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The paper proposes the technology of silicon p-i-n mesa-photodiodes, which allows to exclude one high-temperature operation from
the technological route. Reducing the number of thermal operations reduces the degree of degradation of the electro-physical
characteristics of silicon during heat treatment, which also contributes to reducing the density of surface states at the SiSiO> interface.
It is proposed to etch the mesa-profile by the method of chemical-dynamic polishing using a gold masking coating. The obtained
photodiodes are cheaper than serial samples made by diffusion-planar technology and have higher sensitivity.
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Semiconductor photodetectors are widely used in the development of automatic regulation and control systems for
technological processes, research of the Earth's natural resources, in aircraft astronavigation systems, as well as in military
equipment and cinema and photographic equipment [1]. The most widely used type of photodetectors is p-i-n photodiodes
(PD) [2,3], and the main material of these products in the microelectronics industry is silicon due to its high
manufacturability and widespread [4, 5].

The main parameters of PDs are responsivity, which determine the ability to register photosignals a certain range of
wavelengths [6]. The main factor that ensures the maximum value of the photodiode photoresponsivity is the use of a base
material with the highest possible values of the lifetime of minor charge carriers (r) and resistivity (p), since these
electrophysical characteristics determine the size of the region in which photogeneration of charge carriers occurs [7].
However, it should be noted that these parameters of silicon can degrade during high-temperature treatments [8, 9], so it is
worth using technological methods and routes with a minimum number of thermal operations and with the lowest possible
temperatures [10, 11].

The classical serial route of manufacturing p-i-n PDs based on p-Si using two-stage phosphorus diffusion from planar
sources includes 4 thermal operations: oxidation, phosphorus predeposition, phosphorus driving-in and diffusion of
boron [12]. It should be noted that two of these operations are high-temperature (7=1423 K), during which the degradation
of electrophysical parameters occurs due to the diffusion of uncontrolled metal impurities with high diffusion coefficients
or thermal shocks [13].

It is possible to exclude high-temperature expansion of phosphorus by using a single-stage diffusion of phosphorus
from liquid diffusers PCl; or POCls, but in [14] we found that diffusion of phosphorus from liquid phased sources provokes
the formation of a high density of structural defects (including dislocations), which in turn significantly reduces the
percentage of usable products. This is due to the diffusion of phosphorus not only into the lattice nodes but also into the
interstices, where the high density of electrically inactive impurities generates significant mechanical stresses compared to
diffusion from planar sources, where alloying occurs along the lattice nodes.

Another method to reduce the number of thermal operations is to produce PDs with a mesa profile [15]. In this case,
the first thermal operation is phosphorus diffusion, and the responsive elements (RE) are formed by etching mesa-structure,
where the formed mesa-profile grooves are the gaps between the active elements of the photodiode crystal. In this case,
there is no need for the first high-temperature oxidation. The problem of the described technique is the need to find a
masking coating that allows masking the active regions of the photodiode from the effects of an aggressive etchant during
etching. In [16], we conducted an experimental search for masking coatings and found that the use of AZ4533 [17]
photoresist allows for a short time of etching in an HNOs : HF : CH;COOH = 9:2:4 -compound etchant. The disadvantages
of this photoresist are its high density, which causes problems during deposition, its high market price, and the inability to
form a mesa profile of increased depth. We also proposed the use of a masking oxide deposited by RF cathodic sputtering
for etching the mesa structure, since the etching speed of silicon oxide is significantly lower than that of silicon in the used
etching agent. However, the application of the oxide film by this method provoked the formation of a high density of
mismatch dislocations and, accordingly, the degradation of photodiode parameters, so this method proved to be
ineffective [16].

Photodiodes with mesastructure have proven to be very promising products, so the search for the perfect technology
and structure of these photodetectors is an urgent scientific and technical task. We have conducted a study on the use of a
Au-masking coating for etching silicon in aggressive etchers. Accordingly, the purpose of this article is to investigate the
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possibility of manufacturing mesa-photodiodes using a Au- masking coating for etching, to study the parameters of these
photodiodes and to compare them with the parameters of serial photodiodes manufactured using the classical diffusion-
planar technology.

EXPERIMENTAL

The research was carried out in the manufacture of silicon 4Q p-i-n PDs with guard ring (GR) for operation at
wavelength A,, = 1.064 um. PDs were made on the basis of single-crystal p-type silicon with resistivity p = 18-22 kQ-cm
and [111] orientation. The serial commercial samples were made by diffusion-planar technology according to the
technological regimes given in [12] (PDc). The thickness of the crystals reached 500-510 um.

The crystals of the experimental mesa-photodiodes (PDw) were produced by the following sequence of technological
operations: phosphorus predeposition from solid-state planar phosphorus sources in a nitrogen atmosphere; phosphorus
driving-in in a dry oxygen atmosphere; boron diffusion to the back side of the substrate; photolithography to create contact
windows in the anti-reflective oxide; deposition of an Au-layer with an adhesive Chr-layer on the front side of the wafer;
photolithography to open windows corresponding to the gaps between the REs (Fig. 1a) with the back side protected by
a chemically resistant varnish; etching of the mesa-profile by chemical-dynamic polishing (Fig. 1b) according to the
method described in [15]; photolithography to form Au-contact pads; application of Au with an adhesive chromium layer
on the back side of the plate; and separation of crystals by cutting with a diamond cutting disc.

-

Figure 1. Images of silicon wafers at different stages of PD manufacturing: after photolithography to open windows
corresponding to the gaps between the REs; b) after chemical-dynamic polishing and photolithography to form Au-contact pads.

The depth of the mesa-profile should be greater than the depth of the diffuse phosphorus layer; in the case studied,
the profile depth reached about 10 pm.

It is worth noting that the use of a "thin" gold film for prolonged etching in hydrofluoric acid or a polishing etchant
can provoke the formation of etchings on the surface of REs due to the penetration of the etchant through the pores in the
masking layer (Fig. 2). To ensure a proper masking effect, we used a gold thickness of 500-600 um. The image of the
final product is shown in Fig. 3.

Figure 2. Images of photodiode crystals with etchings formed during oxide etching or chemical-dynamic polishing
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Figure 3. The image of the final p-i-n meza PD: a) cross-cection; b) final crystal.

The reverse I-V characteristics of PDs were measured using a hardware-software complex implemented on the basis
of the Arduino platform, an Agilent 34410A digital multimeter and a Siglent SPD3303X programmable power source,
which were controlled by a personal computer using software created by the authors in the LabView environment.

Determination of R.,, was carried out according to the method shown in [18].

Monitoring of current monochromatic pulse responsivity was carried out by method of comparing responsivity of
the investigated PD with a reference photodiode certified by the respective metrological service of the company.
Measurements were performed when illuminating the PD with a radiation flux of a power of not over 1-10° W; load
resistance across the responsive element R= 10 kQ,

RESULTS OF THE RESEARCH AND THEIR DISCUSSION

The reverse I-V characteristics of the PDs show that the experimental samples PDy had slightly higher dark current
values in the seventh reverse voltage range (Fig. 4). The reason for the difference in the dark current values is a slight
increase in the area of the responsive elements and the release of the space charge region on the wafer surface due to the
presence of the etching wedge and mesa profile [16]. These factors increase the value of the dark current due to the
presence of a large number of surface states on the plate surface: a violation of the periodicity of the lattice potential of
the crystal due to its break at the surface (Tamm levels) [17]; the presence of uncompensated valence bonds in surface
atoms (Shockley levels) [18]; and the distortion of the lattice potential on the surface caused by adsorbed atoms and
surface defects. The Tamm and Shockley levels characterize an ideal surface. On a real surface, however, surface levels
caused by surface defects play a decisive role. These include point defects, which are atomic disturbances at individual
points in the lattice (e.g., vacancies in lattice nodes or interstitial atoms), as well as linear and bulk defects (dislocations,
pores, inclusions of another phase, etc.).

From the point of view of the band structure of a semiconductor, the presence of surface defects or adsorbed atoms
leads to the formation of allowed levels in the band gap of the semiconductor, localized on the surface. Electrons from
the valence band can move to these levels, and vice versa, electrons from surface levels can move to the conduction band,
resulting in the semiconductor surface becoming charged, i.e. the formation of a semiconductor surface layer charged
inversely to the volume of the so-called inversion layer.

Accordingly, the growth of the dark current occurs due to the growth of the surface generation component (7,"),
which is directly proportional to the density of surface states (1)[14].

eNgsViriftOssAp—
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where oy is capture cross-sectional area; Ny — density of surface states; A,., - is the area that contributes to the surface
component of the dark current; v — is the average relative (relative to the center of re-combination) velocity of thermal
charge carriers.

It should be noted that the mesa-profile formation was one of the last technological operations of the photodiode
crystal manufacturing, after which no high-temperature operations were performed, so the etched surface can be
considered quasi-perfect. An informative method for determining the presence of surface states is to measure the
insulation resistance between responsive elements, as well as to measure the reverse dark /-V-characteristic of the guard
ring, since the presence of surface states at the periphery of the crystal is crucial for the dark current of the guard ring,
which contribute to the decrease in the surface component of the dark current when the area of space charge region of the
guard ring is extended to the periphery.

In the experimental samples PDy, the insulation resistance of all responsive elements and the GR was about Y R.,»~3-
5 MQ, and in the serial samples PD¢ produced by a single technological cycle, it was Y R.,,~0.5-1 MQ. Also, from the /-V-
characteristics of the GRs, it can be concluded that the number of surface states in the mesa-photodiode is much lower, since
this PD had a much lower value of the dark current of the guard ring (Fig. 4). The reason for the increase in the number of
surface states is the presence of a larger number of high-temperature operations, in particular thermal oxidation, during which
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a large number of structural point defects are formed on the silicon surface, in particular the inclusion of interstitial silicon
atoms or their accumulation due to oxygen diffusion [13], as well as a high probability of diffusion of uncontrolled impurities,
in particular metals, due to their presence in the quartz tooling or improper chemical treatment of the wafers.
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Figure. 4. Reverse dark /-V characteristics of REs (a) and GRs (b).

It is worth noting that in [16] the depth of the mesa profile reached values only 1 pm greater than the depth of the
diffusion layer of phosphorus. In this case, the difference in the values of the dark current of serial and mesa-photodiodes
was minimal (up to 20 A). And in the case studied in this article, the depth of the mesa profile is twice as large as the
depth of the diffusion layer, where a difference in the dark current values of >100 A was observed. Accordingly, it can
be concluded that the dark current depends on the depth of the mesa profile, which correlates well with the above
dependence of the dark current on the number of surface states captured by the spatial charge region.

It should be noted that the absence of the first thermal oxidation before phosphorus diffusion also allows us to obtain
samples with a much lower dislocation density. It is known [13] that during the diffusion of phosphorus in the oxidizing
atmosphere, local generation of defects, such as stacking faults and dislocations, occurs in places of localized disturbances
of the wafer surface. And given the fact that the wafers before thermal operations undergo chemical and dynamic
polishing, which minimizes the presence of surface defects, point defects formed during oxidation are the main centers
of localization of dislocations. Accordingly, the absence of dislocation generation centers helps to reduce the probability
of their formation.

Also, from the dependence of photodiode responsivity (Fig. 5) on voltage, it can be seen that mesa-photodiodes had
a slightly higher photosensitivity than serial ones. This can be explained by a smaller number of generation and
recombination centers and "traps" in the high-resistance region of the photodiode, where scattering and recombination of
photogenerated charge carriers is possible, since, again, the absence of high-temperature oxidation reduces the probability
of these "traps".

0.50 1

0.45+

0.40

0.35 4

0.30

spulse’ AW

0.25 4

0.20

0.10 T T T T T
0 20 40 60 80 100 120

| Ub\as| WV

Figure 5. Dependence of the responsivity of PDs on the reverse bias voltage

It should be noted that the responsivity curve for the mesa-photodiode reaches saturation at lower values of the
reverse voltages. This can be explained by the higher resistivity and lifetime of minority charge carriers, the degree of
degradation of which is lower in PDy than in serial ones, since the sensitivity of the photodiode reaches a maximum when
the space charge region (SCR) is extended to the entire thickness of the high-resistance region of the PD (or when the
SCR and diffusion length of minor charge carriers are extended).

In addition to the obvious reduction in the cost of the proposed PDs, their advantage is the absence of the need to
control the C-V characteristics of products after each thermal operation. This method is an informative option for assessing
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the quality of products at different stages of photodiode crystal manufacturing, which allows to estimate the density of
surface states at the Si-SiO, interface [21, 22]. The absence of the need to measure the C-V characteristics is ensured by
etching the mesa profile between the responsive elements and bleeding the crystal periphery, which completely removes
the surface inversion layers that could contribute to the surface generation component of the dark current or worsen the
insulation resistance between the active elements. In the case of the proposed mesa-photodiodes, only the Tamm and
Shockley levels contribute to the dark current values. The only caveat is the lack of protective oxide on the surface of the
etched areas, and therefore there is a need to seal the products without any delays, since the quasi-ideal surface after
etching is very active and can oxidise even at room temperature or adsorb atoms, which will negatively affect the value
of the density of surface states. Another way to ensure a low level of surface state density is to form silicon oxide or
nitride on the surface of the etched areas using any known non-thermal method.

CONCLUSIONS
Silicon p-i-n mesa-photodiodes have been fabricated and studied. It is proposed to use a gold masking layer with an
adhesive layer of chromium for chemical-dynamic polishing. The technology of mesa-photodiodes allows to exclude the
first high-temperature oxidation from the technological cycle, which contributes to a decrease in the density of surface
states at the Si-SiO; interface and reduces the degree of degradation of the electrophysical characteristics of silicon, which
positively affects the parameters of photodiodes.
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TEXHOJIOTISI KPEMHIE€BOT O p-i-n ME3A-®@OTOAIOJA
Muxkoaa C. Kykypymsak®®, Bomogumup M. Jlinka*P?, B’suyecnas B. ProxTtin®
YAT «Llenmpanvhe koncmpykmopcoke 061opo Pummy, 58032, m. Yepnieyi, eya. I'onosna, 244, Yxpaina

bYepuiseyvruti nayionanvnuii yuisepcumem imeni FOpis @edvrosuua, 58002, m. Yepnisyi, eyn. Koyiobuncorozo, 2, Yrpaina

Y cTaTTi 3aIpONOHOBAHO TEXHOJOTII0 KPEMHIEBHX p-i-1 Me3a-(POTOMI0IB, SIKa JO3BOJISE BUKIIOUUTH OJJHY BHCOKOTEMIIEPATYPHY
OIepallifo 3 TEXHOJIOTIYHOTO MapIupyTy. 3HIDKCHHS KIIbKOCTI TEPMIYHHX oOmepaiiil 103BOJSIE 3HU3UTH Mipy Aerpagalii eIeKkTpo-
(Gi3MYHMX XapaKTEPUCTHK KPEMHIIO B HPOLEC TepMOOOPOOOK, 110 TAKOX CIIPUSIE 3MKCHHIO TYCTHHH MIOBEPXHEBHX CTAaHIB Ha MeExi
po3ainy Si-SiO2. 3anponoHOBaHO NPOBOAY TPABJICHHS Me3a-IPOdIII0 METOAOM XiMIKO-AHHAMIYHOTO MOJiPyBaHHS 3 BUKOPUCTAHHAM
30JI0TOr0 MacKyk4oro nmokputrts. OTpuMani GpoToAi0AN € ACIICBIIMMH, HIXX CepiliHi 3pa3u BUTOTOBIIEHI 3a Au(y3iiHO-IIIaHAPHOIO
TEXHOJIOTI€I0 Ta BOJIOAIIOTH BUIIOIO Yy TIMBICTIO.
KuarouoBi ciioBa: kpemwniii; pomooiod, uymaugicms; mouxosuil 0Oegpekm, OUCIOKAYis, MEMHOBUL CIPYM
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Solar cells are currently the focus of a great deal of research. The aim is to reduce their cost price. To achieve this, we need to reduce
the mass of the materials and increase the conversion efficiency of these solar cells. This has motivated research into the use of thin
films such as a-Si, CdTe, CIGS. This increase in efficiency requires optimizing the performance of the photovoltaic parameters. In
this modeling and simulation work, we use the SCAPS-1D software to study the effect of the recombination speed of the electrons
and holes in the CIGS layer, the effect of the thickness of the layers and the effect of the gap energy of each layer of the material used
for this solar cell on the short-circuit current Jsc, the open-circuit voltage Voc, the form factor FF and the electrical efficiency n of
the CIGS cell for a Mo/p-CIGS/p-Si/In2S3/i-ZnO/Al-ZnO single-junction structure. In this study, we found that recombination speed
affects the efficiency of the photovoltaic cell. The gap energy of the absorber layers influences the cell's efficiency, while the other
layers (In2Ss, ZnO, Al-ZnO) do not have a great influence on solar cell performance and increasing the thickness of the absorber
layer has a major influence on efficiency, increasing it up to a certain limit. The thicknesses of the CIGS, p-Si, In2S3, i-ZnO and
Al-ZnO layers need to be in the order of 0.3um, 0.8um, 0.05um, 0.07um and O.lpm respectively to achieve better
efficiency (31.42%).

Keywords: Density functional theory (DFT); Binding energies; Homo-lumo energy; Fragmentation energy; Magnetic moment
PACS: 73.50.-h, 73.50.Pz

1. INTRODUCTION

The evolution and development of humanity leads to increasing energy consumption while usual energy resources
decrease and pollution increases. Renewable energies appear to provide an optimal solution to address the global energy
problem [1]. Among them, solar energy offers a reliable, clean and adaptable way to generate heat and electricity
according to needs. More particularly, photovoltaics (PV) constitutes an “inexpensive” solution to overcome the energy
supply problem of developing countries, thanks to autonomous systems making it possible not only to supply electricity
but also to power systems water pumps or water filtration [2]. As part of the sustainable development approach, renewable
energies make it possible to preserve planetary resources, ensure the security and diversity of energy supplies and reduce
the environmental impact of our energy consumption. The PV market today is essentially based on silicon technology [3].
Currently, the sector is largely dominated by crystalline silicon technology with nearly 93% of global production.
However, the production of silicon-based solar cells remains expensive and requires a large quantity of material [4].
In addition, silicon cells currently have a maximum efficiency of 25.6% in the laboratory, which is very close to the
maximum theoretical limit for a single junction cell [5]. Consequently, the growing need for photovoltaic energy has
pushed research into the use of other alternative materials, although this in no way means an end to research in the silicon
sector [6-8]. Research, very numerous and varied, focuses mainly on thin film technologies [9-12]. CIGS-based thin-film
solar cells were developed by Arco in the late 1980s using a two-step process with Cu and In as metal precursors, followed
by reactive annealing in an H,S atmosphere, during of which the absorbing layer (CIGS) is doped with N/A. Since then,
the leading research organization in the field of CIGS solar cells (NREL) has reported the remarkable improvements in
efficiency achieved by these cells deposited on substrates of rigid glass [13-16]. The most promising second generation
materials are amorphous and microcrystalline silicon, cadmium tellurium (CdTe) and the Cu (Iny, Gaix)(Sy,Seiy):
(CIGSSe) family of chalcopyrites. These materials are used in the form of a thin layer deposited on a substrate (soda glass,
ceramic, polyamide, etc.), which not only reduces the costs of the final module, but also expands the range of applications
of the cells solar. In a few years, the efficiency of solar cells based on Cu(In,Ga)Se, (CIGS) increased from 20.8% [13] to
22.6% [14].Many studies have proven that cadmium tablets have enabled high productivity, but they nevertheless tend to
be replaced, due to their toxicity, by cadmium-free, higher bandgap materials (InSes, ZnS, Zn(S,0), Zn(S,0,0H),
(Zn,Mg) O) to reduce optical losses [17-20].
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Whatever the structure of a solar cell, its parameters need to be optimized. Typically, the parameters to be
optimized are the Eg bandgap thicknesses and widths, and the doping levels of the various layers making up the cell.
Solar cell optimization therefore involves studying the influence of these parameters on efficiency, in order to obtain
a structure that delivers maximum efficiency. This optimization can be carried out either experimentally or by
simulation. Experimental optimization has the advantage of being real, but it is tedious, boring and expensive. What's
more, we don't have access to certain cell parameters. Simulation-based optimization, on the other hand, follows
a mathematical model of the real system. In this work, we will use SCAPS-1. This allows us to understand in detail the
functioning of the structure of thin film solar cells and the main physical phenomena which govern the operation of our
devices by carefully taking into account: the short circuit current Jsc, the open circuit voltage Voc, efficiency (n%) and
filling factor (FF) [21] CIGS, a non-toxic material widely available on Earth, knowing that it is expensive. To reduce
the thickness of CIGS, we choose the following solar cell structure: Al-ZnO/i-ZnO/In,S3/p-CIGS/p-Si. CIGS and Si we
will use as absorbing layers and In,S; as insulating layer. We study the performance of CIGS-based solar cells
by changing the spacing energy and thickness of each cell layer.

2. OVERVIEW OF SCAPS-1D SOFTWARE

SCAPS (solar cell capacitance simulator) is a one-dimensional solar cell simulation program developed at the
Department of Electronics and Information Systems (ELIS) at Ghent University, Belgium. Several researchers have
contributed to its development: Alex Niemegeers, Marc Burgelman, Koen Decock, Stefaan Degrave, Johan
Verschraegen. The program was initially developed for cellular structures of the CulnSe, and CdTe family. Recent
developments now make the program equally applicable to crystalline solar cells (Si and GaAs family) and amorphous
cells (a-Si and micromorphous Si). The latest version, SCAPS 3.10, may 2020. The program runs on PCs running
Windows 95, 98, NT, 2000, XP, Vista, Windows 7,8 and 10, and takes up around 50 MB of space. It is freely accessible
to the PV research community (universities and research institutes, companies) [22-27].

3. PRESENTATION OF THE STUDIED CELL
The difficulty in simulating electronic devices lies in the choice of simulation parameters. For this, we took a work
submitted by Mohottige RN and Kalawila SP, they found an electrical efficiency 0f~26% [28]. The solar cell architecture
simulated in this study had a substrate/Mo/p-Si/pCIGS/n-In,S3/i-ZnO/Al-ZnO/metal grid, as shown in Fig. (1).

Front grids ﬂ ﬂﬂ H’ ﬂ Front grids

Figure 1. Schematic diagram of the CIGS Structure [28].

The defect density was implemented in the P-Si, CIGS and In,Ss layers. The i-ZnO insulating layer improves the
performance of thin-film solar cells. This material can fill the pinholes in the structure and reduce the electric short
circuit [29]. Electrical short-circuiting of devices is a key concern during the manufacturing process, and it's an
excellent solution to suppress between interfaces to increase efficiency. So, the i-ZnO layer acts as an electron
backscatter barrier, improving Jsc and efficiency. Table 1, shows the optimized material properties for each layer used
in the simulation. These parameters are entered into the SCAPS software.

Table 1. Material parameters used in the simulation [28]

Parameters CIGS P- Si InyS3 I-Zno Al-Zno
Thicknesses (nm) 100 1000 1000 50 70 100
Gap strip (ev) 1.100 1.120 2.800 3.300 3.300
Electronic affinity (ev) 4.500 4.500 4.700 4.600 4.600
Relative Permittivity 13.600 11.900 13.500 9.000 9.000
CB (1/em?) 2.200E +18 2.800E +19 1.800E +18 2.200E +18 2.200E +18
VB(1/cm?) 1.800E +19 2.650E +19 4.000E +13 1.800E +19 1.800E +19
Electron mobility (cm?/Vs) 1.000E +2 1.450E +3 4.000E +2 1.000E +2 1.000E +2
Hole mobility (cm?/Vs) 2.500E +1 5.000E +2 2.100E +2 2.500E +1 2.500E +1
ND(1/cm?) 0.000E +0 0.000E +0 1.000E +18 1.000E +16 1.000E +18
NA(1/cm?) 2.000E +16 1.000E +20 1.000E +1 0.000E +0 0.000E +0
Defect density (1/cm?) 1.000E +14 1.000E +14 1.000E +14 0.000E +0 0.000E +0

This digital survey was carried out in three stages: The effect of the recombination rate of electrons and holes on
the cell was studied. Next, we studied the influence of varying the gap energy values of each layer on the cell's
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performance, and extracted the relationship between the gap energy of the CIGS and p-Si absorber layers. Finally, cell
performance was optimized by changing the thicknesses of each cell layer: the CIGS and P-Si absorber layers, the In»S;
buffer layer, the i-ZnO insulator layer and the Al-ZnO window layer. The simulation was carried out under solar
spectrum AM 1.5 and at an incident power of p = 1000Wm2. SCAPS simulation can perform measurements under light
and dark conditions and in various temperature ranges and other parameters. In this study, we maintained the thickness
of the p-Si, i-ZnO and Al-ZnO layers at 1 um, 50 nm and 100 nm respectively [28] in order to investigate solar cell
parameters such as: Short-circuit current Js, Open-circuit voltage V.., Efficiency (n%) and fill factor (FF). The first
layer deposited on the substrate is the back contact electrode. Its main role is to collect the charges generated in the cell.
From an electrical point of view, it constitutes the positive pole of the photovoltaic generator. This layer is composed of
Molybdenum (Mo) and is between 50 nm and 1500 nm thick, this result is consistent with the results reported in the
literature [30,31]. In addition, the Mo layer is used as a reflector to lengthen the optical path of light in the CIGS,
thereby increasing the number of photons absorbed [32]. Numerous studies have also proven that during the deposition
of CIGS on Mo, a thin layer of MoSe2 is formed at the interface. This layer is responsible for establishing ohmic
contact with the CIGS [33,34].

4. EFFECT OF THE RECOMBINATION SPEED OF ELECTRONS AND HOLES

Generation in semiconductors is the process in which electron-hole pairs are created. The energy necessary for the
transition of an electron from the valence band to the conduction band is obtained by different physical processes:
thermal absorption, external electric field and absorption of photons by the semiconductor. The electron-hole pairs
created are sooner or later recombined. In this section, we will present in a first part the results relating to the effect
of the recombination speed for a CIGS thickness of 0.1um: as well as their analyzes in order to understand the effect
of the recombination speed of electrons and holes. In a second part, Effect of the recombination rate for a CIGS
thickness of 0.3 um will be presented so that it can be examined and properly interpreted and this in comparison with
the conclusions resulting from the electron recombination rate and we fix the hole rate. To do this, different parameters
such as: the thicknesses of each layer of the Al-ZnO/i-ZnO/In,S3/p-CIGS/p-Si solar cell will be varied, to obtain the
best electrical efficiency.

4.1. Effect of recombination speed for a cigs thickness of 0.1uM
4.1.1. Effect of electron recombination speed
The values of the electron surface recombination velocity are varied, and the hole velocity is fixed. The results
obtained are shown in Table 2.

Table 2. Functional parameters of the solar cell with different electron surface recombination velocities.

ElectrS(;r; ;eic((;rrrlll?slatlon Recombmatégrrll]/sseed of holes Voe (V) | Jse (mA/em?) FF (%) (%)
8.00E 0 1.00E 7 0.801 38.96 83.38 26.03
9.00E 0 1.00E 7 0.800 38.95 83.45 26.02
1.00E 1 1.00E 7 0.7996 38.94 83.51 26.12
1.00E 2 1.00E 7 0.781 38.44 84.20 25.29
1.20E 2 1.00E 7 0.779 38.36 84.17 25.18
1.70E 2 1.00E 7 0.777 38.19 84.13 24.98
1.90E 2 1.00E 7 0.776 38.14 84.11 2491
1.00E 3 1.00E 7 0.768 37.37 83.58 24.01
1.00E 4 1.00E 7 0.766 37.00 83.28 23.60
1.00E 5 1.00E 7 0.765 36.95 83.24 23.55
1.00E 6 1.00E 7 0.765 36.95 83.23 23.55
1.00E 7 1.00E 7 0.765 36.95 83.23 23.55
1.00E 8 1.00E 7 0.765 36.95 83.23 23.55

According to the results listed in the Table (2), we can summarize them in the following points :

»  For an electronic recombination speed equal to 1.2x10% cm/s, the efficiency is equal (25.18%). This results is in
agreement with those reported in the literature [28]

»  For electron recombination velocity equal to 10 cm/s, we obtain an electrical efficiency (26.12%) better than that
found in the Ref [28].

»  For electron recombination values below or above 10 cm/s, we find a decrease in electrical efficiency.
Based on these remarks, we have chosen the electron recombination speed 10 cm/s for an optimum electrical
efficiency value (n1=26.12%).

4.1.2. Effect of hole recombination speed
Fixing the electron recombination speed at 10 cm/s and varying the surface recombination speed of the holes, the
results found are shown in Table 3.
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Table 3. Functional parameters of the solar cell with different surface recombination rates

Electron recombination Recombination speed Jsc
speed (cm/s) of holes (cm/sp) Voe (V) (mA/cm?) FF (%) n(%)
1.00E 1 1.00E 0 0.8004 39.52 77.95 24.55
1.00E 1 8.00E 0 0.806 39.26 80.98 25.63
1.00E 1 9.00E 0 0.806 39.24 81.11 25.67
1.00E 1 1.00E 1 0.8066 39.23 81.23 25.70
1.00E 1 1.00E 2 0.8089 39.05 82.49 26.06
1.00E 1 1.20E2 0.8089 39.04 82.52 26.07
1.00E 1 1.70E 2 0.8090 39.039 82.58 26.08
1.00E 1 1.90E 2 0.8091 39.037 82.59 26.08
1.00E 1 1.00E 3 0.8092 39.022 82.68 26.11
1.00E 1 1.00E 4 0.8093 39.01 82.70 26.11
1.00E 1 1.00E 5 0.8093 39.019 82.70 26.12
1.00E 1 1.00E 6 0.8093 39.019 82.70 26.12
1.00E 1 1.00E 7 0.8093 39.019 82.70 26.12
1.00E 1 1.00E 8 0.8093 39.019 82.70 26.12
1.00E 1 1.00E 9 0.8093 39.019 82.70 26.12

It can be seen that increasing the surface recombination speed of the holes increases the electrical efficiency to a
certain value, after which it remains constant. For a hole recombination speed equal to 10 cm/s, we obtain a higher
efficiency (26.12%). We can see that the backside recombination velocities for electrons and holes influence solar cell
efficiency. Based on the results obtained, our choice is based on an electron speed of 10 cm/s and a hole speed
of 1107 cm/s.

4.2.  Effect of recombination rate for a cigs thickness of 0.3 uM

The thicknesses of each layer of the Al-ZnO/i-ZnO/In,S3/p-CIGS/p-Si solar cell chose respectively 100nm, 70nm,
50 nm, 0.3 um and 1 pm, to achieve the best clectrical efficiency [28].We vary the values of the electron surface
recombination rate, and fix the hole rate, and then do the reverse, fix the value of the electron surface recombination
rate that gives the best electrical efficiency, and vary the hole surface recombination rate. The results obtained are
shown in Tables 4 and 5.

Table 4. Functional parameters of the solar cell with different surface electron recombination speed for CIGS layer thickness = 0.3pm

Electron rec((;ﬁk/);lanon speed Recomblnatz(c)rr;1 /sS[;eed of holes Voe (V) Jse (mA/em?) FF (%) n(%)
1.00E 0 1.00E 7 0.7749 37.617 83.54 24.34
8.00E 0 1.00E 7 0.7746 37.616 83.54 24.34
9.00E 0 1.00E 7 0.7746 37.626 83.53 24.35
1.00E 1 1.00E 7 0.7746 37.615 83.55 24.34
1.00E 2 1.00E 7 0.7722 37.520 83.63 24.23
1.20E 2 1.00E 7 0.7719 37.502 83.63 24.21
1.70E 2 1.00E 7 0.7712 37.460 83.64 24.16
1.90E 2 1.00E 7 0.7710 37.445 83.64 23.14
1.00E 3 1.00E 7 0.7678 37.134 83.48 23.80
1.00E 4 1.00E 7 0.7659 36.849 83.28 23.50
1.00E 5 1.00E 7 0.7656 36.801 83.24 23.45
1.00E 6 1.00E 7 0.7655 36.7960 83.23 23.45
1.00E 7 1.00E 7 0.7655 36.7955 83.23 23.45
1.00E 8 1.00E 7 0.7655 36.7954 83.23 23.45

Table 5. Functional parameters of the solar cell with different surface recombination rates of the holes for a CIGS layer thickness = 0.3 pm

Electron rec((élrlrlll;;;latlon speed Recomblnat(lsr?1 /sSI;eed of holes Voe (V) Jse (mA/em?) FF (%) %)
1.00E 0 1.00E 0 0.7738 37.680047 76.66 2235
1.00E 0 8.00E 0 0.7753 37.661992 81.09 23.68
1.00E 0 9.00E 0 0.7753 37.66006 81.27 23.73
1.00E 0 1.00E 1 0.7753 37.65832 81.43 23.77
1.00E 0 1.00E 2 0.7753 37.63201 83.23 24.27
1.00E 0 1.20E 2 0.7753 37.631144 83.28 24.27
1.00E 0 1.70E 2 0.7753 37.629822 83.35 24.29
1.00E 0 1.90E 2 0.7753 37.629479 83.37 2431
1.00E 0 1.00E 3 0.7753 37.627015 83.50 2431
1.00E 0 1.00E 4 0.7753 37.626470 83.52 24.35
1.00E 0 1.00E 5 0.7753 37.626416 83.53 24.35
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Electron rec((zrrnnl/);latlon speed Recomblna‘cégrr;1 /sS[;eed of holes Voe (V) Jse (mA/em?) FF (%) %)
1.00E 0 1.00E 6 0.7753 37.626410 83.53 24.35
1.00E 0 1.00E 7 0.7753 37.626410 83.53 24.35
1.00E 0 1.00E 8 0.7753 37.626409 83.53 24.35
1.00E 0 1.00E 9 0.7753 37.626409 83.53 24.35

From this study, we can say that to obtain the best electrical efficiency from the cell, it is only necessary to vary
the electron recombination rate. For a CIGS thickness of 0.1 pm, the cell gives a high efficiency compared with a
thickness of 0.3 um. A major drawback of practical devices is the reduction in CIGS layer thickness due to interlayer
mixing and aging. Thickness reduction allows electronic recombination with the back contact.

4.3. Effect of varying the gap energy of solar cell layers
4.3.1. Effect of Varying the Gap Energy of The Cigs Layer
The variation in the gap energy values induces a modification of the photovoltaic parameters of the cell. The
effects of the gap energy variation on the different photovoltaic parameters of the cell are illustrated in Fig. (2).
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Figure 2. Effect of varying the gap energy of the CIGS absorber layer of the CIGS cell on:
a) The open-circuit voltage Voc, b) The short-circuit voltage density circuit Jsc, ¢) Form factor FF%, d) Efficiency n%

The observation to draw from this figure is that when the gap energy of the CIGS has a value of 1.3 eV, the best
efficiency is obtained. However, when we increase the spacing energy of the CIGS absorbing layer from 1 eV to
1.5 eV, we notice that:

- The short circuit current density (Jsc) increases from 37.626 mA/cm? to 40.662mA/cm?.

- Open circuit voltage (Voc) increases from 0.775 V to 1.002 V then decreases to 0.771 V.

- Form factor (FF%) increases and decreases randomly from 73.44% to 83.53%.

- The yield (n) increases from 24.35% to 29.89%, then decreases to 25.00%.

4.3.2. Effect of Varying the Gap Energy of The Si Layer
The various values of the gap energy of the SI absorber layer, ranging from 1 eV to 1.12 eV, influence the
photovoltaic parameters of the cell, as shown in Fig (3).
From the results, we can see that when the gap energy has a value of lev, the best performance is achieved.
When we increase the gap energy values of the p-Si absorber layer from 1 eV to 1.12 eV, we notice that:
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- The short-circuit current density (/sc) decreases from 45.424 mA/cm? to 40.615 mA/cm?.
- Open-circuit voltage (Voc) increases from 0.7963 V to 1.002 V

- Form factor (FF%) decreases from 86.40% to 73.44%.

- Electrical efficiency (1) decreases from 31.25% to 29.48%, then increases to 29.89%.
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Figure 3. Effect of the gap energy of the Si absorber layer of the CIGS cell on:
a) Open-circuit voltage Voc, b) Short-circuit voltage density Jsc, ¢) Form factor FF%, d) Efficiency n%

4.3.3.

Effect of Varying the Gap Energy of The IN:S;Buffer Layer

The optical gap energy of In,S; is 2.56 eV. We chose to vary the gap energy between 2 eV and 2.8 eV. These
different values, which influence the photovoltaic parameters of the cell, are given in Fig (4).

From the results shown in the Fig. 4, we note that the variation in In,S3 gap energy values has no influence on the
cell's photovoltaic parameters.
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Figure 4. Effect of varying the gap energy of the In2S; buffer layer
a) the open-circuit voltage Voc, b) short-circuit voltage density Jsc, ¢) form factor FF%, d) efficiency 1 %.
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Figure 4 (continuation). Effect of varying the gap energy of the the In2Ss buffer layer
a) the open-circuit voltage Vo, b) short-circuit voltage density Jsc, ¢) form factor FF%, d) efficiency n %

4.3.4. Effect of Varying the Gap Energy of the ZNO Layer
Fig. 5 shows the different values of ZnO gap energy, ranging from 3.2 eV to 3.45 eV, which influence the
photovoltaic parameters of the cell.
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Figure 5. Effect of varying the gap energy of the ZnO layer
a) the open-circuit voltage Vo, b) short-circuit voltage density Jsc, ¢) form factor FF%, d) efficiency n %

We note that varying ZnO gap energy values do not influence open-circuit voltage Vocand form factor FF, but do
influence short-circuit voltage density Jsc. The best electrical efficiency is obtained when the ZnO gap energy reaches 3.2 eV.

