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This paper presents a comprehensive theoretical study of p-n heterojunctions formed between cadmium telluride (CdTe) and silicon (Si) over
the temperature range of 0 K to 800 K. We focus on band alignment, carrier transport mechanisms, and the temperature-dependent
electrophysical properties of the heterojunctions. Through modeling approaches, we explore the energy band structure, intrinsic
concentration, intrinsic electrical conductivity, and the impact of temperature variations on the heterojunction characteristics. Our findings
provide insights into optimizing the performance of CdTe/Si heterojunctions for applications in photovoltaics and optoelectronics.
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1. INTRODUCTION

Heterojunctions have garnered significant attention in recent decades due to their extensive applications in
optoelectronic and photovoltaic devices. Among these, CdTe/Si heterojunctions stand out for their potential to enhance
the performance of solar cells and photodetectors, attributable to the advantageous combination of their respective
material properties [1]. Cadmium Telluride (CdTe), a II-VI compound semiconductor, is renowned for its suitability in
photovoltaic (PV) solar cell production, primarily owing to its exceptional absorption coefficient (a0 > 10* cm™) and
ideal band gap of 1.5 eV [2, 3]. Silicon (Si), with its established manufacturing processes, is widely utilized in the
electronics industry. The integration of these two materials into p-n heterojunctions can leverage the inherent benefits of
each, resulting in improved device performance and expanded functionality [4, 5].

The formation of a p-n junction between CdTe and Si introduces complexities related to band alignment and
carrier transport. The band alignment of heterojunctions plays a critical role in charge separation and recombination
processes, which are pivotal for device efficiency. Numerous models have been proposed to investigate the electronic
properties of these heterojunctions, particularly emphasizing band offsets, energy level alignments, and carrier mobility.
Despite the promising potential of CdTe/Si heterojunctions, the temperature-dependent behavior remains a significant
challenge, necessitating further theoretical and experimental exploration [5-7]. Notably, doping within CdTe-based
heterojunctions profoundly influences their electrical characteristics. For instance, the introduction of lead (Pb) into
CdTe films has been observed to diminish hole concentration by over three orders of magnitude due to self-
compensation effects, while also resulting in a decrease in charge carrier mobility with increasing temperature during
annealing [8]. To achieve an efficient photoelectric heterojunction, it is imperative to investigate the electronic
properties of the semiconductors involved, considering the effects of doping impurities and their optimal spatial
distribution within the heterojunction [9, 10]. These insights are vital for elucidating carrier transport mechanisms and
band alignment in CdTe/Si heterojunctions, particularly under varying temperature conditions.

Temperature fluctuations can significantly affect carrier transport mechanisms by altering the band gap, carrier
concentration, and mobility within the materials. Specifically, the band gap of CdTe decreases with increasing
temperature, which leads to variations in conduction and valence band offsets at the heterojunction interface. Such
changes critically impact the overall performance of the heterojunction, especially in applications such as
thermophotovoltaics and high-temperature sensors [11,12]. Furthermore, studies focusing on temperature dependence
are essential for understanding the heterojunction's resilience to operational stresses, particularly in environments
characterized by fluctuating thermal conditions.

Previous investigations have sought to model these effects through both analytical and numerical approaches.
Workshops on mathematical modeling of semiconductor heterostructures have delved into the numerical aspects of
carrier transport across various temperature regimes [13-17]. Additionally, experimental studies have assessed the
structural and electrical properties of CdTe/Si heterojunctions [7,18-25]. Nevertheless, significant gaps persist in the
theoretical understanding of temperature-dependent band alignment and carrier dynamics, especially when
contextualized within real-world operational scenarios.
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A thorough understanding of band alignment and charge carrier transport in CdTe/Si heterojunctions is crucial for
optimizing device performance. This paper endeavors to provide an in-depth theoretical exploration of the band
structure, carrier dynamics, and temperature-dependent properties of CdTe/Si heterojunctions.

Additionally, various experimental methods for fabricating p-n junction structures utilizing CdTe material have
been extensively researched. Emerging fabrication techniques for CdTe/Si heterojunction structures include vapor-
liquid-solid (VLS) [26] growth, transient laser-induced grating (TLIG), close-spaced vapor transport (CSVT) technique
[29], chemical vapor deposition (CVD) [28], transmission electron microscopy (TEM) [21] and metalorganic vapour-
phase epitaxy MOVPE [17]. These methodologies have enabled researchers to successfully create innovative structures
such as nanowire arrays and nanocones, which are specifically designed to enhance light absorption in CdTe/Si
heterojunction structures.

This study aims to model and analyze the band alignment and carrier transport mechanisms in CdTe/Si
heterojunctions, with a particular emphasis on their temperature-dependent electrophysical properties. Employing
advanced simulation tools such as TCAD Sentaurus and MATLAB [4,5], we will investigate how temperature
influences the key parameters that dictate the efficiency of these heterojunctions. Moreover, we will compare theoretical
results with experimental data to furnish a comprehensive understanding of the factors that enhance or impede the
performance of CdTe/Si-based devices.

