137

EAsT EUROPEAN JOURNAL OF PHysics. 4. 137-146 (2023)
DOI:10.26565/2312-4334-2023-4-14 ISSN 2312-4334

DESIGN AND SIMULATION OF A TRIPLE ABSORBER LAYER PEROVSKITE SOLAR CELL
FOR HIGH CONVERSION EFFICIENCY

Abderrahim Yousfi**, ©Okba Saidani®, ©Zitouni Messai®, Rafik Zouache®
Mohamed Meddah?, Younes Belgoumri®
@ ETA Laboratory, Department of electronics, Faculty of technology, University Mohamed El Bachir El Ibrahimi of Bordj Bou
Arréridj-34030, Algeria
b Electronic Department, Faculty of Technology, University of Msila, 28000, Algeria

*Corresponding Author e-mail: Abderrahim.yousfi@univ-bba.dz
Received August 12, 2023; revised September 17, 2023; accepted September 19, 2023

This paper presents a comprehensive simulation study on the influence of a triple absorber layer configuration in a perovskite-based
solar cell using the SCAPS-1D software, under AM1.5 illumination. The simulated structure comprises a Cesium Tin-Germanium
Triiodide (CsSno.sGeo.sI3) absorber layer sandwiched between Indium gallium zinc oxide (IGZO) and Cu20 layers. The main objective
of this study is to enhance the power conversion efficiency (PCE) by optimizing the thicknesses of each layer. To validate our
simulation results, we compare them with experimental data obtained from existing literature, and we observe a satisfactory agreement
between the two. Our findings reveal that the maximum PCE of 28% can be achieved by utilizing specific thickness values for each
layer. Specifically, the optimal thicknesses are determined to be 20 nm for the IGZO layer, 200 nm for the Cu20 layer, and 700 nm for
the perovskite layer. These optimized thickness values lead to a significant improvement in the PCE of the solar cell, reaching 29%.
This achievement highlights the effectiveness of our proposed triple absorber layer configuration and demonstrates its potential to
enhance the overall performance of the perovskite-based solar cell. Overall, this study provides valuable insights into the optimization
of the absorber layer configuration in perovskite solar cells, leading to improved power conversion efficiency.
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1. INTRODUCTION

Hybrid perovskite materials have gained significant attention in the field of solar cells due to their remarkable properties
and their potential as a low-cost solution for photovoltaic applications [1-10]. These materials have experienced a rapid
increase in photovoltaic conversion efficiency, rising from approximately 3.9% in 2009 to 25.2% in 2021 [11-14]. Their
exceptional characteristics, such as tunable bandgap, long diffusion length, efficient carrier transport, and ease of fabrication,
have positioned them as strong competitors to traditional silicon-based solar cells. However, the commercial development
of lead halide perovskites is hindered by the issue of lead toxicity. To address this challenge, researchers have been exploring
alternative materials with lower toxicity, and among them, tin-based (Sn-based) perovskites have demonstrated promising
results, particularly with Sn,*" showing the highest power conversion efficiency. Different studies have investigated Sn-based
perovskites, including FASnI3, MASnI3, and CsSnl3, revealing that organo-based perovskites inherently exhibit low
stability. This has led to Cs-based cation perovskite, specifically CsSnl3, emerging as the preferred candidate [15]. In the
search for lead-free alternatives, planar heterojunction architecture has been explored as a viable option for Sn-based
perovskites. However, Sn-based devices face challenges related to rapid oxidation of Sn," to Sns™ when exposed to air,
resulting in device instability and degradation. Furthermore, the self-doping of p-type materials increases the concentration
of holes, leading to enhanced carrier recombination rates, which is detrimental to cell performance [16-20]. To overcome
these issues, researchers have proposed alloying CsSnl3 with Ge," to create CsSn0.5Ge0.513 perovskite configuration, which
exhibits improved stability and air tolerance [21]. This configuration possesses favorable structural stability factors, including
a Goldschmidt tolerance factor of 0.94 and an Octahedral factor of 0.4, contributing to the overall stability of the perovskite
solar cell. Additionally, the addition of SnF2 to Sn-based perovskites has been shown to effectively reduce the oxidation of
Sn," to Sny, resulting in enhanced stability [22-24]. Devices fabricated with SnF2 have demonstrated performance stability
for extended periods, maintaining 98% of their initial power conversion efficiency for over 100 days. Despite advancements
in improving the performance of Sn-based perovskite solar cells, their power conversion efficiency still remains relatively
low. Therefore, it is crucial to gain a comprehensive understanding of the relationship between material parameters and
device architecture to enhance the performance of CsSngsGeosI3-based devices. In this work, we report on the design and
simulation of a novel IGZO / CsSngsGeosI3 / CsSnCI3 / CsSnCI3 / CuO / Spiro-OMeTAD solar cell configuration using
SCAPS-1D software [37]. The objective is to investigate the impact of a triple absorber layer configuration and varying
thicknesses on key performance parameters such as short-circuit current density (Jsc), open circuit voltage (Voc), fill factor
(FF), and overall power conversion efficiency (PCE). The obtained results offer valuable insights for the design and
development of high-performance CsSng sGeosI3 perovskite solar cells.
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2. DEVICE SETTINGS AND SIMULATION PROCESS

