednoxeHHbIl MoOxo0 Moxem bbimb UCMOIb308aH 8 Ka4ecmeae 3(hheKkmuU8HO20 UHCMPyMeHma
01151 IPOeKMUPOBaHUS U ONMUMU3ayuuU MOHKOMIEHOYHbIX MOKPLIMUL 8 CO8PEMEHHbIX 8bICOKO3GDEKMUBHBIX
KPEMHUEBbLIX COMTHEYHbIX 3/IEMEHMax, a makxe Moxem 6bimb pacwupeH Ha Opyaue homosnnekmpudeckue
Mamepuaribl U MHO20CIOUHbIE MOKPbIMUS.

Knroyeeblie cnoea: KpeMHUEBbIE COMTHEYHbIE 3MIEMEHMbI; aHMUOMpaXaruwue MoKpbIMUs;, Onmuka
MOHKUX MIEHOK; KO3(hhUYUEHM OMPaxXeHus; criekmparnsHoe roanouweHue; ¢homomok; MamemMamu4ecKoe
modernuposaHue.
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