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This analytical essay discusses antimony selenide (Sb2Ses) as a potential candidate material to be used as a thin-film photovoltaic
absorber. Sb2Ses has provided significant ecological/economic benefits, including large optical absorption, an adjustable band gap of
about 1.13 eV, and a lack of toxic elements. A parametric exploration was carried out in the current study based on the platform
SCAPS-1D in order to identify ideal layer designs, interfaces, carrier dynamics, and band alignments. This analysis has focused on
loss mechanisms which constrain photovoltaic performance in an effort to isolate and come up with strategies to inhibit Shockley-
Read-Hall recombination, surface recombination, band-offset differences, and internal diffusion effects. The results provide practical
suggestions for minimizing voltage losses, such as minimizing absorber/buffer thicknesses, minimizing acceptor densities, optimizing
the conduction band offset as close to zero as possible, and minimizing surface recombination and defect densities.
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1. INTRODUCTION

The increasing energy needs of society have created an impetus to develop different means of harnessing
renewable energy through research and technology. In particular, newer photovoltaic (PV) technology represents a
more effective and environmentally friendly means of tapping into solar energy; additionally, the new methods being
developed also represent ways to reduce manufacturing costs while at the same time achieving extremely high
photovoltaic conversion efficiency PCE. Numerous categories of thin-film solar cell (TFSC) technology have garnered
significant research interest recently due to the ability to minimize material usage, increase flexibility, and achieve
high efficiency [1]. Recently, TFSC materials in multiple categories such as cadmium telluride (CdTe), copper indium
gallium selenide (CIGS), and perovskite have gained tremendous popularity for use in solar cells. However, each
material category has some limitations, particularly regarding the long-term viability of these materials (including the
toxicity of cadmium (Cd) and indium (In)). Thus, many environmentally friendly and non-toxic materials for
Photovoltaic (PV) applications have been researched, including copper zinc tin sulfide (Cu,ZnSnSs), SnS, Cu,0, and
CuSbSe; and their chalcogenides, antimony selenide (SbaSes) as well [2]. The maximum PCE obtainable by a single-
junction solar cell is 32.23%, which occurs at approximately 1.14 eV, the optimal energy bandgap for the absorbing
layer based on the Shockley-Queisser model [3]. These results indicate that Sb,Se; is becoming a candidate material
of choice for chalcogenides to absorb Solar Energy due to its opto-electronic properties such as high electron mobility
(15 cm?/Vs), hole mobility (42 ¢cm?/Vs), and good bandgap [4], which ranges from 1.10 -1.30 eV depending on
application. It also has very low conductivity [5], a low melting point (612°C), and a high absorption coefficient
(> 103 cm™). In addition, Sb,Ses has stability as an alternate absorber material for the construction of solar cells, thus
allowing compatibility with current methods of production. Studies conducted by Wen et al. [6] reported improved
charge-carrier mobility for the use of Sb,Ses layers produced by means of vapor transport deposition technology
(VTD), yielding efficiencies as high as 7.6% for VTD-produced films. Similarly, Li et al. [7] produced oriented
nanorod assemblies of SbSe; via closed-space sublimation (CSS) on Mo electrodes, yielding efficiencies of 9.2%.
Huan et al. [8] created thin-filmed Sb,Se; solar cells achieving 6.53% efficiency. Lin et al. [9] fabricated
glass/Mo/Sb,Ses/CdS/ITO/Ag solar cells by means of spray application yielding PCE of 7.43%, which was
subsequently improved to 8.64% by Tang et al. [10] Given the evolving effort to optimize these performance measures
the current understanding of Sb,Ses based solar cells has been explored with the aid of computer simulations utilizing
the SCAPS-1D software, further enhancing the understanding of photovoltaic phenomena and supporting experimental
development. The SCAPS-1D program is one of the most widely used tools for modeling thin-film solar cells. It has
demonstrated its ability to accurately predict how a given solar cell will perform. With SCAPS-1D, electrical and
optical properties of Sb,Ses solar cells were able to be accurately simulated and the effects of material properties, layer
thicknesses, doping levels, and defect densities on device performance were studied. As such, this simulation approach
can save significant time and money compared to traditional experimental trial-and-error approaches, while also
increasing understanding of the physical processes that limit device performance.
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In the research of Lin Ling-yang, the optimal layer thickness, defect density, and carrier mobility were identified by
SCAPS-1D for the Sb,Ses/CdS solar cell structure to improve the cell efficiency, based on the SCAPS-1D parameters
effective PCE. The solar cell structure has very promising attributes, including abundant material sources, low cost, and
nontoxicity, as well as very effective construction of the absorber layer (600 nm) and buffer layer (60 nm), improved hole
mobility, and low defect density. The PCE discovered in this research was 16.5% and consisted of a study of the effect
of back contact work function [11]. The new Sb,Se; based solar cell structure proposed by Baig and Faisal along with
other co-authors used Eco-friendly and inexpensive materials to achieve a solar cell efficiency of 13.2 per cent. The
researchers substituted the heavy-metal toxic elements Cd and Pb with Cu,O as an HTM, In,S; buffer layer, and a layer
of CNT as a back contact to form the innovative new solar cell structure [12]. The effect of interface passivation on the
performance of Sb,Se; solar cells was also investigated in research by Chen et al. [13], who found that interface
passivation was able to remove some defects and therefore, that SnO, was an important factor due to its ability to reduce
defects and increase cell performance, a key aspect for practical use of the cells. Research by Sheikh et al. [14] indicated
that CdS/SbySe; devices with a 1 um absorber thickness achieved a PCE of 29.35%. Similarly, [15]
ZnS/Sb,Ses/PEDOT:PSS devices with an absorber layer thickness of 0.8 um achieved the same PCE, which did not take
into account any influence of the defect density on the interface. A WS,/Sb,Ses/Cu,O solar cell with a 0.5 pm thick
absorber layer achieved a PCE of 30.03% [16], also without the effects of defect density on the interface. Because of the
interfacial layer separating the collector layer of the Sb,Ses (semiconductor) from the collector contact (metal), there are
less downward band bending at the Sb,Ses/metal junction, making it easier for electrons and holes to move through the
collector layer toward the collector metal. Reducing downward band-bending at the SboSes/metal junction will eliminate
the “pinning” or locking of the Fermi energy level at this junction. Eliminating such pinning will also improve transport
of holes from the absorber layer to the collector, thereby reducing the amount of carrier recombination that occurs during
the illumination phase. The interfacial layer will also facilitate the movement of holes through the back contact via the
smallest band gap energy difference valence band offset (VBO) between the two. Therefore, it is critical to use certain
materials that are compatible with the hole transport material (HTM) and back surface field (BSF) materials to maximize
the electrical and optical performance. Cu;O, a non-toxic, abundant, and easily manufactured material has been found to
serve as a suitable HTM for Sb,Se; solar cells [17].
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Figure 1. Publications on Sb>Se3 based thin-film influences. As shown in Figure 1, the publications on Sb,Ses thin-
solar cells using SCAPS-1D, categorized by years film solar cells modelled using SCAPS-1D by the authors in journals

indexed in SCOPUS for the period of 2018-2025.