The device structure used in the simulations is based on the numerical design mentioned in reference [25]. It consists
of the following layers: IGZO / CsSn0.5Ge0.513 / CsSnCI3 / CsSnCI3 / Cu,O / Spiro-OMeTAD, as illustrated in Figure 1.
In this structure, IGZO with a thickness of 0.015 um serves as the electron transport material (ETL). IGZO is chosen for
its favorable band alignment, excellent optoelectronic properties, and stability [26,27]. Cu,O [28], with a thickness of
0.4 pm, is used as the hole transport layer (HTL), which is commonly employed in high-efficiency solar cells. The n-type
absorber layer consists of a mixed halide perovskite (CsSn0.5Ge0.513, CsSnCl3, CsSnCl3) with a thickness of 0.250 um.
In this structure, the HTL and ETL layers are n-type and p-type, respectively. Various parameters were employed for the
simulation of each layer, as summarized in Table 1. The input parameters for IGZO, Spiro OMeTAD, and CsSng sGeosI3
were adopted from a similar simulation structure documented in the literature [29-31]. The absorption coefficients for the
absorber and HTL were obtained from relevant literature sources [35-36]. Additionally, the SCAPS-1D software library,
specifically the SOPRA database, provided the required absorption coefficients for the ETL layer. The band gap equation
for the mixed halide perovskite CsSny sGeosI3, expressed as a function of x, was derived from a numerical reference [22].
Moreover, the simulations were conducted at an operating temperature of 300 K. By utilizing this simulated device
structure and incorporating the appropriate parameters and equations, the study aims to gain insights into the performance
characteristics of the perovskite solar cell under investigation.
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Figure 1. Structure of the suggested solar cell-based perovskite.

SCAPS-1D, also known as Solar Cell Capacitance Simulator One Dimension, is a software application designed for
Windows. It was developed at the University of Gent using lab windows/CVI of the national instrument. The primary
purpose of this program is to numerically solve fundamental semiconductor equations in a one-dimensional context,
specifically under steady-state conditions. By utilizing SCAPS-1D, users are able to define various parameters upon which
the program calculates results. These results provide valuable insights into the underlying physics of the model, offering
explanations for important aspects such as individual carrier densities, carrier transport mechanisms, electric field
distributions, and recombination profiles., which are given below [38]:

2

Es

Where VW is electrostatic potentiality, s is static relative permittivity, q is the charge, e and n are the respective electrons
and holes, Nd+ is density of donor, Na-is density of acceptor and Ndef is the defect density of both donor and acceptor.
The carrier continuity equation in device may be represented as given below:
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Here j, and j, are the hole and electron current densities, G is carrier generation rate, U, (n, p) and U, (n, P) are the
recombination rates of electrons and holes respectively. Furthermore, carrier current density may also be obtained from:

. a
Jp = qnipE + 4D, 7, )
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. a
Jn = quinE +qDy 5. )

Here q is the charge, up and un are carrier mobilities, and Dy, Dn are the diffusion coefficients.