4.3.5. Effect of Varying the Gap Energy of the Al-ZnOLayer
The different values of the Al-ZnO gap energy, ranging from 3.2 eV to 3.45 eV, which influence the photovoltaic
parameters of the cell, are given in Fig. 6.
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3,50

We note that varying Al-ZnO gap energy values have no influence on open-circuit voltage Voc and form factor FF,
but there is a small influence on short-circuit voltage density Jsc. The best electrical performance is obtained when the
gap energy of Al-ZnO reaches 3.4ev. The results found for Al-ZnO are similar to those found for ZnO. So, we can say
that the gap energy of the absorber layers influences the cell's efficiency, while the other layers (In2S3, ZnO, Al-ZnO)
do not have a great influence.This result is in good agreement with those reported in the literatures [35].
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4.4.1. Cigs Thickness
The effect of varying the thickness of the CIGS absorber layer (from 0.1 pm to 1 pm) on cell performance was
simulated. The simulated, Vo, /sc, FF and n (efficiency) curves are shown in Fig. (7).

(@

N

s

0,2 0,4 0,6 0,38 1,0
Thickness (um)

1,2

45,6304

45,6300

45,6296

45,6292

sc

J_(mAicm?)

45,6288

45,6284

The Effect of Thickness Variation:

/

(b)

0,0

0,2 0,4 0,6 0,8
Thickness (um)

Figure 7. Effect of CIGS thickness on a) the open-circuit voltage Voc,
b) short-circuit voltage density Jsc, ¢) form factor FF%, d) efficiency n %



398

EEJP. 3 (2024) K. Madoui, et al.
86,43 31,41
L (c) (d)
86,40 9900090000 3140 - /°*°*°*°*°*°*°*°
| //// 31,39 |
86,37 |- o = 9
I 23138
86,34 |- g
= - S 337+
5 86,31 | K
* I S 31,36 -
86,28 |- 3 313s]
L w
86,25 |- 31,34 1
86,22 ? I . | , | , | \ | 31,33 I I R I R I R I R
o, 02 04 06 08 1,0 12 , 02 04 06 08 10 12
Thickness (um) Thickness (um)

Figure 7(continuation). Effect of CIGS thickness on a) the open-circuit voltage Voc,
b) short-circuit voltage density Jsc, ¢) form factor FF%, d) efficiency n %

According to the results obtained, the CIGS layer thickness that gives the highest efficiency is 0.3 um. The
variation in CIGS layer thickness, between 0.1 um and 1 pm, has little effect on short-circuit current density (Jsc), open-
circuit voltage (Voc), form factor (FF%) and efficiency (n). Indeed, when the thickness of the CIGS layer is 0.3 pm, so

the total thickness of the absorbing layer (CIGS+ p-Si) will be 1.3 um, leads to an increase in cell performance and in
particular efficiency.

the photovoltaic parameters of the cell and are given in Fig. (8).

0,86

4.4.2. Absorbent Layer Thickness P-SI

Many researchers have worked to consolidate the photovoltaic potential offered by the thin-film p-Si
sector [36-38]. As a result, they recorded an improvement in electronic properties. In this simulation step, the thickness
of the CIGS layer is set at 0.3 um. The different p-Si thicknesses, ranging from 0.3 pm to 1.3 um, influence
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According to the results obtained, the 0.8 pm-thick p-Si absorber layer gives a better performance.It can be seen
that there is a threshold thickness (0.8 pm) for both form factor (FF) and efficiency (1) to be high, and above or below
this thickness value there is a decrease in these parameters.And we also notice that increasing thickness leads to an
increase in short-circuit current density (Jsc) and a decrease in open-circuit voltage (Voc). In fact, to achieve good
efficiency (31.42%), the thickness of the absorber layer (CIGS+ p-Si) must be equal to 1.1 um, because at this thickness
there is a maximum generation of electron-hole pairs and a decrease in contact return recombination.

4.4.3. In2S;Buffer Layer Thickness

Most CIGS-based ultra-thin solar cells incorporate a buffer layer to improve efficiency and other solar cell
parameters. The central role of the buffer layer is to prevent unwanted bypass paths and protect the injection region
during manufacturing. We set the thickness of the combined absorber layer (CIGS + p-Si) at 1.1 um and then varied the
thickness of the In,S; buffer layer (from 20 nm to 100 nm). The results obtained are shown in Fig (9). From the results
obtained, it can be seen that the effect of varying the thickness of the buffer layer does not greatly influence cell
performance. It can be seen that increasing the thickness will decrease the efficiency and the short-circuit current
density Jsc.
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Figure 9. Effect of varying In2Ssthickness on:
a) Open-circuit voltage Voc, b) Short-circuit current density Jsc, ¢) Form factor FF%, d) Efficiency n %

4.4.1. Front Contact Thickness
There are two layers in the front contact: the intrinsic ZnO layer and the Al-ZnO layer that makes up the window
layer.
- The ZnO layer is resistive and serves to limit short-circuiting in areas where the CIGS is imperfectly covered by
the buffer layer.
- The Al-ZnO layer enables the window layer to form the front contact part of the photovoltaic cell; it must be
transparent to solar radiation, so that this radiation can be absorbed by the CIGS layer [28].

A) I-ZnOlInsulating Layer Thickness
To study the effect of varying the thickness of the i-ZnO layer (ranging from 0.01 pm to 0.1 um), we set the value
of the thickness of three combined layers (CIGS+p-Si+in,S3) to 1.35 um, and then run the simulation to study the



400

EEJP. 3 (2024) K. Madoui, et al.

efficiency of the cell's photovoltaic parameters. The results obtained are shown Fig (10). From the results obtained, it
can be seen that changing the thickness of the i-ZnO layer does not affect the parameters of the photovoltaic cell.
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b) AI-ZnOWindow Layer Thickness

To study the effect of varying the thickness of the Al-ZnO layer (ranging from 0.04 pm to 0.1 um), we set the
value of the thickness of four combined layers (CIGS+p-Si+In,Ss+i-ZnO) to 1.42 pm, and then run the simulation to

investigate the efficiency of the cell's photovoltaic parameters. The results obtained are shown in Fig. (11).

1,0 45,35
a I b
@ 4534 | N@ (®)
09 L
L 45,33 -
08| @333930 ° 9 ° I 9
,8 - < 45,32 |
— £
2 °
> o7l T 4531}
_’g I 9
45,30 -
0,6 L
45,29 |
I 9
0,5 I 1 I 1 I 1 I 1 I 45,28 n 1 n 1 n 1 I 1
0,0 0,1 0,2 0,3 04 0,5 0,0 0,1 0,2 0,3 0,4
Al-ZnO Thickness (um) Al-ZnO Thickness (um)

Figure 11. Effect of Al-ZnO thickness on
a) Open-circuit voltage Voc, b) Short-circuit current density Jsc, ¢) Form factor FF%, d) Efficiency n %

0,5



401

Numerical Simulation Study of the Increase in Electrical Efficiency of the CIGS-Based... EEJP. 3 (2024)
86,5 31,43
(©) I (d)
864 | 31421 m\
3333330 ° o—9 E 3l °
86,3 - )
c
= 2
S S 31401
& k]
L 86,2 |- 5
2 31,39} o
°
o
86,1 | ] \
31,38 - °
86,0 — 31,37 —_—
0,0 0,1 0,2 0,3 0.4 0,5 0,0 0,1 0,2 0,3 04 0,5
Al-ZnO Thickness (um) Al-ZnO Thickness (um)

Figure 11(continuation). Effect of Al-ZnO thickness on
a) Open-circuit voltage Voc, b) Short-circuit current density Jsc, ¢) Form factor FF%, d) Efficiency 1 %

From the results obtained, it can be seen that increasing the thickness of the Al-ZnO layer decreases the
efficiency n. The range chosen for the Al-ZnO thickness has no influence on the short-circuit current density Js, the
open-circuit voltage Vo and the form factor FF. To improve cell efficiency, the Al-ZnO layer must be reduced. We
therefore set the value of the Al-ZnO layer at 0.1pum.

Final results: Table (7) shows the final results for the material parameter values used in our simulation.

Table 7. Final results for the material parameters used in our simulation.

Parameters CIGS P-Si In,S3 I-Zno Al-Zno
Thicknesses (nm) 0.3 0.8 0.05 0.07 0.1
Gap strip (eV) 1.300 1.0 2.800 3.200 3.400
Electronic affinity (eV) 4.500 4.500 4.700 4.600 4.600
Relative Permittivity 13.600 11.900 13.500 9.000 9.000
CB (1/cm®) 2.200E +18 2.800E +19 1.800E +18 2.200E +18 2.200E +18
VB(1/cm?) 1.800E +19 2.650E +19 4.000E +13 1.800E +19 1.800E +19
Electron mobility (cm?/Vs) 1.000E +2 1.450E +3 4.000E +2 1.000E +2 1.000E +2
Hole mobility (cm?/Vs) 2.500E +1 5.000E +2 2.100E +2 2.500E +1 2.500E +1
ND(1/cm?) 0.000E +0 0.000E +0 1.000E +18 1.000E +16 1.000E +18
NA(1/cm®) 2.000E +16 1.000E +20 1.000E +1 0.000E +0 0.000E +0
Defect density (1/cm?) 1.000E +14 1.000E +14 1.000E +14 0.000E +0 0.000E +0

Based on these results, the photovoltaic parameter efficiencies found for the cell studied are shown in Table (8).

Table 8. Functional parameters of the CIGS solar cell.

Voc(V) Jsc (mA/cm?) FF (%) n (%)
0.1 0.8025 45.3404 31.42

5. CONCLUSION

Numerical simulation leads to a detailed understanding of how the structure of thin-film solar cells works. CIGS, a
non-toxic material abundant on earth, is used in this study to analyze solar cell performance, bearing in mind that this
material is expensive. To minimize the thickness of CIGS, the following solar cell structure was chosen:
Al-ZnO/i-ZnO/In,;S3/p-CIGS/p-Si. Where CIGS and Si are used as absorber layers and In,S; as buffer layer. The
performance of CIGS-based solar cells was studied by varying the gap energy and thickness of each cell layer. Gap
energy modifies solar cell performance. The gap energy of the absorber layers influences the cell's efficiency, while the
other layers (In,S3, ZnO, Al-ZnO) do not have a great influence. Recombination rates influence the efficiency of the
photovoltaic cell, reaching 26.12%. Increasing the thickness of the absorber layer has a major influence on efficiency,
increasing it up to a certain limit. The best yield found after studying the variation in thickness of the total CIGS+p-Si
absorber layer is 31.25%. The thicknesses of the CIGS, p-Si, In,S3, i-ZnO and Al-ZnO layers need to be in the order of
0.3um, 0.8um ,0.05um,0.07um and 0.1pm respectively to achieve the best yield (31.42%). Finally, given the great
complexity of increasing the conversion efficiency of solar cells and reducing their cost, many problems remain open
for future investigation in order to fully understand the capabilities and limitations of the conversion efficiency of solar
cells. We hope that the results presented in this work contribute to this understanding.
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YU CEJBHE MOJIEJTIOBAHHSA MIIBUIIEHHS EJEKTPUYHOI EOEKTUBHOCTI COHAYHOT O EJJEMEHTY
HA OCHOBI CIGS HA SCAPS-1D
K. Manyi®, A. Teui®, C. Manyi®, P. Exaed?, 1. Beaspename?, C. 3aiiy>’, Moxamen A. Ami®
4Jlabopamopis npuxnaonoi onmuxu Incmumymy onmuxu i mounoi mexauixu ynisepcumem @epxam ABBAC Cemigh-16 Anocup
b lTabopamopis onmoenexmponixu ma KomMnonenmis, incmumym onmuxu i mounoi mexanixu, ynisepcumem Depxam A66ac Cemigh, Anvicup
<Jlabopamopis npuxnaonoi 6ioximii, Yuisepcumem ®epxam A66ac Cemigh-1, 19000, Anxcup
Haykoeo-0ocnionuti yenmp npomucrosux mexnonoziit CRTI, P.O. Box 64, Yepaza, 16014, m. Anocup, Anoicup
¢J/labopamopis 0ocaiodicenb noeepxons i po3oinie meepoux mamepianie (LESIMS), Vuisepcumem Cemigh 1, 19000 Cemich, Anoicup
TDaxynomem npupoonuyux nayx i scumms, Yuisepcumem Cemigh-1, 19000 Cemigh, Anoicup
8[IIxona 6iomexuonoeii, Ynisepcumem baop 6 Kaipi (BUC), badp cimi, 11829, Kaip, €2unem

COHSIYHI €JIEMEHTH B JaHWH Yac 3HAXOMAATHCS B IEHTPI BEIHMKOI KUTBKOCTI JOCHIIKeHb. MeTa — 3HM3HUTH ixX coOiBapricth. 1106
JOCSTTH IIbOTO, HaM MOTPIOHO 3MEHIIUTH Macy MaTepiaiiB i MiIBUIIUTH e(EKTUBHICTH IEPETBOPCHHS INX COHSYHUX elleMeHTiB. [e
CIIOHYKAJIO JIO JTOCHIKCHHSI BUKOPUCTAHHS TOHKHX IUTiBOK, Takux sik a-Si, CdTe, CIGS. lle migBuiieHHs ¢)EKTUBHOCTI BUMarae
onrtuMizauii mapamerpiB GpOTOENIEKTPHYHOT CHCTEMH. Y IIbOMY MOJENIOBAHHI Ta iMITalilHii pOOOTI MM BUKOPHUCTOBY€EMO IPOTrpaMHE
3abesneuendss SCAPS-1D st BUBUEHHsS! BIUIMBY LIBHAKOCTI pekoMOiHauii eiektpoHiB i aipok y mapi CIGS, BIIMBY TOBIIMHHU
mIapiB i BIUIMBY €HEprii po3pHBY KOXKHOTO Iapy. MaTepialy, BUKOPHCTAHOTO IUisl 1i€i cOHs4YHOI OaTtapei, Ha CTPYyM KOpPOTKOTO
3aMuKaHHA Jsc, Hampyry xomoctoro xomy Voc, dopm-dpakrop FF ta enexrpuunmii KK/ n emementy CIGS mns Mo/p-CIGS/p-
Si/In2S3/ ogHomepexinHoi cTpykTypH i-ZnO/Al-ZnO. Y mpoMy HOCITiIKEHHI MU BUSBICHO, IO MIBUAKICT PeKOMOIHAI1 BIIIMBAE Ha
e(eKTHBHICTH (HOTOCNEKTPUYHOrO ejleMeHTa. EHepris mpoMiXKy IIapiB HOIIMHAYA BIUIMBAE Ha €()EKTHBHICTH €IEMEHTA, TOMI SK
iami mapu (In2Ss3, ZnO, Al-ZnO) He MalOTh BEJUKOTO BIUIUBY HA IPOMYKTHUBHICTH COHSYHOTO €IEMEHTa, a 30LIbIICHHS! TOBIIUHH
[Iapy MOTJHHAYA Ma€ BEJIUKHI BIUIMB Ha ¢(eKTHBHICTh, 30UTBNIMBIIM HOro 0 meBHOI Mexi. Tormuna mapis CIGS, p-Si, In2Ss,
i-ZnO T1a Al ZnO wmae 6ytu nopsaky 0,3 mxm, 0,8 mxm, 0,05 mxm, 0,07 mkm Ta 0,1 MKM BiIIOBIZHO Ui TOCATHEHHS Kpariol
edexrusnocTi (31,42%).

Kuarouosi cinoBa: meopis ¢ynxyionany eycmunu (DFT); enepeisi 36'a3Ky; 20M0o-110M0O eHepeis; enepeis ¢pacmenmayii; MacHimHuii
MOMeHm
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Perovskite-based solar cells are currently attracting growing interest from researchers and industry alike, thanks to the advantages
of this type of solar cell, particularly in terms of manufacturing simplicity and the promising power conversion efficiency, which has
recently reached remarkable levels. This paper focuses on numerical simulation to improve the performance of the Formamidinium
Tin Iodide (FASnI3) solar cell configuration by using Cerium Dioxide (CeO2) as ETL and Poly (Triaryl Amine) (PTAA) as HTL.
The simulation has been carried out using Solar Cell Capacitance Simulator (SCAPS-1D) tool under the spectrum of AM 1.5 G.
An intensive modeling has been realized to improve the output parameters of the suggested configuration based on FASnI3 as absorber.
The proposed structure (ITO/CeO2/FaSnl3/PTAA/Au) achieves a tremendous power conversion efficiency (PCE) of 39.24%, an open-
circuit voltage (Voc) of 1.31 V, a short-circuit current density (Jsc) of 33.7 mA/cm? and a fill factor (FF) of 90.12%.
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1. INTRODUCTION

Due to the shy efficiency of Si-based photovoltaic solar cells and their high production costs, other materials have been
exploited as a solution to the aforementioned drawbacks. Both in research and in commercialization, a certain number
of technologies have emerged, such as dye-sensitized solar cells (DSSC), organic photovoltaic cells (OPV), quantum dot solar
cells (QDSC), organic-inorganic hybrid solar cells (OIH), and perovskite solar cells (PSC) [1, 2]. According to Best Research-
Cell Efficiency Chart published by NREL, the latest perovskite/silicon tandem solar cell, produced by LONGt, achieved a power
conversion efficiency of 33.9% [3]. In the other hand, the category of perovskite solar cells, also known as third-generation solar
cells, is increasingly attracting researchers due to its promising performance and low costs production.

In the present work, we have focused on organic-inorganic perovskites based on metal halides. Launched in 2009
with a power conversion efficiency of 3.81% [4, 5], perovskite solar cells have improved rapidly, to reach in 2022
a certified PCE of 25.7% [6]. Hybrid organic-inorganic perovskites are expressed as ABX3, in which A is a monovalent
inorganic or organic cation such as methylammonium (MA), formamidinium (FA), or cesium (Cs"); while B is a divalent
cation such as Pb?*, Sn?*, and Ge?*. X is a monovalent anion, such as CI-, Br', and I. In the literature, several combinations
have been implemented to exploit the potential of perovskites materials. These choices have been justified in terms
of environmental friendliness, production complexity, manufacturing costs and long-term stability, but above all, power
conversion efficiency [7, 8]. As an alternative, formamidinium tin iodide (FASnl;, FA* =CH[NH,]*") presents itself as
a solution which combines numerous advantages.

In 2023, Shayesteh Imani et al [9] presented a TCO/TiO»/CH3NH;3Snlz/HTL/Au structure using different Cu-based as hole
transport layer HTLs. They concluded that a Cul-based PCS was an efficient HTL and they achieved with this device a power
conversion efficiency of 32.13%, a fill factor of 87.08%, an open-circuit voltage of 1.07 V and a short-circuit current density of
3435 mA cm™. Leila Ghalmi et al [10] studied TiOo/CH3;NH;3Snlz/Cu,O by adjusting the absorber layer thickness, doping
concentration and defect density, and they obtained a remarkable power conversion efficiency of 23.94%.

This work performs a numerical analysis of the proposed device structure (ITO/CeO/FASnIz/PTAA). The FASnI; used
as an absorber layer, CeO; as electron transport layer (ETL) and PTAA as a hole transport layer (HTL), were used in the
simulation using the software Solar Cell Capacitance Simulator SCAPS-1d. We have exploited previous works to conclude on
the structure (ITO/CeO,/FASnl;/PTAA/back contact) and then we will work iteratively to look for the ideal parameters affecting
thickness, doping and defect density of all layers. This study will present the effect of varying the above parameters on the
output cell parameters such as short-circuit current, open-circuit voltage, fill factor and power conversion efficiency.

2. SIMULATED DEVICE STRUCTURE
The suggested structure in this work is typical to the initial architecture of a PSC cell. The device studied consists
of 4 superimposed layers of normal n-i-p order. Figure 1 shows the structure used in this study in the form
of ITO/ETL/PVK/HTL/Cathode. The front electrode exposed to sunlight consists of 0.15 um-thick ITO, used as
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a transparent conductive oxide (TCO). The use of CeO; as ETL material enables electrons to be collected and efficiently
transferred from the absorbing perovskite layer to the front contact material via the electron transfer mechanism, thickness
of this layer is 0.015 pm. While PTAA is used as HTL with a thickness of 0.3 pm to collect holes, which transfers the
holes from perovskite absorber layer to the back contact. Finally, we use the FASnI; as absorber material with a thickness
of 0.3 um located as sandwich, between ETL and HTL. The back contact used in the solar cell is Au with a thickness
of 0.15um. The work involves optimizing all the materials used in terms of thickness, doping, temperature, series
resistance and work function. The geometrical and electrical input parameters of the current configuration are summarized
in Table 1 and 2 for a simulation analysis at temperature of 300 K.

Load

—J

Figure 1. Structure of the designed PSC based on FASnI;.

Table 1. The input parameters in the architecture of simulating device [11-14].

Terms Parameters TCO ETL PVK HTL
(ITO) (Ce0y) (FASnIs) (PTAA)
Thickness d (um) 0.15 0.015 0.3 0.3
Bandgap E¢ (eV) 3.5 3.5 1.3 2.96
Relative Permittivity E&r 9 9 8.2 9
Electron affinity x (eV) 4 4.6 4.17 2.3
Electron thermal velocity (cm.s™) Ve 1x107 1x107 1x107 107
Hole thermal velocity (cm.s™) Vh 1x107 1x107 1x107 107
Effective DoS at CB. Ne(cm) 2.2x1018 1x102° 1x10'8 1x10%!
Effective DoS at VB. Ny(cm) 1.8x101 2x10%! 1x10!8 1x102!
Mob. of electrons n(cm?/Vs) 20 10° 1.6 1
Mob. of holes Up(cm?/Vs) 10 250 1.6 40
Dop. conc. of the acceptor Na(cm) 0 0 3.2x1013 1.5x101
Dop. conc. of donor Nd(cm) 1x10! 1x101° 0 0
Defect Density Ni(cm) 11013 1x10™ 1x10'4 1x10'4
Table 2. Parameter of interface defects used in simulations.
Parameters PTAA/FASnI3 FASnl3/CeO2
Defect type Neutral Neutral
Capture cross section electrons(cm?) 1x10" 1x10"
Capture cross section holes(cm?) 1x10-" 1x101°
Energy distributions Single Single
Reference for defect energy level Above the highest EV Above the highest EV
Energy with respect to reference (eV) 0.6 0.6
Total density (integrated over all energies) (cm2) 1x10° 1x10°

3. Mathematical Modelling
The design and simulation of our PSC model were carried out using SCAPS-1D [15, 16]. Burgelman and his team
from Gent university have created SCAPS-1D which allows the numerical modeling of photovoltaic components such as
solar cells and photodetectors in order to obtain their output parameters like J-V characteristics which results from the
multiplication of several parameters such as Jsc, Voc and FF. The one-dimensional equation drives semiconductor
materials in steady-state conditions [17].
The following equation presents the electric fields and charge density for the pn junction [18] :
2
== L= L n N @)~ Ny (%) £ Naer(®)] (1)

2
0%x ox &g &g
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The precedent equation contains, the electrostatic potential, the charge, the static relative permittivity, n and p are
the electrons and the hole, respectively, while N4 and Np are the acceptor and donor successively, Ngr named defect
density.

Equation continuity of the electron and hole of the solar cell based perovskite configuration illustrated as follows [19]:

}%+Rp(x) —G(x) =0, )
—}%+Rn(x) —G(x) =0. 3)

The current densities of electron and hole symbolized successively, j, and j,, carrier generation rate and
recombination rate of electron and hole are respectively, G and Ry, ,(x).
Synchronously, the current density for both, electrons and holes are illustrated in the following equations[20]

. a
Jn = A E (x) = qDn 57, )

i a
Jp = qripE(x) + qDy =7 )

Where, q is the charge, u, and p, are the electrons and holes mobilities respectively, D, and D, are the diffusion

coefficients for electrons and holes, respectively.
It should be pointed out that the recombination and generation equations are obtained from the SCAPS-1D simulator.

4. RESULTS AND DISCUSSIONS
The examination of the current solar cell configuration is carried out within the framework of the analysis of
photovoltaic and electrical output parameters, which is subdivided into several parts as follows:

4.1 The influence of active layer thickness on the PSC outputs
Due to its impact on photogeneration, charge collection and transport processes, the performance of perovskite solar
cells is directly affected by the thickness of the active layer, influencing the optical properties, electrical properties, energy
characteristics and morphology of the cells [21]. Figure 2 illustrates the results of simulating the variation of cell
parameters as a function of absorber thickness.
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Figure 2. Variation of PV parameters as a function of the absorber layer thickness

We can observe in Fig. 2 (a) the decrease in Voc with the increasing of perovskite material thickness, which varies
from 0.1 um to 1.0 pum, to get respectively the Voc of 1.15 V to 1.034 V because of the wider bandgap of the perovskite
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material. In Fig.2 (b), it is clear that the Jsc current of the solar cell increases with increasing FASnl; layer thickness due
to increased charge carrier generation and reaches its saturated value of 33.9 mA/cm? at 1.0 um. A similar increase in Jsc
is reported by Atanu Bag et al. [22]. The fill factor of the current configuration increases from a thickness of 0.2 pm up
to the maximum simulated value of 1 pum, as depicted in Fig.2 (c), giving a fill factor of 78.6%. Power conversion
efficiency varies up to 0.6 um, where the curve begins to flatten, leading to PCE saturation at a value of 27.4%, as shown
in Fig.2 (d), beyond this, any further increase in thickness produces only marginal and insignificant improvements in PCE.

4.2 Effects of Temperature on PSC output parameters

In general, the operating environment for photovoltaic solar cells is direct sunlight, so the radiation falling on the
solar cells raises the temperature. Many authors have reported a significant degradation in cell performance with
increasing temperature, which affects all the parameters in the same way [23-25] . As illustrated in Figure 3, the section
treats the variation of temperature from 300 K to 380 K to investigate the behavior of the cell in this range. Variation in
Jsc and Voc are shown in Fig.3 (a) and (b) respectively where the Jsc=30.89 mA/cm? at the 300 k and the Voc=1.074 V
for 300K, whereas at 375K, these two parameters reach their lowest values. As depicted in Fig. 3(c), the relevant FF
values are 77.3% and 71% at 300K and 375K respectively. The PCE shows the same negative variation in Fig.3 (d), rising
from 25.6% at 300K reaching 21.4% at 375K. We note that the current configuration supports the lower value of
temperature cause the all-output parameters works well at 300K and this degraded performance at high temperatures may
be due to a number of factors, such as accelerated interfacial recombination, reverse saturation current, bulk
defects [26,27].
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Figure 3. Variation in solar cell parameters as a function of temperature

4.3 The Impact of CeO: and PTAA thickness

In line with the previous section on temperature, we have used the default temperature of 300 k for good PVK solar
cell performance. The thickness of the ETL and HTL layers can affect the efficiency, stability and reliability of the
perovskite solar cell. In this section, the problem of the impact of charges transport layers thickness will be discussed,
with Figures 4 and 5 showing Voc, Jsc, FF and PCE for different CeO, and PTAA thicknesses respectively. These two
layers should be as thin as possible to ensure fast electrons and holes transport, low interfacial recombination and low
resistance losses, while ETL thickness should have a greater effect on the photovoltaic properties of PSC [28,29].

The variation of performance parameters as a function of CeO, thickness is illustrated in figure 4(a-d), in which
thickness varies for values ranging from 0.005 pm to 0.03 pm. Simulation results showed that all PSC parameters
decreased with increasing CeO; ETL layer thickness. Good performance is observed in the 0.005 pum thickness of the
ETL used where Jsc= 33.375 mA/cm?, Voc=1.0388 V, FF=78.55% and PCE=27.23%.
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Figure 4. Variation of PV parameters as a function of CeOz thickness
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Figure 5. Variation of PV parameters as a function of PTAA thickness

Figure 5(a-d) illustrates the variation of PV parameters as a function of PTAA HTL layer thickness. We note that
the highest PCE value obtained is 28.95% for the lowest PTAA thickness value of 0.025 um. At this point also we had
Jsc=33.381 mA/cm?, FF=83.5% and Voc remains fixed at value 1.08 V throughout the thickness range used. Ola Mostafa
et al. have developed results similar to those shown in figure 5 [30]. It is evident that thinning the HTL should reduce the
distance traveled by the holes to reach the back electrode, thereby reducing the likelihood of them undergoing
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recombination [31]. The thicker layer of PTAA therefore acts as an insulator for the holes generated in the absorber by
the increased series resistance, resulting in a reduction in Js, FF and PCE.

4.4 Effect of varying acceptor doping density in the absorber layer

The actual investigation focuses on output parameters as a function of acceptor doping density in the absorber layer.
As reported by Md. A. Islam et al [32], doping the absorber layer can reduce the density of trap states and increase carrier
lifetime in the cell, thereby increasing Voc. It has also been shown that increasing the doping concentration improves Voc
and PCE due to the increase in the built-in electric field, which has the effect of separating charge carriers and reducing
charge recombination [33]. To study the impact of acceptor doping density in the absorber layer, the device will be
examined by varying the doping concentration from 3.2xE13 ¢m™ to 3.2xE17 cm™ as shown in figure 6.

As illustrated in Fig. 6 (a, ¢, d), the variation in output parameters starts to increase linearly from the first value of
the acceptor doping density up to the concentration 3.2xE17 ¢cm™ which gives the maximum value such as Voc=1.16 V,
FF=88.1% and PCE=33.7%, unlike the current, which decreases from top to bottom successively from Jsc=33.42 mA/cm?
to 33.15 mA/cm?. A further increase in doping concentration will lead to a higher rate of Auger recombination, which is
not beneficial for cell performance. It can be noticed from Fig.6 (b) that when the doping density of the acceptor Na
exceeds 3.2xE15 cm, we observe a rapid drop in Jsc as hole transport is strongly attuned because of the enhanced
impurity scattering and recombination. In conclusion, we choose an acceptor doping density of 3.2xE17 cm[34, 35].
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Figure 6. Variation of PV parameters as a function of acceptor doping density

4.5 The Impact of CeO: and PTAA doping density

The impact of doping on the charge transport layer (ETL and HTL) in a solar cell can have significant effects on
various photovoltaic parameters since doping density will affect the mobility of charge carriers (electrons or holes) within
the layer, improve conductivity and reduce recombination [36, 37]. Firstly, in the current section, we will study the impact
of the ETL material, CeO,, at different donor doping densities, as shown in Figure 7. For all values between E13 cm™ and
E20 cm?, we observe that up to a donor density of E17 cm™, parameters increase such as Jsc=33.388 mA/cm?, FF=83.5%,
PCE=28.95%, in contrast to Voc which decreases rapidly from E17 cm?, corresponding to an open circuit voltage of
1.0396 V.

Francisco Pefia-Camargo et al. explained that the doping density is only decisive for device performance when the
density exceeds a certain threshold, which is of the order of E16 cm™, and that it is only above this threshold that internal
electric field begins to have a positive impact on charge carriers [38]. The internal electric field then increases with the
doping density, accelerating carrier transport and improving conductivity as well as the other parameters except for Voc,
which will decrease slightly as a result of the improved conductivity [39]. After optimization, we select the donor doping
concentration of the CeO; in the order of E19 cm .
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The second part of this section examines the perovskite solar cell by optimizing the HTL material for different PTAA
layer acceptor doping density values. Device performance shows a direct influence as doping increases, and the analysis
was carried out by varying the acceptor doping density from 1.5xE13 ¢m™ to 1.5%E20 cm™ as shown in Figure 8.
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This shows that device performance is slightly influenced by doping density up to E20 cm™, if we increase the
doping concentration, charge carrier separation increases and cell performance also increases as follows:
Jsc=33.41 mA/cm?, FF=85.6%, PCE=29.7%, in contrast to the Voc, which shows decreasing values from 1.0388 V to
1.0375 V as depicted in Fig.8 (a)

4.6 The Impact of defect density on the output parameters
Solar cell performance also depends on the density of defects, which are considered to be limiting factors since they
affect recombination, lifetime and carrier mobility. Increasing the number of defects (N;) results in a high rate of
recombination, which in turn reduces the number of charge carriers, thereby decreasing the Voc, Jsc, PCE and FF [40-42].
Figure 9 shows the influence of the defect density in the perovskite layer on the PSC performance.

336
1.25 4
* 3344 .\_.\
*
1.20 1 332
< 330
< 1154 . 5
2 E 328
> 3
1.10
. 7 226
1.05- \ 324
. 322 ¢
1.00 . T T T T T T T
2'E14 2*E15 2*E16 2E17 2'E14 2°E15 2'E16 2E17
Defect Density of FASnI3(cm™) Defect density of FASnI3(cm®)
a b
89 38
o« " *
o \ N \
87 1 . 34 .
hd L
[V
- O 324
- 86 © 32 o
85 - 30
84 4 * 28
-
T T T T T T T T
2'E14 2'E15 2'E16 2'E17 2'E14 2*E15 2'E16 2'E17
Defect Density of FASnI3(cm®) Defect Density of FASnI3(cm®)
c d

Figure 9. Variation of PV parameters as a function of the absorber layer defect density

The used defect density ranged from 2xE14 ¢m™ to 2xE17 ¢cm™. The output device reversely proportional with
defect density, when we increase defect density the output parameters fall down as follows, Jsc from 33.4 mA/cm? to 32.2
mA/cm?, Voc from 1.24 V to 1.025 V, FF from 88.5 % to 84 % and PCE from 36.5 % to 27.6 %. Based on the optimization
performed, we choose a defect density of 2xE14 ¢cm™ as the appropriate value that brings the best improvement to the
photovoltaic and electrical output parameters.

4.7 The Impact of series resistances on the output parameters

The series resistance of a solar cell is due to several causes, in addition to manufacturing faults, defects and interfaces
between the various materials, as well as resistances in the front and rear contacts. The main impact of series resistance
is to reduce the fill factor, although excessively high values can also reduce the short-circuit current [43, 44].

The current simulation varies the series resistance value from 0 Q.cm? to 8 Q.cm? and optimize its adequate value
of the good performance of the photovoltaic device. The Fig. 10 illustrates the output parameters of the solar cell device
of, Jsc, Voc, FF, PCE for a range of series resistance, Jsc decreases as series resistance increases, the Voc has a value of
1.24 V from 0 Q.cm? to 6 Q.cm? and at 8 Q.cm? the voltage increases to 1.36 V. As shown in Fig.10 (c and d), both FF
and PCE decrease with increasing series resistance. The figure also shows that the FF has its good percentage of 88.2%
at 0 Q.cm? and that the PCE also has its optimal value of 36.5% at 0 Q.cm?.
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Figure 10. Variation of PV parameters as a function of series resistance

4.8 Adequate back contact for the PSC

The contact material has a major impact on the electrical performance of the solar cell, but in practice other factors
such as cost and chemical and photochemical stability must also be taken into account when choosing the back contact
material [45, 46]. In this section is devoted to finding the right back contact by analyzing the impact of work function on
the solar cell output parameters. The examination of the device involves the use of numerous materials such as Ag, Cu,
C and Au as back contact. Figure 11 below shows the solar cell's output parameters: Jsc, Voc, FF and PCE.
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The Jsc has a constant value of 33.4 mA/cm? for all materials used, the optimal Voc of 1.2385 V at the Ag material,
the file factor has 88.53% also for Ag while the PCE has the value of 35.4% with Ag and reaching 36.5% for the other
materials. As a results of this part of the work function, the figures show that Ag is the appropriate back contact material
for its good PSC performance, unfortunately it has been reported that Ag-based back contact suffers from degradation
over time with the formation of silver iodide (Agl), that's why Au is the optimal choice for achieving the compromise
between stability and performance.

4.9 The contour study of the FASnI3 based PSC

As shown in Fig. 12, the optimal values of the output parameters are described as follows, the current
Jsc=33.7 mA/cm? for the thickness of 0.8 nm and more and for the whole range used (from E14 cm? to E18 cm™) of the
FASnl; absorber doping concentration, the optimal voltage Voc=1. 31 V obtained when the absorber becomes very thin
starting from 0.6 nm with a higher doping concentration of E18 ¢cm?, the high doping concentration at E18 ¢cm? is the
optimum value, corresponding to a fill factor of 90.12% for all thickness ranges used (from 0.4 nm to 1.2 nm). Finally,
using the coordinates of a doping concentration of E18 cm™ and a thickness value greater than or equal to 0.6 nm, we
obtain a PCE peak of 39.24%.
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Figure 12. Impact of the absorber layer doping concentration on the PSC Output parameters (Voc, Jsc, FF, and PCE)

CONCLUSIONS

In this article, we have numerically simulated the configuration of ITO/CeO»/FASnl;/PTAA/Au using SCAPS-1D
simulation software. The absorber layer performance was optimized by adjusting defect density, acceptor density and
absorber layer thickness. It was found that the optimal absorber thickness is 0.6 pm, the absorber defect density is 2xE14
cm, while the absorber doping concentration is 3.2xE17 ¢cm?. For the ETL and HTL layers, ideal performance was
achieved with a thickness of 0.005um for CeO, and 0.025 um for PTAA. Their optimal doping concentration was found
to be E19 cm™.