This research paper will provide a comprehensive review of thin-film solar cells based on Sb,Se; through simulation
and analysis with SCAPS-1D. The significance of utilizing simulation and computation as an integral part of PV research
will be discussed in depth. We will provide an in-depth description of the factors that affect the efficiency of a photovoltaic
device and document new techniques (e.g., Interface engineering, control of doping level, use of machine learning, etc.)
that could potentially alleviate current limitations of such devices.

2. MATERIAL PROPERTIES

Sb,Se; thin films have a many beneficial properties, but their performance continues to lag behind the maximum
potential performance predicted by the Shockley-Queisser (SQ) limit as the devices have yet to reach maximum attainable
efficiencies. We encourage further development in three areas for improving the efficiency of Sb,Ses thin film solar cells:
First, better controlling the kinetics and morphology of Sb,Se; precipitate growth while maintaining their high stability;
second, ensuring proper alignment of the bandgap and energy bands in the device structure; and finally, minimizing
recombination centers (defects at the interface and within the bulk of the material). Sb,Se; belongs to A,Bs-type
isostructural compounds. These compounds are characterized by the presence of a metal A (bismuth or antimony) and a
non-metal B (sulphur or selenium), and they are part of a larger family (A, BY',) that contains numerous compounds
with similar structural arrangements. The orthorhombic stable phase of Sb,Se; has orthorhombic Pbnm and Pnma
crystallographic symmetry, and both of these space groups are crystallographically identical. Minor differences arise
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when changing the directions of the coordinate axes. Pbnm lattice constants area=11.62 A, b=11.77 A, c =3.962 A,
and Pnma lattice constants are a=11.7938 A, b=3.9858 A, c = 11.6478 A [18]. The crystal structure of Sb,Se; is ribbon-
like (or pseudo-1D) in its basic form, and this wrapping ribbon-like structure leads to anisotropic charge conduction and
optoelectronic response of this compound, so the physicochemical stability of Sb,Ses, as well as the phase structure,
texture, and orientation, needs to be controlled to take full advantage of its functionality.

2.1. Material Structure

The repeating structure of SboSes; occurs as chains of (SbsSes), between layers where van der Waals forces bind the
chains together in the (010) direction, and covalent bonds hold them to form the (001) direction. The space between the
ribbons was 2.98 A, as referenced in [18]. In obtaining an effective application from the (221) direction, Sb,Se; should
be within 0.3-0.6 um for optimal device use, while the diffusion distance for electrons when considering a (221) direction
is only considered to be 0.3 um, as stated in reference [5]. On the other hand, when measuring in the (001) direction the
electrons can diffuse up to 1.7 um which is five times longer than the (221) diffusion distance, as stated in reference [19].

As a result of this quasi-one-dimensional crystal system (as shown Figure 2), Sb,Se; is highly anisotropic, with
impediments on the trajectory of charge carriers occurring along all planes of the structure, except for one plane parallel
to the c-axis (ribbon) direction. Due to limitations on carrier behavior within most of the ribbon’s geometry, the carrier
mobility of SbySes is rather poor in terms of the degree of mobility [4]. To modify the electronic characteristic properties
of Sb,Ses, dopants such as transition metals or halogens can be introduced to produce additional energy state levels within
the Sb,Ses band gap, resulting in the band gap expanding or contracting depending upon the specialized dopant and doping
configuration used. The electronic properties of thin film geometries also affect the size of the band gap as a result of
changes in bond length and changes in the dimensions of the unit cell lattice constant, in addition to the influence of
externally applied pressure, which has the potential to decrease the band gap, along with the effects of thermal expansion
or contraction resulting from temperature changes.

so
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Figure 2. a) The asymmetric placement of antimony (Sb purple dots) and selenium (Se yellow dots) within the third phase of the Sb2Ses
compound, according to the Pbnm space group. b) An illustration of the “ribbon” configuration of the Sb2Ses; material system, such that
dashed lines in black indicate the presence of van der Waals interactions holding together Se between different ribbons [20]

o

2.2. Defects in Antimony Selenide

Grain boundary defects in polycrystalline thin films were historically conceived of as recombination centers [21].
This conceptual framework is replicated from prior research on semiconductor systems such as GaAs and CdTe that
exhibit similar behaviors due to their simple binary phase chemistry. It was originally assumed that the simple binary
phase chemistry of Sb,Se; would afford it a limited number of natural defects with respect to its management when
compared with the multinanometallic systems such as CZTS/Se. Based on this assumption, it was hypothesized that there
would be six intrinsic types of defects formed in this system:

(a) The two types of vacancies will exist in the form of cation vacancies (Vsp) and anion vacancies (Vse).

(b) The interstitials will consist of two types: cation interstitials (Sbi) and anion interstitials (Se;).

(¢) The antisite defects will exist in the form of cation-on-anion antisites (Sbs.) and anion-on-cation antisites (Sesp).

However, experimental and theoretical results indicate that the intrinsic defects in Sb,Se; are far more complex than
originally envisioned, and that the defect physics of this quasi-one-dimensional van der Waals material cannot be simply
extrapolated from the three-dimensional covalently bonded binary photovoltaic absorbers (e.g. GaAs, CdTe).

2.3. Defect Tolerance of Photovoltaic Absorbers
There are two main reasons for the differences in defect tolerance between absorbers in photovoltaics and other types
of solar cells: (1) the lack of deep traps in the gap energy region makes it a very good property of an absorber; and (2) the
properties of the defects depend on the atomic position in the Q1D structure. For example, there are 3 different positions for
Se atoms in a given Sb,Se; ribbon (Sei, Sez, Ses) but only 2 different positions for Sb in that ribbon (Sb;, Sb,), which means
that defects in the same atomic location will have vastly different properties when considered in relation to either site.
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Also, the low van der Waals strength of the (SbaSe¢)n chains leaves large voids between the (SbsSes), ribbons, and
as a result, defects appear in ways entirely unlike those of traditional absorbers. Such examples include cation-on-anion
antisite defects (Sbse), anion-on-cation antisite defects (Sesp), and even two anions on one cation antisite defects (2Sesp).
Thus, there are only a couple of basic defect types in this structure, but they are complicated because of the unusual
structure of Sb,Ses. Se can be used to replace antimony’s cation-anion character, resulting in Ses, and Sbse antisite defects.
These defects are still debated to be acceptors or donors [22].