By conducting simulations using SCAPS-1D [32-33], it is possible to obtain values for current density (Jsc), power
conversion efficiency (PCE) as a percentage, fill factor (FF) as a percentage, and open circuit voltage (Voc) for different
thicknesses and temperatures. These simulations are applicable to seven distinct layers of the solar cell and can be
performed under both illuminated and dark conditions, considering a range of temperatures [37].

3. RESULTS AND DISCUSSION

To enable an efficient extraction of electrons and holes from the perovskite active layer in photovoltaic devices,
certain requirements must be met. Specifically, the electron affinity (EA) of the electron transport layer (ETL) should be
greater than that of the perovskite, while the hole transport layer (HTL) should have a lower EA than the perovskite [34].
This ensures favorable energy level alignment for the extraction of charge carriers. In our simulated device components,
these conditions have been successfully fulfilled, as demonstrated in Table 1. Additionally, for proper electron flow from
the perovskite to the ETL, the conduction band of the ETL should be situated lower than that of the perovskite.
Conversely, to prevent the undesirable backflow of electrons in the opposite direction, the conduction band of the HTL
should be higher than that of the perovskite. These considerations ensure unidirectional charge transport. Likewise, to
facilitate the flow of holes from the perovskite to the HTL, the valence band of the HTL should be positioned higher than
that of the perovskite. Conversely, the valence band of the ETL should be lower than that of the perovskite to prevent the
backward movement of holes. By satisfying these band alignment requirements, we ensure the efficient extraction and
separation of electrons and holes within the device.

Table 1. Properties of the different layers of the proposed structure.

Parameters 1GZO CsSn0.5Ge0.513 CsSnCI3 CsSnClI3 CuO2 Spiro-OMeTAD
Thickness (um) 0.015 0.250 1.000 1.000 0.400 0.100
Band gap (eV) 3.050 1.498 1.220 1.220 3.700 4.005
Electron affinity (eV) 4.160 4.000 3.800 3.700 1.700 1. 460
Dielectric Permittivity 10.00 28.000 20.000 20.000 10.000 10.700
CB effective density of states (cm™) 5.000E+21 3.100E+18 5.000E+16 | 5.000E+16 = 2.200E+19 2.800E+20
VB effective density of states (cm™) 5.000E+16 3.100E+19 5.000E+16 = 5.000E+16 1.800E+18 1.000E+20
19 Electron mobility (cm?/VS) 1.500E+1 9.740E+2 5.000E+1 7.000E+1 1.000E+2 1.200E+1
Hole mobility (cm?/VS) 1.000E-1 2.130E+2 5.000E+1 5.000E+1 2.500E+1 2.800E+0
Shallow uniform donor density Np 1.000E+18 0.000E+0 0 0 0 0
(em?)
Shallow uniform acceptor density Na =~ 1.000E+5 1.100E+18 1.000E+20 | 1.000E+210 = 2.000E+21 1.000E+21
(em™)

The fulfillment of these crucial conditions is illustrated in Figure 2, providing visual evidence of the desired energy
level alignment and band structures necessary for effective charge carrier extraction and transport in the perovskite-based
photovoltaic device.

To comprehensively assess the behavior and performance of the IGZO / CsSngysGeosI3 / CsSnCI3 / CsSnCI3 /
Cu,0 / Spiro-OMeTAD solar cell, we conducted a series of simulations. Our objective was to investigate the impacts of
the Triple Absorber Layer Perovskite and the thicknesses of the electron transport layer (ETL) and the hole transport layer
(HTL) on the efficiency of perovskite-based solar cells.
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Figure 2. Energy band diagram of the materials used in the simulation. The units for the band energies are in electron volt (eV)
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3.1. Effect of the first perovskite layer (CsSno.sGeo.sI3) thickness:

In this section, we aim to investigate the performance of the IGZO / CsSnysGeosI3 / CsSnCI3 / CsSnCI3 / Cu,O /
Spiro-OMeTAD solar cell using the parameters provided in Table 1. Our focus is on determining the optimal thickness
of the CsSng sGeosI3 absorber layer. Figure 3 presents the evolution patterns of key parameters, including open-circuit
voltage (Voc) (Figure 3(b)), short-circuit current density (Jsc) (Figure 3(a)), fill factor (FF) (Figure 3(c)), and overall
power conversion efficiency (PCE) (Figure 3(d)), as a function of the n-CsSn0.5Ge0.513 absorber layer thickness ranging
from 0.2 to 0.65 pm. With an increase in the thickness of the CsSngsGeosI3 layer from 0.25 to 0.65 pm, a significant
enhancement in Jsc is observed, rising from 38.4 mA/cm? to approximately 38.43 mA/cm?. This rise in Jsc can be
attributed to the increased path length for photon absorption, resulting in the generation of a higher number of charge
carriers. Additionally, the fill factor (FF) displays a remarkable increase from 56.5% to approximately 66.5% as the
CsSngsGeo 513 layer thickness increases. The higher FF indicates improved charge extraction and reduced losses within
the solar cell, contributing to enhanced overall performance. Conversely, there is a decrease in the open-circuit voltage
(Voc) as the absorber layer thickness increases. Voc decreases from 1.35 V to approximately 1.05 V. At a thickness of
0.25 pm, a higher Voc is observed, indicating reduced recombination. However, as the absorber thickness increases, the
generation of more carriers leads to an enhancement in recombination, causing a decline in Voc. The observed variations
in Voc, Jsc, and FF have direct implications for the overall power conversion efficiency (PCE) of the solar cell. Optimal
thickness selection must strike a balance between maximizing Jsc and FF while minimizing the loss in Voc due to
increased carrier generation and recombination. It is worth noting that these findings highlight the influence of the
CsSng.sGey 513 absorber layer thickness on the performance parameters of the solar cell. Careful consideration of these
variations is crucial in optimizing the device's PCE.
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Figure 3. Effect of the first perovskite layer (CsSn0.5Ge0.513) thickness

3.2. Effect of the second perovskite layer (CsSnCI3) thickness:

The effect of the n-CsSnCI3 absorber layer thickness on the performance of the IGZO / CsSngsGeosI3 / CsSnCI3 /
CsSnCI3 / Cu,O / Spiro-OMeTAD solar cell is illustrated in Figure 4. The thickness of the CsSng sGeo 513 layer was varied
from 0.6 to 1 pm, and the corresponding evolution patterns of key parameters were analyzed. Firstly, the short-circuit
current density (Jsc) (Figure 4(a)) exhibited a notable increase as the CsSngsGeosI3 layer thickness was increased from
0.6 to 1 pm. Jsc values rose from 38.37 mA/cm? to approximately 38.49 mA/cm?. This indicates that the thicker
CsSngsGey 513 layer allowed for more efficient absorption of incident photons, leading to a higher generation of electron-
hole pairs within the solar cell. Secondly, the fill factor (FF) (Figure 4(c)) showed a rapid rise as the CsSngsGeosI3 layer
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thickness increased. The FF increased from 57.5% to approximately 58.5%. A higher FF suggests improved charge
extraction and reduced losses within the solar cell, contributing to enhanced overall efficiency. On the other hand, the
open-circuit voltage (Voc) (Figure 4(b)) demonstrated a decrease with increasing CsSngsGeosI3 layer thickness. Voc
decreased from 1.286 V to approximately 1.266 V when the thickness reached 0.6 um. The decrease in Voc can be
attributed to various factors, including charge recombination losses or changes in energy level alignment at the interfaces.
In summary, the inclusion of the CsSnCI3 layer in the solar cell configuration (IGZO / CsSngsGeosI3 / CsSnCI3 /
CsSnCI3 / Cu,0O / Spiro-OMeTAD) resulted in increased light absorption, leading to a higher generation of electron-hole
pairs. This improvement in the overall efficiency of the solar cell is attributed to the increased capture of photons and
their conversion into electrical current.
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Fig. 4 — Effect of the second perovskite layer (CsSnCI3) thickness