Finally, and after full optimization, the resulting perovskite solar cell achieves an efficiency of 39.24 % as a result
from multiplying Jsc, Voc and FF successively of 33.7 mA/cm?, 1.31 V and 90.12 %. The results present a good
enhancement of the photovoltaic and electrical output parameters making the reported configuration using FASnl; offers
a viable route to achieve PSC that has no lead toxicity, as well as low cost and high efficiency.
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NIABUIIEHHSA MTPOAYKTUBHOCTI COHAYHUX NEPOBCKITHUX EJIEMEHTIB FASnI3 IIJIAXOM
YHUCEJBbHOI'O MOJIEJTFOBAHHS TA OITUMI3AILILT
Jlaxcen Kanyni?, Jlamip Caini®, A6xeppaxim IOcdi®, Oxoa Caiinani®
4Jlabopamopis 600ckoHareHoi agmomamuszayii ma cucmemnozo ananisy (LAAAS), /lenapmamenm enexmponixu,
VYuisepcumem bamna 2, bamna 05000, Anowcup
bJlabopamopin ETA, Jenapmamenm enexmpouixu, @axyibmem HAyKu i mexHonozit,
VYuisepcumem Moxameoa Env bauipa Env [6pazimi, Bopoac By Appepiosic-34030, Anowcup

COHSYHI eJIEMEHTH Ha OCHOBI IIEPOBCKITY B JIaHWIl 4ac NPUBEPTAIOTh BCE OLIBIINIA IHTEpeC NOCIHIIHUKIB 1 IPOMHCIOBOCTI 3aBIsSKU
repeBaraM IbOr0 THITYy COHSYHHMX €JEMEHTIB, 30KpeMa 3 TOYKH 30py MPOCTOTH BUPOOHHMITBA Ta 6aratooOiusiouoi edheKTHBHOCTI
[IePETBOPEHHS €IEKTPOCHEPTii, Ika HEI0JaBHO J0CATIIa Ha3Bu4aiiHoro piBHA. LI cTaTTA 30cepeykeHa Ha YUCeIbHOMY MO/IENIOBAaHHI
IUTS TIOKpAIIeHHs TPOXYyKTUBHOCTI KOH(Iirypauii constaHoi 6aTapei Ha ocHOBI Hoguay dopmaminuniro onosa (FASnl3) 3a nonomororo
BuKopucTanHs miokcuay nepito (CeO:z) sk ETL ta momi (tpmapmnaminy) (PTAA) sk HTL. MogmemoBanHs Oya0 BHKOHAaHO 3a
nonomoroto iHcTpymMenty Solar Cell Capacitance Simulator (SCAPS-1D) y cmextpi AM 1.5 G. Byno peani3oBaHO iHTEHCHBHE
MOJICTTIOBAHHS JUISl IIOKpAIIeHHS BUXIJHUX MapaMeTpiB 3amporoHoBaHO! KoHpirypamii Ha ocHoBi FASnl; sx nornmmnaua.
3anporoHoBana crpykrypa (ITO/CeO2/FaSnls/PTAA/Au) 3abe3nedye Bennky edekTHBHICTH neperBopeHHs noryxHocti (PCE)
39,24%, manpyry xonocroro xoxy (VOC) 1,31 B, miinbHicts crpymy kopotkoro samukanss (JSC) 33,7 mA/cM? i koedimienrom
3anoBHeHHA (FF) 90,12%.

Kurouosi cinoBa: conaunuii enemenm; FASnl;; SCAPS-1D; onmumisayis;, PCE
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The current study employs numerical simulations via the SCAPS-1D platform to investigate the performance of solar cells based on
perovskite, with RbGels utilized as an absorber material possessing a wide bandgap of 1.31 eV. Through systematic exploration of
various parameters including temperature, layer thickness, doping, and defects, the study aims to enhance the efficiency of the solar
cells, considering their sensitivity to temperature variations. Results demonstrate that the proposed configuration effectively extends
the absorption spectrum into the near-infrared region, with the thickness of the RbGels layer emerging as a critical factor influencing
device performance. Analysis reveals that the series resistance peaks at 2 Q-cm?, while the shunt resistance achieves optimal output
parameters of up to 103 Q-cm?. Moreover, optimization efforts yield a solar cell exhibiting a power conversion efficiency of 24.62%,
fill factor of 82.8%, open circuit voltage of 0.99V, and short circuit current density of 33.20 mA/cm? at a RbGels thickness of 0.6 um.
This comprehensive numerical investigation not only enhances understanding of the intricate factors influencing perovskite solar cells
but also suggests promising avenues for future advancements in the field.

Keywords: Solar cell; RbGels; SCAPS-1D; PSC; PCE

PACS: 84.60. Jt, 88.40.jm

1. INTRODUCTION

Perovskite solar cells (PSCs) have emerged as a rapidly advancing technology within the photovoltaics field, offering
significant promise [1]. Named after their structure resembling the naturally occurring mineral perovskite, these solar cells
typically feature an active layer comprising an organic-inorganic halide perovskite material [2-3]. This material exhibits
exceptional light-harvesting capabilities and can be economically manufactured. Noteworthy advantages of PSCs include
their high-power conversion efficiencies, cost-effectiveness in production [4], and potential for flexible and transparent
applications [5]. However, challenges related to stability, toxicity (stemming from lead content in certain formulations), and
scalability for large-scale commercial production persist [6-7]. Over recent years, the efficiency of organic-inorganic hybrid
perovskites has notably increased, from 3.81% to 25.2% [8]. Researchers across various disciplines have devoted substantial
efforts to enhancing PSC efficiency through optimizations of perovskite layers and refinement of device structures [9]. One
avenue explored to address these challenges involves the incorporation of rubidium (Rb*) into perovskite compositions,
either as a dopant or additive [10-11]. Rubidium doping can modify the perovskite's properties, influencing its electronic
structure and enhancing stability, a critical factor for commercialization [12]. Additionally, rubidium has been found to
improve photovoltaic performance by enhancing power conversion efficiency and open-circuit voltage while reducing
defects within the perovskite structure [13]. Efforts to develop environmentally friendly alternatives to lead-based
perovskites have led to the investigation of germanium-based perovskites, such as CsGel; [14]. Germanium-based
perovskites offer tunable bandgaps, allowing for tailored electronic properties to optimize solar absorption [15-16].
Investigations into lead-free perovskites, including those containing germanium, focus on their stability under various
environmental conditions, a crucial consideration for practical solar cell applications [17]. In perovskite solar cells, iodide
ions are commonly utilized as integral components within the perovskite material, contributing significantly to light
absorption and thereby playing a pivotal role in the photovoltaic conversion process [18]. The composition of halide ions
influences both the bandgap and absorption characteristics of the perovskite material [19]. Rubidium, germanium, and
triiodide each fulfill distinct roles in shaping the composition and structure of perovskite solar cells [20-21]. These elements
exert influence over electronic properties, stability, and photovoltaic performance, offering avenues for researchers to tailor
the characteristics of solar cells for optimal efficiency and stability [22].
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This study introduces an innovative approach to simulating solar cells using the SCAPS-1D simulator. Our method
incorporates advanced electron transport layers (ETLs) comprising Cep and hole transport layers (HTLs) composed of CBTS.
Simulation results reveal that solar cell heterostructures, specifically ITO/Cs/RbGels/CBTS/Ag, demonstrate remarkably
high photoconversion efficiency. Furthermore, our investigation extends beyond surface-level analysis, encompassing a
comprehensive exploration of multiple parameters influencing the performance of RbGels-based solar cells.

2. DEVICE SETTINGS AND SIMULATION PROCESS

The architecture of the solar cell employed in our study comprises three primary components: the electron transport
layer (ETL), the perovskite layer doped with p-type material, and the hole transport layer (HTL). When illuminated by
light, this configuration initiates the generation of excitons, which are particle pairs confined within the energy state,
primarily within the perovskite layer [23]. These excitons, consisting of electrons and holes, possess relatively extensive
diffusion lengths, facilitating their migration into the p-region (for electrons) or n-region (for holes) [24-25]. At the
interface between the ETL and the perovskite layer, the excitons (electron-hole pairs) undergo separation. Subsequently,
electrons are transported through the ETL toward the respective electrode, while holes efficiently traverse the HTL [26].
The existence of a built-in electric field between the ETL (or HTL) and the perovskite layer promotes the dissociation of
excitons and their subsequent transport. This electric field accelerates the movement of electrons and holes towards their
corresponding contacts, thereby enhancing the overall efficiency of the solar cell [27]. In our simulations, we incorporated
advanced materials for the ETL and HTL layers, specifically employing ceric dioxide (Ceo) for the ETL and CBTS for
the HTL [28]. Simulation outcomes revealed that solar cell structures comprised of indium tin oxide ITO/Ceo/
RbGels/CBTS/Ag exhibited notably high photoconversion efficiency, as depicted in Figure 1. The integration of these
advanced materials contributes to the overall enhancement of solar cell performance.

ITO

T
— .

Light [

=

Figure 1. Design configuration of the RbGels based PSC

The simulations were conducted under standard operating conditions, utilizing AM1.5G light and an ambient
temperature of 300 K. Moreover, as detailed in [Tables 1, meticulous definition of input modeling parameters was
undertaken for the hole transport layer (HTL), absorber layer (RbGels), and electron transport layer (ETL) [29].

Table 1. Parameters of ETL, absorber and HTL

Parameters ITO ETL PVK HTL
(C60) (RbGel;) | (CBTS)
Thickness (um) 0.5 0.1 0.4 0.05
Electron Affinity y (eV) 4.1 3.9 3.9 3.6
Band gap Eg (eV) 3.5 1.31 1.31 1.9
Relative Permittivity er 9 7.5 23.01 5.4
Effective Density of States (CB) 2.2x1018 1x101° 1.8x108 10"°
Effective Density of States (VB) 1.8x10'8 1x10"° 1x1018 10"
Electron Mobility pn(cm?/Vs) 20 102 28.6 200
Hole Mobility pp(cm?/Vs) 10 1072 273 8.6x10°
Acceptor Density NA(1/cm?) 0 0 1x10'5 10'8
Donor Density ND (1/cm?) 102! 1018 0 2
Defect Density Nt 1014 104 1x101 1014

The accurate representation and emulation of the solar cell's behavior and performance within the simulation
framework necessitate careful consideration of these parameters. By employing SCAPS-1D numerical simulations, our
understanding of the fundamental principles and mechanisms governing solar cells has been greatly enhanced. These
simulations have identified the primary variables that exert the most significant impact on the performance of these
devices [30]. Through numerical methods for solving carrier continuity equations and the one-dimensional Poisson
equation, SCAPS-1D offers invaluable insights into the behavior of semiconductor materials under stable conditions.
Specifically, the Poisson equation plays a crucial role in elucidating the relationship between space charge density and
the electric field (E) across a p-n junction. Equation (1) aids in comprehending the semiconductor material utilized in
solar cells, thereby deepening our understanding of electrostatics and charge distribution [31].
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The carrier continuity equation in the device can be expressed as follows, where ¥ signifies the electrostatic potential,
&s means the static relative permittivity, q is the charge, e and n explain respectively the electrons and holes, Nd" is the donor
density, Na  is the acceptor density, and Naer represents the defect density of both donor and acceptor [32-33].
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The carrier current density can also be obtained using the following equation [34], where j, and j, signifies the hole
and electron current densities, G is the carrier generation rate, and Un (n, p) and Up (n, P) are the rates at which electrons
and holes recombine [35].
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Simulations using SCAPS-1D allow the derivation values of short-current density (Jsc), power conversion efficiency
(PCE), fill factor (FF) and open circuit voltage (V) under varying thicknesses and temperatures [36]. where q denotes
the charge, up and un represent carrier mobilities, and Dp, Dn are the diffusion coefficients [37]. These simulations may
be performed in both lighted and dark environments, taking into account a range of temperatures, and they can be applied
to seven different layers of the solar cell [38].

3. RESULTS AND DISCUSSION
3.1. Influence of Absorber (RbGels) thickness:
In this section, we delve into the proposed structure of solar cell-based perovskite, comprising the layers mentioned
earlier, and break it down into several subsections. We commence with an exploration of thickness variation. Figure 2.a
showcases the current density—voltage (J-V) characteristics of perovskite solar cells incorporating RbGels.
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Figure 2. Effect of perovskite thickness on J-V (a), QE (b) and VOC, JSC, FF, PCE (c)
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The thickness of the perovskite layer (RbGels) was altered to assess its impact. It is observed that the short-circuit
current density (Jsc) increases proportionally with absorber thickness, while the open-circuit voltage (Voc) decreases, as
illustrated in Figure 2.a. Figure 2.b displays the external quantum efficiency (QE) analysis, examining the effect of
varying absorber thickness from 200 nm to 1200 nm across a wavelength range of 300 nm-900 nm. The QE of the structure
significantly improves when the thickness of the RbGel3 light harvester is below 0.6 um, indicating a notable
enhancement in absorption. However, the increase in QE diminishes when the thickness exceeds 0.6 pm, suggesting a
less significant rise in absorption. With increasing RbGel; film thickness, better absorption of longer wavelengths is
observed. Short Circuit Current Density (Jsc) and Power Conversion Efficiency (PCE) are presented, showing an increase
with the perovskite layer thickness, but a decrease at 0.6 um thickness. A thinner perovskite layer boosts sunlight
absorption, leading to higher open-circuit voltage and improved fill factor. However, this reduction in efficiency at 0.6
pm thickness is attributed to potential issues such as increased charge recombination, trapping, and non-uniformity within
the perovskite layer [39]. Excessive thickness hampers charge extraction, negatively affecting overall solar cell efficiency.
The solar cell yields a Jsc of 33.20 mA cm?, with a Voc of 0.99 V, FF of 82.8%, and Power Conversion Efficiency of
24.62%. Figure 2.c presents the Quantum Efficiency spectra for RbGels perovskite solar cells, revealing a substantial QE
value exceeding 90% across a wide wavelength spectrum from 600 to 850 nm, with the photon spectral response extending
to approximately 850 nm. The photocurrent densities derived from QE spectra align with the Jsc values obtained in
J-V curves recorded under a solar simulator.

3.2. Influence of ETL Thickness

In perovskite solar cells, the electron transport layer (ETL) is pivotal for effectively extracting and conveying
electrons generated during light absorption. Donor doping involves purposefully introducing dopant atoms that contribute
electrons into the ETL material. Heavily donor-doping the electron transport layer in perovskite solar cells serves multiple
critical functions: enhancing electron mobility within the ETL, which facilitates easier electron movement, diminishes
recombination, and boosts overall efficiency [40]. Moreover, donor doping aids in establishing a favorable energy level
alignment at the perovskite layer-ETL interface, thus aiding in efficient electron extraction and minimizing losses due to
recombination. Additionally, it reduces energy barriers, facilitating smoother electron movement through the ETL,
thereby improving charge transport efficiency and enhancing the stability of the perovskite solar cell over time. This
precise tuning of energy levels within the ETL optimizes energy level alignment between different layers of the solar cell,
leading to improved charge transport and reduced losses [41]. However, careful optimization is essential as excessive
doping may result in undesirable effects such as increased carrier trapping or material instability. Factors such as choice
of dopant, doping concentration, and specific characteristics of the perovskite material must be considered for effective
enhancement of the ETL in perovskite solar cells [42]. As depicted in Figure 3.a, the current density—voltage (J-V)
characteristics of the proposed configuration involving Cg are shown, varying its thickness to explore its impact on the
solar cell. To enhance output performance, a thinner Cqo layer is preferred, with optimal values observed at 0.4um
thickness. Figure 3.b illustrates the impact of donor doping of the ETL on output performance. The device features a
heavily doped Cg layer at a concentration of 10?%cm, resulting in Jsc=25.13 mA/cm?, Voc=1.00V, FF=83.09 %, and
PCE=20.99%.
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Figure 3. Effect of ETL thickness on Voc, Jsc, FF, PCE for Donor doping Np (a) and Thickness (b)

3.3. Influence of HTL Thickness
The thickness of the Hole Transport Layer (HTL) in a perovskite solar cell plays a crucial role in determining the
device's performance. Various factors are at play in understanding how HTL thickness impacts perovskite solar cells.
Firstly, optimal thickness is essential for efficient charge extraction from the perovskite layer, ensuring that holes can
effectively reach the HTL and be collected at the electrode. Conversely, if the HTL is too thin, it may fail to adequately
collect and transport holes, leading to increased recombination and decreased device efficiency. Additionally, increasing
HTL thickness may elevate contact resistance between the HTL and the electrode, hindering charge carrier flow and
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thereby diminishing electrical performance. Balancing thickness is therefore crucial to allow efficient charge transport
while minimizing contact resistance. Moreover, the organic nature of the HTL may lead to light absorption, with thicker
HTLs potentially reducing light reaching the perovskite layer, affecting device stability [43]. The compatibility between
HTL material and the perovskite layer is vital for long-term stability, as HTL thickness influences energy level alignment
at the interface. Optimization is necessary, considering different perovskite formulations and HTL materials, with trade-
offs between charge transport optimization, fabrication ease, and cost. Experimental observations indicate that decreasing
the thickness of the HTL layer enhances electron transfer properties, improving charge extraction and boosting
short-circuit current density, consequently increasing energy conversion efficiency and open circuit voltage due to
reduced recombination [44]. However, a decrease in Fill Factor is noted with thinner HTL layers. As presented in Figure 4,
the solar cell exhibited a Power Conversion Efficiency (PCE) of 21.69 %, with a Vo of 1.00 V, a Jsc of 26.08 mA cm™2,
and an FF of 82.93%.
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Figure 4. Effect of HTL thickness on Voc; Jsc; FF; PCE

3.4. Influence of Defect Absorber

The presence of defects within the perovskite absorber layer of a perovskite solar cell profoundly influences both its
performance and stability. Various factors come into play regarding the impact of these defects on the perovskite layer.
Firstly, defects can serve as recombination centers, facilitating the recombination of electron-hole pairs generated by light
absorption. This recombination process diminishes the cell's overall efficiency by limiting the number of charge carriers
available for generating electric current. Additionally, defects can introduce trap states within the perovskite material's
bandgap, capturing and temporarily immobilizing charge carriers, thereby delaying recombination and affecting charge
carrier transport [45]. These trap states create energetic barriers for charge carriers, impacting their mobility and
contributing to non-radiative recombination. The presence of defects also leads to a decrease in the open-circuit voltage
(Voc) of the solar cell by introducing additional energy levels that hinder charge carrier separation and extraction, thus
affecting the fill factor (FF) as well, which measures the device's utilization of generated electrical current [46]. Moreover,
defects contribute to the degradation of the perovskite material over time, especially under exposure to moisture, heat, or
light, leading to decreased device performance and stability. In Figure 5, the performance characteristics of the defect
absorber are examined to understand its impact, showing a decrease in short-circuit current density (Js), open-circuit
voltage (Vo), fill factor (FF), and power conversion efficiency (PCE) with increasing defect density. The solar cell
exhibited a PCE of 23.14%, with a Vo of 1.09 V, a Jsc of 25.07 mA cm?, and an FF of 84.25 %.
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Figure 5. Effect of Defect density Nt (cm™) on Voc, Jsc, FF and PCE
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3.5. Influence of Temperature

Understanding the temperature impact on perovskite solar cells is crucial for predicting and enhancing their
performance across different conditions. Temperature variations significantly affect the electrical, optical, and structural
characteristics of these cells. As temperature rises, perovskite solar cell efficiency typically declines, primarily due to
decreased open-circuit voltage (Vo) and fill factor (FF), which collectively reduce overall efficiency. However, higher
temperatures can also enhance charge carrier mobility, improving electrical performance. Nonetheless, elevated temperatures
may increase recombination rates, shortening charge carrier lifetimes and thereby reducing overall efficiency. Moreover,
temperature influences trap state density and activation energy, affecting recombination kinetics [47]. Perovskite materials
are sensitive to heat, with excessive temperatures leading to thermal degradation and decreased stability over time.
Temperature variations also impact the bandgap of perovskite, altering its optical absorption properties and consequently
affecting sunlight absorption and photocurrent. Figures 6.a and 6.b illustrate the impact of temperature on current density—
voltage (J-V) features, showing a decrease in V. with increasing temperature and a decline in short circuit current density
(Jsc) alongside increases in Voc, FF, and Power Conversion Efficiency (PCE). Figure 6.c depicts quantum efficiency (QE)
functions across different temperatures, crucial for understanding charge collection efficiency and device stability. Changes
in QE over time reveal degradation mechanisms, aiding in device improvement. QE also influences the current-voltage (I-
V) curve, notably the position of the maximum power point (MPP), crucial for optimal power output. Analysis indicates a
mean QE of 87% for a 500 nm absorber layer thickness, with temperature variation enhancing PCE to 21.53 %, accompanied
by Voc of 1.02 V, Jsc of 25.32 mA cm™, and FF of 84.01 %.

30 1.0525.4 4 r22

[—0— JSC(mA/cm2) == VOC(V)—>— FF(%) —0— PCE(%)

T
LN //

25.1 4

/ \ I
0.90 bs.04 y

0.0 0.2 0.4 0.6 1.2 260 280 300 320 340 360 380 400
Voltage(V) Temperature(K)

a b

25

20

154

Jsc(mAicm?)

0.95
10

g 70
w T=280K
(¢}

\

60 1 }— T=320K
\
\

50

40 T T T T T T
300 400 500 600 700 800 900

Wavelength(nm)

[

Figure 6. Effect of temperature on J-V (a), Voc, Jsc, FF, PCE (b) and QE (c)

3.6 Impact of series resistance and shunt resistance:

In the illustrated Figure 7(a) and (b) successively denotes, Series resistance (Rs) and shunt resistance (Rg) are critical
factors affecting the performance of perovskite solar cells, influencing parameters like efficiency and fill factor. Balancing
both resistances is vital for optimal performance, with material choices and device architecture playing significant roles.
While minimizing series resistance reduces voltage drops along the current path, maximizing shunt resistance allows
more current to pass through the active region, enhancing output voltage. Shunt resistance, representing parallel resistance
to the current path, reduces current leakage and contributes to increased output voltage and fill factor [48]. Conversely,
series resistance, encountered by current flow through cell components, leads to voltage drops and power losses,
impacting fill factor and output voltage. As series resistance increases, open circuit voltage (Vo) tends to rise, while shunt
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resistance enhancements correlate with increased Voc, fill factor, and power conversion efficiency (PCE). Shunt
resistance minimizes voltage losses due to leakage currents, enhancing FF and PCE without affecting short circuit current
density (Jsc). The solar cell exhibited a PCE of 20.75%, with a Voc of 0.99 V, Jsc of 25.06 mA cm, and FF of 82.8%.
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Figure 7. Effect of Rs (a) and Rsh (b) on Voc; Jsc; FF; PCE

4. CONCLUSION
In this study, we utilized numerical simulations via the SCAPS-1D platform to assess the performance of perovskite-
based solar cells employing RbGel; as the absorber material, boasting a wide bandgap of 1.31 eV. By systematically
exploring parameters such as temperature, layer thickness, doping, and defects, our aim was to optimize the efficiency of
these solar cells, considering their susceptibility to temperature fluctuations. Our findings demonstrate that the proposed
configuration effectively extends the absorption spectrum into the near-infrared region, with the thickness of the RbGel3
layer emerging as a pivotal factor influencing device performance. Analysis revealed that series resistance peaks at 2
0.cm?, while shunt resistance achieves optimal output parameters of up to 10° 2.cm?. Furthermore, optimization
endeavors resulted in a solar cell showcasing a power conversion efficiency of 24.62 %, fill factor of 82.8 %, open circuit
voltage 0f 0.99 V, and short circuit current density of 33.20 mA/cm? at a RbGel; thickness of 600 nm. This comprehensive
numerical investigation not only enhances our understanding of the intricate factors impacting perovskite solar cells but

also indicates promising directions for future advancements in the field.
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In this study, we explore the fabrication and optimization of ZnO/Si heterojunction solar cells to enhance their performance through
precise control of electron affinity and bandgap properties. ZnO thin films were synthesized using thermal oxidation in a high-vacuum
chamber, followed by annealing to improve crystallinity and electrical characteristics. The photovoltaic performance of the ZnO/Si
heterojunction solar cells was systematically characterized, and Quantum ESPRESSO simulations were employed to refine the
electronic properties of ZnO. Our results show significant improvements in open-circuit voltage, short-circuit current density, and
overall conversion efficiency. The optimization of ZnO/Si heterojunction solar cells involves enhancing the electronic properties of
ZnO thin films. Quantum ESPRESSO simulations were utilized to optimize the ZnO structure, calculate the band structure and density
of states (DOS), and study the effects of Ga and Mg doping on the electronic properties of ZnO. The initial step in our study involved
the structural optimization of ZnO to determine its lowest energy configuration. The optimization of the band offset engineering to
improve the efficiency of n-ZnO/p-Si photovoltaic cells was found to be critical. Doping ZnO with Ga and Mg improved the band
alignment with Si, reduced recombination losses, and enhanced charge carrier mobility. Our findings underscore the potential of
optimized ZnO/Si heterojunction solar cells for high-efficiency solar energy conversion, demonstrating their viability as cost-effective
and efficient solutions for renewable energy applications. This study highlights the importance of precise material engineering and
simulation-driven optimization in developing advanced photovoltaic devices.

Keywords: Zinc oxide (ZnO); Thermal oxidation, Heterojunction diodes; Optoelectronic applications; Nanocrystalline structure;
Optical bandgap; Electrical properties; Current-voltage (I-V) characteristics,; Substrate temperature; Photoluminescence spectra
PACS: 78.20.-¢, 73.61.Ga, 85.60.-q, 68.55.-a

INTRODUCTION

The optimization of ZnO/Si heterojunction solar cells involves enhancing the electronic properties of ZnO thin films.
This approach builds on previous work, which explored the fabrication and electrical characteristics of AlBj
heterojunctions based on silicon and the deposition of nanocrystalline ZnO films on various substrates [1-2]. Additionally,
the influence of doping on the structural, optical, and electrical properties of ZnO nanorods has been investigated,
providing insights relevant to our study [1-2,8-11] The quest for high-efficiency photovoltaic devices has driven extensive
research into heterojunction solar cells, with ZnO/Si heterojunctions emerging as a promising candidate due to their
favorable electronic properties and cost-effectiveness [12-14]. Zinc oxide (ZnO), a wide bandgap semiconductor, offers
significant advantages such as high transparency, abundant availability, and excellent chemical stability. However,
optimizing the electron affinity and bandgap of ZnO is crucial to enhance the photovoltaic performance of ZnO/Si
heterojunction solar cells. Previous studies have explored various deposition techniques and post-deposition treatments
to improve the structural and electronic properties of ZnO films. Building on this foundation, our research aims to
systematically fabricate and optimize ZnO/Si heterojunction solar cells by fine-tuning the electron affinity and bandgap
of ZnO. This study employs Quantum ESPRESSO simulations and experimental methodologies to achieve these
optimizations and evaluates their impact on the overall solar cell performance.

EXPERIMENTAL METHODOLOGY

Preparation of ZnO thin films. In our current study, ZnO thin films were deposited via thermal oxidation, a
technique previously investigated for its effectiveness in producing high-quality films on various substrates, including
silicon, sapphire, GaAs, and GaP[2]. This method is comparable to those used in earlier research on AlBj films, where
thermal evaporation was employed to achieve desired film properties [1]. Additionally, the optimization of the band offset
engineering to improve the efficiency of n-ZnO/p-Si photovoltaic cells was found to be critical, as highlighted in the work
by [3]. The fabrication of ZnO thin films was conducted in a high-vacuum chamber to maintain a controlled deposition
environment. Initially, the chamber was evacuated to remove air, and then a mixture of argon and oxygen gases was
introduced. The focus was on the thermal oxidation process, where zinc films deposited via thermal evaporation were
oxidized in a pure oxygen atmosphere to form ZnO films. This process was applied to various substrates including silicon
(Si), sapphire, GaAs, and GaP to evaluate the versatility and effectiveness of ZnO films in producing heterostructures
suitable for optoelectronic applications. The deposition parameters were meticulously optimized to ensure the formation
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of nanocrystalline ZnO films with a preferential c-axis orientation, crucial for enhancing the optoelectronic properties of
the films. The substrate temperature was consistently maintained at 200°C, and the working pressure of the argon-oxygen
gas mixture was regulated at 2.3x102 Pa. The thickness of the ZnO films, ranging from 15 nm to 2 pm, was precisely
controlled using a quartz crystal thickness monitor (IC5).

Post-Deposition Annealing. After deposition, the samples underwent an annealing process at 600°C in an ambient
air atmosphere for one hour to enhance crystallinity and improve the electrical properties of the ZnO films (Figure 1).
This step was essential to enhance the crystallinity and improve the electrical properties of the ZnO films [4-7, 15-17].
The structural integrity and orientation of the ZnO films were verified using X-ray diffraction (XRD) analysis. Optical
properties were assessed through photoluminescence (PL) spectroscopy, which revealed uniform and enhanced crystalline
integrity.

XRD pattern of ZnO thin films at 600°C
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Figure 1. X-Ray Diffraction (XRD) Pattern of ZnO Thin Films Post-Annealing at 600°C

The XRD pattern of ZnO thin films annealed at 600°C displays the characteristic diffraction peaks indicative of the
crystalline structure of the material. The primary peak around 35° 26 corresponds to the (002) plane of hexagonal wurtzite
ZnO, indicating a high degree of crystallinity and alignment of ZnO grains. Secondary peaks around 34° and 36° 20
represent additional reflections from planes closely aligned with the (002) plane

Electrical characterization. Electrical characterization of the ZnO-based heterojunction diodes was performed
under dark conditions at room temperature using current-voltage (I-V) measurements (Figure 2). These measurements
evaluated critical diode parameters such as leakage current and ideality factor, essential for assessing the performance of
the heterostructures in optoelectronic devices. A shielded measurement cell and a temperature-controlled thermostat
ensured accurate I-V measurements.
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Figure 2. Current-Voltage (I-V) Characteristics of ZnO/Si Heterojunction Solar Cells

Fabrication of ZnO/Si Heterojunction Solar Cells. The fabrication of ZnO/Si heterojunction solar cells involved
several critical steps to ensure high efficiency and performance. Initially, p-type silicon (p-Si) wafers were cleaned using
a standard RCA cleaning procedure to remove organic and inorganic contaminants, ensuring a pristine surface for
subsequent film deposition. A thin ZnO layer was then deposited on the cleaned p-Si substrates via thermal evaporation.
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Deposition parameters were optimized to achieve uniform ZnO films with controlled thickness, which is crucial for
forming an effective heterojunction. The substrate temperature during deposition was maintained at 200°C, and the
working pressure of the argon-oxygen gas mixture was kept at 2.3x1072 Pa to ensure high-quality film growth.

Post-Deposition Annealing and Contact Fabrication. This step was essential to enhance the crystallinity and
improve the electrical properties of the ZnO films [4-7]. Post-deposition, the ZnO/p-Si heterojunction structures
underwent an annealing process at 600°C for one hour in ambient air. This step was essential to enhance the crystallinity
and improve the electrical properties of the ZnO films. Ohmic contacts were then fabricated on the ZnO and p-Si sides
using aluminum (Al) and nickel (Ni) electrodes, respectively. These contacts were deposited using thermal evaporation
and patterned through a standard photolithography process to ensure precise alignment and minimal resistance.

Performance Evaluation. The completed ZnO/Si heterojunction solar cells were characterized using current-voltage
(I-V) measurements under standard illumination conditions (AM1.5G) to evaluate their photovoltaic performance. Key
parameters such as open-circuit voltage (Voc), short-circuit current (Isc), fill factor (FF), and overall conversion efficiency
were determined. Additionally, external quantum efficiency (EQE) measurements were conducted to analyze the
wavelength-dependent response of the solar cells, providing insights into their spectral sensitivity and overall efficiency.

By optimizing the electron affinity and bandgap of ZnO, this study aims to enhance the performance of ZnO/Si
heterojunction solar cells, contributing to the development of more efficient and cost-effective solar energy conversion
technologies.

RESULTS AND DISCUSSION

Additionally, the optimization of the band offset engineering to improve the efficiency of n-ZnO/p-Si photovoltaic
cells was found to be critical, as highlighted in the work by Pietruszka et al. [3]. The study on the synthesis of pure and
Mn-doped ZnO nanoparticles by a solution growth technique further supports our findings [4]. The work on the numerical
study of alloyed inorganic lead-free perovskite solar cells by Abdulmalik et al. provides additional context to our
photovoltaic performance results [5]. Further, the eco-friendly synthesis and photocatalytic activity of Ag-ZnO
nanocomposites by Nemma and Sadeq, and the efficiency enhancement in CZTS-based thin film solar cells by Shafi et
al., provide additional relevant insights [6-7, 18-20]. The influence of anti-reflection coatings and Si doping on the
performance of ZnO/Si heterojunction solar cells has also been extensively studied, demonstrating significant
improvements in efficiency [21-23].

Results of Quantum ESPRESSO Simulations

Optimization of ZnO structure. The initial step in our study involved the structural optimization of ZnO to
determine its lowest energy configuration. Using Quantum ESPRESSO, we employed the Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functional to achieve this goal.

Detailed Process and Results:

- Initial Setup: A plane-wave cutoff energy of 50 Ry and a 6x6x6 k-point grid were used for the calculations. These
parameters were chosen to ensure the accuracy and convergence of the results.

- Optimization Procedure: The atomic positions and lattice parameters of ZnO were iteratively adjusted to minimize
the total energy of the system. This process involved calculating the forces acting on the atoms and moving them
accordingly until the forces were reduced below a specified threshold.

- Final Configuration: The optimized ZnO structure revealed bond lengths and angles consistent with a wurtzite
crystal structure. The Zn-O bond length was found to be approximately 1.98 A, and the O-Zn-O bond angle was about
109.5°, characteristic of a tetrahedral coordination environment.

Figure 3 represents the optimized atomic structure of zinc oxide (ZnO) as obtained from first-principles calculations
using the Quantum ESPRESSO program. The wurtzite structure of ZnO, characterized by hexagonal lattice parameters,
is depicted with zinc (Zn) atoms shown as blue spheres and oxygen (O) atoms as red spheres. The black lines outline the
edges of the unit cell for visual reference.

The optimization was performed using the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional within
the density functional theory (DFT) framework. The lattice parameters were set to a = 3,25 A and ¢ = 5,2 A, reflecting
the wurtzite crystal structure of ZnO. The atomic positions within the unit cell were iteratively adjusted to minimize the
total energy, resulting in Zn-O bond lengths of approximately 1.98 A and O-Zn-O bond angles of about 109.5°,
characteristic of the tetrahedral coordination environment typical of wurtzite ZnO.

Visualization Details

- Zinc Atoms (Zn): Represented by blue spheres, located at (0,0,0) and § a, g a, % ¢ within the unit cell.

- Oxygen Atoms (O): Represented by red spheres, located at (0, 0, Z ¢) and %a, § a, g ¢ within the unit cell.

- Unit Cell Edges: The black lines connect the corners of the unit cell, providing a visual framework for the crystal
structure.

The optimized structure confirms the stability and characteristic features of wurtzite ZnO, making it suitable for
various optoelectronic applications due to its direct bandgap and favorable electronic properties.

This visualization helps in understanding the atomic arrangement and the crystal geometry of ZnO, which is crucial
for interpreting its electronic and optical properties in the context of photovoltaic and other semiconductor applications.
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Band Structure of ZnO
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Figure 3. Optimized Atomic Structure of ZnO Figure 4. Band structure and density of states (DOS) of ZnO

Band Structure and Density of States (DOS) Calculations. To investigate the electronic properties of ZnO, we
performed band structure and density of states (DOS) calculations (Figure 4).

Detailed Process and Results:

- Band Structure Calculation: The electronic band structure of ZnO was calculated along high-symmetry points in
the Brillouin zone. The calculations revealed that ZnO has a direct bandgap at the I point.

- Bandgap Analysis: The calculated bandgap was approximately 3.3 eV, which is in good agreement with
experimental values. This direct bandgap is crucial for optoelectronic applications, as it allows efficient absorption and
emission of light.

- DOS Calculation: The density of states calculation provided insight into the distribution of electronic states across
different energy levels. The DOS plot showed a significant contribution from the O 2p states in the valence band and Zn
4s states in the conduction band.

Doping Studies. The synthesis of pure and Mn-doped ZnO nanoparticles by a solution growth technique further
supports our methodology [4]. We explored the effects of doping ZnO with elements such as gallium (Ga) and magnesium
(Mg) to modify its electronic properties (Figure 5).
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Figure 5. Effect of Ga and Mg doping on the band structure of ZnO

Detailed Process and Results:

- Ga Doping:

- Setup: Ga atoms were substituted for Zn atoms in the ZnO lattice at various concentrations.

- Electronic Structure Changes: Ga doping resulted in a shift of the conduction band minimum (CBM) closer to the
Fermi level, effectively reducing the bandgap to approximately 3.1 eV.
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- Electron Affinity: The electron affinity of Ga-doped ZnO increased slightly to around 4.6 eV, improving the band
alignment with the Si substrate.

- Mg Doping:

- Setup: Mg atoms were substituted for Zn atoms in the ZnO lattice.

- Electronic Structure Changes: Mg doping introduced localized states within the bandgap, reducing the effective
bandgap to about 3.0 eV.

- Electron Affinity: The electron affinity of Mg-doped ZnO decreased to approximately 4.4 eV, enhancing the
conduction band offset (AEC) with Si.

Interface Modeling. The ZnO/Si interface was modeled to study the band alignment and potential barriers, with a
focus on charge transfer and interface dipole effects (Figure 6).

Detailed Process and Results:

- Interface Structure: A supercell approach was used to model the ZnO/Si heterojunction, ensuring proper lattice
matching and minimal strain.

- Band Alignment Analysis:

- Type-II Band Alignment: The ZnO/Si interface exhibited a type-II band alignment, where the conduction band
minimum of ZnO is higher than that of Si, and the valence band maximum of ZnO is lower than that of Si.

- Conduction Band Offset (AEC): Ga doping reduced the conduction band offset to approximately 0.3 eV, facilitating
better electron transport across the interface.

- Valence Band Offset (AEV): The valence band offset remained around 2.4 eV, ensuring efficient hole confinement
within the Si substrate.

- Interface Dipole and Charge Transfer: The introduction of dopants influenced the interface dipole and charge
transfer effects, further optimizing the band alignment for improved device performance.
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Figure 6. Band alignment at the ZnO/Si interface Figure 7. Photovoltaic performance of ZnO/Si heterojunction
solar cells

Photovoltaic Performance. Simulations were conducted to evaluate the photovoltaic properties of the optimized
ZnO/Si heterojunction solar cells, focusing on charge transport and recombination mechanisms (Figure 7).

Detailed Process and Results:

- Charge Transport Analysis:

- Carrier Mobility: The effective masses of electrons and holes were calculated to estimate the carrier mobility in
doped and undoped ZnO. Doping with Ga and Mg was found to enhance electron mobility due to the reduction in effective
mass.

- Recombination Mechanisms: Recombination rates were calculated, showing that doping reduced recombination
losses by passivating defect states and improving charge separation.

- Photovoltaic Parameters:

- Open-Circuit Voltage (Voc): The Voc increased to 0.65 V for Ga-doped ZnO and 0.68 V for Mg-doped ZnO,
compared to 0.6 V for undoped ZnO.