3. INFORMATION ABOUT THE SCAPS-1D PROGRAM

The SCAPS-1D software package was developed at Ghent University, Belgium, by Prof. Burgelman in the
Electronics and Information Systems department and is a tool to evaluate the electro-mechanical properties of
photovoltaic components such as solar cells, and increase their efficiency. Researchers and engineers have utilized
SCAPS-1D extensively to explain the structure, material composition and working characteristics of solar cells. SCAPS-
1D has applications in several areas of research: modelling of solar cells with materials including silicon (Si), CIGS,
perovskites, SbaSes, etc; optimization of PCE by finding the best operating point for a solar cell and establishing how
different material properties, thickness of layers, and concentrations of dopants impact the performance of the solar cell;
validation of experimental results via simulation.

3.1. Main Input Parameters

The parameters that need to be entered into SCAPS-1D for solar cell modeling are as follows: Layer Thickness,
Absorber and Buffer Thickness, and also the thickness of the Contact Layer.

Bandgap (E,)

Dielectric permittivity (g)

Electron mobility and hole mobility (p)

Doping concentration, with n-type donor doping and p-type acceptor doping, and all that influence the electrical
performance

Defect density, which includes the defect states that affect carrier recombination

Illumination intensity, or the solar irradiation intensity for example, 1 sun = 1000 W/m?

Spectral distribution of illumination (for example, AM1.5)

Temperature, being the nominal operating temperature of the device that is ~300K

Selection of the device structure (p - n junctions or heterojunctions)

Entering Parameters, such as material properties, layer thicknesses, doping concentrations, and other values

Running simulation - calculates the important electrophysical properties, such as I - V curve and quantum efficiency

Analyzing results to determine how well simulated results compare to experimental results and process optimization.

3.2. Advantage of the SCAPS-1D program

SCAPS-1D can simulate very complex multilayer structures with different semiconductor materials, as well as
contacts and intermediate layers. This capability is very important for the research and optimization of different types of
solar technologies, (i.e. Perovskite, Silicon, Organic, etc.) Although SCAPS-1D is fundamentally one-dimensional, it
produces extremely accurate results for a wide variety of multilayered structures. SCAPS-1D allows users to model a
variety of physical processes related to the operation of semiconductor devices including: the many types of
recombination processes that can occur (such as Shockley-Read-Hall and surface recombination), quantum mechanical
tunneling processes and defects that occur at the interfaces between different types of semiconductors and how these
defects affect device characteristics.

In addition, SCAPS-1D is an inexpensive and fast alternative to performing the same type of experiments using
laboratory techniques. Performing these types of experiments will take a significant amount of time and money, while
using SCAPS-1D will allow the user to enter parameters digitally and automatically find the best possible answer. This
provides an opportunity to rapidly design devices and to investigate the new materials. SCAPS-1D solves most of the
main semiconductor equations that include electrons and holes, including the Poisson equation, continuity equations, and
both current and voltage equations.
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In this example, the dielectric constant of a vacuum, &, a relative dielectric constant of g; is the electron charge (e),
n and p are electron and hole concentrations, such as Np and N4 are densities of ionised donors (Np) and acceptors (Na)
Electron and hole current densities (J, and J,) are described by recombination rates (R) and carrier generation rates (G),
as well as their mobilities (1, and p,); along with their respective diffusion coefficients (D, and Dy). The electric potential
gradient can be established via Equation (1), which indicates the dependence of the electric potential gradient on the
distribution of charge density with respect to electron and hole charges. Continuity equations are presented in Equations
(2) and (3) and provide continuity for both electron (J,) and hole (J,) current densities, which are dependent upon their
respective generation and recombination rates. Total current densities (with respect to both electrons and holes) are given
by Equations (4) and (5) and consist of the total contribution of both drift and diffusion of the respective charge carriers.
The direction that the carriers diffuse from regions of higher concentration to lower concentration is negative for holes,
as they have negative charge; whereas electrons diffuse from regions of low concentration to more concentration.

3.3. Limitations of the SCAPS-1D Program

While SCAPS-1D is commonly used as a tool for modeling semiconductor components, it has a number of
constraints that can affect how reliable results can be generated, and, in turn, can affect the usability of SCAPS-1D. To
develop a model using SCAPS-1D, the user must make several assumptions regarding the idealized conditions under
which the model is designed. For example, SCAPS-1D assumes that all layers of a semiconductor are “flat” and “uniform”
in terms of their material properties (for example, composition, thickness, and crystal structure). In reality, there are many
ways that a material's properties can vary within its layers (i.e., after undergoing defects due to manufacturing processes),
and therefore these assumptions do not accurately reflect real-world systems. SCAPS-1D also assumes that all interfaces
between layers are “perfectly flat”, but again this is not the case. Depending on the temperature, pressure and chemical
environment in which a semiconductor is manufactured and processed, there may be defects and irregularities present at
the interfaces between layers. These assumptions can result in discrepancies between computed and measured results
when comparing complex or non-ideal systems. The user of SCAPS-1D must conduct proper experiments and use
accurate and complete input parameters to obtain reliable results.