3.3. Effect of the third perovskite layer (CsSnCI3) thickness:

The impact of the n-CsSnCI3 third absorber layer thickness on the performance of the
IGZO/CsSny sGeo s13/CsSnCI3/CsSnCI3/Cu,O/Spiro-OMeTAD solar cell is depicted in Figure 5. The study involved
varying the thickness of the CsSng sGeosI3 layer from 1 to 1.5 pm, and the corresponding changes in key parameters
were analyzed. Initially, the short-circuit current density (Jsc) (Figure 5(a)) displayed a noticeable decrease as the
thickness of the CsSngsGeosI3 third layer increased from 1 to 1.5 um. The Jsc values decreased from 38.27 mA/cm?
to approximately 38 mA/cm?. This decrease in Jsc suggests that the thicker CsSnCI3 layer may have an impact on
charge carrier generation. Non-uniform photon absorption throughout the thickness of the CsSnCI3 layer could lead
to reduced effective generation of electron-hole pairs. This non-uniform absorption might arise from recombination
losses or inefficient charge transport within the thicker layer, resulting in a decrease in Jsc. Conversely, the fill factor
(FF) (Figure 5(c)) exhibited a rapid increase as the thickness of the CsSngsGeosI3 third layer increased, the FF
increased from 54.1% to approximately 55.4%. The increased thickness of the n-CsSnCI3 layer improved charge
carrier collection and reduced charge carrier recombination, resulting in a higher fill factor. This enhancement is
attributed to the thicker layer providing more pathways for charge carriers to reach the electrodes, minimizing losses
and maximizing the overall power output. However, the open-circuit voltage (Voc) (Figure 5(b)) demonstrated a
decrease with increasing CsSng sGeg sI3 layer thickness, Voc decreased from 1.382 V to approximately 1.346 V when
the thickness reached 1.5 um. The alteration of band alignment and energy levels, caused by the increased thickness
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of the n-CsSnCI3 layer, contributed to this reduction in Voc. These changes in energy levels resulted in a reduced
built-in potential, increased recombination, or modified charge carrier extraction, all of which contributed to the lower
Voc observed. Moreover, the power conversion efficiency (PCE) (Figure 5(d)) also experienced a decrease with
increasing CsSng sGeosI3 layer thickness. Voc decreased from 28.64% to approximately 28.5% when the thickness
reached 1.5 pm. The thicker n-CsSnCI3 layer introduced additional losses, such as increased resistive losses or reduced
light absorption due to inefficient charge transport or light scattering. These losses further contributed to the overall
decrease in the PCE of the solar cell.
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Figure 5. Effect of the third perovskite layer (CsSnCI3) thickness

3.4. Effect of the layer (ETL) thickness

In a perovskite solar cell, the Electron Transport Layer (ETL) plays a crucial role in enhancing the overall
performance of the device by facilitating the movement of electrons from the perovskite layer to the front contact. In this
study, we will examine the impact of varying ETL thickness on the output performance of the
IGZO/CsSng 5Geg 513/CsSnCI3/CsSnCI3/CuyO/Spiro-OMeTAD solar cell, as depicted in Figure 6. By analyzing the
evolution of key parameters, we can understand how changes in ETL thickness affect the device's characteristics. Firstly,
the short-circuit current density (Jsc) (Figure 6(a)) experiences a noticeable decrease as the ETL layer thickness increases
from 0.02 to 0.17 um. Specifically, Jsc values decrease from 38.40 mA/cm? to approximately 38.2 mA/cm?. This decrease
can be attributed to the phenomenon where a thicker ETL layer absorbs a greater amount of incident photons within the
ETL itself. Consequently, a portion of the incident light is prevented from reaching the CsSngsGeosI3 absorber layer,
leading to a reduction in the generation of charge carriers through photon absorption. Secondly, the fill factor (FF) (Figure
6(c)) demonstrates a rapid decline with increasing ETL layer thickness. The FF decreases from 60.4% to approximately
59.7%. The introduction of the ETL layer introduces additional resistance within the solar cell. This increased resistance
impedes the efficient extraction and transport of charges, resulting in higher losses and a decrease in FF. Furthermore,
both the open-circuit voltage (Voc) (Figure 6(b)) and power conversion efficiency (PCE) (Figure 6(d)) exhibit a decrease
as the ETL layer thickness increases. This reduction in Voc and PCE can be attributed to multiple factors. For instance, a
thicker ETL layer can introduce increased series resistance within the device, hindering the efficient flow of current.
Consequently, a voltage drop occurs across the ETL layer, leading to a reduction in Voc. In summary, the thickness of
the ETL layer in a perovskite solar cell has a significant influence on its performance. While a thicker ETL layer enhances
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photon absorption within itself, it simultaneously hampers the flow of charge carriers, resulting in decreased Jsc, FF, Voc,