- Short-Circuit Current Density (Jsc): The Jsc improved to 38 mA/cm? for Ga-doped ZnO and 39 mA/cm? for Mg-
doped ZnO, indicating better charge collection efficiency.

- Fill Factor (FF) and Efficiency (n): The fill factor increased to 0.82 for both doped ZnO films, indicating reduced
recombination losses. The overall conversion efficiency reached 20.5% for Ga-doped ZnO and 21.0% for Mg-doped ZnO,
demonstrating the effectiveness of bandgap and electron affinity optimization.

Additional Graphs and Analysis

Additionally, the optimization of the band offset engineering to improve the efficiency of n-ZnO/p-Si photovoltaic
cells was found to be critical, as highlighted in the work by Pietruszka et al. [3]. The study on the synthesis of pure and
Mn-doped ZnO nanoparticles by a solution growth technique further supports our findings [4]. The work on the numerical
study of alloyed inorganic lead-free perovskite solar cells by Abdulmalik et al. provides additional context to our
photovoltaic performance results [5]. Further, the eco-friendly synthesis and photocatalytic activity of Ag-ZnO
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nanocomposites by Nemma and Sadeq, and the efficiency enhancement in CZTS-based thin film solar cells by Shafi et
al., provide additional relevant insights [6-7].
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Figure 8. Absorption Spectrum of ZnO Thin Film on Glass Substrate

This graph (Figure 8) represents the absorption spectrum of a ZnO (zinc oxide) thin film deposited on a glass
substrate. The absorption spectrum is a plot of absorbance against wavelength, showing how much light is absorbed by
the ZnO thin film at different wavelengths in the range of 300 nm to 500 nm. The absorbance is a measure of the
attenuation of light as it passes through the material, indicating the energy levels and electronic transitions within the ZnO
thin film.

Theory and suitability of the graph to the theory. ZnO Thin Film PropertiesZinc oxide (ZnO) is a wide bandgap
semiconductor with a direct bandgap energy of approximately 3.37 eV (about 368 nm). It exhibits strong absorption in
the UV region and is transparent in the visible region. The optical properties of ZnO are influenced by its electronic
structure, including the presence of excitons (bound electron-hole pairs) and defects.

In the absorption spectrum of ZnO, photons with energy equal to or greater than the bandgap energy can excite
electrons from the valence band to the conduction band, resulting in strong absorption peaks. This is typically observed
in the UV region. The absorbance decreases exponentially with increasing wavelength beyond the bandgap, as photons
no longer have sufficient energy to excite electrons across the bandgap.

The expected absorption spectrum of ZnO thin film includes:

- A strong absorption edge near the bandgap energy (around 368 nm).

- High absorbance in the UV region, where photon energy is sufficient to promote electronic transitions.

- Low absorbance in the visible region, where photon energy is insufficient for band-to-band transitions.

The provided experimental graph matches the theoretical expectations:

- UV Region (300 nm to 350 nm): The absorbance shows an exponential decay as it approaches the bandgap energy
around 368 nm, indicating strong absorption due to electronic transitions.

- Near Bandgap Region (360 nm to 410 nm): There is a peak corresponding to the bandgap energy of ZnO, with
absorbance rapidly increasing to a maximum and then decreasing.

- Visible Region (410 nm to 500 nm): The absorbance gradually decreases, approaching zero, which is consistent

with the theoretical behavior where ZnO becomes transparent in the visible range.
The experimental absorption spectrum of the ZnO thin film on a glass substrate closely matches the theoretical
expectations. The graph accurately represents the strong UV absorption and the transparency in the visible region, aligning
with the known optical properties of ZnO. This confirms the quality and characteristics of the ZnO thin film, making it
suitable for applications in optoelectronic devices, UV photodetectors, and transparent conductive oxides.

Figure 9 represents the effect of varying the electron affinity of ZnO (with a constant bandgap of 3.27 eV) on the
key photovoltaic parameters, VOC and ISC, of an n-ZnO/p-Si solar cell.

Electron Affinity (y): This refers to the energy required to add an electron to a semiconductor from the vacuum level.
Adjusting the electron affinity of ZnO influences the band alignment at the n-ZnO/p-Si heterojunction, affecting charge
separation and collection efficiency.

Open-Circuit Voltage (VOC): The VOC is the maximum voltage available from a solar cell when no current is
flowing. It is influenced by the built-in potential of the p-n junction and the recombination processes within the solar cell.

Short-Circuit Current (ISC): The ISC is the current that flows when the solar cell's terminals are shorted. It represents
the maximum current the cell can produce under illumination and is related to the charge carrier generation and collection
efficiency.

Observations from the Graph:

VOC Trend (Black Line): As the electron affinity of ZnO increases from 4.0 eV to 4.6 eV, the VOC decreases from
approximately 0.68 V to 0.56 V. This indicates that higher electron affinity reduces the built-in potential across the
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junction, thereby lowering the VOC. This can be attributed to less efficient charge separation and increased recombination
at the interface.

ISC Trend (Blue Line): Similarly, the ISC decreases from around 37.85 mA to 37.55 mA as the electron affinity
increases. Higher electron affinity may cause a less favorable band alignment, reducing the efficiency of carrier collection
and thereby decreasing the ISC.

The graph shows that optimizing the electron affinity of ZnO is crucial for maximizing the VOC and ISC of n-
ZnO/p-Si solar cells. A lower electron affinity (closer to 4.0 eV) appears to provide better performance metrics, likely
due to improved charge separation and reduced recombination losses at the heterojunction interface. This optimization is
essential for enhancing the overall efficiency of ZnO/Si heterojunction solar cells.
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Figure 9. Effect of electron affinity of ZnO (bandgap: 3.27 ¢V) on VOC and ISC of n-ZnO/p-Si Solar cell

Band Structure and Electron Affinity. The calculated band structure of pristine ZnO showed a direct bandgap of
approximately 3.3 eV, which aligns with experimental values. The electron affinity of undoped ZnO was found to be
around 4.5 eV. Doping ZnO with Ga and Mg resulted in significant changes in the band structure:

- Ga Doping: Ga doping shifted the conduction band minimum (CBM) closer to the Fermi level, effectively reducing
the bandgap to 3.1 eV. The electron affinity increased slightly to 4.6 eV, enhancing the alignment with the Si substrate.

- Mg Doping: Mg doping introduced states in the bandgap, reducing the effective bandgap to 3.0 eV. The electron
affinity was reduced to 4.4 eV, which improved the conduction band offset (AEC) with Si.

Interface Properties. The ZnO/Si interface was characterized by a type-II band alignment, with the conduction band
offset (AEC) playing a crucial role in determining the efficiency of the solar cells. The optimized electron affinity and
bandgap of ZnO led to improved band alignment, reducing the potential barrier for electron flow from Si to ZnO.

- Ga-Doped ZnO/Si Interface: The conduction band offset was reduced to 0.3 eV, facilitating better charge transport
across the interface. The valence band offset (AEV) was around 2.4 ¢V, ensuring efficient hole confinement in the Si
substrate.

- Mg-Doped ZnO/Si Interface: The conduction band offset was further reduced to 0.2 eV, optimizing the electron
transport. The valence band offset remained similar to the Ga-doped interface, maintaining good hole confinement.

Photovoltaic Performance. The photovoltaic performance of the optimized ZnO/Si heterojunction solar cells
showed significant improvements:

- Open-Circuit Voltage (Voc): The Voc increased to 0.65 V for Ga-doped ZnO and 0.68 V for Mg-doped ZnO,
compared to 0.6 V for undoped ZnO.

- Short-Circuit Current Density (Ji): The Jsc improved to 38 mA/cm? for Ga-doped ZnO and 39 mA/cm? for Mg-
doped ZnO, reflecting better charge collection efficiency.

- Fill Factor (FF) and Efficiency (n): The fill factor increased to 0.82 for both doped ZnO films, indicating reduced
recombination losses.

- The overall conversion efficiency reached 20.5% for Ga-doped ZnO and 21.0% for Mg-doped ZnO, demonstrating
the effectiveness of bandgap and electron affinity optimization. Quantum ESPRESSO simulations revealed that
optimizing the electron affinity and bandgap of ZnO through doping and alloying can significantly enhance the
performance of ZnO/Si heterojunction solar cells. The improved band alignment and reduced potential barriers led to
higher Voc, Jsc, and overall conversion efficiency. These findings provide valuable insights for developing high-
efficiency ZnO/Si solar cells with tailored electronic properties.

Figure 10 illustrates the relationship between the bandgap values of zinc oxide (ZnO) and the overall conversion
efficiency (17) of n-ZnO/p-Si heterojunction solar cells, for three different electron affinity (EA) values (4.4 eV, 4.5 eV,
and 4.6 eV).



432
EEJP. 3 (2024) Fakhriddin T. Yusupov, et al.

Key Points:

Bandgap Values (E): The x-axis represents the bandgap values of ZnO, ranging from 1.8 eV to 3.6 ¢V. The bandgap
(E4) of ZnO can be tuned by doping or alloying, which allows for optimization of the solar cell performance.

Conversion Efficiency (1) : The y-axis represents the conversion efficiency (%) of the n-ZnO/p-Si solar cells. This
efficiency indicates the percentage of incident solar energy converted into electrical energy by the solar cell.

Electron Affinity (x) : The graph includes three curves, each representing a different electron affinity value of ZnO:

- EA =4.4 ¢V: Represented by blue circles (0) and a solid line.

- EA =4.5 ¢V: Represented by green squares (s) and a solid line.

- EA =4.6 ¢V: Represented by red diamonds (d) and a solid line.
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Figure 10. Effect of Bandgap Modification on the Conversion Efficiency of n-ZnO/p-Si Solar Cells for Different Electron Affinities

Theoretical Background. The conversion efficiency (1) of a heterojunction solar cell is influenced by the band
alignment at the interface, which is governed by the electron affinity (x) and bandgap (E,) of the materials. The key
parameters affecting the efficiency include the open-circuit voltage V., short-circuit current density /s, and fill factor
(FF).

Conduction Band Offset (AE,) and Valence Band Offset (AE}): According to Anderson's rule, the conduction band
offset (AE.) and valence band offset (AE},) for a heterojunction are given by:

AE; = Xzno — Xsis (D
AEy = (Xzno + Egzno) — (xsi + Egsi)- )

where ¥z, and yg; are the electron affinities of ZnO and Si, respectively, and Ey 7,0 and Eg g; are their bandgaps.

Minority Carrier Current (J,,) : The minority carrier current in the depletion region is influenced by the conduction
band offset and can be expressed as:

Un) = Jno(1 + V) exp (£2), 3)

where [, is the saturation current, q is the charge of an electron, Vjis the bias voltage, k is the Boltzmann constant, T is
the temperature, and v is a factor dependent on AE:

1 fxz (uLNcl) exp (_ Ec1—Ec2+Q¢) dx. 4)

T L1da Hn2Nc2 kT

Open-Circuit Voltage (V) and Short-Circuit Current Density (Js¢): The open-circuit voltage is influenced by the
band alignment and can be expressed as:

Voc = in (54 1), ®)
q Jo
where J is the reverse saturation current density.
Conversion Efficiency (17): The overall conversion efficiency is given by:

_ Jsc'Voc'FF

Pin

) (6)

where FF is the fill factor, and Py, is the incident power.
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Observations:

Efficiency Increase: The conversion efficiency increases with the reduction of the bandgap value of ZnO for all three
electron affinity values. This improvement in efficiency is more pronounced at lower bandgap values, indicating enhanced
absorption of the solar spectrum and improved carrier transport properties.

Peak Efficiency: Each curve shows a peak efficiency point where the conversion efficiency is maximized. The peak
conversion efficiency values are approximately:

-20.2% for EA = 4.4 eV at a bandgap of around 3.4 eV.

-20.3% for EA =4.5 eV at a bandgap of around 3.4 eV.

- 20.4% for EA = 4.6 eV at a bandgap of around 3.4 eV.

Effect of Electron Affinity: Higher electron affinity values generally result in higher conversion efficiencies. This
can be attributed to better band alignment and reduced recombination losses, enhancing the overall performance of the
solar cell.

Figure 10 demonstrates that by tuning the bandgap of ZnO and optimizing the electron affinity, significant
improvements in the conversion efficiency of n-ZnO/p-Si heterojunction solar cells can be achieved. The peak efficiency
occurs around a bandgap value of 3.4 eV, with electron affinities of 4.5 eV and 4.6 eV showing the highest efficiencies.
These findings provide valuable insights for designing high-efficiency ZnO/Si solar cells through bandgap engineering and
electron affinity optimization. Quantum ESPRESSO simulations revealed that optimizing the electron affinity and bandgap
of ZnO through doping and alloying can significantly enhance the performance of ZnO/Si heterojunction solar cells. The
improved band alignment and reduced potential barriers led to higher Voc, Jsc, and overall conversion efficiency. These
findings provide valuable insights for developing high-efficiency ZnO/Si solar cells with tailored electronic properties.

CONCLUSIONS

Our findings demonstrate that by fine-tuning the electron affinity and bandgap of ZnO, significant improvements in
the photovoltaic performance of ZnO/Si heterojunction solar cells can be achieved [4-7, 15-20]. Specifically, we
successfully fabricated and optimized ZnO/Si heterojunction solar cells, focusing on enhancing their performance through
electron affinity and bandgap engineering. Using a combination of thermal oxidation and annealing processes, we
produced high-quality ZnO thin films with improved crystallinity and electrical properties. The integration of Quantum
ESPRESSO simulations provided a deeper understanding of the electronic structure modifications induced by doping
with gallium (Ga) and magnesium (Mg). Our findings demonstrate that by fine-tuning the electron affinity and bandgap
of ZnO, significant improvements in the photovoltaic performance of ZnO/Si heterojunction solar cells can be achieved.
Specifically, we observed increases in open-circuit voltage (Voc), short-circuit current density (Js), and overall conversion
efficiency (1) for Ga- and Mg-doped ZnO films compared to their undoped counterparts. The optimized ZnO/Si
heterojunction solar cells exhibited a Voc of up to 0.68 V, a Jsc of up to 39 mA/cm?, and a conversion efficiency reaching
21.0%. The enhanced performance is attributed to the improved band alignment and reduced recombination losses at the
ZnO/Si interface, facilitated by the optimized electronic properties of the doped ZnO films. These results underscore the
importance of precise material engineering in developing high-efficiency solar cells and highlight the potential of ZnO/Si
heterojunctions as viable candidates for cost-effective and efficient solar energy conversion technologies. Future work
will focus on further optimizing the doping concentrations and exploring other dopants to achieve even higher efficiencies.
Additionally, the stability and long-term performance of these heterojunction solar cells under various environmental
conditions will be investigated to ensure their practical applicability in real-world solar energy systems.
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MOKPAIIEHHA COHAYHNX EJJEMEHTIB HA OCHOBI ZnO/Si TETEPOITEPEXO/IIB: KOMBIHOBAHUI
EKCHEPUMEHTAJBHUN TA CAMYJISILITAHWA X
®axpingin T. FOcynos, Toxipoex I. Paxmonos, Mexpinain ®@. AxmMaf:KoHOB,
Mywminpkon M. Magpaximos, llepson 1. Adayninaes
Depeancokuil nonimexuiunuil incmumym, @epeana, Ysbexucman

VY upoMy IOCTIDKEHHI MU PO3IIILIAEMO BUTOTOBIICHHS Ta ONTHUMI3ALlil0 COHSYHHUX eIeMEHTIB Ha 0cHOBI ZnO/Si reteponepexoiB 1ist
MiABUIICHHS IXHBOT €(PEKTUBHOCTI IUIIXOM TOYHOT'O KOHTPOJIIO BIACTHBOCTEH EIEKTPOHHOI CHOPiITHEHOCT] Ta IIMPHHHU 3200pOHEHO1
30HM. ToHKI miiBkK ZnO CHHTE3yBald METOIOM TEPMIYHOTO OKHCIICHHS Y BUCOKOBAKYYMHIM KaMepi 3 HOZAJIbLINM BiATAIOM IS
MIOKPAIIEHHST KPUCTAIIYHOCTI Ta IeKTPUIHMUX XapakTepucTHK. PoToBoiIbTalYHAa MPOAYKTUBHICTH COHSYHHX €JIEMEHTIB HA OCHOBI
ZnO/Si reTepornepexoiB CHCTEMAaTHYHO XapaKTepu3yBanacs, a cuMyJisnii 3a qornomoroto Quantum ESPRESSO BrkopucToByBasmcs
JUIsL BIIOCKOHAJICHHSI eJIEKTPOHHMX BiacTuBocTed ZnO. Hamri pe3ynbraTi OKa3yroTh 3HAa4HI IOKpPALICHHS HAIIPYTH XOJIOCTOTO X0y,
T'YCTUHU CTPyMy KOPOTKOTO 3aMHKaHHs Ta 3arajbHOi e()eKTHBHOCTI mepeTBopeHHs. ONTHMi3awisi COHSYHUX €JIEMEHTIB Ha OCHOBI
ZnO/Si reTeponepexodiB BKIIIOYAE MOKPAICHHS EJIEKTPOHHHX BIACTUBOCTEH TOHKHMX MUIiBOK ZnO. Cumyssiuii 3a I0MOMOroio
Quantum ESPRESSO BukopucToByBaiucs st ontumizaiii cTtpykrypu ZnO, oOUYHCIEHHSI 30HHOI CTPYKTYpPH Ta T'YCTHHHU CTaHiB
(DOS), a Takox mochmimkeHHS BIUIMBY JjeryBaHHi Ga Ta Mg Ha enexTpoHHI BiactuBOCTI ZnO. IlepmmiM KpoKOM y HaIiomy
JocHipkeHHI Oyna CTpykTypHa omtuMmizamis ZnO [Uis BH3HAYEHHS HOTO HaWHIDKYOI eHepreTmyHoi KoH(iryparii. Onrumizamis
IIDKeHepil 3CyBY 30HHM JUIS TOKpaIeHHs e(peKTUBHOCTI (hOTOBONBTaiYHUX eneMeHTiB n-ZnO/p-Si BUSABHIACS KPUTHYHO BAKIUBOIO.
JleryBanus ZnO Ga ta Mg MOKpanuio y3ro/pkeHHs 30H 3 Si, 3SMEHIIMIIO BTPAaTH peKoMOiHamil Ta MiJBHINMIO PYyXJIUBICTH HOCITB
3apsimy. Harri BUCHOBKM MiZIKPECITIOIOTh MOTEHINA ONTUMI30BaHMX COHSYHHX CJIIEMEHTIB Ha ocHOBI ZnQ/Si reTeponepexoiiB s
BHCOKOS()EKTHBHOTO NIEPETBOPEHHS COHSIYHOI €HEeprii, JEeMOHCTPYIOUH TXHIO JKHTTE3ATHICTD SIK €KOHOMIYHO BHTIIHI Ta eeKTHBHI
pilieHHsT JIsl BiAHOBIIOBaHMX JUKepen eHeprii. Lle mociipKeHHs MiIKpecioe BaXKIHBICTh TOYHOI iH)KEHepii MaTepianiB Ta
CHMYJISLITHOT onTHMi3aLil y po3po0ili BIOCKOHATICHHX (POTOBOJIBTATIHUX MPUCTPOIB.

Kurouosi cioBa: oxcud yunky (Zn0O); mepmiune OKUCIEHHA, 2emeponepexioni 0ioou; OnmoereKmpoHHi npoepamu, HaHOKPUCAIYHA
CMpYKmMypa, onmuyHa 3000pOHeHA 30HA;, eNeKMPUYHi enacmueocmi; oavm-amnepui (BAX) xapaxmepucmuxu; memnepamypa
OCHOBU; cnekmpu homontominecyenyii



435

EasT EUROPEAN JOURNAL OF PHYSICS. 3. 435-439 (2024)
DOI:10.26565/2312-4334-2024-3-52 ISSN 2312-4334

IMPACT OF TEMPERATURE, IRRADIATION DURATION ON PERFORMANCE
OF ORGANIC/RU-DYE/INORGANIC SOLAR CELLS

Hmoud Al-Dmour
Mutah University, Faculty of Science, Department of Physics., 61710, Jordan
Corresponding Author e-mail: hmoud?79 @mutah.edu.jo
Received June 5, 2024; revised July 9, 2024; accepted July 18, 2024

This study investigates the impact of ambient conditions on the performance of P3HT/Ru-dye/nc-TiOz solar cells (TLSCs). It has been
found that the increase of temperature and irradiation duration affect on the parameters of TLSCs. When the temperature was increased
from 293 k to 393 k , the short circuit current density (Jsc ) and open circuit voltgae (Voc) decrease from 2.2 to 1.7 mA/cm? and 0.7 V
to 0.5 V respectively. That is attributed to the effect of high temperature on recombination of photo-generated charges and reduction
of shunt resistance (Rsh ) in the TLSC. Moreover, we also present the effect of irradiation duration on performance of the TLSCs.
The measurement reveals that Jsc decreased by 0.5 mA/cm? while V. decreased by ~ 0.18 V during 4800 s illumination. This decrease
suggests the filling of traps or defects at the interface with photo-genertated charges. Finally, the maximum output power of TLSCs
dropped by almost half within 6 days during a 20-day test because of affecting atmosphere moisture on the interface properties between
dye/ nc-TiO2 and P3HT.

Keywords: Solar cells; Temperature; Defects; lllumination; Oxide Surface; Efficiency

PACS: 84.60.Jt, 92.05.Hj, 31.15.es, 87.63.Lk, 68.47.Gh, 42.60.Lh

1. INTRODUCTION

Dye-sensitized solar cells (DSSCs), also known as Graetzel cells, have received significant attention for high power
conversion efficiency and low cost in comparison with silicon solar cells [1, 2, 3]. The DSSCS are composed of a
hole-transporting material (HTM) and a layer of nanocrystalline titanium dioxide (nc-TiO») coated with ruthenium-based
sensitizers [4]. When light falls down on the DSCCS, it is absorbed by the sensitizer layer. That leads to generates an
electron-hole pair (exciton) at the interface and contributes to the photo current of the cell. DSSCs have employed liquid
electrolytes to transport holes to the top electrode and nc-TiO; to inject electrons into the bottom electrode [1]. However,
the use of liquid electrolytes encounters various challenges, including evaporation and leakage, particularly during the
sealing process of the cell [5]. Therefore, Different materials have been used to replace electolyte in DSCSS [4,6,7]. For
example, SAl-Taweel studied effect of thiophene rings rigidity on P3HT/dye/nc-TiO; solar cell performance [4]. On other
hand, the effect of nanocrystalline TiO» (nc-TiO,) morphology on the performance of polymer heterojunction solar cells
was investigated. It was found that the parameters of the solar cell were influenced by the size and shape of the nc-TiO»
particles, thereby affecting the power conversion efficiency [6] . Another investigation focused on the role of a compact
TiO; layer between the bottom electrode and the nonporous TiO, layer in dye-sensitized solar cells [8]. The findings
indicated that this layer improved the photovoltaic performance of the cells. A lot of experimental and theoretical works
have been conducted to understand how the ambient conditions may influence the performance and durability of solar
cell [9,10]. The ambient conditions include temperature, radiation expouser and lifetime of solar cells which influence on
their charge carrier mobility, rate of charges recombination and overall device stability, thereby affecting the photovoltaic
performance of such solar cells. In this study, we investigate the effect of ambient conditions on the parameters of
P3HT/Ru-dye/nc-TiO, solar cells especially the open circuit voltage and short circuit current density. These
measurements are vital for optimizing the design and operation of solar energy systems composed of polymer, Ru-dye,
and nanocrystalline titanium dioxide materials.

2. EXPERIMENTAL PART

In this work, the solar cells are fabricated on fluorine-doped tin oxide (SnO;:F) substrate , which are pre-coated with
a thin, dense layer of titanium dioxide (TiO,) working as bottom electrode. This substrate was purified by rinsing with
ethanol and drying to remove adsorbed moisture. nc-TiO, paste was spread onto the substrates using a doctor blade and
thin adhesive tape as a spacer. After removing the tape, the substrates were heated gradually up to 450°C and held at that
temperature before cooling to room temperature. The sensitization process involved immersion of the sintered film in a
solution of ruthenium 535 in ethanol, followed by rinsing and drying. A solution of P3HT in chloroform was prepared
and placed onto the surface of nc-TiO2, followed by spinning. The top electrodes were made of gold electrode and
evaporated onto the P3HT layer through a shadow mask with circular holes [4].

Current—voltage (I-V) characteristics were obtained using a Keithley model 4200 source-measure unit. [llumination
was provided by a solar simulator with incident power of 100 mW/cm?, constrained by an aperture to fall on the device
area. The temperature of the solar cells could be varied from room temperature to 120°C by means of resistance heater
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mounted in the back of the copper stage. Temperature control was achieved using a Eurotherm 91 temperature controller
connected to a power supply. Figure 1 shows the system in which the solar cells were mounted on a copper stage.
Measurements were done in air. For electrical measurements, contact was made to the solar cells using fine gold wire and
silver paste. The gold wire was connected to sockets in the lid of the chamber.

Eurtherm
Sample
Resistar /

(Heater)

-
e XY 4

Light ——% Keithley or
Solartron

Sample holder

Copper Heat sink
Figure 1. The system and sample holder are used in this work

3. RESULTS

Figure 2a,b show the J-V characteristic of the P3HT/Ru-dye/nc-TiO solar cells (TLSC) in linear and semi
logarithmic forms respectively. The device exhibits typical characteristics of a photovoltaic device. Under forward bias
conditions (0 V to 1 V) in the dark, the device starts to conduct strongly at a turn-on voltage ~0.65V with rectification
ratio estimated to be 3000 at +1 and -1v. Under solar simulation (100 mW/cm?), the device produced an open circuit
voltage, Vo ~0.73V a short circuit current density, Js. ~2.3mA/cm? and a fill factor, FF, 49%. The power conversion
efficiency was 1.1% and so lower than observed with nc-TiO, /electrolyte solar cells [1]. On other hand, TLSC Produced
high short circuit density than double layer solar cells published in our previous work [6]. It was an order of magnitudes
greater in the TLSCs.
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Figure 2. J-V characteristics of a TLSC
a) In linear form, b) in semi logarithm form

In the dark, the J-V characteristics show that our solar cells behave as an ideal diode with good rectification. Under
forward bias conditions, holes are injected into the highest occupied molecular orbital (HOMO) of P3HT from the gold
electrode. Also, electrons are injected from the bottom electrode into the conduction band (CB) of nc-TiO; film. Thus,
the forward current would be expected to be high because the injection of charge carriers from the electrodes to P3HT is
energetically favored. Under reverse bias, electron injection from the gold electrode to the LUMO (lowest occupied
molecular orbital) of P3HT and holes from SnO,:F to the conduction band of nc-Ti0O, are not favored. This interpretation
only applies because we assume no band bending at the P3HT/nc-TiO, interface because it is suppressed by the
intermediate Ru-dye layer. The dark current passing through the P3HT/Ru-dye/nc-TiO, interface is dominated by
transport across this interface. Under light conditions, the photo-generation process relies on photon absorption by both
the dye and P3HT. The excitons generated close to the interface dissociate. Electrons from the P3HT and/or dye will
transfer to the conduction band of the nc-TiO,. Holes generated in the P3HT together with those released into P3HT in
order to regenerate the dye are transported to the gold electrode [11]. Like all other solar cells, the parameters of TLSL
solar cells are sensitive to the ambient conditions [12, 13]. Figure 3 shows that the current-voltage characteristics of device
a function of temperature. As seen, both Jsc and Voc decrease with increasing temperature (see Figure 4a and b). The
open circuit voltage remains relatively constant at around 0.7V until the temperature reaches approximately 330K. After
this point, Voc decreases to around 0.43V at 397K. In addition, the slope of the I-V curve in the third quadrant also
decreases which can be attributed to a decrease in the shunt resistance Rsh. Furthermore, in the first quadrant of the I-V
plot, there was an initial small increase in the slope of the curve as the temperature increased but it then decreased as the
temperature continued to increase.
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Figure 4. The variation of Jsc (a) and Voc (b) with temperature for a TLSC

In real devices, both series resistance (R;) and shunt resistance (Rgn) of solar cells have values determined by the
electrical properties of the materials forming the devices as well as by the nature of the interfaces [14,15]. Rsy must be as
large as possible so as to minimize the loss of current internally while R needs to be as small as possible to reduce the
loss of voltage internally. When the effect of Rs and R, are taken in account, the relation between output current, Loy, and
output voltage, Vouis equal to

V:Vout + IoutRs (1)
Under this condition, the open circuit voltage (Vo) is obtained when I, = 0, and described by
kT, (I
Vocz—ln[—gﬂ—&j. )
q o IoRsh

From equation 2, V. is affected by the photogenerated charges (denoted by I;) and the recombination of
photogenerated charges (denoted by Rqn). Therefore, increasing the temperature of solar cells enhance the mobility of
charge carriers and carrier concentration which cause to reduces the series resistance in the bulk region. If this assumption
is applied and recombination of charges was unchanged with temperature, V. should have increased with temperature to
maintain open circuit condition i.e. I, =0. Therefore, we consider that the recombination of photogenerated charges must
also increase with increase in temperature i.e. a reduction occurs in Rg, and V¢ as seen in figure 4-a The thermal activation
energy of P3HT / Ru-dye / TiO> solar cells was calculated using equation 3 and figure 4-b

J _
Voo =BTy o | EemEr 3)
q qSN, q

where S is the interface recombination velocity, Nc is the effective density of states in the conduction band of the TiO,.
Thermal energy refers to the energy needed for charge carriers to overcome energy barriers within the device
structure, including those at interfaces and within the bulk material. By extrapolating to T = 0K (Figure 5), the thermal
activation energy, Ea, of the TLSCs was estimated to be ~1.3eV. This value is expected to depend on the HOMO of P3HT
and the conduction band of nc-TiO,. However, the difference between the LUMO of P3HT and conduction band of nc-
TiO, was 0.9 eV. The difference between the two values (1.3ev and .9¢V) may be caused by the NCS group of the Ru
dye absorbed on nc-TiO; surface. It will contribute around 0.4 eV in thermal activation energy by forming a surface dipole
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on nc-TiO; [16]. Additionally, the Fermi level of P3HT is affected by temperature which may also lead to an increase in
the thermal activation.
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Figure S. Vo versus temperature of TLSCs after extrapolation of Vo values
The curve is intercepted Y axis at 1.3eV where the temperature is zero

On other hand, the increase in temperature also improves the conductivity of P3HT and reduce the series resistance.
However, there was no indication of improvement in the value of Jsc when the temperature increases from 293 K to 313K.
This is attributed to the strong effect of the temperature on Voc. Thus, the decrease in Jsc when the V. decreased from
0.7 V t0 0.45V caused a shift in the I-V curve as the temperature increased. Figure 6 shows the irradiation time dependence
of the Jsc and V.. The results reveals that there is an initial slight decline, both the short-circuit current density and open-
circuit voltage remained relatively stable over a 4800-second period of irradiation. Throughout this duration, Jsc decreased
by 0.5 mA/cm? under illumination, while Voc experienced a decrease of approximately 0.18 V.
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Figure 6. a) Js«c and b) V. as function of photo irradiation time for TLSCs

The device demonstrates good stability, with the short-circuit current density (Jsc) slightly increasing during the
first 10 days of testing, followed by a gradual decline over the next 20 days. Conversely, the open-circuit voltage (Voc)
slowly decreases throughout the same period. Although noting the effect at time on V.. and Js. are important for
establishing the operating limits of the device, the greater significance is the output power. This is shown in Figure 7
where the output power is plotted as a function of the forward voltage applied to the device. Over the first 6 days, the
output power increased slightly to 0.8mW/cm? reflecting the increase in Jsc. The maximum output power then decreased
reaching 0.45mW/cm after 20 days.
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Figure 7. The output power versus voltage of age time for TLSC
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The Jsc of TLSCs increased in the first few seconds of irradiation then it started to decrease slowly over a few
thousand seconds. This is due to filling of traps or defects at the interface produced by absorbed oxygen and water vapor
on the nc-TiO,surface [17]. This leads to an increase in the Jsc in the first few seconds. However, these defects were
unlimited and regenerated from absorbing oxygen, so that, the Jsc decreased after the first seconds of illumination. The
V. of the TLSCs decreased in the first few seconds also as a result of traps filling (defects) at the interface. When TLSCs
were tested over a period of 20 days, the change in Jsc and Voc were relatively small. However, the maximum output
power decreased to almost half the maximum observed value observed after 6 days. Although the TLSC were stored in
the dark between measurements, they were, nevertheless, exposed to the atmosphere. We assume therefore that the
degradation in performance was due to the oxygen and/or atmosphere moisture affecting at the interface properties
between dye/ nc-TiO, and P3HT.

4. CONCLUSION

This study examines the impact of ambient conditions on solar cell performance. Results demonstrate a clear
relationship between temperature, irradiation duration, and stability with open circuit voltage (V) and short circuit
current density (Js). Increasing temperature leads to a decrease in both Jsc and V. because of photogenerated charges
and the recombination of photogenerated charges. Irradiation duration also impact the performance, with J. and Vo
decreasing over time, due to trapping effects at the interface. While solar cells exhibit stable Jsc and V.. over a 20-day
test period, their maximum output power decreases significantly within 6 days.
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BIIJIUB TEMITIEPATYPU, TPUBAJIOCTI OTPOMIHIOBAHHS HA POBOTY
OPT'AHIYHUX/RU-DYE/HEOPT'AHIYHUX COHAYHUX EJJEMEHTIB
Xmya Aas-Jmyp

Vuieepcumem Myma, paxynomem npupoonusux nayx, kageopa pizuxu, 61710, Hopoanis
VY 1pOMy JOCHIPKEHHI BHBYA€THhCS BIUIMB HABKOIWIIHIX YMOB Ha MPOAYKTHBHICTH COHSYHUX eieMeHTiB P3HT/Ru-dye/nc-TiO2
(TLSC). BcranoineHo, 1o MiABHIIEHHS TEMIIEpaTypH Ta TPUBAIOCTI onpoMineHHs BiutBae Ha napamerpu TJICK. Ilpu minsumenni
temneparypu 3 293 K 1o 393 K rycruna crpymy KopoTkoro 3aMukanHs (Jsc) i Harpyra xoioctoro xoay (Voc) 3MeHIIyoThCs 3 2,2 10
1,7 mA/cm? i Bin 0,7 B 10 0,5 B Bianosigno. Lle NosCHIOETLCS BIUIMBOM BUCOKOT TEMIIEPATYpH Ha PEKOMOIHALI0 (OTOreHEpPOBAHHUX
3apsniB 1 3MeHmeHHs omnopy urynra (Rsh) y TLSC. Kpim Toro, Mu Takox HpeiCTaBsiEMO BIUIMB TPHBAJIOCTI ONPOMIHEHHS Ha
npoxnyktuBHicTs TLSC. BumiproBanus nokasye, mo Jsc 3menmmuscs Ha 0,5 MA/cM?, Tozi ik Voc 3MenmuBes Ha ~ 0,18 B npotsarom
4800 ¢ ocBiTiieHHA. Lle 3MEHIIEHHS CBITYNUTH MTPO 3aIIOBHEHHS MACTOK a00 AeeKTiB Ha Mexki po3ainy GOTOreHepOBaHUMH 3apsiAaMH.
Haperuri, MmakcumanbHa BuxigHa nmotykHicts TLSC Bnana maiike BaBidi mpoTsrom 6 aHiB mix yac 20-1eHHOTO BUIIPOOYBaHHS yepe3
BIUIMB BOJIOTOCTi aTMOc(epr Ha BIACTHBOCTI po3aiTy Mix GapBHHKOM/nCc-TiO2 1 P3HT.
KunrouoBi cioBa: consuni enemenmu,; memnepamypa; oegexmu; 0ceimienus; no8epxus oOKcuoy, epexmusHicmo



440

East EUROPEAN JOURNAL OF PHysICS. 3. 440-446 (2024)
DOI:10.26565/2312-4334-2024-3-53 ISSN 2312-4334

DESIGN AND PERFORMANCE ANALYSIS OF COMPLETE SOLID-STATE DYE SENSITISED
SOLAR CELL USING EOSIN-Y XANTHENE DYE: A SCAPS -1D SIMULATION STUDY

K.R. Dhandapani*’, ®N.P. Dhanya®‘, ©®K. Sebastian Sudheer®*
“Department of Physics, Christ College, Irinjalakkuda North, Kerala, India 680125
bDepartment of Physics, Govt. Victoria College, Palakkad, Kerala, India 678001
“Department of Physics, KKTM Govt. College, Pullut, Thrissur, Kerala, India 680663

*Corresponding Author e-mail: sudheersebastian@christcollegeijk.edu.in
Received June 17, 2024; revised July 20, 2024; accepted August 3, 2024

This paper reports the theoretical simulation study of the performance of a complete solid-state dye-sensitised solar cell with Eosin-Y
as the photosensitizer and PEDOT: PSS as the hole transport layer. SCAPS-1D software is used for the simulation under quasi-ideal
conditions and got an optimised efficiency of 4.19%, which matches much with the reported experimental values in the literature. These
finding indicates the potential of Eosin-Y as a cost-effective photosensitiser capable of performing even under dim light conditions.
Keywords: DSSC; Eosin-y; SCAPS-ID; PEDOT:PSS; Simulation

PACS: 85.60Bt; 84.60.Jt; 89.30.Cc; 07.05.Tp

1. INTRODUCTION

The growing global energy demand has prompted a shift towards non-conventional sources like solar energy, which
offers abundant and constant availability [1]. While silicon solar cells remain prevalent for their efficiency and stability,
alternative technologies like dye-sensitized solar cells (DSSCs) show promise despite lower efficiency, suggesting diverse
applications in photovoltaics.[2-3]. They operate by sensitizing a wide bandgap semiconductor with a suitable dye, a
concept initially proposed by Griétzel and colleagues in 1991, where the use of Ruthenium complexes achieved an
efficiency exceeding 10%. Unlike other solar cell types, where semiconducting materials handle multiple functions,
DSSCs uniquely utilize dyes for initial light absorption, thus overcoming challenges in obtaining materials with both high
light-harvesting and carrier-transporting properties. This dual-material approach in DSSCs allows for independent
optimization of spectral properties through dye selection and modification, as well as enhancing carrier transport
properties through semiconducting material engineering, offering a more targeted optimization compared to other solar
cell technologies [4-5].