4. Modeling and Optimization of Sb2Ses Solar Cells in SCAPS-1D

Modeling primarily aims to improve the PCE of the device. This is achieved by optimizing layer thicknesses, adjusting
doping concentrations, reducing defect density, and optimizing series (Rs) and shunt (Rg,) resistances. Typically, two main
architectures are used: superstrate and substrate. In the superstrate configuration, the layers are arranged sequentially on a
transparent substrate (usually TCO on soda—lime glass): front contact, electron transport layer (ETL), absorber, hole transport
layer (HTL), and back contact. In the substrate configuration, the order is reversed: glass, back contact, absorber, buffer
(ETL), and transparent top layer. When these layers are stacked, band alignment occurs, which is explained by the Anderson
model: if the electron affinity of the absorber s is greater than that of the buffer y.f, spike-like alignment is observed. If
the spike is within the 0.3 eV range, electrons can easily transfer from the absorber to the buffer. When the value is higher,
electron transport becomes inhibited, reducing the short-circuit current. If ypur is smaller than yas, carrier recombination
increases and the open-circuit voltage decreases. Therefore, selecting the optimal 0-0.3 eV spike-like alignment is essential.
SCAPS mainly evaluates device performance based on band alignment. The most commonly used ETL material paired with
SbySes is CdS. It is a natural starting candidate due to its useful properties: direct bandgap E; =~ 2.42 eV, absorption coefficient
10* cm’!, and charge-carrier mobility of 10> cm? V-'s! [7]. An important advantage of CdS is that it has already been
successfully used as a buffer layer in CdTe and CIGS technologies [23]. Researchers have also proposed improved buffer
layers. The following sections discuss various buffer layers, n* layers, additional p* layers on the absorber, combinations of
n" and p' layers, and perovskite layers that significantly enhance the efficiency of the device.

4.1. Effect of a Single p—n Junction Structure in Sb2Se; based Solar Cells

Working with SCAPS, Ling-Yan Lin and collaborators produced modeling work on SbySes/CdS thin-film
photovoltaic devices. The study revealed that optimal absorber and buffer layer thicknesses for such devices were found
to be 600 nm and 60 nm, respectively. With a defect density of 10'7 cm™ and 10% cm for the absorber and absorber-
interface respectively, it was found that the devices could PCE as high as 16.5 % [11]. In the work performed by Mamta
and colleagues, thin film CdS/Sb,Ses solar cells were fabricated using a thermal evaporative deposition technique with
absorber thicknesses of 372 nm and 640 nm. According to the results from SCAPS modeling, the devices exhibited
efficiencies of 0.96% and 1.36% for these respective thicknesses and if the series and shunt resistances are properly
adjusted and the absorber band gap is reduced from 1.47 eV to 1.2 eV, the maximum efficiency of the devices can reach
up to approximately 11.27% [24]. Ahmed Shaker and co-workers ran SCAPS simulations on hybrid hetero-junction and
homojunction solar cells based on Sb,Ses, and reported maximum PCE values of 7.75%, 10.08%, and 8.79% when the
cells were based on CdS, ZnOS, and homojunctions respectively. They established the following optimized parameters
in their models for CdS and ZnOS-based cells: n-region x, = 75nm, Np = 1x10'7 ¢m?3, p-region x, = 350 nm,
Na =4x10'% ¢cm?. A typical homojunction Solar Cell has x, = 40 nm, a doping of Np = 5x10'7 ¢m?, a p-region width x,
= 400 nm, and an N4 of 10'° cm=. Compared to Heterojunctions, Homojunctions have no interface between dissimilar
layers, resulting in lower recombination and shorter transport layers that provide better reliability [25]. Raman Kumari
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and colleagues used SCAPS-1D to model a Mo/Sb,Ses/ZnSe/Al device, with a buffer layer thickness of 100 nm and an
absorption layer thickness of 1.5 um. In this study, the maximum efficiency for a radiative recombination coefficient of
1x10°'"! cm?/s was accomplished using an absorber carrier concentration of 3.5x10!7 cm3 [26]. The use of the Cu Sandwich
Method (Cu/Sb,Ses/Cu) to create Sb,Se; by sequentially depositing Sb and Se followed by annealing at various
temperatures has resulted in an X-ray Diffraction (XRD) and Field Emission Scanning Electron Microscopy (FE-SEM)
analysis indicating a transition from the (hk0) plane to the (hk1) plane, with the nanotubes transforming to a polygonal
form as the annealing temperature increases. The estimated bandgap for the copper sandwich Sb,Ses; sample, using
annealing at 450°C, was 1.04 €V, and the carrier concentration in the SbySes layer was 3.1 x 10" em™. A heterojunction
solar cell was constructed with the 450°C annealed Sb,Se; on top of a Glass/Ni/p-Sb,Ses/n-ZnSe/ITO/Al substrate and
simulated using SCAPS-1D. This device produced an efficiency of 21.51%, an open-circuit voltage of 0.718 V, a current
density of 43.33 mA cm™, and a Fill Factor of 69.14% [27]. The photovoltaic parameters of these single p-n junction
Sb,Ses-based solar cells are summarized in Table 1.

Table 1. Photovoltaic parameters of single p-n junction Sh2Ses-based solar cells

no. Sructure %, (absorber/buffer) (absorbgﬁ/buffer) Voe (V) (m A]/sémz) FF (%) PCE (%) Reference
1 Au/Sb2Se3/CdS/FTO 3.9/4.2 1.06/2.4 0.40 41.86 74.08 16.5 [11]
2 Ag/Sb2Se3/CdS/ITO 4.04/4.2/4.5 1.47/2.4/3.7 0.74 18.07 83.62 11.27 [24]
3 Au/SbaSe3/ZnOS/FTO 4.04/4.5 1.2/3.14 0.70 33.29 70.13 16.51 [25]
4 Mo/SbaSes/ZnSe/Al 4.04/4.09 1.2/2.7 0.85 34 83.61 24.01 [26]
5 Mo/SbaSes/ZnSe/ITO/AlL 4.04/4.09/4.5 1.2/2.7 0.71 43.33 69.14 21.5 [27]

The UPS/HAXPES value obtained by Don et al. [28], was 5.13 eV for Sb,Se; this would indicate a VBM of -5.13 eV
in relation to a vacuum level. Our SCAPS simulations detected that the VBM of Sb,Ses is —5.24 eV which falls within the
conventional experimental uncertainty (0.1 eV) and may be seen as an approximated adjustment of our model to
compensate for the quality of films and surface termination, as well as the optimization of the band alignment of a particular
device. Additionally, the SCAPS results produced by our model indicate that if the absorber thickness is held between 800
nm and 1.5 um, with a defect density in the range of 10'* cm, with carrier mobilities from 15-42 cm? V-'s!, and the back-
contact work function is about 4.8 €V with radiative recombination coefficients of 10!' cm3/s then the efficiency of the
simulated device should be in the vicinity of 16.5-24%. The results of this research indicate that the primary method for
increasing conversion efficiency will be to create differences between the conduction band and valence band. Additionally,
SCAPS simulation studies performed for the integration of a ZnSe buffer layer into the overall growth scheme have shown
that an enhancement of efficiency is also possible with the addition of a ZnSe buffer layer due in large measure to the superior
lattice match (on the order of 2.52-3.94%) of the Sb,Se; and ZnSe materials, along with the bandgap, (2.70 eV) and the
electron affinity (~4.09 eV) of ZnSe, both of which combine to provide lower rates of interfacial recombination and higher
rates of carrier extraction from the system. These are the reasons why ZnSe is a candidate for use as a buffer layer in next-
generation Sb,Ses photovoltaic cells built using a technology similar to that illustrated in Figure 3.
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Figure 3. Energy band diagram of Sb2Se3 /ZnSe structure solar cell