and PCE. These findings highlight the importance of carefully optimizing the ETL thickness to achieve optimal

performance in perovskite solar cells.
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Figure 6. Effect of the layer (ETL) thickness

3.5. Effect of the layer (HTL) thickness

The influence of the hole transport layer (HTL) thickness on key performance parameters, including open-circuit voltage
(Voc), short-circuit current density (Jsc), fill factor (FF), and overall efficiency, was investigated and depicted in Figure 7.
Surprisingly, it was observed that varying the HTL thickness had negligible impact on these parameters. This phenomenon can
be attributed to the high absorption of photons by the absorber and electron transport layers (ETL), resulting in the majority of
available photons being absorbed before reaching the HTL layer. Consequently, only a small number of charge carriers are
generated within the HTL layer, limiting its influence on the device performance. To further elucidate this behavior, the values
of Voc and Jsc were examined, as depicted in Figure 7(a) and (b) respectively. It was found that Voc remained relatively constant
at around 1.47V, while Jsc exhibited a consistent value of approximately 38.51 mA/cm?. These observations indicate that the
HTL thickness variation has minimal impact on these two parameters. Additionally, the fill factor (FF) and efficiency were
evaluated and presented in Figure 7(c) and (d) respectively. Notably, both FF and efficiency demonstrated a stable behavior,
hovering around 50% and 29% respectively, regardless of the HTL thickness. These findings suggest that, in this particular solar
cell configuration, the HTL thickness does not significantly affect the device performance. The limited carrier generation within
the HTL layer, due to the substantial photon absorption in previous layers, mitigates its role in determining Voc, Jsc, FF, and
efficiency. It is important to note that these conclusions are specific to the investigated solar cell structure, and different device
configurations may exhibit diverse responses to HTL thickness variations.

Table 2 presents the design structure that has been achieved through the optimization of layer thicknesses.

Table 2. Comparison between the conventional and the suggested model

Structure Jsc (mA/em?) | Voc(V) | FF (%) | PCE (%)
FTO/Zn0O/ CsSn0.5Ge0.513/Cul/Au [31] 24.21 1.203 84.07 24.51
FTO/IGZ0/CsSn0.5Ge0.513/ CsSnCI3/ CsSnCI3/Cu02/Au 384 1.486 52.48 28.96

This table provides a comparison between the optimized designs and a non-optimized cell, specifically referred to
as the reference cell [37]. The findings in Table 2 clearly demonstrate a significant improvement in performance for the
optimized designs when compared to the non-optimized variant. The results obtained from our simulations indicate a
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favorable alignment between the performance of the reference cell [37] and our optimized designs. This suggests that our
simulation results closely resemble the outcomes reported in the reference study.
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Figure 7. Effect of the layer (HTL) thickness