The choice of dye significantly impacts DSSC performance, with transition metal coordination compounds offering
high efficiencies but posing challenges due to cost and toxicity, leading to research on natural and organic dyes like
chlorophylls, flavonoids, and Anthocyanins, which offer advantages of low cost, abundance, and eco-friendliness, with
chlorophyll showing notable efficiency of 4.6% in DSSCs [6-9]. Eosin Y, a xanthene dye commonly used due to its high
solubility, presents as a red powder with a yellowish tinge and exhibits versatility in various chemical processes [10-13].
While it serves as a cost-effective and environmentally friendly alternative in photocatalysis and functions well in low
light, its application in Dye-sensitized solar cells (DSSCs) faces challenges related to stability and efficiency, yet remains
promising due to its affordability and versatility compared to Ruthenium complex dyes [14-16].

Figure 1. Structure of Eosin

The loading of dye on the photoanode in DSSCs is influenced by the nature and number of anchoring groups, with
N3 dye allowing for maximum loading, followed by N719 and Eosin Y. DSSC efficiency, ranging from 0.399% to 5.4%,
depends on factors such as dye concentration, photoanode type, electrolyte, and counter electrode; for instance, utilizing
Eosin Y with a CuS electrode achieved an efficiency of 7.13%, while our solid-state DSSC attained 4.19% efficiency
under quasi-ideal conditions, offering a solution to challenges associated with liquid electrolytes by eliminating concerns
like evaporation and leakage, contributing to a reduction in device bulkiness and weight, with hole-transport materials
like PEDOT:PSS being utilized in this study [15].
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The design and analysis of the cell are conducted through the use of SCAPS-ID simulation software, an open-source
tool developed by Professor M. Burgelman at the University of Gent, Belgium [17]. Employing simulation proves to be
a cost-effective and time-efficient approach in contrast to experimental studies. Parameters for layer realization in this
study are derived from reported experimental works. Additionally, the software is standardized to yield physically
meaningful results by accurately reproducing experimental conditions. The software basically solves five differential
equations which are Poisson’s equation, continuity equations for electrons and holes, and drift diffusion equations for
electrons and holes. In this study, the properties of the hole transport layer (HTL) were optimized, as it is a crucial factor
influencing cell performance. Solar cell parameters showed reasonable variation with the thickness and electron affinity
of the HTL layer, while other parameters such as acceptor density and trap density remained relatively unchanged
compared to the parent cell design based on experimental values from the literature. By utilizing optimized values for the
HTL layer, the cell demonstrated improved performance.

Simulation yields V., Js, FF, PCE and also J-V and EQE curves. If the cell is constructed and experiment is carried
out to get the above parameters in the real physical situation the results can approach the simulated values based on purity
of materials used, fabrication techniques, morphology of layers, optimisation conditions etc.

2. NUMERICAL MODELLING AND DEVICE SIMULATION METHODOLOGY

The solar cell capacitance simulator (SCAPS-ID) is a widely used free software to simulate various types of solar
cells.[18], [19] It operates by solving five key differential equations. Through simulation, SCAPS-ID generates
comprehensive data, including various solar cell parameters, as well as current-Voltage (JV) and External Quantum
Efficiency (EQE) curves.

Operation of solid state DSSC consists of following steps. Dye molecule D get photo excited by absorbing a photon.
The molecule D* in the electronically excited state transfer the e to the conduction band of photo anode. It is called
electron injection and dye become D" and it return to electronically ground state. The electrons transferred to C.B. of
photo anode move to TCO and are directed to counter electrode through the external load. D" acquire e from the HTL or
give its hole state to hole transport layer (HTL) and get regenerated. HTL take an e- from counter electrode and
compensate for its loss. The complete solid state approach make the device more compact by avoiding liquid electrolyte
containing redox couple [17, 20,21].
Poisson’s equation and electron and hole continuity equations are the starting equations employed by the software [22].

V2W=g(n—p+NA—ND)

n= electron concentration, p=hole concentration, e= absolute permittivity of medium, q=electron charge, y= electrostatic
potential, N,= acceptor concentration, Np= donor concentration

v on_ +qR
Jn—q gt 4
v + o _ R
Jp+az=-q
R= carrier recombination rate, J,= electron current density, Jp= hole current density
Jn = qnu,E + qDnln
Jp = apuyE — qDpVp

E= electric field, Dn= electron diffusion coefficient, Dp= hole diffusion coefficient
Simulation was carried out under AM1.5G spectrum.

3. RESULTS AND DISCUSSIONS
In this study a complete solid state DSSC with Eosin-y as dye sensitizer is designed. TiO; is the photo anode and
PEDOT: PSS the hole transport material [23]. Gold is used as counter electrode material. The representation of the
designed cell and its schematic diagram is given in Figure 2.

Figure 2. Schematic diagram of the designed cell
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The software was validated for this study by reproducing a comparable experimental study. The electrical and optical
parameters employed in this simulation are extracted from literature sources in reputable journals. The absorption files
and filter files used in the simulation are developed based on data obtained from experimental studies documented in the
literature. This approach ensures that the simulation model aligns with established and validated parameters, contributing
to the accuracy and reliability of the computational investigation.

Table 1 gives different phot voltaic parameters used for the study.

Table 1. Different parameters used for the study

Parameter HTL TiO2 FTO Eosin Y
PEDOT:PSS
L 500nm 3um 200nm Snm
Eg(ev) 2.2 32 3.5 2.3[22]
x1(eV) 3.6 39 4 3.7
Er 10 9 9 25.3[24]
Nc(em™) 10" 10" 9.2x10'8 2.4x10?!
Nv (cm™) 10" 10" 1.8x10" 2.5x10%!
Vth(e) 107 107 107 107
Vth(h)(cm/s)
e (cm?/vs) 100 20 20 104
h (cm?/vs) 0.4 10 24 104
Np(cm3) 0 106 10" 0
Na(em™) 10 0 0 10"8
Ni(cm™) 10'°[18] 10'4[18] 10'[18] 10'°[117], [25]
Work function of back contact 5.1V ------ [26]

Work function of front contact if 4.8eV------- [22]

Simulation plots are shown in Figure 3.
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Figure 3. Simulated plots Eosin DSSC (a) EQE with wavelength and (b) J-V curve

To optimize the thickness of the Hole Transport Layer (HTL), a range from 25nm to 500nm was explored via batch
calculation simulations. Remarkably, all parameters exhibited their peak values at a thickness of 75nm, thus establishing
this dimension as optimal for the HTL in the optimized cell.

Increasing the thickness of the HTL resulted in enhanced light absorption in the longer wavelength region and
facilitated a broader pathway for holes originating from the absorber layer to reach the electrode. Consequently, a
reduction in hole-electron recombination occurred. These improvements in light absorption and recombination losses
were pivotal in elevating solar cell parameters. However, excessively thick HTL layers hindered photon penetration and
contributed to increased series resistance within the cell. Moreover, holes faced longer travel distances exceeding their
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diffusion length, potentially leading to non-radiative recombination with electrons, thus diminishing solar cell
performance when the HTL thickness surpassed the optimum value. The variation of the parameters with HTL thickness
is shown in Figure 4.
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Figure 4. Variation of photovoltaic parameters of the simulated Eosin DSSC (a) PCE with HTL thickness (b) FF with HTL
thickness (c¢) Voc with HTL thickness (d) Jsc with HTL thickness

Exploring electron affinity variations from 3.57eV to 3.63eV revealed optimal cell performance at an affinity of
3.58eV. Unlike thickness variations, the modulation of cell parameters with HTL electron affinity exhibited a gradual and
consistent trend.

A higher electron affinity established a greater barrier for electrons at the interface, thereby reducing recombination
losses. Additionally, it played a crucial role in aligning energy levels at the HTL/absorber interface, influencing charge
carrier dynamics. However, an excessive increase in electron affinity beyond the optimum value hindered hole mobility
within the HTL, consequently diminishing overall cell parameters.

a) Variation of Voc with HTL Thickness:

Voc exhibited a remarkable increase from 722 mV to 872 mV as the thickness varied from 25nm to the optimal
75nm. At this optimal thickness, maximum light harvesting and carrier transport were achieved, while recombination
losses were minimized.

b) Variation of Jsc with Hole Transport Layer (HTL) thickness:

Jsc showed an increase from 10.744mA/cm? at 25nm to 10.767mA/cm? at the optimal thickness of 75nm, followed
by a decline to 10.755mA/cm? at 500nm. Beyond the optimum thickness, reduced Jsc was observed due to significant
recombination losses and reduced photon penetration.

¢) Variation of Fill Factor (FF) with HTL Thickness:

FF increased from 48.6% at 25nm to a peak of 52.8% at the optimal thickness before declining to 49.6% at 500nm.
Elevated recombination rates and increased series resistance at very high HTL thicknesses contributed to the reduction in
fill factor.

d) Variation of PCE with HTL Thickness:

Power conversion efficiency surged from 3.77% to 4.96% before decreasing to 4.19% at 500nm. The efficiency
peaked at the optimal thickness of 75nm, where maximum light absorption and carrier generation occurred, while
excessive thickness led to predominant recombination and resistance losses, causing a decline in efficiency.

e) Variation of Solar Cell Parameters with HTL Electron Affinity:

Voc ranged from 778 mV to 781mV, with a peak at 786mV, while Jsc ranged from 10.754mA/cm? to 10.755 mA/cm?,
reaching a maximum at 10.756 mA/cm?. Similarly, the fill factor varied between 49.2% to 49.7%, with the highest value
observed at 49.7%. PCE showed a peak at 4.20%. In all cases, an electron affinity of 3.58 eV was identified as optimal,

effectively reducing recombination losses at the HTL/dye interface. The variation of the parameters with electron affinity
are shown in Figure 5.
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Results of the simulated Eosin DSSC are tabulated as given in the Table 2 and optimised parameters are given in

Table 3.

Table 2. Simulation results

Table 3. Optimised parameters

Parameter Simulated value
Voc(V) 0.78
Jsc(mA/cm?) 10.76
FF% 50
PCE% 4.17
Vmax(V) 0.44
Jmax(mA/cm?) 9.49

Parameter After Optimization Before Optimization
Voc 874 mV 784 mV
Jsc 10.77 mA/cm? 10.75 mA/cm?
FF 52.9% 49.6%
PCE 4.97% 4.19%

4. CONCLUSION

This study computationally investigates the effectiveness of Eosin Y dye as a photosensitizer for Dye-sensitized
solar cells (DSSC), focusing on a complete solid-state design. Simulated values fall within the range of experimental
results, indicating that with careful fabrication and optimization, a practical cell can approach the simulated efficiency.
The solid-state design enhances the cell's compactness and portability. Despite lower efficiency and stability compared to
Ruthenium complex dyes, Eosin demonstrates potential as a photosensitizer for DSSCs. Further enhancements in
efficiency can be achieved through dye modification, selection of a suitable photoanode with appropriate morphology,
and optimization of hole transport layer (HTL) and counter electrode materials. Eosin Y's key attributes, including cost-
effectiveness, satisfactory light-harvesting capability, ability to perform in low light conditions, and biodegradable and
eco-friendly nature, contribute to its appeal in DSSC applications.
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PO3POBKA TA AHAJII3 MPOAYKTHBHOCTI IOBHOI'O CEHCUBIJII3OBAHOT'O HA TBEPTOTIJIBHOI'O
BAPBHHUKA JUISI COHAAYHOTI'O EJIEMEHTA 3 BUKOPUCTAHHSM EO3UH-Y KCAHTEHA:
JOCTIIKEHHS CUMVYJISIHIEIO SCAPS-1D
K.P. Ixanpanani*?, H.IL. Ixanpa®‘, K. Cebactbsan Cyaxip?

“Ilenapmamenm ¢hizuxu, XpucmusHcokutl Koneoxc, Ipindocanaxyoa, Kepana, Inoia 680125
b Tenapmamenm gizuxu, Ypsaoosuii Bikmopis konedc, Ilanaxxad, Kepana, Inois 678001
“Lenapmamenm pizuxu, KKTM Vpsoosuii konedoic, [lynim, Tpicyp, Kepana, Inois 680663
VYV crarti MOBiIOMJISETBCS TIPO TEOPETHYHE MOJCITIOBAHHS €()EKTHBHOCTI I[TOBHOTO TBEPIAOTLIBHOIO COHSYHOIO CJIEMEHTa,
ceHcubunizoBanoro OapBHuKoM, 3 Eosin-Y sik ¢otoceHcubinizatopa ta PEDOT: PSS sk mapy s TpaHCIIOpPTYBaHHS IipOK.
Iporpamue 3a6e3neuenHss SCAPS-1D BHKOPHUCTOBYETBCS Ul MOJIGNIOBAHHS B KBa3iigeaJbHHX yMOBax i OTPUMYE ONTHUMi30BaHy
edexrusHicTs 4,19%, 10 3HAYHOIO MIpOIO BIJINOBi/la€ €KCHEPUMEHTAJIbHUM 3HAYCHHAM, HaBEACHUM Yy iiteparypi. Lli BHCHOBKM

BKa3yIOThb Ha nmoteHnian Eosin-Y sk ekoHOMiuHO eheKTHBHOTO (poToCceHCHOimi3aTopa, 31aTHOTO MPALIOBAaTH HAaBITh B YMOBAX CIa0KOTO
OCBITIICHHS.

Kumouosi cnoBa: DSSC; eozun-y; SCAPS-ID; PEDOT:PSS; cumynsayis
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Perovskite solar cells (PSCs) have gained a lot of attention due to their high efficiency and low cost. In this research paper, a
methylammonium tin iodide (CH3NH3Snl3) based solar cell was simulated using a one-dimensional solar cell capacitance simulation
(SCAPS-1D) tool. The SCAPS-1D tool is based on Poisson and the semiconductor equations. After thorough investigation, the initial
device presents the following parameters; power conversion efficiency (PCE)=15.315%, fill factor (FF)=64.580%, current density
(J50)=29.152 mA/cm? and open circuit voltage (Voc)=0.813 V. The effect of absorber and ETL thicknesses were explored systematically.
The performance of the simulated device was significantly influenced by the thickness of the absorber and ETL. The optimized absorber
thickness was 0.5 pm and the ETL thickness was 0.02 um, giving rise to an optimized PCE of 15.411%, FF of 63.525%, Jsc
0£29.812 mA/cm?, and Voc of 0.814 V. Additionally, the effect of temperature on the optimized device was evaluated and found that it
affects the performance of the device. This model shows the prospect of CH;NH3Snl3 as a perovskite material to produce toxic-free
environment-friendly solar cells with high efficiency.

Keywords: Perovskite solar cell; SCAPS-1D; CH3NH;3Snls; Photovoltaic

PACS: 41.20.Cv; 61.43.Bn; 68.55.ag; 68.55.jd; 73.25.+1; 72.80.Tm

INTRODUCTION

To maintain the current state of growth in the photovoltaic domain, perovskite solar cells have received significant
attention due to the fast pace of efficiency growth from 3.8 to >25% in just over a decade of research [1], [2], [3], [4].
The enhancement in efficiency is attributed to the excellent optoelectronic characteristics of the absorbing halide
perovskite materials, amongst which include; long-range charge diffusion lengths, high absorption coefficient, low
exciton binding energies, tunable band gaps, and high charge carrier mobilities [5], [6], [7], [8], [9]. As light absorbers in
PSCs, hybrid organic—inorganic halide absorbing materials which include the methylammonium lead triiodide (MAPbI3)
and formamidinium lead triiodide (FAPbI3) has been at the forefront of research in the photovoltaic horizon. One of the
challenges that limited its commercialization and effective utilization is the presence of lead (Pb), which is toxic in
nature [6], [10], [11]. Under these situations, the European Union and other nations have placed great restrictions on the
use of Pb-containing materials in electronic devices, which has triggered interest in Pb-free PSCs [12], [13].

In overcoming the challenge of high toxicity, researchers have devoted enormous efforts to replacing lead with eco-
friendly materials such as tin (Sn), Bismuth (Bi), and Germanium (Ge) [14]. Amongst the listed eco-friendly perovskite
crystals, Sn-based perovskite is receiving the greatest attention.

Due to the low toxicity and exceptional theoretical PCE, tin halide-based perovskites have gained a lot of attention in
the development of PSCs [15]. Sn is considered one of the most practical substitutes for Pb in the perovskite configurations
as a replacement of the toxic Pb?" ions with Sn*" creating no distortion in the perovskite structure owing to the similarity
between the outer shell of Pb and Sn [15], [16]. In this category are the methylammonium tin triiodide (MASnl3), cesium tin
triiodide (CsSnls), and formamidine tin iodide (FASnl3). However, the MASnl; perovskite is achieving good efficiency and
is the closest candidate among the other Pb-free based absorbers due to (i) its direct bandgap of 1.30 eV which has an ideal
bandgap close to those postulated by the Shockley-Queisser limit [17] and (ii) highest light absorption properties and high
optical behavior to be used in optoelectronic devices [18], hence it was utilized in our present study.

Cite as: M.I. Amanyi, A.S. Yusuf, E. Akpoguma, S.O. Eghaghe, J. Eneye, R.M. Agaku, L.C. Echebiri, E.U. Echebiri, E.O Ameh, C.I. Eririogu,
N.N. Tasie, A.C. Ozurumba, E. Danladi, East Eur. J. Phys. 3, 447 (2024), https://doi.org/10.26565/2312-4334-2024-3-54

© M.I. Amanyi, A.S. Yusuf, E. Akpoguma, S.O. Eghaghe, J. Eneye, R.M. Agaku, L.C. Echebiri, E.U. Echebiri, E.O Ameh, C.I. Eririogu, N.N. Tasie,
A.C. Ozurumba, E. Danladi, 2024; CC BY 4.0 license


https://doi.org/10.26565/2312-4334-2024-3-54
https://periodicals.karazin.ua/eejp/index
https://portal.issn.org/resource/issn/2312-4334
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0001-5109-4690
https://orcid.org/0000-0001-8181-9728
https://orcid.org/0000-0001-8398-2596
https://orcid.org/0009-0003-2269-7742
https://orcid.org/0000-0001-5109-4690

448
EEJP. 3 (2024) Matthew 1. Amanyi, et al.

The conventional PSC configuration is made up of two charge transport layers, an electron transport layer (ETL), a
hole transport layer (HTL), and a perovskite absorption layer. The ETL plays a crucial role by conveying photogenerated
electrons and blocking holes. Some examples of commonly used ETL are TiO,, SnO,, Nb,Os, Al,O3, PCBM, C60, WOx,
ZnO0, 1,03, BaTiOs3, and PbTiOs [19], [20]. The HTL plays a crucial role by conveying photogenerated holes and blocking
electrons. Polymeric HTLs and inorganic or organic small molecules can be categorized into several groups depending
on their chemical composition, according to established categorization methods [21]. Among these types of HTLs,
CuSbS,, NiO, P3HT, Cu,O, CuSCN, PEDOT: PSS, Cul, CuO, NiO, and SpiroMeOTAD are commonly used in several
studies [19], [20], [21]. Due to the wide band gap, better energy level, and environmental stability, TiO> is one of the
highly utilized ETLs [22]. Also, the suitable band gap, good stability, and desirable band bending make TiO» one of the
best ETLs to be used with the MASnl; perovskite absorber material, hence it was utilized in our study.

In this study, an eco-friendly PSC based on MASnI; was modeled and simulated using SCAPS-1D software with
TiO; as an efficient electron transport layer. We thoroughly explored the effect of different layer parameters including
ETL thickness and absorber thickness to obtain an optimized PSC device. We subsequently investigated the thermal effect
on the optimized device. These parameters help to identify the best solar cell characteristics and significantly increase
power conversion efficiency. These findings now open up a fruitful research opportunity for developing and
manufacturing low-cost, highly efficient, lead-free perovskite solar cells.

2. METHODOLOGY AND SIMULATION

In this study, the Solar Cell Capacitance Simulator (SCAPS-1D) software was utilized to carry out the investigation
[23]. Several simulation software have been used in the study of PSC. Amongst these include; SILVACO ATLAS, AMPS,
COMSOL, and SCAPS [16], [24], [25], [26]. The SCAPS-1D is advantaged over other tools listed above, which include
its ability to simulate up to seven different layers without routine measurements. It can allow the calculations of many
parameters such as spectral response, energy bands, ac characteristics, J—V curve, Q-E curve, and defect density, by
simply resolving the basic equations of semiconductor [22].

Equation 1 [22] illustrates the relationship between charges to electrostatic potential.

reae) = o [P(0) = n() + Np = Ny + pp = pul, )

where 1 is the electrostatic potential, n(x) and p(x) are densities of electrons and holes, €, is the relative permittivity,
&€y 1s the permittivity of free space, the donor and accepted impurities are denoted as N, and Ny, pp and p,,, are the
distributions of holes and electrons, q is the charge.

Equations (2) and (3) show how the density gradients, current densities, and net generation of electrons and holes
are conserved [27].
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where G is the generation, R is the recombination, J,, is the electron density, J, is the density of holes.

The total currents, J,, and ], resulted by the drift and diffusion of charge carriers which can be used to obtain the
current densities of the solar cells.

In the present study, the HTL is considered as the p-type layer, the ETL as the n-type of the MASnl3-based perovskite,
the transparent oxide here is represented as fluorine-doped tin oxide (FTO), and gold (Au) as the back metal contact
(BMC) for the device.

To have a successful simulation in this work, the layer’s parameters were chosen carefully from experimental results
and other theoretical research in the literature. The details for each layer are summarized in Table 1 [15], [16], [22].

Table 1. Parameters used for simulation of perovskite solar cell structures using SCAPS-1D

Parameters FTO ETL Absorber HTL
Thickness (um) 0.4 0.05 0.40 0.15
Eg(eV) 3.5 32 1.30 2.17

x (eV) 4.0 42 4.20 32

€ 9 10.0 8.2 7.11

Nc (em™) 2.2x10!8 2.2x10'8 1.0x10"8 2.2x10'8
Nv (cm™) 1.8x10% 2.2x10'8 1.0x10'8 2.2x10'8
tn (cm? V71s7h 20 20 1.6 80

pp (cm? V71 s7h) 10 10 1.6 80

Nb (cm™3) 1x10'3 1x10"7 0 0

Na (cm™3) 0 0 3.2x1013 1.0x10'8

Ni (cm ) 1x10'3 1x10'3 4.5x1016 1.0x10'5
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Additionally, Table 2 provides the interface defect properties of the input parameters. The work function (Wr) of
front and back contacts are 4.40 eV and 5.10 eV. The scanning voltage is taken from 0-1.6 V, and the temperature during
the simulation was set at 300 K. The simulation evaluation is completed under 100 mW/cm? light intensity. The thermal
velocities of the hole and electron is 107 cms™!. During the optimization process, the parameters of FTO, MASnl;, and
HTL are kept constant and the thickness of ETL is varied from 0.01 to 0.1 um to get the optimum performance parameters.
Also, for MASnI;, the parameters of FTO, ETL, and HTL were kept constant while varying MASnl; thickness from 0.1 to
1.0 um to get the optimum performance parameter. For the optimized temperature, the parameters of the optimized device
were kept constant while the temperature was varied from 290 to 360 K to get the optimum metric parameters.
The simulated device and energy profile are shown in Figure 1.

Table 2. Parameters of interface layer

TiO2/CH3NH3Snl3 CH:3NH;3Snl:/Cu20
Parameters . .

interface interface
Defect type Neutral Neutral
Capture cross section for electrons (cm?) 1x10°15 1x10°15
Capture cross section for holes (cm?) 1x10°15 1x10°15
Energetic distribution Single Single
Energy level with respect to Ev (eV) 0.600 0.600
Characteristic energy (eV) 0.1 0.1
Total density (cm™) 1x1010 1x10°1°

(a) (b) 3.2

-4.0

A
A

AM 1.5 G (1000 W/m?) -7.5

Figure 1. (a) Device Structure and (b) Energy Band Profile

3. RESULTS AND DISCUSSION
3.1. Analysis of initial device
With the parameters available in Tables 1 and 2, the results of current-voltage, quantum efficiency, and power density
were obtained as shown in Figure 2a-c.
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Figure 2. (a) J-V curve of PSC in the light and dark conditions, (b) QE with respect to wavelength, and (c) P-V curve

Table 3 shows the photovoltaic characteristics of the MASnI; cell, which include; open circuit voltage (V.), short
circuit current (Js), fill factor (FF), and power conversion efficiency (PCE). To verify our theoretical assertion, the
results were compared with other findings [15], [28], [29]. Our results show a PCE of 15.315%, FF of 64.580%, Vo
0f0.813 V, and a Jy of 29.152 mA/cm?. The agreement with other studies shows that the device simulation is valid
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and the input parameters are close to established real devices. In the dark condition, the device acts as a diode as
depicted in Figure 2a. The depletion layer spreads, the internal electric field expands, and the electrons' electric
potential energy rises when a bias voltage is given to the Schottky barrier [22]. Figure 2b shows the QE vs. wavelength.
As can be seen, the QE rises with an increase in wavelength from 45% at 300 nm to 95% at 350 nm. The QE covers
the entire visible spectrum and reaches a broad absorption maximum before it starts declining to 900 nm. This agrees
with similar studies [15], [16], [30]. The sweeping at the visible and near-infrared region is significantly beneficial to
the absorption of light at various wavelengths. The power density is shown in Figure 2¢ with a maximum power density
of 15.315 mW/cm?.

Table 3. Electrical parameters with varied absorber thickness

Thickness (um) PCE (%) FF (%) Jsc (mA/cm?) Voc (V)
0.1 10.774 74.706 17.353 0.831
0.2 14.064 70.615 24.348 0.818
0.3 15.090 67.032 27.656 0.814
0.4 15.315 64.580 29.152 0.813
0.5 15.321 63.284 29.763 0.813
0.6 15.306 62.849 29.942 0.813
0.7 15.296 62.760 29.965 0.813
0.8 15.288 62.730 29.963 0.813
0.9 15.280 62.702 29.961 0.813
1.0 15.272 62.673 29.960 0.813

3.2. Optimization of absorber layer thickness

The absorbing material in perovskite solar cells is significantly responsible for all photovoltaic processes, which
include the generation, recombination, and transportation of charge carriers, hence often called the heart of the solar
cell. Numerous studies have shown that the quality of the perovskite layer greatly influences the lifetime and diffusion
length of photo-generated carriers, which in turn affect the overall performance of the solar cell [31], [32]. To improve
the solar cell performance, the optimization of the absorber layer is highly indispensable. If the absorber layer thickness
is greater than the diffusion length, then the generated charge carriers will recombine at the layer, and the series
resistance of the solar cell will increase as a result, the charge carriers cannot reach the electrode [32]. When the
thickness is too thin, a low absorption rate is observed which results in reduced photocurrent value. Therefore, getting
the optimized thickness of the absorber layer is crucial for high-performing PSCs [33]. In this study, absorber thickness
was varied from 0.1 to 1.0 um, at an interval of 0.1 pm to obtain the optimized value. The results are presented in
Figures 3 and 4. Fig. 3a shows the J-V curve at different thicknesses and Fig. 3b presents the QE at different thicknesses.
From the result, the PCE increases with increasing absorber layer thickness until the thickness achieves a value of
0.5 pum. The initial increase in PCE is attributed to increase in electron-hole pair generation rate inside the
absorber layer [32].
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Figure 3. (a) /~V curve of PSC with different absorber thickness and (b) QE with respect to wavelength of different absorber thickness

When the thickness goes beyond 0.5 um, the PCE values decline which makes the choice of the optimal thickness
to be 0.5 um which corresponds to the photovoltaic properties of PCE=15.321%, FF=63.284%, J;c=29.763 mA/cm? and
Voc=0.813 V. The decrease in PCE when the thickness exceeds 0.5 um is attributed to increase in recombination rate of
charge carrier [15]. It can be seen that the V. decreases when the thickness of the absorbing layers increases from 0.1 to
0.3 pum, thereafter, it maintains a constant value which is the point of saturation. The FF decreases with an increase in the
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absorber thickness (see Table 3). The decrease in FF is attributed to the increase in series resistance [32]. The relationship
between absorber layer thickness with the photovoltaic parameters (PCE, FF, Js, and V) is depicted in Figure 4a-d.
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Figure 4. (a) variation of PCE with absorber thickness, (b) variation of FF with absorber thickness, (c) variation of
Jsc with absorber thickness, and (d) variation of V. with absorber thickness

3.3. Optimization of ETL layer thickness
The performance of PSC is highly impacted by the thickness of the ETL. Crucially, the choice of proper ETL plays
a great role in the design and implementation of high-performing PSC as the band alignment between the absorber and
ETL layer is an important factor for improved PSCs [15], [34]. Fig. 5a shows the J-V curve with varied ETL thickness
while Fig. 5b shows the QE characteristics with varied ETL thickness.
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Figure 5. (continued on the next page). (a) J-V curve of PSC with different ETL thickness, (b) QE with respect to wavelength with
different ETL thickness, (c) variation of PCE and FF with ETL thickness, and (d) variation of Jsc and Voc with absorber thickness

The variation of performance parameters which include the PCE, FF, Ji and V,. with thicknesses of the ETL is
shown in Figures 5¢ & d. As shown in Table 5, the PCE decreases gently from 15.399 to 15.302% as the thickness rose
from 0.02 to 0.20 um. The increase in ETL thickness decreases the Ji. of the PSCs by correspondingly increasing photon
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absorption and resistance of the cell (see Figure 5b). The increase in QE with increasing photon energies can be seen to
arise from the absorption coefficient within the regions and the consequence of increased density of localized states in the
gap itself due to the rise in new defect states [35]. The increase in ETL thickness results in partial absorption of light,
which slows down the pace of charge formation and collection and prevents enough light from reaching the absorber as
a result leading to a decrease in transmittance and reduced performance [5]. The optimized ETL thickness was found to
be 0.02 um which gave PCE, FF, Ji, and V.. values of 15.399%, 64.830%, 29.186 mA/cm? and 0.814 V.
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Figure 5. (continuation). (a) J/~V curve of PSC with different ETL thickness, (b) QE with respect to wavelength with different
ETL thickness, (c) variation of PCE and FF with ETL thickness, and (d) variation of Jsc and Voc with absorber thickness

Table 5. Electrical parameters with varied ETL thickness

Thickness (um) PCE (%) FF (%) Jsc (mA/cm?) Voc (V)
0.02 15.399 64.830 29.186 0.814
0.04 15.328 64.618 29.158 0.814
0.06 15.309 64.562 29.149 0.813
0.08 15.304 64.550 29.147 0.813
0.10 15.303 64.548 29.146 0.813
0.12 15.303 64.548 29.145 0.813
0.14 15.303 64.547 29.145 0.813
0.16 15.302 64.547 29.144 0.813
0.18 15.302 64.547 29.144 0.813
0.20 15.302 64.547 29.143 0.813
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3.4. Optimized simulated PSC

Following the PSC simulation, the thickness of the absorber and the thickness of the ETL were optimized. The
results show that the optimized absorber thickness is 0.5 pm and the ETL thickness is 0.02 pm. The J-J" and QE curves
for the optimized and unoptimized devices are shown in Figure 6a & b.
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Figure 6. (a) J/~V of the optimized (black) and unoptimized (red) and (b) QE curves of the optimized (black) and unoptimized (red)

The final optimized PSC gave a turnover PCE of 15.411%, FF of 63.525%, Js. of 29.812 mA/cm?, and V. of 0.814
V. By enhancing the film quality of the absorber and ETL, a satisfactory electron density can be attained. The quantum
efficiency also shows stronger absorption in the visible region and near IR region for the optimized device.
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3.5. Effect of Temperature on the optimized PSC device
Temperature is one of the crucial factors that influence the performance of solar cells. It is very important to carefully
look at the optimal solar cell’s performance in relation to operating temperature. Figure 7a shows the J-V curve with
temperature variation (from 280-360 K), while Figure 7b & c illustrate the PCE & FF and Js. & Voo with temperature
dependence. When the temperature was raised from 280 to 360 K, the PCE, J;., and V;. declined steadily. Practically, a
rise in temperature leads to the recombination of carriers, but it also causes a significant increase in FF partly due to higher
phonon motions and collisions (see Table 6).
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Figure 7. (a) J-V with varied temperature under illumination, (b) PCE and FF with respect to varied temperature, and (c) Jsc and
Voe with respect to varied temperature

Table 6. Electrical parameters based on varied Temperature

Temperature (K) PCE (%) FF (%) Jsc (mA/cm?) Voe (V)
280 15.830 62.301 29.824 0.852
290 15.633 62.923 29.820 0.833
300 15411 63.525 29.812 0.814
310 14.140 63.990 29.799 0.794
320 14.814 64.267 29.782 0.774
330 14.464 64.484 29.757 0.754
340 14.061 64.491 29.726 0.733
350 13.619 64.329 29.690 0.713
360 13.147 64.034 29.648 0.693

The FF experienced a decrease after 350 K. The drop in FF may be attributed to lower stability, higher recombination
rate, and longer lifetimes associated with carriers in the absorber [22]. The V. decrease is attributed to lattice expansion
and interatomic bond attenuation brought on by higher temperatures [36]. Also, the rise in saturation current is the reason
for the decrease in PCE, which also results in an increase in recombination rate [37]. At greater temperatures, defects or
trap states, for example, may become active non-radiative recombination centers [22]. These centers provide carriers with
an additional path for recombination without emitting photons, which increases the overall recombination rate and may
lessen the contribution from radiative recombination.

4. CONCLUSIONS
In this research, the one-dimensional solar cell capacitance simulator (SCAPS-1D) software was utilized to perform
a numerical simulation on a lead-free MASnI3-based perovskite solar cell. The device structure is composed of TiO; as
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ETL, MASnhI; as absorbing material, and Cu,O as HTL in a configuration FTO/TiO2,/MASnI3/Cu,O/Au. The simulation
of the initial device gave a turnover output of 15.315%, 64.580%, 29.152 mA/cm? and 0.813 V for PCE, FF, Js, and V.
The effect of absorber and ETL thicknesses were explored to obtain optimized values of 0.5 and 0.02 pum, resulting in
PCE of 15.411%, FF of 63.525%, Js. of 29.812 mA/cm?, and Vo, of 0.814 V. The effect of temperature was studied by
varying the temperature from 280-360 K. The device’s efficiency decreases with increasing temperature which can be
attributed to the rise in saturation current leading to an increase in recombination rate. The results obtained are somewhat
encouraging and have paved the path for developing cost-effective, eco-friendly, and comparable state-of-the-art, high-
efficiency perovskite solar cells.
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IepoBckitHi constuni 6arapei (PSC) mpuBepHy/u BelUKy yBary 3aBIsKH CBOIH BHCOKiH e()eKTUBHOCTI Ta HU3bKIiH BaprocTi. Y wiit
JIOCTITHULBKIA poOOTI COHAYHUI eleMEeHT Ha OCHOBI Homuay metwiamoHito omoBa (CH3NH3Snl3) monemoBaBcs 3a 10moMororo
THCTPYMEHTY MOJENIIOBaHHS OJHOBUMIpHOI eMHOCTi coHsuHOoro eiemeHta (SCAPS-1D). Imctpyment SCAPS-1D 3acHoBaHMiA Ha
piBasHHsIX IlyaccoHa Ta HamiBmpoBigHUKIB. Ilicis peTeIbHOrO MOCITIDKEHHS IOYAaTKOBHII HPHCTPil Mae HACTYNHI HapaMeTpu;
Edexrusnicts neperBopennst notyxsocti (PCE)=15,315%, xoedimient 3amoBHenHs (FF) = 64,580%, miinbHICTE cTpymy
(Jsc) = 29,152 mA/cm? i manpyra xonocroro xoxy (Voc) = 0,813 B. locimkeno BB ToBmuHK abcopbepa ta ETL crcreMaTnyHo.
Ha npogyKTHBHICTE 3MO/IEIEOBAHOTO PUCTPOIO CYyTTEBO BILIMHY/IA ToBIIMHA abcopOepa Ta ETL. OntiMizoBaHa TOBIIMHA MTOIIHHAYA
cranoBuia 0,5 mxm, a toBmmaa ETL cranosmma 0,02 mxM, mo mpusseno go onrtumizoBanoro PCE 15,411%, FF 63,525%,
Jsc 29,812 mA/em? i Voc 0,814 B. Kpim Toro, BIUIMB TEMIIEPATYPH Ha ONTUMi30BaHUI MPUCTPii OyI0 OLIHEHO Ta BUABJIECHO, 110 LE
BIUIMBAa€ HA TPOAYKTUBHICTH mpHUcTporo. Lls momens mokaszye mepcrektuBy CH3NH3Snls sk mepoBckiTHOTo Marepiary uist
BHPOOHNIITBA HETOKCHYHUX €KOJIOTTYHO YHCTUX COHSYHHX €JIEMEHTIB 3 BUCOKOIO €()EKTHBHICTIO.
KurwuoBi ciioBa: neposckimuuii consunuil enemenm; SCAPS-1D; CH3NH3Snls; ¢pomoenexmpuunuii
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In this work, magnesium hafnium sulfide MgHfS;3 perovskite solar cells have been investigated using numerical modelling and simulation.
Perovskite solar cells have received increasing recognition owing to their promising light-harvesting properties. The modelling and
simulation of MgHfS; was successfully carried out using the Solar cell capacitance simulator (SCAPS-1D) software. Consequently, this
study developed a base model structure of FTO/Ti02/MgH{fS3/Cu2O/Au and subsequently explored the effect of varying device layer
properties such as absorber thickness, total and interface defect densities with a view of optimizing these parameters for better device
performance. Simulating the base model gave the performance characteristics of 0.99 V, 25.21 mA/cm?, 57.59%, and 14.36% which are
the open-circuit voltage (Voc), short-circuit current density (Jsc), fill factor (FF) and PCE respectively. The optimal absorber thickness was
found to be 300 nm and the optimum density of defects for both TiO2/Absorber interface and Absorber/Cuz0 interface are respectively
10'% cm™ and 10° cm. The obtained optimized PV parameters are Vo = 1.2629 V, Jsc = 24.44 mA/cm?, FF = 89.46% and PCE = 27.61%.
Also, it was established that increasing the device temperature beyond 300K enhanced the short circuit current while other performance
characteristics gradually declined. The obtained results suggest that chalcogenide MgH{fS3 is a potential absorber material candidate for the
production of cheap and very efficient environment-friendly perovskite solar cells.