4.2. Effect of a p* Layer in Sb2Ses based Solar Cells

Basra Sultana et al. utilized SCAPS-1D simulations to optimize a Cu/FTO/CdS/SnSe/Sb,Ses/Au solar device (where
SnSe serves as the primary absorber layer and SbySes serves as a secondary absorber). The efficiency of the device
(Cu/FTO/CdS/SnSe/Au) prior to optimization was: PCE=26.15%, Vo=0.79 V, J;=36.36 mA/cm?, and FF=85.94%. The
optimized device (Cu/FTO/CdS/SnSe/Sb,Ses/Au) had improved performance characteristics due to improved absorption
capabilities and charge-carrier separation at the SnSe/Sb,Se; interface [29]. Specifically, the optimized device demonstrated
improvements to a PCE of 28.18%, V. of 0.84 V, J 0f 38.42 mA/cm?, and FF of 86.57% as compared to the non-optimized
device. Aside from investigating the performance enhancement at the SnSe/Sb,Ses interface, the investigation determined
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that further performance enhancements could be achieved using TiO; buffer layers and Cu,O BSF layers incorporated into
the SbySes solar devices. In this study, the optimal thicknesses for the absorber and BSF layers were determined to be 500
nm and 20 nm, respectively; carrier concentrations were determined to be 1 x 10'® and 1x10'® cm™ respectively, the defect
density for both layers was 1 x 10'* cm?, and interface defect densities were determined to be 1x10'3 cm™ for the absorber
and 1 x 10'2 cm™ for the BSF layers. The previous sections describe the parameters and calculations used to determine the
output characteristics for this device. These parameters include operating temperature, electron affinity, Eg, surface
recombination velocity, series resistance, and shunt resistance. Based on the optimized parameters of this
AVITO/Ti02/SbaSes/CuO/Ni double-junction heterostructure, a PCE of 32.102% was achieved, with Js. of 37.49 mA/cm?,
Vo of 1.024 V, and FF of 83.59% [17]. S.H. Liu et al. proposed a solar cell with the following configuration:
AV/FTO/CdS/Sb,Ses/Sb,S3/Mo. During the optimization process, the following parameters were varied: operating
temperature, series resistance, shunt resistance, doping concentration, bulk defect density, the work function of the back-
contact metal, and absorber layer thickness. The optimized combination of the Sb,Ses absorber with the addition of an Sb,S3
layer resulted in a PCE of 28.91% with a 1 um thick Sb,Ses absorber layer; a 0.05 um thick Sb,S; BSF layer; and a carrier
concentration of 1x10'7 cm™ in the Sb,Ses [30]. Mutaz Salih Hasan Aljuboori and coworkers conducted a study of a solar
cell with Glass/Mo/CuSbS3/Sb,S3/CdS/i:ZnO/Al:ZnO which aimed to increase the maximum conversion efficiency of the
cell by changing the thickness of the Sb,Ss layer from 1 to 3.5 um. The maximum conversion efficiency was achieved with
an absorber thickness of 3.5 um resulting in a conversion efficiency of 23.14% and a fill factor of 87.52%. They also tested
various materials to use as a secondary absorber layer lying between the primary absorber and the buffer layer including
MAPDI;, SboSes, CZTS and CZTSe. They found that Sb,Ses provided the highest conversion efficiency with a conversion
efficiency of 27.01% and a fill factor of 85.12% after optimising the device [31]. Ferdous Rahman and coworkers also
investigated the performance of Sb,Ses solar cells when utilising a WS, buffer layer and a CZTSe BSF layer within a
simulated structure (A/FTO/WS,/Sb,Ses/CZTSe/Pt) modelled using SCAPS-1D simulation software. For the purpose of
maximizing the possible PCE, careful optimization of numerous parameters was performed, including the thickness of the
absorber, buffer layer, donor and acceptor concentrations (Np and N, respectively), the density of defects (Ny), and the series
and shunt resistances (Rs and Rq, respectively). Without the addition of a p* layer in the proposed device described above,
the measured data indicated a PCE of 28.20%, FF of 86.56%, V. of 0.85 V, and J.. of 38.40 mA/cm?. The PCE increased to
31.52%, Js to 38.49 mA/cm?, V. to 0.94 V, and FF to 86.61% when a p* layer was added [32]. Studies have shown that by
adding p+ dopants to Sb,Ses based solar cells, PCE can be greatly improved. A high acceptor density located close to the
back electrode of the solar cell eliminates or at least reduces any chance for hole recombination occurring at the back side of
the spreader, thus leading to a higher Voc and improved PCE. Furthermore, when conduction and valence bands are aligned
better, the diffusion length of charge carriers (holes and electrons) is increased, in turn leading to an increased Js.. The
maximum reported PCE obtained during this analysis was found to be 32.1%, with a vertical orientation of Cu,O as the back
surface field layer. The parameters for this process were optimised in this case by using the following: the thickness of both
Sb,Se; and Cu,O layers were set at 500 nm and 20 nm, 1 x 10'® cm™ and 1 x 10'® cm™ were the carrier concentrations for
the SbaSes and Cu,O respectively, a defect density of 1 x 10'* cm™ and the interface defect densities for both materials were
setat 1 x 10" cm™ for Sb,Se; and 1 x 102 cm? for CuyO. A representation of the energy band diagram for these structures
can be found in Figure 4. Based on the results from 1D SCAPS studies on these systems, several ways to enhance
photovoltaic performance include using BSF engineering by introducing an additional absorber for additional depth of light
absorption, increasing the selectivity of the back contact, and optimising the geometry of the back-contact system to facilitate
increased charge carrier transport. BSF materials are Cu,O, Sb,S;, CZTSe, and alternative buffer materials such as
ZnSe/ZnOS/TiO; for replacing CdS based buffers. The introduction of BSF materials greatly reduces the SRH recombination
at the back surface. Additionally, optimising the conduction band offset (CBO) and valence band offset (VBO) in the energy
band diagram improves selectivity of charge carriers and the second absorber offers a larger optical volume for light. These
high PCE values are derived from 1D modelling under ideal circumstances; the actual lifetime of devices will be impacted
by grain boundary transport and material anisotropy. The photovoltaic parameters of these p+-doped Sb,Ses-based solar cells
are summarized in Table 2.