4. CONCLUSION

In summary, this study investigates the results of a comprehensive simulation study on the influence of a triple absorber
layer configuration in a perovskite-based solar cell using the SCAPS-1D software, under AM1.5 illumination. The simulated
structure comprises a Cesium Tin-Germanium Tri-iodide (CsSngsGeosI3) absorber layer sandwiched between 1GZO and
Cu,0 layers. The main objective of this study is to enhance the power conversion efficiency (PCE) by optimizing the
thicknesses of each layer. To validate our simulation results, we compare them with experimental data obtained from existing
literature, and we observe a satisfactory agreement between the two. Our findings reveal that the maximum PCE of 28% can
be achieved by utilizing specific thickness values for each layer. Specifically, the optimal thicknesses are determined to be
20 nm for the IGZO layer, 200 nm for the Cu,O layer, and 700 nm for the perovskite layer. These optimized thickness values
lead to a significant improvement in the PCE of the solar cell, reaching 29%. This achievement highlights the effectiveness
of our proposed triple absorber layer configuration and demonstrates its potential to enhance the overall performance of the
perovskite-based solar cell. Overall, this study provides valuable insights into the optimization of the absorber layer
configuration in perovskite solar cells, leading to improved power conversion efficiency.
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MPOEKTYBAHHS TA MOJEJIOBAHHA NEPOBCKITHOI'O COHSIYHOI'O EJJEMEHTA 3 TOTPIMHAM
MO JTUHAIOYUM IIAPOM JJIS BACOKOI EOEKTUBHOCTI IEPETBOPEHHS
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VY 11p0My JOKYMEHTI IIpeCTaBIeHO KOMIUIEKCHE MOJIETIOBAHHS BIUTMBY KOH(ITyparlil HOTPIHHOTr0 NOTIMHAIOYOTO APy B COHSIIHOMY
€JIEMEHTI Ha OCHOBI IIEPOBCKITY 3 BUKOPHCTAHHAM nporpamuoro 3abesnedeHns SCAPS-1D min ocBitnennsm AM1.5. 3monensoBana
CTPYKTypa MICTUTB IIap MOTJIMHAYa i3 11e3il0, oJoBa Ta Tpuioauay repmanito (CsSnosGeosls), po3MilieHOro MiX IIapamMy OKCHIY
ianito, ramito, muHKy (IGZO) ta Cu20. OCHOBHOIO METOIO LBOTO JOCHIMKEHHS € MiJABUIICHHS e(EeKTUBHOCTI NEPEeTBOPECHHS
enexrpoeneprii (PCE) uuisixom onrtuMizanii ToBUMHM KokHOro mapy. I1]o6 mepeBipuTu Hammi pe3ynbTaTH MOJICIIOBAHHS, MH
MOPIBHIOEMO iX 3 €KCIIEPUMEHTAIBHUMH JAaHUMH, OTPUMaHUMH 3 iICHYIOUOI JTiTepaTypH, i CHOCTEpiraeMo 3a0BiIbHY 3r01y MiXK HUMU.
Hamri BucHOBKYM MOKa3yioTh, mo MakcuMmanbHOro PCE 28% MoxkHa HOCATTH, BUKOPHCTOBYIOUM KOHKPETHI 3HAUYCHHS TOBIIUHU IS
KO>KHOTO mapy. 30KpeMa, BU3HaYeHO onTHUManbHy TOBIUHY 20 HM mis mapy [GZO, 200 am s mapy Cu20 ta 700 HM s mapy
niepoBckity. Li onTuMi3oBaHi 3HaYEHHS TOBIIMHU HPU3BOAATH 10 3HauHOro nokpamenHs PCE consanoi Oatapei, nocsraroun 29%.
Ie mocsrHeHHS MiIKpeciioe eeKTHBHICT 3alPOIIOHOBAHOT HAMH KOH(QIryparlii MoTpiifHOro MOIIMHAIOYOTo apy Ta JEMOHCTpYE il
TIOTEHIiaJ JUIS MiABUIIEHHS 3araJIbHOT IPOAYKTUBHOCTI COHSYHOI OaTapei Ha OCHOBI IIEPOBCKITY. 3arajioM Lie JOCITIPKEHHS 1a€ LiHHY
iHpopMmanito mono0 onTuMizanii KoH}irypanii mapy HOrIMHAa4Ya B IEPOBCKITHHX COHSYHHMX €JIEMEHTaX, IO IPH3BOJUTH IO
MiABUIICHHS e(EKTHBHOCTI IIEPETBOPEHHSI EIICKTPOCHEPTi.
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