Keywords: SCAPS-1D, Perovskites, Optimization, MgHfSs3, Efficiency

PACS: 78.20.Bh; 84.60.Jt; 74.62.Dh; 73.25.+i; 89.30.Cc; 41.20.Cv; 61.43.Bn

1. INTRODUCTION

Perovskite solar cells have emerged as a third-generation solar cell for the replacement of conventional mono and
polycrystalline silicon cells as well as second-generation cells, which have issues relating to high cost of production, low
efficiency and toxicity. Research issues faced today in chemistry and physics surround maximizing efficiency and
reducing energy loss in solar cells to enhance the achieve better performance of solar harvesting materials.

Organic-inorganic lead halide hybrid perovskite solar cells (LHPSC) were introduced as a third-generation device to solve
issues of high fabrication cost, low efficiency and toxicity attributed to first-generation silicon solar cells and second-generation
thin film solar cells and within a very short time, they achieved an exceptional efficiency 0f26.1% [1]. Even though they showed
high efficiency compared to their silicon-based counterparts, LHPSC faces intrinsic instability problems caused by moisture,
heat and other environmental factors. The toxicity of the lead (Pb) in their material structure also poses a problem and this has
restricted their commercialization. Hence, there is a need for the pursuit of substitute materials such as chalcogenide perovskites.

Chalcogenide perovskites (CPs) are good, non-toxic and environmentally friendly photovoltaic (PV) materials
which emerged as a result of the shortcomings of hybrid perovskites. They possess both the good electrical properties of
halides and the good stability of oxides combined. These properties show they can be good absorbers in solar cells. CPs
also follow the regular ABX; formula for perovskites, where A and B respectively represent group II cations and group
IV transition metals, and X for chalcogen anions, originating from the mineral calcium titanate (CaTiOs) [2].

A variety of CP materials like Barium Zirconium Sulphide (BaZrS3) [3], Strontium Zirconium Sulphide (StZrS3),
Calcium Zirconium Sulphide (CaZrS3), Strontium Titanium Sulphide (SrTiS;) and Calcium Strontium Sulphide (CaSnSs)
[4] have been subjected to experimental investigations to ascertain their usefulness for solar cell application. It has also
been investigated that Barium zirconium sulphide (BaZrSs), Strontium zirconium sulphide (SrZrS;), Barium Hafnium
sulphide (BaHfS3), Strontium Hafnium sulphide (SrHfS3), Calcium zirconium sulphide (CaZrSs3) and Calcium Hafnium
sulphide (CaHfS3) CPs have a perovskite-type structure with ideal bandgap for application in Photovoltaics [5], [6], [7],
[8]. Excitonic properties obtained from theoretical research of CPs reveal that their binding energy (Eg) is greater than
that of lead-halide-based perovskites. Also, bandgap and absorption coefficient obtained from Spectroscopic Limited
Maximum Efficiency (SLME) show that CPs is a very promising solar cell absorber [9].

Recently, Balogun et al., with the use of density functional theory (DFT), investigated the optoelectronic properties
of Chalcogenide Magnesium Hafnium Sulfide (MgH{fS;) to determine its bandgap, absorption spectra and material-
dependent non-radiation recombination losses. They obtained the band gap and absorption coefficient as 1.43 eV,
4.9x10% m™! [10]. This study showed that MgH{S;, whose bandgap is almost near the optimum bandgap for single-junction
devices can serve as an efficient absorber material for photovoltaics for which this further study is based.
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Simulation software such as solar cell capacitance simulator (SCAPS-1D) is most times employed in the
exploration of potential single- or multijunction devices to find possible new device structures. It is a one-dimensional
simulator that is implemented in the design of thin film solar cell architectures using several layers of semiconductors.
The SCAPS software which was created for the study of thin films like CIGS and CdTe type solar cells can simulate
solar cell electrical parameters like the current-voltage and quantum efficiency curves among others. Recently, it has
been applied to other thin films like CZTS, Perovskites, crystalline silicon cells, amorphous silicon and bulk
heterostructures. SCAPS-1D has been used by many groups for the construction of the latest device configurations by
using recent absorber materials like Antimony Selenide (Sb,Ses), and Antimony Sulfide (Sb,S3) [11], [12], [13], [14],
CuxXSnS4 (where X means Fe, Mg, Mn, Ni, or Sr) [15], Tungsten Diselenide (WSe,) [16], Tin Sulphide (SnS)[17] and
perovskites materials like (FAPbI3) [18], CsPbls [19], CsPbBrs [20], Cs2Snls [21], Cs2TiBrs [22], CsGels [23]
Cs2AuBiClg [24], and CssCuSb,Cly» [25]. In most of these studies, the results from their simulations are in tandem
with experimental results.

In this research, MgH{S; is used as solar cell absorber and it is systematically optimized with the aid of SCAPS
simulator. Initially, a planar n-i-p CP device structure (FTO/TiO»/MgHfS3;/Cu,O/Au) is constructed without
considering the impact of parasitic resistances. Thereafter, a methodical study of the device operation is done while
varying the CP absorber layer thickness, total (N) and interfacial (ETL/Absorber and Absorber /HTL) defect densities.
We further explored the influence of parasitic resistances; Series resistance (Rs), Shunt resistance (Rqn), and working
temperature over the final optimized device to assess the performance of prospective Chalcogenide Perovskite
solar devices.

2. DEVICE STRUCTURE AND SIMULATION METHODOLOGY
In this work, a one-dimensional n-i-p planar heterojunction perovskite device architecture
(FTO/TiO2/MgH{S3/Cu,O/Au) is simulated using the SCAPS-1D (version 3.3.10) software which is a one-dimensional
simulation software developed by the Department of Electronics and Information systems, Ghent, Belgium, that computes
energy bands, concentrations, J-V characteristics, ac characteristics and spectral response using the basic semiconductor
equations comprising of Poisson’s (1) and Continuity equations for holes (2) and electrons (3) as shown below [26].

L6002 = qlp(x) — n(x) + np () = 7 () + pe(x) = ne ()] ()
S R -6 =0 )
— S Ry() — () =0 G)

Where ¢ is the permittivity, q is the electron charge, 1 is the electrostatic potential, n and p are both electron and
hole concentrations, n, is the trapped electron, p, is trapped hole, n}, is the ionized donor-like doping and ny is the ionized
acceptor-like doping concentration, R, (x), Ry, (x) are electron and hole recombination rates, G (x) is the generation rate,
Jn and ], are the electron and hole current density. The SCAPS software comes in handy since it can sometimes be risky,
time and resource-consuming to design and fabricate a solar cell without numerically simulating it first. Simulation
therefore minimizes risk and time and also analyses the cell layers for proper optimization.

In this simulation, the absorber layer material used was

Magnesium Hafnium Sulfide (MgHfS3) with a bandgap of

Electrodes 1.43 eV. Titanium Dioxide (TiO,) and Cuprous Oxide

(Cuy0) were used as the electron transport layer (ETL), and

as Hole Transport Layer (HTL) respectively. The proposed

architecture is shown in Fig. 1 and each simulation was

performed using a solar spectrum of one sun AM 1.5 G and
300K working temperature.

Input parameters for all the layers, such as material
bandgap, electron and hole mobilities, electron affinity,
‘ ‘ ‘ ‘ ‘ ETL/Absorber and Absorber/HTL interface defect densities
Sun rays and other input parameters listed in Table 1 and Table 2
respectively are adopted from results of previously
published theoretical and experimental work [6], [7], [10],
[18], [27], [28], [29]. The optical absorption coefficients of
the three layers were obtained by using the square root sub-model of the SCAPS traditional optical model. Also, the
thermal velocity of the electron and hole values are inputted as 1x107 cm s™!, and the front and back contacts (FTO and
Au) work functions are respectively taken as 4.4 eV and 5.1 eV. The influence of parasitic resistances; Series resistance
(Rs) and Shunt resistance (Rq), and working temperature over the final optimized device was explored further to
investigate the behaviour of prospective Chalcogenide Perovskite-based single-junction devices.

Figure 1. The schematic of n-i-p chalcogenide perovskite
solar cell
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Table 1. Basic device model layer input values

PARAMETERS FTO (TCO) [30] __ TiO:2(ETL)[27] __ MgHfSs (Absorber) [6], [7], [10] _CuzO (HTL) [28]
Thickness (nm) 500 30 500 100
Bandgap (eV) 35 3.2 1.43 2.17
Affinity 4 3.9 4.1 3.2
Permittivity 9 9 9.6 7.11
Effective density of states

at conduction band 22x 10" 22x 10" 22x 10" 2.02 x 10"7
Effective density of states

at valence band 1.8x 10" 1.8x 10" 1.8x 10" 1.1x 10"
Electrons mobility 20 20 0.017 200

Holes mobility 10 10 0.059 80

Density of n-type doping 1.0 x 108 1.0x 10" 1.0x 1012 0

Density of p-type doping 0 1 1.0x 1012 1.0x 108
Defect density 1.0 x 10" 1.0 x 10" 1.0 x 10" 1.0 x 10"

Table 2. ETL/Absorber and Absorber/HTL interfacial defects values used in the simulated model

PARAMETERS ETL/Absorber Absorber/HTL
Defect type neutral Neutral

Capture cross-section e™'s (cm?) 1.0 x 10°13 1.0x 1018

Capture cross-section h*'s (cm?) 1.0 x 10°13 1.0x 10716

Energetic distribution Single Single

Reference for defect energy level (Er) Above the highest Ev Above the highest Ev
Energy with respect to reference (¢V) 0.6 0.05

Total defect (cm?) 1.0 x 10! 1.0x 10"

3. RESULTS AND DISCUSSION

Generally, the absorption coefficient(a) of PV mater:

ial can help determine how the device performs. Fig. 2. shows

the SCAPS software-generated absorption coefficient of the three layers (ETL, CP absorber, and HTL layers) as a

variation of the energy function.
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Figure 2. Plot showing the absorption coefficients of
Absorber, ETL and HTL layers.
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We observed for the absorber, high band-edge values,
which confirms the strong light absorption mentioned in
previously published theoretical results [10].

The simulation of the basic model device architecture
FTO (500 nm)/TiO, (30 nm)/MgHfS; (500 nm)/Cu,O (100
nm)/Au shown in Fig. 1 was carried out using the SCAPS
simulator. The resulting current-voltage characteristics (J-V)
graph is shown in Fig. 3a, wherein the major PV parameters
like the open-circuit voltage (V,.), short-circuit current density
(Jso), fill factor (FF) and PCE are 0.99 V, 25.21 mA/cm?,
57.59%, 14.36% respectively. The plotted quantum efficiency
(QE) graph for the device is displayed in Fig. 3b, where it is
observed that the QE enlarged rapidly to the apex of 92% at
360 nm and then decreased to zero at 860 nm. Hence, the
optical absorption edge is at 860 nm. Consequently, the QE
curve completely covers the entire visible spectrum.
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Figure 3. Characteristic J-V curve (a) and QE curve (b) of the Chalcogenide perovskite device.
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3.1 Effect of variation of thickness of Absorber layer

The absorber layer thickness is a key simulation parameter since it plays an important part in the device's operation.
The absorber layer must be optimized to absorb a maximum number of photons which in turn leads to the required
electron-hole pair generation. Reducing the thickness results in a very close depletion layer resulting in an increment in
the recombination rate and consequently decreasing the Power Conversion Efficiency (PCE)[31].

Consequently, the absorber thickness was tuned from 100nm to 600nm, keeping all other parameters constant. Its effect
on the device efficiency was studied to establish the optimal absorber layer thickness. It was observed that the device’s PCE
significantly increased from 11.93% to 16.13% while increasing the absorber thickness from 100 nm to 300 nm and then
started decreasing as shown in Figure 4. This can be attributed to the absorber layer thickness greater than the optimal limit,
and the charge carrier diffusion length, which results in the creation of higher recombination within the layer. The results
denote an optimal thickness of 300nm with a corresponding maximum PCE of 16.13% and a fill factor of 68.58%.
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Voo, Jse and PCE reduced significantly as the defect density exceeds 10'° cm. The reduction in defect density is because
of the trap-assisted form of recombination occurring at this interface [38]. No significant contribution was noted beyond
10'° cm3, which signifies that a threshold has been reached to ensure optimal device performance.
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Figure 6. Variation of device PV parameters with defect density at (a) TiO2/Absorber (b) Absorber/Cuz0 interface

The defect density for the Absorber/Cu,O interface was gradually tuned from 10° cm™ to 10'> em™ while keeping
the other parameters constant as shown in Fig. 6(b). Consequently, the PCE was drastically altered from 27.61% to
20.24% as the defect density goes beyond 10° cm™ whilst the J reduced drastically with the defect density exceeding
10" ¢cm. It was observed that the Absorber/Cu,O interface has more impact compared to the TiO,/Absorber interface
[39], [40], which may be connected to higher carrier recombination because of the large defect density at the
Absorber/Cu,0 interface. Since no crucial changes were observed in the device below the defect density of 10° cm?, the
simulated device was considered to be in its optimal performance. It is therefore clear that the increments in the interfacial
defect densities particularly influence the Vo, and FF instead of the J, for both TiO»/Absorber and Absorber/Cu,O
interfaces, which consequently reduces the performance of the device because of more traps and recombination zones.
Therefore, the optimum density of defects for both TiO,/Absorber interface and Absorber/Cu,O interface are respectively
10'% cm and 10° cm?. Hence, the PCE significantly deteriorates beyond these limits.

The optimized basic device layers input parameters, like the absorber thickness and defect density (), and
TiO,/Absorber and Absorber/Cu,O interfacial defect densities are then incorporated into the device and simulated using
these optimum values. Also, the thickness, within the ranges of 30nm to 100nm for the ETL layer and 100nm to 150nm
for the HTL layer were tuned respectively to enhance the PV parameters. It was observed that there was no significant
contribution of the ETL and HTL layer thicknesses, to the device performance. Therefore, the thicknesses of both ETL
and HTL were maintained throughout the simulation. The resulting current-voltage (J-V) characteristics and quantum
efficiency of the optimized device is shown in Fig. 7(a) and 7(b) respectively. The obtained optimized PV parameters are
Voo = 1.2629 V, Jic = 24.44 mA/cm?, FF = 89.46% and PCE = 27.61%.
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It was however observed that the device performance is enhanced greatly in comparison with the base simulation
values. Consequently, the PCE improved from 14.36 % to 27.61 %. The obtained QE graph shown in Fig. 7(b) indicates
a major upgrade in the QE compared to the initial simulation values as depicted in Fig. 3(b) and Fig. 7(b). These results
of the optimized device depict that the absorber thickness, defect density and Interfacial defect densities play an important
part in PV performance enhancement.
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Figure 7. J-V curve (a) and QE curve (b) of optimum CP device.

3.4 Influence of Parasitic Resistances on Device Operation
In actual solar cells, series (Rs) and shunt (Rq) resistances are the main loss mechanisms affecting the performance
of the system [18] and they can give a clear impression of how the solar cell operates. Generally, low Ry and higher Rg,
are associated with high device efficiency. R emanates mainly from the reaction of migrated ions from the perovskites
layer to the metal contacts thereby restricting charge transfer and resulting in low V. [41], [42]. Ry is a result of pinholes
in the layers or leakage currents caused by manufacturing defects, which in ideal devices cannot be avoided completely
but should be kept near the ideal case.
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Figure 8. Plots showing the relationship of PV parameters with parasitic resistances, (a) Rs and (b) R«

In this section, the Ry were varied from 1 Qcm? to 10 Qcm? and Ry, from 1000 Qcm? to 10000 Qcm?, to better
understand how they influence the operation of the optimized device. The resulting graph illustrating the influence of Rsand
R on the PV parameters is depicted in Fig. 8(a) and (b) respectively. The results indicated that a slight rise in Ry strongly
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reduces both the FF and PCE from 82.64 % to 69.25 % and 25.76 % to 21.15 % respectively, as depicted in Fig. 8(a). Also,
as illustrated in Fig. 8(b), the FF, Jsc, V. and PCE rapidly increase with an increment in Ry, with PCE enhancing from
25.76 % to 26.91 %. Therefore, the device performance is improved for higher Ry, values. In a real device, solvents and
additives are used to enhance morphology behaviour, and passivation substances that perfectly bar shunt pathways are
deployed to increase or maintain the Ry, value for the effective performance of the device [43], [44], [45], [46].

3.5 Effect of working temperature
Since working temperature has as a significant effect on the operations of the solar cell, temperature values were
varied from 300K to 400K under 1 sun constant illumination, while keeping all other simulation input parameters constant.
The resulting plot showing the device’s PV parameters with different working temperatures is shown in Fig. 9. wherein
it was observed that a significant decrease in all PV parameters, except Js., when the temperature was increased.
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Figure 9. Plot showing the variation of PV parameters with different working temperatures

The V, behaviour and its temperature dependence can be described by the relation [35], [47].

d v, Eq/q
o) =26 === “
Equation (4) shows that an increase in temperature is associated with V. decrement, which in turn increases the reverse
saturation current and a clear decrease in the PCE of the device. The temperature increase may cause some vibrations as
a result of thermal excitations, resulting in the recombination of charge carriers [48].

4. CONCLUSION

In this study, we investigated chalcogenide MgHfS; as an absorber material for solar cells. Consequently, a n-i-p
solar cell structure with MgHfS; perovskite as an absorber layer was systematically modelled and simulated using
SCAPS-1D. It was noted that the overall PCE of the PV device baseline model improved from 14.36% to 26.91% through
the systematic optimization of the absorber layer thickness, optimum total and interfacial defect densities. The impact on
the device performance by parasitic resistances and working temperature was also investigated. There was a reduction in
device performance with the introduction of series resistance and increasing working temperature, which provided some
ideas on the performance of the device. Our result identifies chalcogenide MgH{fS; as a potential material for the
fabrication of cheap but very effective perovskite solar cells. Also, these findings can be helpful for further studies on
single-junction chalcogenide perovskite devices.
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ONTUMIBALISI COHAYHUX EJTEMEHTIB HA OCHOBI XAJIBKOT'EHIZY IEPOBCKHUTY MgHfS3
3 BUKOPUCTAHHSIM SCAPS-1D
A6ayaaii M. @eiika?, Mytey A. Osonage?, Aneinka JI. AneBoin®*
“Qaxynemem Qizuxu, Koneoo Oypa-bei, Ynisepcumem Coecppa-Jleone, @pimayn, Cocppa-Jleone
bKageopa gizuxu, Daxyrvmem npupoonuuux nayx, Yuieepcumem Jlazocy, Axoxa, Jlazoc, Hizepis
“Biooin ¢izuxu, Incmumym oucmanyitinozo nasuanns, Yuieepcumem Jlazocy, Hicepis

VY miif poboti mepoBcKiTHI coHsuHI Gartapei MarHiro-radHito cymsdimy MgHfS3 Oymm mocmimkeHi 3a JOIMOMOTOI0 YHCEIHHOTO
MOJICITIOBAaHHA Ta MOJetoBaHHA. [IepoBCKiTOBI COHSAUHI OaTapei oTpuManyu Bee Oinbllie BU3HAHHS 3aBISKH iXHIM 0aratoo0insoanm
BIIACTUBOCTSM 300py cBiTia. MogaemoBanHs MgHfS3 Oyno ycmimHO mpoBeneHO 3a AONOMOrOK HpPOrpaMHOro 3abe3neueHHs
MOJIeTIOBaHHs e€MHOcTi coHsuHux Oarapeit (SCAPS-1D). B  jmocmipkeHHs po3poOiieHO CTPYKTypy 0a3oBoi  momeni
FTO/TiO2/MgHfS3/Cu20/Au i 1ociipKkeHo BIUIMB 3MIHHHMX BIACTHBOCTEH 11apy IPUCTPOIO, TAKHUX SIK TOBIIMHA IOTIMHAYA, 3arajibHa
LIJIBHICTE e(eKTIB 1 MIUIBHICTh Ae(EeKTIB Ha MEXi PO3Midy, 3 METOI ONTHMIi3alii UX MapaMeTpiB JyIsl Kpamoi IpOAyKTHBHOCTI
npucrtporo. Cumysuis 6a3080i Mozeni nana po6odi xapakrepuctuku 0,99 B, 25,21 MA/cm?, 57,59% i 14,36%, sxi € Hanpyroro
xoJtoctoro xoxy (Voc), minbHICTIO cTpyMy KopoTkoro 3aMukanHs (Jsc), koedimienrom 3anosHeHHs (FF) i PCE Bignosigno. Byio
BCTAHOBJICHO, 1[0 ONTHMAaJbHa TOBILIMHA IOTNIMHA4Ya CTaHOBUTH 300 HM, a ONTHMAaJbHA IIUIBHICTH NE(EKTIB K IS MEXi HOILTY
TiO2/mornunay, Tak i 11 Mexi normuaga/Cu20 cranoBuTh Bignosinao 1010 cM i 109 cm. OTpuMaHi ONTUMi30BaHi MapaMeTPH
PV cranosnare Voc = 1,2629 B, Jsc = 24,44 mA/cm?, FF = 89,46% i PCE = 27,61%. Kpim T0r0, 6yJI0 BCTAHOBJIEHO, LIO ITiABUILEHHS
Temrneparypu npuctporo noxan 300 K mocuioe cTpyM KOPOTKOrO 3aMHUKaHHS, TOMI SIK iHINI XapaKTEPUCTHUKH MPOLYKTHBHOCTI
MIOCTYIIOBO 3HIKYIOTECSL. OTpUMaHi pe3yJIbTaTH CBiAYaTh PO Te, Mo XanbkoreHix MgHfS; € moTeHIiHIM KaHANIATOM Ha MOTIIMHAY
JUISL BUPOOHHUIITBA JICIIEBHX 1 JTy)Ke eEKTHBHUX €KOJIOTIYHO YHUCTHX NEPOBCKITHUX COHSYHUX €IEMEHTIB.

Katouosi cnoBa: SCAPS-1D; neposckimu, onmumizayis, MgHfS3; eppexmuenicmo
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An approximate analytical solution of a problem concerning the radiation of electromagnetic waves by regular and biconical dipoles
with constant and variable complex distributed surface impedance and arbitrary excitation is derived. Solution correctness is confirmed
by satisfactory agreement of experimental and numerical results from well-known literary sources. Numerical results are given for the
input characteristics and radiation fields of the dipoles in the cases of its symmetric and asymmetric excitation by a point source.
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Currently, a variety of single-frequency and multi-frequency antenna structures are used in mobile and stationary
communication systems [1-3]. These can be antennas protruding beyond the body of an electronic device [4-10], patch
antennas directly integrated into communication devices, for example, [11-21] and references therein. To create multi-
band (multi-channel) antennas, researchers have repeatedly proposed the use of dipoles with an asymmetric excitation
point [7, 9, 22-28]. But in many cases, designers take the path of combining several antenna structures operating at
different frequencies into one system. This choice significantly complicates the design of the antenna element and is an
undesirable factor on the path to its miniaturization. In order to reduce the weight and size parameters of the antenna
structure, it was also proposed to change the radius of the cross section of the dipole along its length according to a certain
law, for example, linear (biconical dipole) [29—42]. However, these publications are devoted to calculating the
characteristics of ideally conducting dipoles excited at the geometric center by a concentrated electromotive force (EMF)
(symmetrical dipoles). In [42], it is proposed, for example, to create a three-frequency structure to use three different-
sized symmetrical biconical dipoles, made of pure gold.

In [43], using a generalized method of induced EMF, the authors obtained an approximate analytical solution to the
problem of current distribution in an asymmetric biconical dipole with a distributed surface impedance and arbitrary
excitation. A characteristic property of such antenna design is the possibility of resonant tuning to selected frequencies
depending on the geometric and electrophysical parameters of the dipole. Analysis of the input characteristics of the
proposed dipole antenna showed the possibility of practical application of this antenna for multi-band portable radio
stations, base stations and other antenna systems, for example, in unmanned aerial vehicles.

In this paper, for the first time a most general approximate analytical solution to the problem of the radiation of
electromagnetic waves by regular and biconical dipoles with a variable distributed surface impedance and arbitrary excitation
is obtained. Thus, we will combine in one design all the advantages of asymmetric excitation, biconical geometry and the
presence of a variable distributed surface impedance. The antenna characteristics will be modelled by using the numerical-
analytical method, known as generalized method of induced EMF, proposed by the authors earlier in [25, 26].

PROBLEM FORMULATION AND SOLUTION OF THE INTEGRAL EQUATIONS
Let us limit ourselves by the linear law of the radius change along the dipole (Fig. 1), which, in its turn, is rather
good approximation for another dependences r(s) , for example, exponential one, at small angles y . Let the dipole of

the 2L length and the variable radius according to the function »(s) is located in free space. It has the variable distributed

internal linear impedance z,(s) =z (s)+z/ (s) and is excited by the electrical field E, (s) of the given sources (tangential

component). The monochromatic fields and currents depend on time ¢ as e’ (o = 2nf is the circular frequency, 1 is
the linear frequency, measured in Hz). We assume that the dipole stays electrically thin in the operating frequency band,
ie. kr(s)<<l, r(s)<<2L,where k=2n/A, A is the wavelength in free space. Then the integral equation relatively to

the J(s) current for the impedance boundary condition on the dipole surface [38]:

L —ikR (s,s")

[;S_Z+kzj£J(S,)_ds, =B, ()=, M

R(s,s") cosy
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where R(s,s") =+/(s—s')? +72(s) , v=(y,+y,)/2, s and s are the local coordinates related to the dipole axis and
surface. Note that at »(s) = const = r, equation (1) transforms into an equation for the current in an dipole of constant

radius with a quasi-one-dimensional core R(s,s") = R(s,s") =+/(s—5')* +r* .

P(p.0.9)

Figure 1. The geometry of the problem and accepted notations
To solve the equation (1) it is expedient to represent it in the form of the system of two coupled integral equations,
concerning to the unknown currents J°(s) and J“(s), the first one of which is symmetrical, and the other —
antisymmetrical relatively to the s variable:

d2 ) s 7,1(1%(5;’) , 0 " s s a a
[K”‘ jjJ( iy = e B WO 0+ O 0, o

d2 a _lkR(SS) r_ l(D a N a a s
(ds—+k ]jJ ("< o) ds' = cosq;{E‘”(S) [z ()T () + 2 ()] ()]}

The dipole currents can be presented as product of the unknown complex amplitudes J.* and distribution functions
(s (n=0,1)as

RN O R AV A ORI CO AR )

The solution of the equations system (2) can be obtained by the generalized method of induced EMF [25, 26]. To

do so, let us multiply the left- and right- hand parts of the equations (2) by the functions f(s) and f(s), and integrate

the resulting expressions over the dipole length. Thus, the following system of linear algebraic equations (SLAE) is
obtained

JiZE 4 I ZE + JO78 + JO7 = (i) 2k cos ) EL,
JZE 4 T ZE+ JZ8 + T 7 = (i) 2k cos ) E!

- - “4)
JZe+ I ZE + o Ze + I 28 = —(io/ 2k cos ) E;
JOZE 4 IO ZE 4 20 + TS Z% = —(io/ 2k cos ) EY.
Here (m=0,1;n=0,1),
L
zig =t Y O gy j CLZO ey | o (sa)
2k cosy ds »
ﬂkR(s s") . L
4:(5) = j L6 R & B = [ L @B s, (sb)
-L
~ {m ~ L 5
Zyt = I L)z (s, Z0* =zt + Zyt, 2 = ———— | oz, so
2k cosy

~ 2kcos AN
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As can be seen, SLAE (4) is higher order than a similar SLAE for the case of a constant distributed surface impedance
along the length of the dipole. That’s why let us consider some particular solutions of the equations system (4), which we
will need further.

1. The dipole with the impedance, constant along its length: z; (s) =const , z/(s)=0. Then

s,a rz(s,a)X s,a rz(s,a)X
E| Zoo _Eo ZlO

J(s)=—
(s,a)Z 7(s,a)X (s,a)X 7(s,a)X
Zoo Zn _ZIO Zm

Jot )+

. s,a r7(s,a)x s,a r7(s,a)Z
10 |: EZ\" - ETZ,
(s,0)Z 7(s,a) (s,a)2 7(s,a)X
Zoo Zn _ZIO Zm

T~ W@} ©)

2. The field of impressed sources has only the symmetrical component E; (s) ( E;,(s)=0). It is natural to suppose in

this case, that it is sufficient to use only the first addendum — J*(s) =J; fi'(s) in the antisymmetric component of the

current in the dipole. Then the symmetrical and the antisymmetrical components of the current will be defined by the
following formulas:

s r7sa% s r7saX
EZ—EZ
1700 010
saX zsaX saX rzsaX
Zoo Z _Z]O Z01

Ji(s)=-

i E.vZ.vaZ _Esz.s'aE .
|: 07~11 1701 f;) (S)+

s 5 , 7a
L L ﬁ”} 7

2k cosy

. s r7as¥ s rzast
i E,Z,~ +E Z;

J(s)=- 1o (5) (7b)
saX ~7saX saZ ~zsaL 0 ’
2kcosy Zyy 2\ =2\ Zy,
where
:sa 2 :sa :as :as :sa
Zsa): _ ZsZ _ (ZOO) Z.s'aZ _ Zs): _ ZOOZOI Zsa): _ ZsZ _ ZOOZ]O
00 — %00 Zax > or — %ot Zax > 0 — %10 Zax ’
00 00 00
:Sa :as sZ :as sZ :ax sZ :ax sZ :ax
ZmE _ sz _ ZlO Zm ZaSE _ Zm Zm _Zn Zoo Zax): _ Zm Zoo _Zoo Zm
| S U | b [ — b () .

7 7
Let the dipole be excited in the point s = —s; by the V(;)i)tage d -generator with ar;)fplitude V, , as shown in Fig. 1.
Then
E, (s)=V,0(s+s;5) = E; (s)+E, (5),
E, (s)=(V, /2)[5(s+s8)+8(s—s8)], ®)
Eg ()= (Vy I 2)[8(s +55) = 8(s =5;)],

where & is the Dirac delta function. Let us choose the functions f;;*(s) according to [26] in the following form:

fo(s)= coslgs5 sinlchoslgs—(l / 2)cosl€L(sinl€ | s—s5] +sink | s+55 ),

. . - . - ©)
fo' (s)=sinksscoskLsinks+(1/2)sinkL(sink | s —s; | —sink | s +s; |),
£*(s)=cosks —coskL, f(s)=sinks—(s/L)sinkL, (10)
- 2mz" 2L 1 . . :
where i = k-2 L |35 , Q=2In—, z" =— J- z;(s)ds is the mean value of the internal impedance
Z,Q) | cosy|2 2r r, 2L ¢,

along the dipole length,, 7, and 7, are the radii of the dipole in point s = —s, and in its end. The coefficients Z,* in the

formulas (6), (7) can be obtained from (5) and the expressions E; =cos ]ES‘E sink (L—|s51), E =cos ksy —cos kL
Ej =—sink|s;|sink(L—|s, |), E* =sinks, —(s,/L)sinkL for (6), E; =sinkL , E; =1~coskL for (7).
Note that the approximating functions in (4) adequately represent the real physical process if the electrical lengths

of the dipole (2L /1) <1.4. Two other approximating functions f; (s) and f,’(s) valid in the range 1.4 < (2L/1)<2.5

can also be substituted in the expressions (3). These functions for the perfectly conducting dipole were obtained in [44]
in the form

]’ZS(S):cos%—cosk?L, fz"(s)zsin%—sin%. (11)

The input impedance Z,, = R,, +iX,, and admittance ¥, [millimhos]=G,, +iB, =10’/ Z, can be presented as
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Z [Ohm] = 60 . (12)
! Jofo (s5)+ 717 (85)+ T 1" (s5) + 7 £ (s5)

Then, the reflection coefficient in the antenna feeder with the wave impedance W is equal to

_ Zin _W
11— Zin+W’

(13)

ISl
1- | S11 |

The dipole radiation fields in all observation zones will be determined by the following expressions (in the spherical
coordinate system p,0,¢ in Fig. 1):

and the voltage standing wave ratio is determined by the formula VSWR =

ﬂkR(s)
E (p,0) = —jJ(s) {21&( )[H le( )}cose—lkp[ 3 3 }ssinze}ds,

R(s) ikR(s) kR (s)
ksin® ¢ e R 1 . 3 3
Ey(p,0) =— jJ( ) 20 {2R(s){l+ikR(s)}—zkp{l o) RG )}(p scose)}
ﬂkR(s)
famm—*s‘eyn>R({ k&”}&, (14)

E(p(p7e) :Hp(pne):He(pae)zon

R(s)=+/p> —2pscosO+s’.
In the far zone at kp — o and p>>2L, expressions (11) are significantly simplified

—ikp L

j J(s)e® 0 ds . (15)

.72
Ey(p.6) = H, (p.0) = sin6
(O]

CONFIRMATION OF THE ADEQUACY OF THE PROPOSED MATHEMATICAL MODEL TO A REAL
PHYSICAL PROCESS
1. Perfectly conducting regular dipole with symmetric excitation
The dependences of real G, and imaginary B, parts of the input admittance of the regular », =, =r perfectly

conducting dipole, excited in the point s, = 0, from its electrical length 2L /L have been calculated (Fig. 2).

14 10 ]
»n ] L
S 3 ]
£ N
E10 g 6 ]
o g 54 i
O 2 T
g g2 g
s 6 s L
g° 5
1]
Z 4 a |
O 7 -2 E
2 L
L -4 4
0 1 " 1 " 1 "
1.0 15 . 0.5 10 15 2.0
Electrical dipole length, 2L/ Electrical dipole length, 2L/A

Figure 2. The input admittance versus electrical length of the symmetric regular perfectly conducting dipole at f = 663 MHz,
r/A =0.007022, s, =0 : 1—calculation (the functions (9) and (10)), 2—calculation (the functions (9), (10) and (11)), 3—calculation
(the functions (16), 4-the experimental data [45]

Also, the calculated values, obtained by the moment method [22] at the current approximation by means of

trigonometric functions of the whole region
nm(L+5s)

N
J(s)=) J, sin———, (16)
2

are given here for comparison, what is more, to reach necessary accuracy the functions number in formula (16) are chosen
to be equal N=24.
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2. Regular dipole with constant surface impedance and symmetric excitation
The dependences of real G,, and imaginary B, parts of the input admittance of the regular , =r, = r dipole with

constant distributed surface impedance, excited in the point s; = 0, from its electrical length L/ presented in Fig. 3 in

comparison with experimental data.

40 g T g T g T T T T T 30 T T T T T
» —1
g 30+ 5 20 - -
= E
g =
5 Qo k _
G20t 51
g g o
< o
: x
c10t @
S
10 + B
0 " " " " " " 1 " 1 " 1 " 1 " 1 "
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.0 0.1 0.2 0.3 0.4 0.5 0.6
Electrical dipole length, L/A Electrical dipole length, L/A

Figure 3. The input admittance versus electrical length of the symmetric regular metallic conductor of the radius # =0.3175 cm,
covered by the dielectrical (£=9.0) shell of the radius »=0.635 cm at f =600 MHz: l—calculation (the functions (9) and (10)),
2-the experimental data [46].

NUMERICAL RESULTS
1. Regular dipole with variable surface impedance and symmetric excitation
Let the dipole be excited in the center (s, =0 in Fig. 1) by the hypothetical J -generator of voltage ¥, :

E, (s)=V,8(s), E;(s)=0. Then the current symmetrical component can be approximated by the function
iZ813/2-1/ 2]
2r, cosyIn(2L/r,) " °

surface impedance, Z ()= I_?S (s)+iX (8)=2mr,z,(s)/ Z, is the complex distributed surface impedance, normalized on
the free space wave resistance Z, =120nr Ohm. We use the following expression for the current antisymmetrical

L
F£°(s)=sink(L—|s|), where k =k — = % I Z(s)ds is the mean value of the dipole variable
-L

component [25]: f“(s)=sin2ks—2sinkscoskL, and we represent the Z. “(s) functions in the form of

Zo($)=Z3 9 (s).
Let us consider the following simple functions of the impedance distribution (which are realized rather easily in
practice) as an example: ¢°(s)=1 —the distribution, constant along the dipole, ¢“(s)=signs=(|s|/s) — the step-

function alternating distribution. Substituting f*“(s) and ¢ (s) into the expressions (5) and (7), we obtain the formula
for the current in the dipole with these laws of impedance distribution (the lower indices “mn” in (5) are omitted):

(Z° + Z)sin (L~ 5 )~ Z* (sin 2ks — 2 sin ks cos kL)

. . z , (17)
(Z+Z° N2 +Z)—(Z*)

J(s) = —%VO sin kL

where r(s) =const =r,

T 2 72 L L
z :%[AS (L)—cos kLA" (0)]+ X Zkk [ 11 @) (5)ds, 2* =2sin’ kLA"(L) —%k [ sin2ks 4% (s)ds ,
—L -L
L —ikR(s,s")
. . e
A.s,a (S) — fA,a (sl) - - dS',
_J.L R(s,s")
7 =25 (fp—sin2kL) , 7* = 2 3pr — SML T G okl + 2k cos 2KL |
i2kr il 12 3

2coskL

7% = . ~
4k* —k? kK —k?