Table 2. Photovoltaic parameters of p*-doped Sb2Ses-based solar cells.

E. Jse PCE

no-. Sructure (absorbe)i'/buffer) (absorbel%/buffer) Voe (V) (mA/cm?) FF (%) (%) Reference

1 Au/Sb2Se3/SnSe/CdS/FTO  4.4/4.5/4.2 1.2/1.2/2.4 0.84 38.42 86.57 28.18 [29]
/Cu

2 Ni/Cu20/Sb2Ses/TiO2/ 3.2/4.16/4/4 2.2/1.2/3/3.2 1.02 37.49 83.59 32.10 [17]
ITO/Al

3 Mo/Sb2S3/SbaSes/CdS/ 4.4/4.2 1.2/3.2 0.78 43.22 85.4 28.91 [30]
FTO/Al

4 Mo/CuSbS3/SbaSe3/SbaSs/ 4.4/4.5 1.2/2.7 1.01 31.23 85.12 27.0 [31]
CdS/ZnO/ Al:ZnO

5 Pt/CZTSe/SbaSes/WS2/ 4.1/4.16/3.95/4 1.4/1.2/2.2/3.6 0.94 38.49 86.61 31.5 [32]

FTO/Al
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Figure 4. Structural and energy band diagram of p™-Cu20/Sb2Ses based solar cells

4.3. Effect of n* Doping in Sb2Se3; Based Solar Cells

The collaborative work of K.K Maurya and others provides important insight using SCAPS-1D simulations to
demonstrate the key factors affecting the overall efficiency of Sb,Se; based solar cells. The simulations identified three
key factors related to the performance of the devices, which are use of dual buffer layers; the optimum conditions under
which the devices operate; and lastly the selection of a back contact with a high work function. The authors first simulated
an Sb,Ses/CdS/ZnO structure using CdS as the main buffer layer and ZnO as the second buffer layer. The effect of the
CdS and ZnO on the photovoltaic performance Parameters (Voc, Jsc, FF, and PCE) while the thickness of the absorber
layer was 0.8um and the temperature was set to 200K as it was noted increased temperatures lower the overall
performance due to the negative impact of elevated temperatures on the mobilities of electrons and holes. When the
radiative recombination coefficient is less than 10® cm?/s and the back contact work function is at 5.1 eV, this structure
provides an efficiency of 27.84% [33]. In their next paper, the authors show a greater efficiency of the Sb,Se; devices can
reach a higher efficiency by incorporating the dual buffer layers of CdS/ZnS. The maximum PCE obtained was 22.22%
when the thicknesses of each buffer were set to 20 and 60 nm respectively. The authors have also shown that an optimum
back-contact work function can be achieved if it exceeds 4.8 eV at the optimum temperature of 280K for Sb,Se; to achieve
23.49% efficiency [34]. The results from this study demonstrate a theoretical limit to increasing the efficiency of Sb,Ses-
based devices; the additions of both an additional buffer and n* layer provide a method of achieving this limit. The
insertion of a n* layer will produce a corresponding improvement in the energy-band alignment due to the increase in
concentration of electrons at the back contact which was shown in Figure 5. Enhanced electron concentration allows for
enhanced accumulation and transportation of electrons toward the front contact and explains why solar cells that include
an n* layer are capable of achieving much greater efficiency compared to devices based on a single p—n junction (as
shown in Table 3).

Table 3. Photovoltaic parameters of n* doped Sb,Ses based solar cells.

no. Sructure (absorbeﬁ' /buffer) E, (absorber/buffer) Vo (V) (m :;émz) FF (%) PCE(%) Reference
1 Au/Sb,Ses/CdS/ZnO/  4/4.2/4.4 1.2/2.4/3.3 0.98 42.4 66.81 27.8 [33]
Al
2 Au/Sb,Ses/CdS/ZnS/Z.  4.04/4.2/4.5 1.2/2.4/3.5 0.77 355 85.32 2349  [34]
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Figure 5. Energy band diagram of Sb2Se3 /CdS/ n*-ZnO structure solar cell
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4.4. Effect of p*/n* Doping in Sb2Se3 Based Solar Cells

In their laboratory experiments, Faisal Baig and his associates obtained an experimental efficiency of 6.39 for
the structure Au/PbS/Sb,Ses/CdS/ITO; thereafter, SCAPS was simulated by substituting the PbS layer with Cu,O
(theoretical efficiency = 8.42%); SCAPS efficiency increased to 13.2% when replacing CdS with In,S; (2.9 eV band
gap and 3.85 eV electron affinity); based on these results, a new configuration for this solar cell was devised
(CNT/Cu20/Sb,Ses3/In,S3/ITO). The new structure, which has the configuration of Cu,O as the HTL, In,Ss as the ETL,
and CNTs as the back contact, was developed to further enhance the efficiency of this type of solar cell [12]. Abdelaziz
Ait Abdelkadir and his co-researchers conducted a theoretical modeling study for the characterization of experimental
Sb,Se; solar cells. It was found that an efficiency of 16.62% was attained when the Sb,Ses layer was 1.2 pm thick,
carrier concentration was 10'5 cm™, bulk defect density was 10'3 cm™, and interface defect density was 10'° cm™. The
device performance increased when an n-GaAs layer (100 nm thick) was added between the n-CdS and p-Sb,Ses, along
with a p* Cu,0O HTL (100 nm thick) used as a BSF. This optimized arrangement produced more efficient electron
transport and diffusion from the Sb,Se; layer to the CdS layer, resulting in improved device performance. The addition
of the p* Cu,0 HTL at the back contact also provided a greater potential barrier that limited recombination of the
charge carriers at the back contact. The resulting device structure, ITO/CdS/GaAs/Sb,Ses/Cu,O/Au, achieved an
efficiency of 19.60%, with a Js of 36.38 mA/cm?, a Vo of 0.73 V, and a FF of 73.47% [35]. Z. Dahmardeh et al.
simulated a Sb,S3/Sb,Ses solar cell and reported PCE of 22.2% using absorber layer thicknesses of 420 nm and 1020
nm, respectively [36]. Shriya Sakul Bal et al. also studied a solar cell with a different structure
(Mo/Sb,Ses/Sb,S3/CdS/Zn0O/Zn0O:Al), using 500 nm of Sb,S; and 1000 nm of Sb,Ses for the absorber layers. The
thickness of the CdS/ZnO buffer was determined to be optimal at 80 nm for CdS and 50 nm for ZnO. After fully
optimized, the maximum efficiency of 13.2% was achieved; with FF of 78.64%, Js. of 29.33 mA/cm?, and V. of 0.58
volts [37]. When combined p*/n* doped Sb,Se; photovoltaic cells are compared with single p-n junction a Sb,Se;
photovoltaic cell, the efficiencies were significantly lower. The decrease in efficiency is attributed to two main factors:
(1) the additional layers create an increase in the number of recombination centres at the different interface, which
reduces the V., and (2) the increase in the total thickness of the device decreases the total light being absorbed and
also the number of photons that can penetrate into the absorber layer and ultimately decrease the Js (see Table 4 and
Figure 6).