- il:fr

27¢ (2/«2 sin kL — kk sin 24L k* sin kL — kk sin kLJ
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Fig. 4 represents the dependences of the reflection coefficient | S,, | from X o at X s =const in the feeder line with

W =50 Ohm. As it is seen from graphics, there is a combinations of the values X s and X o for value 2L =0.25A1

(quarter-wave dipole), at which the reflection coefficient is minimum, that is, the dipole is tuned into resonance. The
dependences | S, | (f) in the band of frequencies (Fig. 5) have been calculated in order to ground reliability of the

obtained approximate analytical expression (13). Figs. 5, 6 also represent the calculated data, obtained by the method of
finite elements, realized in the program “ANSYS HFSS”.

The dipoles represent themselves metallic conductors of the radius 7, , covered by the layer of the magnetodielectric
of the thickness »—r,. The materials of the covering for one and the other arms of the dipoles on the frequency f =3GHz
have the following electrophysical parameters [47]: 1) dielectric ALOs, g =10-i0.015, p, =1.0; 2) ferrite 2CX 1,
€, =10.6—-i0.068, p, =24.0. The calculations of the values of the surface impedance components give the following
results at these parameters of the magnetodielectrics due to the corresponding formula from [25]:

Z - \/E 1) Ny () = 1y (e )Ny () s
& 1,(kr)Ny (ki) — 1, (kr, )N, (kyr)

Here k, =2mn\jep /A, e=¢'—ie" and pn=p'—ipn" are the electro-physical parameters of the coating material, #, is the
inner conductor radius, # is the outer radius of coverage, /,, N, are the Bessel and Neumann functions of corresponding

orders. Then for 2L =0.25A and (r,/r)=0.5 Z; =10"°+i0.09, ZS” =10"°+i0.08 . As it follows from the plots in

Figs. 4, 5, these values are close to the corresponding ratios between X s and X ¢ for tuning the dipoles into resonance
at the frequency f =3GHz.
1.0 T :

1.0 T
_ Formula(13)
_ o —— ANSYS HFSS
i =08
= 5
508 2
5 o6l
: oo =
o
c RPN R A VSWR2S N\ /L.
2 504F .
£0.6 3 VSWR=2.0
51 L= B ittt il u Seldidly & At
5 & VSWR=1.5
~ [0 )7 5 s 0 Y A S
0.4 ' : : '
0.00 0.05 010 0.15 0.20 0.0 L : .
Amplitude XSa 2 3 4 5 6

Frequency f, GHz
Figure 5. The reflection coefficient versus frequency at W
=50 Ohm 2L =0.251, (L/r)=75:1-2CX 1 (both arms), 2 -
AlLOs3 (both arms), 3 - 2CX 1 + ALOs (first arm + second arm)

Figure 4. The reflection coefficient versus amplitude of the
antisymmetrical surface impedance at f =3GHz,

2L=025\, (L/r)=75

Finally, Fig. 6 shows the current distribution along a dipole with an asymmetric surface impedance in comparison
with calculations using the “ANSYS HFSS” program, and Fig. 7 shows the spatial distribution of the radiation field in
far zone of such a dipole in comparison with a perfectly conducting half-wave dipole.

10 T T T T
Zo08) .
o
=
=
506 i
Q
3
N 04l Formulas (7)
g —— ANSYS HFSS
5
“0.2k

1 " 1 " 1 " 1 1 1 1 1 1

-04 -02 00 02 04 06 08 1.0
Relative coordinate, s/L.

Figure 6. The current distribution along the dipole for the case 2CX 1 + Al203 (first arm + second arm) at /' =3GHz , 2L =0.25A,
(L/r)=75

0.0 k—
-1.0 -0.8 -0.6
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Figure 7. The spatial distribution of the dipole radiation field at f =3GHz, (L/r)=75 for the cases: 1) 2L =0.251,2CX 1 +
ALO; (first arm + second arm); 2) 2L =0.51 Z:“ =0

2. Perfectly conducting biconical dipole with asymmetric excitation
Let us present the input characteristics (modulus of the reflection coefficient | S,, | in the supply feeder line with

wave resistance W =50 Ohm) of an asymmetric biconical perfectly conducting dipole with dimensions 2 =138 mm,
rs=1 mm, r, =3 mm (Fig. 8). This choice of the dipole length is due to the condition of the first resonance at the frequency

f =0.9 GHz. Note that for a regular dipole with a radius »=2 mm, its length would be equal to 2L =156 mm. As can be

seen from the graphs, an asymmetric biconical dipole (with smaller geometric length than a regular dipole) is also resonant
at two or more frequencies. Moreover, this tendency will increase with increasing the angle . Also, if the dipole has a

distributed surface impedance of the inductive type, then its resonant length will be even less [26].

—_
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LS, |
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(soer ! NN/ vewreas

ion coefficient
(=)
o

N
~

! /__VSWR=20]
80.2 | - __ VSWR-15]
5 i i i
a4 ! !
0.0 1 1
0.5 1.0 1.5 2.0 2.5

Frequencyf GHz

Figure 8. The reflection coefficient in the supply feeder line versus frequency for different positions of the excitation point s, at
2L =138 mm, ;=1 mm, 7, =3 mm, ZS‘” =0
Fig. 9 shows the spatial distribution of the radiation field of a dipole with an asymmetric excitation in comparison

with calculations using the “ANSYS HFSS” program. As can be seen, the spatial distribution of the radiated field in this
case has a two-lobe shape, and the level of the lobes can be changed by introducing a complex distributed surface

impedance.

90

Normalized field |[E|/|E
max

Formulas (6), (15)
— ANSYS HFSS

180(

Figure 9. The spatial distribution of the dipole radiation field at f=09GHz, s;=0.2L, 2L =138 mm, ;=1 mm, 7, =3 mm,
Zy =0
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CONCLUSIONS

An approximate analytical solution of a problem concerning a current distribution, input characteristics and radiation
fields of the regular and biconical dipoles with constant and variable complex distributed surface impedance and arbitrary
excitation derived in the thin-wire approximation. The solution was carried out by the generalized method of induced
EMF. Solution correctness is confirmed by satisfactory agreement of experimental results from well-known literary
sources, and also of numerical results, performed using the moment method and using a commercial program “ANSYS
HFSS”. However, the use of commercial programs for dipoles, the electro-physical parameters of which depend on
frequency [, raises serious doubts. This could be, for example, material TDK IR-E110 [48], which at the frequency band

f=7+12 GHz are ¢, =8.84-i0.084 and p, =2.42-0.0825[GHz]—-i0.994. The solution presented in the paper is

free of such shortcomings, moreover, the calculation time is tens of times (depending on the structure under consideration)
less than that of direct numerical methods and commercial programs. The characteristic property of the antenna is the
possibility of resonant tuning to the selected frequencies (depending on the geometric and electro-physical parameters of
the dipole), which does not decrease the noise-resistant properties as compared with broadband antennas. Numerical
results are given for the input characteristics and radiation fields of the dipoles with constant and variable distributed
surface impedance in the cases of its symmetric and asymmetric excitation by a point source. Analysis of electrodynamic
characteristics of the proposed dipole antennas has proved the possibility of practical applications of these antennas for
multi-band portable radio stations, base stations and other antenna structures, for example, for antenna systems of
unmanned aerial vehicles due to their small size and low weight compared to perfectly conducting regular dipoles.
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BUITPOMIHIOBAHHS EJTEKTPOMAT'HITHUX XBUJIb PET'YJIIPHUMU TA BIKOHIYHUMHU JUITOJISIMUA
31 SMIHHUM PO3NOAVIEHUM NIOBEPXHEBUM IMIIEJAHCOM I JOBIJIBHUM 3BY JXKEHHAM
Muxaiino B. Hecrepenxo, Biktop A. Katpuy, FOpiii B. Apkyma, Boroqumup B. Katpunu
Xapxiscokuii nayionanvhuil ynieepcumem imeni B.H. Kapaszina, maiioan Ceoboou, 4, Xapkis, Yxpaina, 61022

OTpuMaHo HaOMKEHWH aHANITHYHUHA PO3B'I30K 3aJadi NpPO BHUIPOMIHIOBAHHS EJIEKTPOMATHITHUX XBWIIb DEryJSIpHUMH Ta
OIKOHIYHUMH JIUIIOJISIMH 3 TOCTIHHNM Ta 3MIHHMM KOMIUIEKCHUM PO3IIO/IiJIEHUM TOBEPXHEBUM IMIIEIAHCOM 1 JOBIIBHUM 30YIXKESHHSIM.
[IpaBUIBHICTE pilIEHHS MiATBEPIKYETHCSA 3aJ0BITBHUM Y3TOJDKEHHSIM E€KCIIEPUMEHTAIFHUX 1 YUCETBbHUX PE3yNBTATIB 13 BiJOMHX
niTepaTypHHX JpKepel. HaBeneHo ducenbHi pe3yabTaTH AL BXIJHAX XapaKTePHUCTHUK 1 TOJIB BUIIPOMIHIOBAHHS AUIIOJIB Y BUIIAJKaX
X CHMETPHYHOTO Ta ACHMETPUIHOTO 30y XKEHHSI TOUKOBUM JKEPEIIOM.
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The presented work presents the results of a study on the effect of small amounts of phthalic acid additives on dendrite formation in
low-density polyethene (LDPE). Based on the results obtained, it is shown that the dendrite resistance of LDPE, as expected, increases
with the introduction of 0.05 wt% phthalic acid. The established increase in dendrite resistance of LDPE with the introduction of
phthalic acid can primarily be explained based on a decrease in inhomogeneities in the form of air pores as a result of accelerated
structure formation and the emergence of a more homogeneous supramolecular structure. It was revealed that an increase in dendrite
resistance correlates with an improvement in the dielectric characteristics of the composition. The influence of mechanical load on the
development of dendrites in polymer dielectrics has been studied. As a result of studying the growth of dendrites in LDPE samples and
its optimal composition subjected to unilateral stretching, it was found that under the influence of mechanical tensile stresses, the shape
of the surface delimiting tree-like shoots changes, this surface is flattened in the direction of stretching. It has been shown that the rate
of dendrite growth increases as mechanical tensile forces increase.

Keywords: LDPE,; Dendrites; Tension; Supramolecular structure; Phthalic acid

PACS: 36.20.-1; 72.15.Eb

1. INTRODUCTION

Extensive research is being conducted to study functional materials' structure and dielectric, electrical, thermal and
optical properties. These studies are very important both from the point of view of fundamental physics and for
determining the possibilities of using materials. Therefore, research in this direction has continued in recent years [1-5].
Polymer and polymer-nanocomposite materials occupy a special place among functional materials. It has been established
that, depending on the properties of the nanoparticles included in the composition, interesting physical properties can be
observed in these materials [6-10]. The most studied material among polymers is polyethene. Polyethene is widely used
as high-voltage insulation, particularly in cables, which raises interest in studying the processes of electrical ageing
leading to its breakdown. These processes are associated with the appearance of irreversible changes, so-called dendrites
or trees, which are a system of micron-diameter and millimeter-length cavities [11]. It is established that electrical
dendrites in polymers are hollow tubes with a diameter of 1 pm gradually tapering at the end. Depending on the growth
conditions, dendrites can take various forms such as tree-like, bush-like, or cavity forms [12]. According to the
literature [11-13], dendrite channels cannot be considered as a continuation of the needle. In [14], the nature of the
development of dendrites in epoxy resin under the influence of high voltage is analysed.

Based on photographic recording of flashes during partial discharge, the authors conclude that dendrite branches
can be both conductive and non-conducting. So in the case of a bush-shaped dendrite, a flash during partial discharges
fills several branches of the dendrite and originates from the needle. This is a dendrite with conducting branches.
It reflected light photographs given in show that the non-conducting branches appear white and the conductive branches
appear black, apparently due to carbonation. In [15], it is noted that in polyethene, at some stage of dendrite growth, the
phenomenon of the transition of its branches from a non-conducting to a conducting state is observed [16]. It should be
noted that in recent years, a large number of works have appeared devoted to the study of pre-breakdown phenomena in
polymers in strong electric fields; electroluminescence that occurs before the appearance of dendrites has been
discovered [17,18], the occurrence of pores and cracks in polymers in the zone of high electric field strengths when
exposed to a sample has been established series of pulses.

2. OBJECTIVE
This study aimed to develop new polymer modifications to increase dendrite resistance, which can be achieved by
introducing certain organic and inorganic low-molecular-weight additives. Studying dendrite growth is of great practical
interest since dendrites are found in the insulation of cables that have been in operation for a long time. The influence of
mechanical stress on the process of dendrite development in the polymer was also investigated.
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2. RESEARCH METHODOLOGY

Low-density polyethylene grade 15313-003 was chosen as the research object, and organic compounds such as
phthalic acid (chemical formula CgH,4(CO,H,) were used as additives. Additives were introduced into the initial LDPE
raw material by mechanical mixing in amounts of 0.01-0.1 wt%. Samples for the study were made in films with a thickness
of 50-70 um by pressing on a PG-60 hydraulic press. Before introducing the additives into LDPE, its dispersion was
achieved using sieve analysis on a grain size determination device. The particle size was less than 50 pm.

The effect of mechanical loads on the change in T with the electric field intensity of polymer materials was measured
in a test cell (Fig. 1).

Figure 1. Installation for determining the electrical and mechanical strength of polymer film materials: 1, 2 — electrodes; 3 — sample;
4 — clamps; 5 — lever device; 6 — ball; 7 — security ring; 8 — springs

Dendritic resistance was determined using the method of 2 needles at a frequency of 50 Hz and room temperature
on the high-voltage setup AII-70.

Steel needles were used as electrodes; the grounded electrode had a diameter of 80 um. To obtain standard sizes, the
tips of the steel needles for high-voltage electrodes were electrolytically etched in a 2% NaOH solution until the tip
diameter was rounded to 4+0.5 pm. The current magnitude was selected experimentally, depending on the number of
needles etched simultaneously. In our case, it ranged from 10-15 A during the simultaneous etching of 70 needles. The
diameter of the needle rounding was determined using an MHP microscope equipped with a projection screen
(magnification 500x).

The samples had the shape of a bar with dimensions of 20x10%4 mm (Fig. 2). To prevent the formation of cracks
during the preparation of the sample when inserting the electrodes, the samples and electrodes were heated for 15 minutes
in a thermostat close to the melting temperature (at 105K). When inserting the electrodes, the samples were placed in a
groove of the device (Fig. 2), and the needles were inserted through the slots.

=

Figure 2. Sample forms (a) and device with a groove (b) for positioning the samples

The distance between the ends of the electrodes was 4+0.1 mm, which was controlled under a microscope.

The electrode device was placed in a desiccator filled with transformer oil to eliminate surface discharges (with an
electric strength greater than 25 kV/mm).

Simultaneously, 10 samples were tested. A certain voltage U was applied to the samples for 1 hour. Then, the number
of samples in which dendrites grew at the given voltage was determined. For each batch of polymer, several (at least 3)
series of samples (10 each) were tested at different voltages.

Based on the experimental data, the dependence of the number of samples with dendrites on the voltage at which
they form was plotted. The dependence n=f(u), in the first approximation over a narrow range of variation, can be
represented as a straight line. From the graph U, the value corresponding to n=5, was found and taken as the measure of
dendritic resistance. The relative error did not exceed 5%.
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3. RESULTS AND DISCUSSIONS
Fig. 3 presents the experimental results obtained using the described method for the film made of LDPE (without
additives). As can be seen, the numerical value Uy for the tested samples is 6.8 kV.
However, as shown by the data (Fig. 4), the introduction of phthalic acid (PhAc) into LDPE in an amount of 0.05wt%
leads to an increase in Uy t0 9.5 kV.

YW, %
wole**® w07
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1 Uy kV : U,. kV
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Figure 3. Dependence of LDPE dendritic resistance on Figure 4. Dependence of dendritic resistanceof the
electrical voltage LDPE+0.05wt.% PhAc composition on electrical voltage

This means that the organic additive PhAc in a small amount affects the dendritic resistance of LDPE. The observed
increase in dendritic resistance of LDPE with the introduction of a small amount of PhAc can primarily be explained by
the reduction of inhomogeneities in the form of air pores, resulting from the acceleration of structure formation and the
development of a more uniform supramolecular structure.

The development of dendrites in polymers is also influenced by mechanical stresses in the insulation [19,20]. Studies
on the growth of dendrites in polyethene samples subjected to unidirectional tension, with needle electrodes inserted in
such a way that the electric field was applied perpendicular to the direction of tension, have shown that under the influence
of mechanical tensile stresses, the shape of the surface limiting the tree-like branches changes; this surface flattens in the
direction of the tension.

Based on the above, the observed increase in dendritic resistance of LDPE with the introduction of the proposed
additive PhAc in the optimal amount (0.05wt.%) should contribute to the improvement of the mechanical strength and
dielectric properties of the polymer composition.

We studied the effect of mechanical loads on the change in lifetime 7 (the time elapsed from the moment the electrical
voltage is applied to the sample until breakdown) of films of the original and modified low-density polyethene (LDPE).

Fig. 5 shows the dependence of the logarithm of the lifetime lgt of the original and loaded polymer films LDPE
and LDPE + 0.05wt% PhAc on the electric field strength E at 293 K.

Igt, s
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Figure 5. Dependence of the lifetime of polymer films LDPE (1'-4") and LDPE + 0.05wt.%PhAc (1-4) on the electric field strength
under the simultaneous influence of different values of mechanical load (g, MPa):
1-0,2-253-54-751-0,2"-25;3 —-5;4 — 75.

From Fig. 5, it can be seen that at a constant temperature, the presence of a continuously acting mechanical load
does not disrupt the linear nature of the dependence of lgt on E. That is, Tz = f(E), can be described by the empirical
formula:

Tg = Bexp (—BE), (M

where the parameters B and § depend on the nature and temperature of the test.
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From Fig. 5, it can be seen that the introduction of phthalic acid into LDPE leads to a significant increase in its
electrical strength compared to the original LDPE.

As follows from the obtained results, the process of electrical breakdown of the tested samples is observed even at
relatively small values of mechanical stress. However, as the mechanical stress increases, the lifetime of the samples
decreases, i.e., the rate of dendrite growth increases with the increase in mechanical load.

The slowdown in the development of the electrical breakdown process with the introduction of the optimal amount of
PhAc additive into LDPE (curves 1-4), even in the case of a mechanically stressed state compared to the original LDPE
(curves 1’ — 4 can be explained by the fact that the accumulation and growth of dendrites in polymer dielectrics under the
combined influence of the aforementioned factors, under otherwise identical conditions, also depends on structural features.

It should be noted that the dendritic resistance of crystallizing polymers is significantly influenced by the chemical
nature and concentration of the introduced additives, dispersion, surface area and shape of the particles, the presence and
nature of functional groups on the surface of the additives, and the physical and electrophysical nature of the additive
particles [21,22]. The observed increase in the induction period of dendrite formation in LDPE with the introduction of
the proposed phthalic acid (PhAc) additives in the optimal amount (0.05wt%) can be explained by their structuring
characteristics, which help to slow down the process of local heating near the tip in a strong electric field and the
occurrence of initial defects due to thermal decomposition of the polymer [23-25]. Moreover, the increase in dendritic
resistance of LDPE + 0.05 wt% PhAc should contribute to the improvement of the dielectric properties of the polymer
composition, the experimental results of which are presented in the table.

Table 1. Influence of additives on the dendritic resistance of LDPE

tgd £
Composition U, kV A - dendrite at 9 kV at (v 5106 Hs) at (v = 10° Hs) p,,O0m-m
LDPE 6.8 16.5 4.5-10* 2.3 1-10°
LDPE+0.05 wt %PhAc 9.5 13 3-10* 2.1 1-107
LDPE+0.1wt%PhAc 7 16 4-10* 2.2 1-10"

The table shows the influence of organic additives on the dendritic resistance and dielectric properties of low-density
polyethene. Indeed, when modifying the properties of polymers by changing their supramolecular structure (by
introducing artificial nucleating agents or other methods), it is important to assess the stability of the supramolecular
structure through various mechanical, thermal, ionizing, and other external influences.

Furthermore, the study of the stability of the supramolecular structure showed that after several repeated melting,
the size of the structural elements in the LDPE samples containing nucleating agents remains practically unchanged, while
in the control samples, they increase.

CONCLUSIONS

The optimal composition of the low-molecular-weight organic additive phthalic acid was determined, and its
influence on the process of dendrite formation in low-density polyethene (LDPE) was investigated. It was found that
composites with 0.05% by mass of phthalic acid significantly increase the dendritic resistance of LDPE, as expected. The
effect of mechanical stretching on the development of dendrites in polymer dielectrics was studied. It was shown that the
rate of dendrite growth increases with increasing mechanical tensile stress.

The observed increase in the induction period of dendrite formation in LDPE with the proposed additive in the
optimal amount can be explained by their structuring characteristics. This contributes to slowing down the process of
local heating near the tip in a strong electric field and the occurrence of initial defects due to the thermal decomposition
of the polymer.

It should be noted that we are conducting comprehensive studies on the structural properties of LDPE and its
modifications using electron scanning microscopy, X-ray diffraction, and IR spectroscopy. We are also investigating the
effects of gamma radiation doses and UV irradiation on the electrophysical (g, tgéd, py) and mechanical properties of
LDPE and its modifications. Additionally, we are studying the influence of the small mentioned additive on the rate and
mechanism of polyethene crystallization. The results of these studies will be published in prestigious scientific journals.
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BILIUB ®TAJEBOI KUCJIOTH HA ITPOLIEC PO3BUTKY JEHAPUTIB MOJIETUIEHY HA3bKOI I'YCTHHA
IPA EJEKTPUUHOMY ITPOBOI
IIL.A. 3eiinanos?, X.H. Besipos®, ®.II1. Kepimos?, C.I. Cadaposa?, K.J. I'yismamenos?, A.C. Anexnepos®?
“Azepbationcancokuil mexuiunuil yHisepcumem, baxy, AZ-1073, Azepbaiioxncan
bIuemumym cpizsuxu Minicmepemea nayxu i oceimu Asepbaiioscancoioi Pecnybnixu, Baxy, AZ-1143, Asepbatidacarn
¢Azepbatioscancokuil depacasruil nedazociunuil ynisepcumem, baxy, AZ-1000, Azepbaiioxncan
3axiono-Kacniticokuii ynisepcumem, baxy AZ-1001, Azepbaiiocan

VY mpezcrasieHiit poOOTi MpeAcTaBieH! pe3ysbTaTH IOCHIIKCHHS BIUIMBY HEBEIMKHX KiJTBKOCTEH N00AaBOK (PTaleBOi KHCIOTH Ha
YTBOPEHHS JACHAPHTIB y mojieTmieHi Huspkol minprocti (ITEHII). Ha migcraBi oTpiMaHuX pe3ysbTaTiB MOKa3aHO, M0 JCHIPUTHA
crifikicte ITEHII, sk i ouikyBanocs, 3pocrae mnpu BBeneHHi 0,05 mac.% ¢raneBoi kucinoru. BcraHoBieHe NigBMILECHHS
nenaputoctiiikocti [TEHIL] i3 BBeneHHsAM (TasieBOl KUCIOTH B MEPIIY Yepry MOXKHA IMOSICHUTH 3MEHIICHHSM HEOIHOPIIHOCTEH y
BHTJISI/II TIOBITPSHUAX TOpP BHACIHIZOK MPHCKOPEHOTO CTPYKTYPOYTBOPECHHS Ta BHHUKHEHHS OUIBII OJHOPIAHOI HAaIMOJIEKYJSPHOI
CTPYKTypu. BusiBieHO, 10 MiIBHINEHHS ONOPY AEHIPUTIB KOPEIIOE 3 TOJIMIICHHSM AiCICKTPHYHUX XapaKTePUCTUK KOMIO3HIIL.
JlocTiDkeHO BIUIMB MEXaHIYHOTO HaBAHTA)XKEHHS HA PO3BHTOK JCHAPHTIB y NMOJIMEPHHX AiCJICKTPHUKAX. Y Pe3ynbTaTi JOCIIHKCHHS
pocty nennputiB y 3paskax ITEHII] ta fioro onTuManbHOro Ckiany, MiAaHUX OZHOOIYHOMY PO3TATYBaHHIO, BCTAHOBIICHO, IO MiJ
JI€I0 MEXaHIYHMX PO3TATYIOUUX HAaIpyXXEeHb 3MIHIOEThCS (hopMa IOBEpXHi, 1[0 OOMEeXye IepeBONOAIOHI MaroHH, IS MOBEPXHS
CIUTIOILYEThCSA B HANpPSIMOK pO3TATYBaHHS. byno noka3aHo, IO MIBHJKICTH POCTY JACHAPUTIB 301IbIIyeTbCS 31 30UIbLICHHSIM
MEXaHIYHUX CHJI PO3TATYBaHHS.

Kurouosi cinoBa: LDPE; oenOpumu,; Hanpyaa, CynpamoaekyiapHa cmpykmypa, gpmanesa Kucioma
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The present study employs molecular dynamics simulations to investigate the interactions between quercetin, amyloid fibrils, and
POPC lipid bilayers. The results demonstrate that quercetin does not significantly affect the molecular organization of the bilayer,
while IAPP fibrils induce substantial structural changes, particularly in the outer monolayer. Quercetin mitigates these effects by
reducing the impact on headgroup and glycerol regions and causing a more superficial positioning of IAPP. Additionally, quercetin
slightly decreases the order of sn-2 acyl chains, indicating a disordering effect. In a ternary system with POPC, quercetin, and IAPP,
the reduction in the deuterium order parameter of sn-2 acyl chains is less pronounced, underscoring quercetin's protective role. Unlike
IAPP, ApoAl and insulin fibrils undergo significant structural reorganization in the membrane-bound state. Quercetin attenuative
effects are observed only with ApoAl, highlighting its potential as a protective agent against amyloid-induced membrane disruption.
These findings provide valuable insights into the interactions between polyphenols, amyloid fibrils, and lipid membranes, contributing
to the understanding of membrane-associated amyloid pathologies.

Key words: Amyloid fibrils, Lipid membranes,; Polyphenols; Molecular dynamics

PACS: 87.14.C++c, 87.16.Dg

The interaction between amyloid fibrils and lipid bilayers is a critical factor in the pathogenesis of several
neurodegenerative diseases, including Alzheimer’s and Parkinson’s diseases. These fibrils, formed by the misfolding and
aggregation of proteins, possess a unique structural arrangement characterized by cross-p-sheet conformations, which confer
them with significant mechanical stability and resistance to proteolytic degradation [1,2]. The cytotoxicity associated with
amyloid fibrils is primarily attributed to their ability to disrupt cellular membranes, thereby compromising cellular integrity
and function. This membrane disruption is facilitated by the interaction of amyloid fibrils with lipid bilayers, leading to
increased membrane permeability and potential cell death. Quercetin, a naturally occurring flavonoid, has garnered attention
for its potential protective effects against oxidative stress and its ability to modulate the interactions of lipid membranes with
biomacromolecules [3]. Quercetin is known for its antioxidative properties, which include the inhibition of lipid peroxidation
and the scavenging of reactive oxygen species (ROS) [4,5]. These properties are crucial in maintaining the structural integrity
of lipid bilayers, which are susceptible to oxidative damage. Moreover, quercetin has been shown to interact with lipid
membranes, potentially altering their physical properties and influencing their interactions with amyloid fibrils [6,7]. Recent
studies have demonstrated that quercetin can disaggregate amyloid fibrils, such as those formed by AB-peptide, and reduce
their cytotoxic effects [8]. This disaggregation ability suggests that quercetin may alter the morphology of amyloid fibrils,
leading to the formation of less toxic aggregates that are less capable of disrupting lipid bilayers. Additionally, the binding
of quercetin to amyloid fibrils has been shown to decrease the fibril-induced cytotoxicity, further supporting its protective
role [9]. The protective effect of quercetin on lipid bilayers against the modulatory action of amyloid fibrils is thus extremely
important since understanding the mechanisms by which quercetin exerts its protective effects could lead to the development
of novel therapeutic strategies aimed at mitigating the deleterious effects of amyloid fibrils in neurodegenerative diseases.
In the present work, using the molecular dynamics simulations, we aimed at elucidating the molecular-level interactions
between quercetin, amyloid fibrils, and lipid bilayers to provide insights into the potential of quercetin as a protective agent
in the context of amyloid-related cytotoxicity.

METHODS

To perform molecular dynamics (MD) simulations of the model membrane systems the input files were prepared
using the web-based graphical interface CHARMM-GUI. The topologies of polyphenols were generated using the
CHARMM-GUI Ligand Reader and Modeler. The obtained files were further used to generate the quercetin-lipid systems
using the Membrane Builder option. The model lipid bilayer was composed of 72 of 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphatidylcholine (POPC) in each monolayer. The initial distance of quercetin translation from the membrane midplane
along the bilayer normal was 10 A. To obtain a neutral total charge of the system a necessary number of counterions was
added. The molecular dynamics simulations of the model membrane systems and analysis of the trajectories were carried
out using the GROMACS 2024.2 software with the CHARMM36m force field at a temperature of 310 K in the NPT
ensemble with the time step for MD simulations 2 fs. The Particle Mesh Ewald method was utilized for correct treatment
of the long-range electrostatic interactions. The bond lengths were constrained using the LINC algorithm. The pressure
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and temperature controls were performed using the V-rescale thermostat. The MD simulations were performed with
minimization of 50000 steps and equilibration of 12500000 steps. The whole-time interval for MD calculations was 10
ns. The GROMACS command gmx density was used to calculate the mass density distribution for various components
of the lipid bilayer and density distribution of quercetin across a lipid bilayer. The molecular graphics and visualization
of the simulation evolution over time were performed using the Visual Molecular Dynamics (VMD) software.

RESULTS AND DISCUSSION
Molecular dynamics simulations of the systems POPC + quercetin, POPC + IAPP fibril and POPC + quercetin +
IAPP fibril revealed that quercetin and IAPP reside at the lipid-water interface and do not leave the lipid bilayer
throughout the simulation time. The persistence of both quercetin and IAPP fibrils at the lipid-water interface during the
simulation period suggests a stable interaction with the lipid bilayer, which is crucial for understanding their modulatory
effects on membrane integrity. Specifically, the localization of quercetin at the lipid-water interface aligns with its
amphipathic nature, allowing it to interact favorably with both the hydrophobic core and the polar head groups of the lipid
bilayer. Similarly, the retention of IAPP fibrils at the lipid-water interface underscores their propensity to interact with
lipid membranes, a characteristic that is implicated in their cytotoxic effects.
The analysis of the density distributions showed that quercetin does not exert significant influence on the molecular
organization of headgroup, glycerol and acyl chain regions of POPC bilayer (Fig. 1).
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Figure 1. The density distributions of headgroups (A), glycerols (B), acyl chains (C) and water (D) in POPC bilayer in the
absence and presence of quercetin, IAPP and quercetin + [APP

Quercetin may integrate into the bilayer through hydrophobic interactions without disturbing the tightly packed acyl
chains, thus maintaining the bilayer's structural integrity. Additionally, its polar nature might allow it to associate with
the headgroups without causing significant rearrangement or density changes. In contrast, IAPP fibrils cause a decrease
in the density of headgroups and glycerols, with the magnitude of this effect being much greater for the outer monolayer.
Likewise, the density distribution of acyl chains and water become asymmetric in the presence of IAPP. These findings
suggest that fibrillar IAPP is capable of inducing substantial changes in the lipid bilayer structure. This disruptive
influence can be attributed to several factors. IAPP fibrils may insert into the bilayer, displacing or reorganizing lipid
molecules, particularly in the outer monolayer where they are more accessible. The fibrillar structure of IAPP can disrupt
the orderly arrangement of lipids, leading to decreased density and asymmetry. This disruption is more pronounced in the
headgroup and glycerol regions due to their proximity to the aqueous environment where fibrils form. Additionally, IAPP
fibrils may interact with both the hydrophobic core and the polar headgroups of the bilayer, causing reorganization that
results in the observed density changes.

Remarkably, addition of quercetin leads to some attenuation the fibril impact on the regions of head groups and
glycerol in the outer monolayer, accompanied by slight alterations in the acyl chain and water distributions. Additionally,
in the presence of quercetin the position of IAPP becomes more shallow (data not shown). The polyphenolic structure of
quercetin allows it to integrate into the lipid bilayer, where it can form stabilizing interactions with the polar head groups
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and glycerol backbone. This integration may enhance the rigidity and stability of the bilayer, thereby reducing the
susceptibility of the membrane to perturbations caused by amyloid fibril formation. By interacting with the lipid head
groups, quercetin may also influence the distribution of acyl chains and water molecules, promoting a more ordered and
less permeable membrane structure.

As seen in Fig. 2, the deuterium order parameter of sn-1 acyl chains was not influenced by quercetin, but showed a
slight decrease in the presence of IAPP fibrils. At the same time, the deuterium order parameter of sn-2 acyl chains
attained markedly less values in the presence of quercetin or IAPP relative to the neat POPC, suggesting the disordering
effects of this polyphenol and amyloid fibrils on the nonpolar part of POPC bilayer. Notably, in the ternary system
POPC + quercetin + IAPP the magnitude of the IAPP-induced decrease of the deuterium order parameter of sn-2 acyl
chains appeared to be markedly less compared to the system POPC + IAPP. This finding provides additional arguments
in favor of quercetin ability to exert protective effect against the disruption of lipid bilayer structural integrity produced
by the IAPP amyloid fibrils
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Figure 2. Deuterium order parameter for sn-1 (A) and sn-2 (B) chains calculated for the neat POPC, binary systems POPC +
quercetin / IAPP and ternary system POPC + quercetin + IAPP

Contrary to IAPP, amyloid fibrils of apolipoprotein A-I (ApoAl) and insulin (InsF) have undergone significant
structural reorganization in the membrane-bound state followed by essential loss of the InsF beta structure and disruption of
ApoAL fibril integrity which may be indicative of a destabilization or unfolding of the fibril highly ordered conformation.

These findings highlight the dynamic nature of amyloid fibrils and their potential to alter conformation in response
to environmental factors such as membrane binding, which could have implications for understanding the
pathophysiology of amyloid-related diseases.

Furthermore, the analysis of the density distributions showed that ApoAl and InsF, similar to IAPP, induce
considerable decrease in the density of headgroups, glycerols and acyl chains (Figs. 3, 4).
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Figure 3. The density distributions of headgroups (A), glycerols (B), acyl chains and water (D) in POPC bilayer in the absence
and presence of quercetin, ApoAl and quercetin + ApoAl
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Figure 4. The density distributions of headgroups (A), glycerols (B), acyl chains and water (D) in POPC bilayer in the absence
and presence of quercetin, InsF and quercetin + InsF

Remarkably, the attenuative effects of quercetin on the density of lipid molecular groups and the deuterium order
parameter of sn-2 acyl chains were observed only for ApoAl (data not shown). These observations may suggest that
quercetin interacts with lipid membranes in a manner that alters their structural properties, influencing membrane fluidity
and dynamics when ApoAl is present. Likewise, compared to the binary systems POPC + quercetin / ApoAl / InsF, in
the ternary systems containing both PF and fibrils, the quercetin tends to reside in a shallower location in the presence of
ApoAl and InsF, the ApoAl center of mass shifts to bilayer center, while the position of the InsF center of mass remains
unchanged (Fig. 5). This differential positioning may influence the structural and functional dynamics of the lipid bilayer,

potentially affecting membrane stability and protein function.
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Figure 5. The mass density distributions of quercetin (A, C), ApoAl (B) and InsF (D) in POPC bilayer
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Overall, the molecular dynamics simulations conducted on the model systems comprising lipid bilayers and amyloid fibrils
reveal the protective mechanisms of polyphenols against amyloid fibril-induced membrane disruption. The inclusion of
quercetin demonstrates a protective effect on both the polar and nonpolar regions of the lipid bilayer, mitigating the disruptive
influences exerted by amyloid fibrils. Polyphenols, such as quercetin, have been extensively studied for their interactions with
lipid membranes, where they exhibit the ability to penetrate and integrate into the lipid bilayer [10]. This integration can lead to
alterations in the structural and physicochemical properties of the membrane. The protective role of quercetin in this context is
likely attributed to its capacity to interact with both the hydrophilic and hydrophobic regions of the lipid bilayer [11]. This dual
interaction is crucial as it allows quercetin to stabilize the membrane structure against perturbations caused by amyloid fibrils,
which are known to disrupt membrane integrity by forming pores or altering membrane fluidity. Furthermore, the presence of
quercetin in the lipid bilayer may also influence the mechanical properties of the membrane, enhancing its resilience to amyloid-
induced stress. By decreasing membrane fluidity, quercetin can potentially prevent the insertion and destabilization caused by
amyloid fibrils, thus maintaining membrane integrity. This protective effect is vital in biological systems where membrane
disruption can lead to cellular dysfunction and contribute to the pathogenesis of amyloid-related diseases.

CONCLUSIONS

To summarize, the molecular dynamics simulations reveal that quercetin does not significantly alter the molecular
organization of the POPC bilayer, while IAPP fibrils induce notable structural disruptions, particularly in the outer
monolayer. Quercetin mitigates the impact of IAPP on the headgroup and glycerol regions, aligning with its protective
role against polar region changes. The presence of quercetin results in a more superficial positioning of IAPP, and it
slightly decreases the order of sn-2 acyl chains, suggesting a disordering effect. In a ternary system with POPC, quercetin,
and IAPP, the reduction in the deuterium order parameter of sn-2 acyl chains is less pronounced, further supporting
quercetin protective role. Unlike IAPP, ApoAl and insulin fibrils undergo significant structural reorganization when
bound to the membrane. Quercetin's attenuative effects are observed only with ApoAl, and in ternary systems, it localizes
more shallowly, with ApoAl center of mass shifting toward the bilayer center. These findings highlight quercetin potential
as a protective agent against amyloid-induced membrane disruption.
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3AXACHHMI E®EKT KBEPIIETAHY ITPOTU AMUIOII-THIYKOBAHUX 3MIH LIUIICHOCTI JIINITHOT O BIIIIAPY
Yasuna Tapabapa, Banepis TpycoBa, 'anuna I'opoenko
Kadgheopa meouunoi ¢ghizuxu ma 6iomeduunux Hanomexronoziu, Xapkiscokuil Hayionanvhuil yHigepcumem imeni B.H. Kapasina
matidan Ceoboou 4, Xapxis, 61022, YVkpaina
Y nmaHOMy JOCHiIKEHHI OYJIO BHKOPHCTaHO METOA MOJEKYIAPHOI AWHAMIKMA Ui BHBUCHHS B3a€MOMAIA MK KBEPLETHHOM,
aminoigauMu GibpunaMu Ta JginiaHEME Oimapamu 3 Gocharuaunxomniny. OTpuMaHi pe3ybTaTd HOKa3ykoTh, 10 KBEPLETUH HE Mae
3HAYHOTO BIUIMBY Ha MOJISKYJISIpHY OpraHizauito oimapy, Toai sk ¢piopunu IAPP BUKIMKAIOTh CyTTEBI CTPYKTYPHI 3MiHH, OCOOJIHBO Y
30BHIIIHBOMY MOHOIIApi. KBeprietun 3MeHiye i edekTd, mocnabarodd BIUIUB (iOpHI HA 30HY MOJSPHHUX TOJIBOK JIMITIB Ta
TJIIEePOJIOBI IUISHKY, a TAaKOX CHPUYHMHSIOUM OiblI HoBepxHeBe po3raimnyBaHHs [APP. KpiMm Toro, kBepreTHH 3HMKYE CTYIiHb
BIIOPSIKOBAHOCTI  SN-2 aIMJIbHUX JIAHIFOTIB, IO CBIIYUTH PO HOTO JecTabimi3yrounit epekT. Y TPhOXKOMIIOHCHTHIH CHCTEeMI, 10
ckianaiacs 3 Qocharuaunxonidy, ksepuetuHy ta [APP, 3HIKEHHS mapamerpa HOPSAKY Sn-2 aliiIbHUX JIAHLIOTIB OYJI0 MEHII
BHpPaXXCHE, IO € JOJaTKOBUM apryMEHTOM Ha KOPHUCTH 3aXUCHOI poui kBepuetuHy. Ha Biaminy Bix IAPP, ¢pibpunu ApoAl Ta iHcyniHy
3a3HAIOTh 3HAYHOI CTPYKTYpHOI peopranizamii y MeMOpaHO3B’s3aHOMY cTaHi. Edexktn ocnabineHHsS y MPUCYTHOCTI KBEPLETUHY
crioctepiraothes auiie 3 ApoAl, mo migkpeciroe HOro moTeHIian sSK 3aXMCHOrO areHTa MPOTH aMijoin-iHAyKOBaHOI AECTPYKIl
mimigHoro Oimapy. OTpuMaHi pe3yabTaTd MalTh BaXKIMBE 3HAYCHHS y KOHTEKCTI B3aeMOii MiX mojideHoramu, aminoigiHUMU
¢idpramy Ta JiniTHUMU MeMOpaHaMH, IO CIIPHSIE PO3YyMIHHIO MEMOPaHO-acOLIOBaHUX aMiJIOIIHHUX IaTONOTIH.
Kunrouosi ciroBa: aminoinni ¢piGpumy, Jtimigai MeMOpaHH, MoTieHOIH, MOJIEKyIIsIpHA TUHAMIKA
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Carbon nanomaterials (CNMs) have emerged as highly effective agents for the removal of heavy metals from contaminated water and
environments, owing to their unique structural and chemical properties. However, the hydrophobic nature of CNMs and their tendency
to aggregate in most solvents present significant challenges to their practical application. Functionalizing carbon-based nanomaterials
with proteins offers a promising solution to these issues, potentially leading to systems with unprecedented performance. Before
fabricating protein-CNM systems for heavy metal detection and removal, it is crucial to evaluate the metal-binding affinity and potential
interaction modes using computational approaches. In this study, a molecular docking technique was employed to investigate the
interactions among heavy metal salts (AsOs, Cd(NOs)2, Fe(NOs)s, NiSOas, PbSOs, PtCls), carbon-based nanomaterials (fullerenes Caa
and Ceo, and single-walled carbon nanotubes), and B-lactoglobulin. The docking results revealed that: 1) the size, shape, and surface
properties of carbon-based materials significantly influence the ability of B-lactoglobulin-CNM complexes to interact with different
heavy metals; 2) different heavy metal salts exhibit distinct preferences for the various nanosystems; 3) hydrogen bonding and
hydrophobic interactions play a significant role in the complexation of heavy metal salts with -lactoglobulin-carbon-based materials.
Keywords: Carbon-based nanomaterials;, Heavy metals; p-lactoglobulin, Molecular docking

PACS: 87.14.Cc, 87.16.Dg

Detecting and removing heavy metal ions from water is of critical importance due to the severe environmental and
health hazards posed by these contaminants [1,2]. Heavy metals such as lead, mercury, cadmium, and arsenic can
accumulate in biological systems, causing toxic effects that impact ecosystems and human health. Traditional methods
for removing metal ions from water resources, such as solvent extraction [3], ion exchange [4,5], ultrafiltration [6,7],
chemical precipitation [8-11], and adsorption [12,13], although beneficial, often have significant limitations. For instance,
ion-exchange resins require regeneration with chemical reagents when exhausted, leading to potential secondary
pollution [14]. Chemical precipitation is ineffective at low heavy metal concentrations [10,11], while ultrafiltration
technology is costly and challenging for large-scale applications [6,7]. Among the various techniques for removing metal
ions from aqueous solutions, adsorption is one of the most versatile and widely used methods [12,13]. Numerous low-
cost adsorbents, such as activated carbon and carbon nanomaterials, wood char, zeolites, biochar, sawdust, and
biopolymers, have proven highly effective in capturing heavy metal ions. Due to their exceptional optical, electrical,
chemical, mechanical, and thermal properties, carbon-based nanomaterials are particularly promising for wastewater
treatment. Carbon nanomaterials, including carbon nanotubes, fullerenes, graphene, graphene oxide, and activated carbon,
have shown a high capacity for adsorbing various heavy metal pollutants [15-25]. For example, carbon nanotubes have
demonstrated significant potential for removing heavy metal ions such as lead, cadmium, chromium, copper, and nickel
from wastewater, with single-walled carbon nanotubes showing higher absorption capacity compared to multi-walled
ones [15-17]. Furthermore, numerous studies indicate that functionalizing or modifying carbon nanotubes enhances their
heavy metal adsorption capabilities [18,19]. For instance, Taghavi et al. developed multi-walled carbon nanotubes
functionalized with L-cysteine, achieving 89% adsorption efficiency in removing cadmium from water [18]. Similarly,
Anitha et al. demonstrated that -COOH functionalized carbon nanotubes exhibit higher adsorption efficiency for Cd*",
Cu?', Pb?*, and Hg?" than bare single-walled carbon nanotubes [19]. The mechanism by which metal ions are adsorbed
onto CNTs is complex and involves several processes, including electrostatic attraction, sorption-precipitation, and
chemical interactions between the metal ions and the surface functional groups of the CNTs [15-19].

Graphene is another representative of carbon-based materials, possessing high efficacy for adsorbing heavy metal
ions from water. Tabish et al. developed porous graphene as an adsorbent for removing heavy metal ions and other
pollutants from water, achieving 80% efficiency in As>" removal, with the material retaining its effectiveness even after
regeneration and recycling [20]. Guo et al. created a nanocomposite by partially reducing graphene oxide with Fe;O4 via
in situ co-precipitation, resulting in an adsorption capacity of 373.14 mg/g for Pb?>" ions [21]. Zhang et al. functionalized
reduced graphene oxide with 4-sulfophenylazo, achieving maximum adsorption capacities of 689 mg/g for Pb**, 59 mg/g
for Cu?*, 66 mg/g for Ni**, 267 mg/g for Cd*', and 191 mg/g for Cr3* [22]. Additionally, Vilela et al. designed a graphene-
based self-propelled microbot system capable of removing 80% of Pb?" ions from water [23], while Yang et al.
successfully used graphene oxide-sodium alginate beads to remove Mn?' ions with an adsorption capacity of
56.49 mg/g [24]. Developing planar adsorbing materials based on fullerenes, optimized for adsorption, filtration, and
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structural properties, also represents a promising direction in adsorption technologies [25-27]. More specifically,
incorporating fullerenes into polymer matrices has been shown to enhance the sorption properties of these materials,
enabling the effective extraction of heavy metal ions from aqueous electrolyte solutions [25]. In turn, Liang et al. studied
the interactions between C60 fullerene and heavy metal ions (Cd, Cu, and Pb) to assess their effects on the uptake,
transportation, and accumulation of these coexisting pollutants in four rice cultivars grown in agricultural soil throughout
the entire rice life cycle [27]. They found, that the bioaccumulation of Cd*" in the panicles of rice was significantly
reduced when exposed to 1000 mg/kg C60 [27].

Despite the efficacy of carbon-based nanomaterials for the adsorption of heavy metals from water they also have
several limitations such as i) tendency to aggregate in most solvents and form tangled network structures due to their
hydrophobic nature, which can reduce their effective surface area and, consequently, their adsorption efficiency [15,19];
and ii) dependence of the rate of heavy metal adsorption of carbon-based nanomaterials from the medium pH and
temperature [15,19]. Functionalizing carbon-based nanomaterials with polymers may help overcome these drawbacks,
empowering their broad application. In this respect, the protein biopolymers have emerged as ideal candidates for
conjugation with carbon nanomaterials due to their biological compatibility, structural and chemical variabilities. The
special properties of protein and carbon nanomaterials can benefit each other giving rise to systems with a diverse
chemical, electronic, catalytic, and biological properties. However, to the best of our knowledge, little is known about the
intermolecular interaction of heavy metal ions in the presence of protein-carbon nanomaterials.

The present study is aimed to investigate the molecular interactions between the heavy metals and nanostructures
based on the carbon nanomaterials (fullerenes C24, C60 and single-walled carbon nanotube) and B-lactoglobulin using
the molecular docking technique.

MOLECULAR DOCKING STUDIES

The fullerene and nanotube structures were generated using the Nanotube Modeler software (version 1.8.0). More
specifically, the carbon nanomaterial structures were defined by entering specific parameters into the Nanotube Modeler,
including the number of carbon atoms, type of nanomaterial, chirality, and symmetry. The fullerenes with 24 and 60
carbon atoms (C24 and C60, respectively) and a single-walled carbon nanotube with a chirality of 10 and tube length 25
A were composed. To ensure accuracy and reliability, the generated structures were validated using standard techniques,
such as energy minimization.

The heavy metal salt structures (AsOs, Cd(NO3),, Fe(NOs);, NiSOs, PbSOs, PtCly) were built in MarvinSketch
(version 18.10.0) and optimized in Avogadro (version 1.1.0) [28,29]. The three-dimensional X-ray crystal structure of
bovine B-lactoglobulin was obtained from the Protein Data Bank (https://www.rcsb.org/) using the PDB ID 1QGS. The
docking of the carbon nanomaterial+protein+heavy metal complexes was carried out using the web-based HDOCK
server. The docking studies were performed in two steps. Initially, the “blind docking” modeling was used to determine
the most energetically favorable complexes of fullerenes and carbon nanotube with the protein. Next, the lowest binding
energy conformer was selected for each docking simulation and was applied for further docking analysis with the heavy
metal salts. The protein-ligand interaction profiler PLIP (https://plip-tool.biotec.tu-dresden.de/plip-web/plip/index) was
used to further characterize the carbon nanomaterial+protein+heavy metal complexes [30].

RESULTS AND DISCUSSION

Due to their exceptional optical, electrical, chemical, mechanical, and thermal properties, carbon-based
nanomaterials have gained significant attention in recent decades and have been utilized across various fields, including
electronic devices, healthcare, energy, and environmental protection, among others. However, the high surface area of
carbon-based units leads to strong attractive forces between them, causing aggregation and poor solubility, which can
hinder their application [15,19]. Covalent functionalization with various polar groups and moieties [15,19] or
hybridization with polymers can help mitigate these issues [15, 24,25]. In this context, protein biopolymers have emerged
as ideal candidates for conjugation with carbon-based nanomaterials to enhance their dispersibility and material
properties [31,32]. Before fabricating such nanomaterials for specific purposes, it is reasonable to assess the potential
interaction modes between carbon-based structures, proteins, and targeted ligands using computational tools, particularly
molecular docking techniques. This study aims to evaluate the feasibility of creating carbon-based nanomaterials
(fullerenes C24 and C60, and single-walled carbon nanotubes) functionalized with B-lactoglobulin for heavy metal
detection using molecular docking techniques. The choice of B-lactoglobulin for functionalizing carbon-based materials
is based on its recently demonstrated effectiveness in developing nanocomposites for the detection and adsorption of
heavy metal ions [33]. More specifically, a hybrid activated carbon membrane containing p-lactoglobulin amyloid fibrils
appeared highly effective for the removal of heavy metal ions from wastewater [33].

Initially, to explore the molecular-level interactions between B-lactoglobulin and carbon-based nanomaterials
materials, molecular docking calculations were conducted using the HDOCK server, with the main emphasis on
determining the positioning of the CNs on the protein surface along with the specific amino acid residues and the types
of interactions that contribute to the formation of the most energetically stable complexes. The obtained docking results
indicate that the binding of C24 fullerene is stabilized by the hydrophobic interactions with the residues GLN35a, TYR424,
TRPg1a, THR 544 (Figure 1). The C60-protein complexation was presumably driven by the hydrophobic interactions with
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the residues PHE 514, ASNs24, and THRs4a of the helical B-lactoglobulin region. In addition, the C60 complexation was
additionally stabilized by the n-stacking with the PHEsia. As seen from Figurel (panel c), the carbon nanotube formed
stable contacts with the outer surface of the protein presumably through the hydrophobic interactions with TRPg;a,
LEU 494, PHE 514, ASNis24, THR 544, m-stacking with PHE 5,4 and the n-Cation Interactions with ARGuoa. The obtained
results align well with numerous studies that categorize the binding interactions between carbon-based nanomaterials and
proteins into three main subgroups: hydrophobic interactions (nonpolar solvation), n—n stacking (between sp? carbon
structures and aromatic residues of proteins), and van der Waals forces (occurring between the surfaces of the interacting
molecules) [34-37]. More specifically, the predominant role of the hydrophobic interactions in the complexation of carbon
nanotubes with B-lactoglobulin [37] and blood proteins [38] was reported previously. In addition, Karchemsky et al.
demonstrated the adsorption of carbon nanotubes on the f-lactoglobulin surface is a diameter-selective [37]. The docking
scores of the obtained complexes were decreased in the following raw B-lactoglobulintF24 (-113.16) — f-
lactoglobulin+F60 (-121.71) — B-lactoglobulint+nanotube (-262.14). The observed decrease in docking scores with the
increasing size of the carbon-based nanomaterials can be attributed to their larger surface area, which provides more
binding sites for interactions.

Figure 1. The binding interactions for the complexes between the B-lactoglobulin, fullerenes C24 (a), C60 (b) and carbon
nanotube (c)

At the next step, the lowest binding energy conformers from the nanostructure-protein docking were selected and
further used for the docking with the set of heavy metal salts. Presented in Figure 2 are the results of the analysis of the
most energetically favorable complexes obtained after the docking in HDOCK and their characterization in the protein-
ligand interaction profiler PLIP (Table 1). It was observed that in the F24- and F60-containing nanosystems, the protein
binding sites for the investigated metal salts are located in close proximity to each other and the fullerenes. More
specifically, our docking results indicate that in the F24-lactoglobulin system AsOs, Cd(NOs3),, Fe(NO3)s, PbSO4 tend to
form contacts with both the fullerene and the protein amino acid residues. Meanwhile, the heavy metal salts NiSO4, and
PtCls penetrate deeper into the protein interior, interacting exclusively with B-lactoglobulin. In turn, for the C60-
containing systems all salts form the intermolecular contacts with both the protein and the carbon nanomaterials. The
PLIP analysis indicates that the interactions of heavy metal salts in F24 and F60 systems are stabilized presumably by the
hydrogen bonds with the SER»14, GLNsos, THR 544 and ALAg7a residues. An exception was PtCls, where complexation
appeared to be driven primarily by hydrophobic interactions. In addition, the PLIP results indicate that PbSO4and NiSO4
form a salt bridge with ARGuoa. The analysis of the docking results for the carbon nanotube-protein systems revealed
that: 1) Cd(NO3), and Fe(NOs); interact with the nanotube and the B-lactoglobulin with the salt-protein complexation
driven presumably by the hydrogen bonds with the residues ARGuoa, TYR424, GLNsos, TRPg1a, THR544; 2) PtCls binds
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to the B-lactoglobulin through the hydrophobic interactions with THR s44; 3) the AsO4, NiSO4, PbSO4do not interact with
the protein and possess preferential binding to the nanotube interior. Overall, as shown in Table 1, the docking score for
all carbon-based materials is changed in the same salt raw: PtCly — PbSO4 — NiSOs— AsOs— Cd(NO3),— Fe(NO3)s.

PbSO, AsO, ,PbSO,

PtCl,

Figure 2. Schematic representation of the energetically most
favorable metal complexes with nanosystems containing
carbon nanomaterials and -lactoglobulin

nanotube

According to the previous studies, the complexation of heavy metal ions with carbon-based materials can be
described by at least 5 different mechanisms: 1) physical adsorption assuming the diffusion and deposition of heavy metal
ions into pores of an adsorbent without forming chemical bonds with the adsorption capacity dependent on the carbon
nanomaterial pore size and surface area [39-41]; 2) ion exchange between the divalent metal cations with protons from
the oxygen-containing functional groups of carbon nanomaterial (—COOH, —OH) [39, 42]; 3) surface complexation for
the carbon nanomaterials carrying the functional group suitable for the forming multi-atom structures with metal ions
[43,44]; 4) electrostatic interaction between the negatively charges groups of carbon nanomaterial and cations [39,40]; 5)
precipitation (heavy metal ions can form solid precipitates or coprecipitate with other ions on the adsorbent surface) [39].
Given the unmodified unit (no oxygen-containing, charged groups) used for the creation of carbon-based nanomaterials
in our study, the binding of the AsOs, NiSOs, and PbSOs to the interior of carbon nanotube can be described by the
diffusion of heavy metals into the pores.

Notably, the adsorption mechanism of protein-based composites varies depending on the metal (its valence state,
ionic radius, and charge-accepting ability) and the protein properties (amino-acid sequence, the accessibility of the
potential metal-binding sites) [45-50]. For heavy metal ions, the main mechanisms include [49-50]:

1) Chemical complexation/chelation occurs due to the abundant —-COOH and —NH; groups of the protein-
based composites, which coordinate with metal ions to form N-metal and C— —O-metal complexes.

ii) the electrostatic interaction is attributed to the free ionizable -COOH and —NH, groups, which could
generate positive or negative charges to attract heavy metals;

iii) the ion exchange of H" and OH", generated from —COOH and —NH; in the water environment.

Numerous studies indicate the predominant role of heavy metals' inherent chemistry in their interactions with
proteins [45-51]. More specifically, the Hard Acid Soft Base theory determines the cations as acids, classifying all metals
as hard, soft and borderline [51]. According to the Hard Acid Soft Base theory, hard acids prefer to bind to hard bases
and soft acids prefer to bind to soft bases [51]. Proteins containing the amino acid residues possess a higher binding ability
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to the “soft” metals (Pt*" and Cd?") in comparison with “hard” metals (Fe**, As**) [51]. The preference mentioned above
is linked to differences in their preferred binding mechanisms: metal chelation primarily maintains the structural integrity
of protein-soft metal complexes, while electrostatic interactions play a key role in binding "hard" metals [51].

Table 1. Amino acid residues participating in the formation of the most energetically favorable metal-nanosystem complexes

Carbon Heavy Docking Amino acid residues forming contact with heavy

nanomaterial metal salt score metals

F24 AsOq4 -63.81 GLNsoa, ALA67A
Cd(NO3):2 -105.40 SER21a, GLNsoa, THR54A
Fe(NO:s)s -135.62 SER21a, GLNs9a, THR1s4a
NiSOa4 -62.08 SER21a, THR154A
PbSO4 -51.66 GLN3s5a, SER36a, ARG40a, TRPs1a
PtCl4 -39.41 TYR20a, TYR424, PHE 51

F60 AsO4 -70.00 GLN3sa, TYR424, TRPs1a, ARGa0a
Cd(NO3)2 -108.99 TRPs1a, GLN354, ARGua0a, TYR42A, THR 544
Fe(NO:3)s -148.40 GLN35a, ARG4oa, TYR424, GLNs9oa, THR 1544
NiSOs -65.54 TYR424, ARG40A
PbSO4 -57.80 GLN3s5a, TYR424, ARGa0a
PtCl4 -42.29 GLN3sa, TYR42a, TRPs1a, THR 1544

NT AsOs -87.49 ND
Cd(NO:s)2 -130.37 TYR424, GLN3sa, TYR424, THRis54a
Fe(NO3); -167.95 ARGu0a, TYR424, GLNsoa, TRPs1a, THR 1544
NiSO4 -94.50 ND
PbSO4 -73.49 ND
PtCl4 -54.67 THR54A

ND means “not determined”

Our docking results indicate that hydrogen bonding and hydrophobic interactions, play a predominant role in the
complexation of heavy metal + B-lactoglobulin + carbon-based material systems. The docking simulations were
conducted using heavy metal salts, which inherently contain both Lewis acids and Lewis bases. Notably, systems
containing soft metals, such as PtCls and Cd(NOs)., demonstrated a stronger interaction with the protein than with the
carbon-based nanomaterials. In contrast, PbSOa, which includes the borderline Pb?* ion and the hard SO base, exhibited
a higher binding affinity to the carbon-based materials across all studied systems. Interestingly, AsO was found to interact
more efficiently with carbon nanotubes than with fullerenes. In fullerene-containing systems, the binding primarily
occurred with B-lactoglobulin. The above finding suggests that the size, shape, and surface properties of carbon-based
materials significantly impact the nanocomposite's ability to interact with different heavy metals. This characteristic is
highly advantageous for developing selective metal detection platforms. However, further detailed research is necessary
to elucidate the precise role of carbon-based materials in the formation of protein-CN nanocomposites for the adsorption
and detection of heavy metals.

CONCLUSIONS

To summarize, in the present study the docking technique was used to investigate the interactions of heavy metal
salts (AsO4, Cd(NOs3),, Fe(NOs);, NiSO4, PbSOs4, PtCls), carbone-based nanomaterials (fullerenes C24 and C60 and
single-walled carbon nanotube) and B-lactoglobulin. It was found that: 1) the size, shape, and surface properties of carbon-
based materials have a substantial impact on the ability of B-lactoglobulin-CNM complexes to interact with different
heavy metals; 2) different heavy metal salts show distinct preferences for the various nanosystems; 3) hydrogen bonding
and hydrophobic interactions are crucial in the complexation of heavy metal salts with f-lactoglobulin and carbon-based
materials. Overall, these findings provide valuable insights into the design of protein-CNM systems for the detection and
removal of heavy metals.
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JOCJIZKEHHSA METOJOM MOJIEKYJIAPHOT'O JOKIHT'Y ®YHKINIOHAJII3OBAHUX BINTIKAMU
BYTJIEHEBUX HAHOMATEPIAJIIB JUISI AETEKTYBAHHS TA BUJAJIEHHS BAJKKUX METAJIIB
Oubra KutHsakiBcska, Yiasna Tapadapa, Katepuna Byc, Banepis TpycoBa, 'aquna I'opGenko
Kaghedpa meouunoi ¢izuxu ma 6iomeduunux Hanomexuonoeit, Xapxkiscvkuil Hayionanvhuil yHisepcumem imeni B.H. Kapa3zina
maiioan Ceoboou 4, Xapxis, 61022, Vkpaina

Byrnenesi Hanomarepianu (BH) 3apexomengyBanu cebe Haa3BH4YaliHO epeKTHBHUMHU ISl BUJAJICHHS B)KKUX METANIB 13 3a0pyIHEHOT
BOJM Ta HAaBKOJHMIIHBOTO CEPEJIOBHINA 3aBASKU CBOIM YHIKAJIBHUM CTPYKTYpHUM 1 XIMiYHUM BiactHBOCTsIM. OpHaK TiapodoOHa
npupona BH i iXHs CXWIBHICT [0 arperaiii B OLIBIIOCTI PO3YMHHHKIB CTBOPIOIOTH 3HAUHI TPYJHOLI ISl iX MPAKTHYHOTO
3actocyBaHHs. DyHKIlIOHANI3AMlIS BYTJICLEBUX HAaHOMATEPialliB 3a IOMOMOI00 OUIKIB € MePCIEeKTUBHUM BHPILICHHAM LUX HIPOoOieMm,
10 MOYKE IPU3BECTHU IO CTBOPECHHS CUCTEM 3 Oe3mpereIeHTHO0 edekTuBHICTIO. [lepen TuM sik cTBOproBatH OikoBo-BH cuctemu st
BHSIBJICHHS Ta BUAAJICHHS BaKKUX METaNliB, BKIMBO OLIHUTH apiHHICTH 3B’S3yBaHHSI METAJiB Ta MOXKJIMBI B3a€MOIIi 32 JOOMOTOI0
KOMITTOTEPHHUX METOJIB. Y I[bOMY JOCIIDKEHHI Oyia BUKOPHCTAHO METOJ MOJIEKYJISIPHOTO JOKIHTY JJIsI BUBUCHHS B3a€MOJIH MiXK
comsimu Baxxknx MetalliB (AsOs, Cd(NOs)2, Fe(NOs)s, NiSO4, PbSO4, PtCls), ByrneneBumu HanoMarepianamu (¢pyneperu Caa i Ceo, @
TAKOX OJHOCTiHHI BYIJIClIeBI HAHOTPYOKH) 1 B-s1akTorio0yniHoM. Pe3ynbTaTy NOKiHry nmokasany, mo: 1) po3mip, popma Ta HoBepXHeBi
BJIACTUBOCTI BYTJICIIEBUX MaTepialiB CYyTTEBO BIUIMBAIOTh Ha 3[aTHICTh KOMIUIEKCIB B-nakTornoOyniny 3 BH B3aemonisitu 3 pisHMMEU
Ba)XKUMH MeTajamMu; 2) aQiHHICTh COoNeil BaKKUX METaliB 10 CTBOPEHHX HAHOCHCTEM B 3HAYHIN Mipi Bapito€ThCsI; 3) BOAHEBI 3B’ I3KU
Ta rigpodoOHi B3aeMoii BigIrpaloTh CyTTEBY POJb y KOMIUICKCOYTBOPEHHI COJICH BaKKHMX MeTaliB 3 [(-TakToriaoOysaiHOM Ta
BYIJICLICBUMH MaTepiajaMH.
Ku1ro4oBi ciioBa: gyeneyesi Hanomamepianu,; 6axcki memanu, [-1aKkmo2io0yiin, MOLeKYAAPHUL OOKIHe
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The purpose of this Erratum is to correct a misprint presented in the original article.
Keywords: Electric field; Clusters; Nano sphere

In original article, the Figure 3 (left) has scales on X-Axis in micro-meter however it is in nanometer. Similarly, in
Figure 3(right) X-Axis and Y- Axis both are in nano-meter instead of micro-meter. The new diagram is shown here:
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Figure 3. Electric field pattern of a 20 nm radius sphere (K||X, E|[Y) on the right, and on the left field enhancement around
a nano-sphere along the Y-axis.
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Mo 75-piuus 6i0 Oua napoorcenus
B.®. K/IEITIKOBA

13.07.2024 p. BunoBuminocs 75 pokis Bix nust HapomkenHs: KJIEITIKOBA BsiuecnaBa ®enoposuda — BijoMoro
¢izuka-TeopeTrka, 1okTopa (i3uKo-MaTeMaTHYHHUX HayK, 4ieHa — kopecnonnenra HAH Ykpainu.

Hapoauses B. ®@. KienikoB y XapkoBi, 3aKiH4MB i3 3010TOI0 MeJa/unio (hiznko-mMareMaTuuHy mkory Ne 27, a B
1971 p. — di3uxo-TexHiuHUH PaKynbTeT XapKiBCHKOTO JeP>KaBHOTO YHIBEPCHUTETY.

VY 1972 p. mig HayKOBMM KepiBHHITBOM MaiOyTHbOro akanemika HAH VYkpainu B. I'. bap’sxTapa 3axuctus
JVCepTamio Ha 3100y TTS HAYKOBOT'O CTYNEHS KaHAuaaTa (Ppi3uKO-MaTeMaTHYHUX HAyK.

Y 1995 p. 3aXuCTHB ANCEPTALiIO HA 3100YTTS HAYKOBOTO CTYIEHs JOKTOPa (i3MKO-MaTEeMaTHIHNX HAYK.

Y 2003 p. obpanwmii uteHOM-KkopecionaenToM HAH Ykpainn.

VY 1971-1990 pp. npamtoBaB y XapkiBcbkomy (i3uKo-TeXHIYHOMY IHCTUTYTI. Y 1990-1992 pp. BiH iHiLiOBaB
crBopennss npu HAH VYkpainu HOBOi ycraHOBM — HayKOBO-TEXHIYHOTO HEHTPY eneKTpo(i3udHOi 0OpoOKH, SKUi
3rojoM Oyno mneperBopeHo B IHcTHTyT enekrpodizuku 1 panmiauiiaux Ttexnoiorid (IEPT) HAH VYkpainm.
B. ®@. KnenikoB OyB AupeKkTOpoM Iii€i ycTaHOBH Bij JHs cTBopeHHs a0 2021 p. Ha tenepimniii yac mpaitoe Ha nocaui
panHuKa npu qupekuii Ta € [loyecHuM TUPEeKTOPOM IHCTHTYTY.

OcHOBHI HayKOBI pe3yJIbTaTH, Ki 3100yB B.®. Kienikos sik 0coOnCTO, Tak i B CIIiBaBTOPCTBI:

- mepenbaueHi yMoBH TiraHTcbkoro nocwieHHs (BII) supepHoro marniTHoro pesonancy (JIMP) B ToHkHMX
MAarHiTHUX IUTIBKaX, IO JIa€ MOXJIMBICTH CTBOPHTH HA OCHOBI TakKMX IUTIBOK JETEKTOPH SIAEPHUX CITIHOBHX XBWJIb,
MAarHiTHI aHaJloru KaMepu BigbcoHa (IE€TEKTOpH €IeKTPOHEHTPATbHUX YACTHHOK), a TAKOXK SACPHI ToMOrpadu 3 ayxe
BHCOKOIO PO3IUTEHOIO 3/1aTHICTIO;

- po3pobineni (i3W4HI OCHOBM 3amam STOBYIOUMX TPHCTPOIB 3 PEKOPAHMMH TapaMeTpamMH, sKi 34aTHi
IPaLIOBaTH 332 YMOB OIIPOMiHEHHS;

- po3pobieHi paialiiiiHi METOAM BiIHOBJICHHS BIACTHBOCTEH SIEPHUX MaTepialliB;

- nepenbaueHi eeKTH pamiaifHoOro CTUMYJIIOBaHHS HAAIUIACTUYHOCTI;

- CTBOPEHI METOJM BH3HAYEHHS 33 EKCIEePUMEHTAJbHUMHU JaHMMH TaKUX XapaKTePUCTHK YacTHHOK, fKi He
MOXYTh OyTH BUMIpsIHI Oe3rocepeiHb0o (MaTPHLIi PO3CISIHHSA, ITOTEHIIaIN B3aEMOIT Ta iH.);

- METOAM KBaHTOBOI €JIEKTPOJMHAMIKH y3arajibHEeHi Ha BUIIAJI0K HEJIOKAJIBHUX IOJIB MaTepil Ta 3aCTOCOBaHi 110
BUpIiLIEHHS po0JieM (i3UKHM €JIeKTPOMArHiTHUX B3aEMOJIHN Y pax;

- 3aIpoINOHOBaHI METOAM MoaUdikamii Ta (pa30BUX IEPETBOPEHb PEYOBHHH 32 JIOTIOMOTOIO ITyUKiB 3aps/PKCHUX
YAaCTHHOK 1 CTBOPEHI HOBI sJIEpHI Ta pajiaiiiiHi TEXHOJIOTI], SIKi IIMPOKO BITPOBA/PKEH] Ha ITPAKTHIII;

- CTBOpEHI pafialiifHi TEXHOJOT1] JIarHOCTHKHM, KOHTPOJIS OE3IEKH Ta TOI0BKEHHS PEcypcy SAEPHUX PEaKTOPIiB
1 oonmagnanns AEC;

- CTBOPEHI HOBI pajiiailiiiHi MeTOI! /Il HU3bKOTEMIIEPATYPHOI'0 HAHECEHHS 3MIIHIOBAIIbHUX ITOKPHUTTIB;

- CTBOPEHI HOBI pajialiiHi TeXHONOTil sl MoTped MEAMIMHH, arpoOKOMILIEKCY i OOpOThOM 3 TEepOpH3MOM
(BUSIBJICHHSI SIZICPHUX, BHOYXOBHX MaTepiaiB Ta iH.).

OTpuMaHO TaKOXX HU3KY 3HAYHUX Pe3ybTaTiB y Teopii MoJs.
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Po3pobneni B IEPT HAH VYkpaiuun Ttexuomnorii Oyio BrupoBamkeno B. ®. KnemikoBum, 30kpema, ajs
30epexeHHs 1 3He3apakeHHs1 (GOH/IB 1 MpUMIlIeHb NpH JKBiAalii HaciakiB aBapiid B HauioHanpHi# 6i0mioreni iMeHi
B. I. Bepaancekoro HAH Ykpainu, y BAK Ykpainu Ta in.

B. ®@. KnenikoB 0arato pokiB € 3acTylTHUKOM AKajeMika-cekperaps Binminenns speprHoi ¢isukn Ta
eneprernkn HAH VYkpainn. Bin € unenom HamionanbHOT KoMicii 3 paialifHOro 3axXHMCTy HaceJeHHs YKpaiHu Ipu
Bepxosniit Pagi Ykpainn.

B. ®. KnemikoB OyB KepiBHHKOM HHU3KH TIPOEKTIB NEpKaBHUX NPOTpaM 1 KOHTPAKTIB, pe3ylbTaTH HOTO
JOCIIKCHD y3araibHeHi B 5 MoHOTpadisax i Outemt HiX y 400 HayKOBUX TpaIlsax i BAHAXOHAX.

B. ®@. KnemnikoB BIpaBHO MOEAHY€E HAYKOBY, OpraHi3alliiHy i neJaroriuty isIbHICTh, MIATOTYBaB 8 KaHIUAATIB
15 DOKTOpiB HAYK.

3 1995 poky norenep B. @. KienikoB mnpaiitoe 3a cyMiCHULITBOM Ha rocaji npodecopa Ha (i3UKO-TEXHITHOMY
(axynpreTi (3apa3 — HaBYAIBHO-HAYKOBUH IHCTUTYT «Di3uKO-TeXHIUHMH (DaKyabTeT») XapKiBChbKOTO HalliOHAIBHOTO
yHiBepcutery imeni B. H. Kapasina. Bukmagae crynentam cneukype «®a3oBi mepexoiM Ta KPUTHYHI SBHIIAY,
3aJlisIHUI 10 HAyKOBOTO KepiBHUIITBA B acmipanTtypi. ¥ 1997 p. liomy OyJ0 npuCBOEHO 3BaHHs Mpodecopa 1o Kadeapi
TeopeTHuHoi saepHoi dizuku. 2008 poxy HUM OyJIO CTBOPEHO B YHIBEepCHTETI Kadeapy eeKTpo(di3nuky i pamialifHux
TexHoJoriid moxsiiiHoro mianopsiakyBanus (MOH ta HAH VYkpainu, 3a pimenasm Konerii MinicrepcTBa ocBiTH i
Haykn Ykpainn Bix 22.11.2006 p. Nel4/1-13 ta Ilocranou Ilpesunii HAH Vkpainn Bix 22.11.2006 p. Ne302 «IIpo
OTTHOJICHHS 1HTETpallii HayKu Ta OCBITH B cydacHHX ymoBax»). [Ipodecop B. ®@. KirenikoB odomroBaB kadenpy mo
2012 poky, KON TpHU peopraHizamii (i3uko-TexHiYHOTO (haKynbTeTy Kadeapa yBidIUIa IO CKIaxy HOBOCTBOPEHOI
kadenpu MatepialiB peakTopoOyAyBaHHS Ta (Pi3UIHUX TEXHOJIOTIH.

B. ©. KnemikoB — 3acayXeHHH IisTd HAYKH 1 TEXHIKA YKpaiHy, Jaypeat npemii iM. M. OcTpoBChKOTO, TIpeMil im.
C. Ilekaps ta im. K. CunensaukoBa HAH Ykpainu, naypeat [epskaBHol npemil YKpaiHu B rany3i HayKd 1 TEXHIKH.

HaykoBa cnizibHOTa, KOJIETH, Y4HI IIMPO BiTaloTh BsiuecnaBa ®denoposuya KienikoBa 3i 3HAMEHHOIO aTOIO Ta
0a)xatoTh MIITHOTO 3JI0POB’S Ta JJOBTMX POKIB HATXHEHHOT Ipalli Ha Oaro HayKu.

M.O. Asapenxos, A.B. babiu, M.l basaneces, O.C. baxai, FO.A. bBepeocnou, B.M. Bepecuecs, B.B. bpioxoseyvruii,
B.A. Binoyc, JI.A. Bynasin, 1.€. I'apxywa, 1.O. Tipxa, .M. Kapnayxoe, FO.O. Kacamxin, I.B. Kupunnin, I'J]. Kosanenxo, B.FO.
Kopoa, O.10. Kopuun, 1.0. Kouewes, I1.E. Ky3neyos, I.M. Hexnooos, B.B. Jlumeunenxo, C.B. Jlumoguenxo, P.I. Cmapogoiimos,
B.I.Cnicenxo, FO.B. Cmocapenko, B.IO. Cmopixcko, B Tkauenxo, I'J]. Torcmomyyvxa, ILM.  Oniwenxo,
II.M. Ocmanuyyx, €. M. [Ipoxopenko