Table 4. Photovoltaic parameters of p*/n*-layers added SbaSes-based solar cells

E VOC sc
no. Structure % (absorber/buffer) (absorbef/buffer) V) (m :/cmz) FF (%) PCE (%) Reference
1 CNT/Cu20/SbaSe;  3.2/4.15/4.25/4.5 2.2/1.06/2.9/3.6 0.67 26.84 79.74 13.2 [12]
/InSs/ITO
2 Au/Cu20/SbaSes/ 3.2/4.18/4.07/4.4/4.5 2.2/1.19/1.43/2.42/3.6  0.73  36.38 73.47 19.6 [35]
GaAs/CdS/ITO
3 Mo/SbaSes/SbaSs/ 4.04/4/4.2/4.5 1.2/1.67/2.4/3.3 1.02  20.15 59.58 22.2 [36]
CdS/ZnO/Zn0O:Al
4 Mo/Sb2Se3/Sb2S3/ 3.7/3.7/4.2/4.5 1.08/1.62/2.4/3.3 0.58 29.33 78.64 13.2 [37]
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Figure 6. Energy band diagram of p*/n*-layers added Sb2Ses based solar cells

4.5. Effect of Perovskite Incorporation in Sh2Se; Based Solar Cells
Masood Mehrabian and co-workers simulated a multi-layer dual-absorber solar cell with the structure
FTO/CdS/Sb,Ses/CulnSey/Au, achieving PCE = 5.55%, FF = 54.68%, Joc = 27.54 mA/cm?, and V. = 0.36 V. By replacing
the CdS ETL with a Ce layer, the photovoltaic performance improved to PCE = 9.20%, FF = 67.78%, J. = 27.38 mA/cm?,
and V. = 0.49 V (Table 5). Furthermore, by incorporating a CsSngsGeo sl perovskite absorber layer, the efficiency
increased to 11.42%. Although the maximum recombination rate in the CdS layer was about one order lower than in the
Cqo layer, the smaller bandgap (E,) of Cs compensated for its higher recombination rate, contributing to improved PCE
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[38]. In another study, Mousaab Belarbi used KSnl; perovskite layer in FTO/SnS,/KSnls/Sb,Ses/Pt device and replaced
the Pt back contact with tungsten (W). When the absorber thickness was 0.9 um, donor and acceptor concentrations were
10" cm and 10% cm™, the operating temperature was 280 K, and the KSnl; bandgap was 1.74 eV, the device performance
improved significantly. Jsc increased from 13.79 to 26.08 mA/cm?, FF from 69.07% to 76.25%, and PCE from 12.72%
to 23.85% [39]. Arslan Ashfaq and co-workers performed numerical simulations of p-Sb,Ses/n-BaZrS; heterojunction
solar cells. Compared to lead-based chalcogenide perovskites, n-BaZrS; is more stable, non-toxic, and suitable for thin-
film solar cell applications as a sulfur-based chalcogenide material. In their study, the photovoltaic parameters achieved
were PCE = 32.87%, FF = 88.22%, Js. = 36.88 mA/cm?, and V. = 1.01 V. The best performance was obtained when the
p-SbaSes absorber layer thickness was 7000 nm, the bandgap 1.15 eV, and carrier concentration 102° cm™. For BaZrSs,
the optimal parameters were thickness of 100 nm, carrier concentration of 10!7 ¢m™, and a bandgap of 1.76 ¢V. One
advantage of these perovskites is their strong ionic coordination, which enhances the Coulomb attraction between positive
and negative ions [40]. Jing Wu and co-workers simulated Sb,Ses/MAPbDI; solar cell using SCAPS-1D, analyzing
absorber layer thicknesses of Sb,Ses and methylammonium lead iodide (MAPDbI;), the thickness and doping concentration
of the n-type buffer layer, as well as the bulk defect densities of Sb,Se; and MAPbDIs. In addition, the effects of defect
density at the SboSes/MAPbI; and MAPbI3/TiO: interfaces on device efficiency were investigated. The optimal absorber
thicknesses were found to be 0.6 um for Sb,Se; and 0.7 pum for MAPbI;. Further analysis revealed that within optimized
parameters, the donor concentration (Np) of the TiO; buffer layer reached 10'® cm™, while its optimal thickness was 0.05
nm. Moreover, the bulk defect densities of SboSe; and MAPbI; should be 10" cm™ or lower, and the interface defect
densities should be 10'' ¢cm? or lower to achieve an efficiency of 21.90% [41]. The significant enhancement of
photovoltaic performance through perovskite incorporation in Sb,Ses based solar cells can be seen in Table 5 and Figure 7.
Notably, the inclusion of BaZrS; layer demonstrated efficiency values approaching the Shockley-Queisser limit, with
well-aligned energy band matching.

Table 5. Photovoltaic parameters of perovskite integrated Sbh2Ses based solar cells

L Eg Jse (mA/ ° PCE
no-. Sructure (absorber/buffer)  (absorber/buffer) Voe (V) cm?) FF (%) (%) Reference
FTO/Ce0/CsSno.5Geo.sI3/ 1.7/1.5/1.06/1.
1 ShaSes/CulnSex/Au 3.9/3.9/3.9/4.3 04 0.49 27.38 67.78 11.4 [38]
FTO/SnS2/Ksnls/ 3.5/2.3/1.84/1.
2 SbaSos/W 4/4.16/3.44/4.04 ) 1.19 26.08 76.25 23.85 [39]
3 Mo/SbaSe3/BaZrS3/FTO 4.05/4.1/4.4 1.2/1.76/3.2 1.01 36.88 88.22 32.8 [40]
4 SbaSe3s/MAPbI3/TiO> 3.9/3.9/3.9 1.06/1.5/3.1 0.69 43 78.5 21.9 [41]
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Figure 7. Energy band diagram of Perovskite thin layer added SbaSe; based solar cells

5. CONCLUSIONS

By combining SCAPS-1D simulations with experimental analyses, significant progress has been achieved toward
optimizing Sb,Ses based thin-film solar cells. In this study, the optical, structural, and electronic properties of SboSes; were
comprehensively investigated, and several advanced device configurations including single p-n junctions, p*-doped, n'*-
enhanced architectures, p*/n" co-doped structures, and perovskite-integrated heterojunctions were analyzed. The modeling
results demonstrated that high efficiencies can be achieved with absorber layer thicknesses ranging from 800 nm to 1.5 pm,
low bulk defect densities on the order of 10'* cm™, interface defect densities of 10'! cm™, appropriate carrier mobilities, and
favorable energy band alignment. One important finding was the substantial benefit of incorporating a ZnSe layer as the
buffer material. This improvement results from its favorable band alignment, electron affinity, and excellent lattice
compatibility with Sb,Ses. Furthermore, the introduction of a p* layer was shown to enhance device efficiency. With a high
acceptor concentration (10'® cm™) in the p* region and a very thin (20 nm) layer, hole recombination near the back electrode
was significantly suppressed, leading to higher open-circuit voltage. Improved conduction and valence band alignment also
increased the diffusion lengths of electrons and holes, thereby enhancing the short-circuit current. Among all investigated



412
EEJP. 3 (2026) K.M. Kuchkarov, et al.

configurations, the CuO BSF (back-surface field) layer achieved the highest efficiency of 32.1%. Cu,O, Sb,Ses, and CZTSe
were identified as promising alternative BSF materials, all effectively reducing SRH recombination at the rear interface. It
should be noted that the reported efficiency values are based on 1-D simulation assumptions involving ideal interfaces and
simplified defect densities; therefore, real devices must account for grain-boundary transport and anisotropy effects. The
study further showed that incorporating an additional n™ layer not just a single buffer can theoretically improve device
performance, as confirmed both by improved band alignment and experimental observations demonstrating enhanced
electron collection at the front contact. In contrast, the use of combined p*/ n” doping led to reduced efficiencies. This
reduction is attributed to an increased number of interfaces, which introduce additional recombination centers and thereby
lower the open-circuit voltage. Moreover, excessive total thickness decreases light absorption, reducing photon penetration
into the absorber and subsequently lowering the short-circuit current. Perovskite incorporation, particularly the inclusion of
BaZrSe; layer, significantly improved device performance. Structures employing this material demonstrated efficiencies
close to the Shockley-Queisser theoretical limit. These results were enabled by nearly ideal band alignment and exceptional
lattice matching between BaZrSe; and SbySes (with only ~0.2% mismatch). In summary, Sb,Ses based solar cells when
designed with careful consideration of defect passivation, interface engineering, and advanced heterostructure configurations
hold strong promise as next-generation high-efficiency photovoltaic technologies.
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MOJEJIIOBAHHSA TA ONITAMIZALIMHA BAJIJIAILIA TOHKOILIIBKOBUX COHAYHUX EJTEMEHTIB
SbzSe; Y IPOIT'PAMHOMY 3ABE3IIEYEHHI SCAPS-1D
K.M. Kyukapos, b.A. Eprames, P.T. FOanowos, M.II. Ilipimmaros, P.P. Xyppamos, /1.3. IcakoB, M.A. Maxmy1oBs,
I1.M. Bodomypanos, A.C. Matmypatos, A.l. Emikopaes
Dizuxo-mexniunutl incmumym imeni A.C. Azimoea, gyauys Yuneiza Aimmamosa, 25, Tawxenm 100084, Y3bexucman

VY 11p0My aHANITHIHOMY €ce PO3IIIAAETHCS CeNeHi] cypMH (Sb2Ses) sik noTeHuiiHMT MaTepiaa-KaHAUIAT U1l BAKOPUCTaHHS B IKOCTI
TOHKOILTIBKOBOTO (POTOCICKTPUYHOTO MOTTTHHAYA. SbaSes 3a0e3meunB 3Ha4HI €KOJOT1UHI/eKOHOMIYHI TIepeBar, BKIFOYAIOYH BEIUKE
OINITHYHE IOTJIMHAHHS, PEryJIbOoBaHy LIMPHHY 3a00poHeHOi 30HM O6iu3bko 1,13 eB Ta BiACyTHICTH TOKCHYHHX €JIEMEHTIB. Y IIbOMY
JIOCI/DKEHHI OyJIO MPOBENICHO MapaMeTpuyHe JocipkeHHs Ha ocHOBi miaardpopmu SCAPS-1D 3 MeTor BHU3HAUCHHS i€albHHX
KOHCTPYKLIi 1mapiB, inTepdeiiciB, [uHaMiKi HOCIIB 3apsiy Ta BupiBHIOBaHHs 30H. Lleii anani3 3ocepe/keHHi HA MeXxaHi3Max BTpar,
SIKi 0OMEKYIOTh (POTOCTEKTPUYHY MPOIYKTHBHICTh, 3 METOIO 130141 Ta pPO3pOOKHU cTpaTeriii 1uist npurHidenHs pexomoOinamii [lokmi-
Pina-Xomna, moBepxHeBoi pekoMOiHaIi1, pi3HULI B 3MiIIEHHI 30H Ta €eKTiB BHYTPIMIHBOI Audy3ii. Pe3ynapraTn HamaroTh MpakTUIHI
MPOTO3HUIi OO0 MiHIMi3alli BTpaT HAMPYTH, Taki SK MiHIMi3allisl TOBIIMHU NOTIMHA4a/Oydepa, MiHIMI3alis TYCTHHH aKIENnTopa,
OIITHMI3alis 3MIIIEHHS 30HU IIPOBIJHOCTI SIKOMOra ONvpKYe 10 HyJ ISt Ta MiHIMi3allisi HOBEpXHEBOi peKoMOiHaIi{ Ta I'yCTHHH Ie(eKTiB.
Kontouosi cmoBa: SbaSes; momuxonniexosuii comsaunuu enemenm; SCAPS-1D; meopemuuna modens, onmumizayis napamempis;
omoenexmpuuna eghexmugnicmo