2. MATERIALS AND METHOD
As previously mentioned, the Band Gap emerges as the most crucial parameter in semiconductor materials.
Therefore, equation (1) enables the calculation of the varying temperature of the bandgap for Si, and CdTe. The formula
for calculating the temperature dependence of the bandgap in semiconductor materials is typically described by the
Varshni equation. It's expressed as:

o-T?

E(T)=E,(0)-

Where E,(T) and E4(0) are bandgap at T and 0 K respectively, o and B are material-specific constants. This
equation shows how the bandgap energy varies with temperature. The parameters o and [ are experimentally
determined constants for a particular semiconductor material [29]. The results of our new model and the corresponding
equation (1) are depicted in Figure 3.

Figure 1. Schematic two-dimensional section of the p-n heterojunction structure based on pCdTe/nSi

The Figure 1 shows the 2D cross-sectional surface of the selected pCdTe/nSi sample. In this case, the p-type ohm
contact is connected to In, and the n-type ohm contact is connected to Al. The band diagram corresponding to this
heterojunction is shown in Figure 2.

The intrinsic concentration serves as a fundamental electrophysical parameter of semiconductor materials. The
intrinsic carrier concentration n; in a semiconductor is given by the equation:

n(T)= \/W~exp(——Eg (T)J

2kT

(@)
Where: N¢(T) and Ny(T) are the effective density of states in the conduction band and the effective density of

states in the valence band. Ey(T) is the energy bandgap, k is the Boltzmann constant and T is the absolute temperature.
The values of N¢(T) and Ny(T) depend on the material and are often expressed as functions of temperature

[30,31]. The results of the corresponding equation (2) are depicted in Figure 4. Another electrophysical parameter

influenced by temperature is internal conductivity. For the materials we have chosen, expression (3) corresponds to the

equation for electrical conductivity as a function of temperature:

E (T)
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Band Diagram of CdTe/Si Heterojunction
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Figure 2. Band diagram of the pCdTe/nSi heterojunction
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is the conductivity, is determined by expression (4), which indicates a linear dependence on temperature,
and we have also considered that this expression is temperature-dependent. This expression (5) was analyzed in two

cases: Case A, where 0,(T) is assumed to have a strong linear dependence on temperature, and Case B, where 0,(T)
is considered temperature-independent. The difference between Cases A and B is presented and analyzed in Figure 5.
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Figure 3. Band gap of a semiconductor as a function of temperature: red line for Si, blue line for CdTe

0o(T) = - (n(T)- 4, (T)+ p(T)- 1, (T)) @

Here, n(T) and P ) are the electron and holes concentration, #,(T) and #» () are the electrons and hole mobility
which represents the temperature dependence. If we consider equal intrinsic electrons and holes concentration

m(T) = p,(T) , expression (3) can be substituted with expression (5).

E, <T>j

Gf(T)=00i(T)~€Xp(— AT
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The graphical representation of the result from expression (5) is depicted in Figure 5, illustrating intrinsic
electrical conductivity as a function of temperature. The obtained results were derived by considering the temperature
dependence of the electrophysical parameters in our model.

3 RESULTS AND DISCUSSION
This graph illustrates the well-known phenomenon of band gap narrowing with increasing temperature in
semiconductor materials, which is crucial for understanding their electronic and optical properties across different
operating temperatures.
Based on the analysis of Figure 3, we can conclude that both CdTe and Si exhibit significant temperature-
dependent band gap narrowing from 200K to 800K. The CdTe band gap decreases more rapidly than Si, indicating a



214
EEJP. 1 (2025) Sadulla O. Sadullaev, et al.

stronger temperature dependence. This behavior has important implications for the performance of CdTe/Si
heterojunction diodes across different operating temperatures.

Figure 4 shows at 300 K, n,(T)=1.5-10"[em ] for Si and n,(T)=2-10°[cm™] for CdTe indicate the intrinsic
carrier concentration. Figure 4 shows the inverse relationship of internal concentration to temperature in logarithmic
form. The slopes of the lines for Si and CdTe differ, reflecting the intrinsic band gap differences between the two
materials. Silicon, with a smaller band gap, shows a higher intrinsic carrier concentration at equivalent temperatures
compared to CdTe, which has a larger band gap. The steeper slope of the CdTe line indicates that its intrinsic carrier
concentration decreases more rapidly with decreasing temperature compared to silicon, highlighting its greater thermal
stability at lower temperatures.

In(u:)

4
1000
1K)

— G e— CA4Te

Figure 4. Internal electrical concentration as a function of temperature: red line for Si, blue line for CdTe.

At higher temperatures (left side of the graph), the intrinsic carrier concentration m(T) of silicon is significantly
higher than that of CdTe. This difference becomes more pronounced as the temperature increases due to silicon's
smaller band gap, which allows for greater thermal excitation of carriers. At lower temperatures (right side of the
graph), the intrinsic carrier concentration for both materials approaches lower values, but CdTe maintains a significantly
lower ni compared to silicon. This makes CdTe advantageous for applications that require low carrier concentrations
and minimal thermal noise at lower operating temperatures, such as infrared detectors and photovoltaics. The lower
intrinsic carrier concentration in CdTe at elevated temperatures, compared to silicon, is advantageous for high-
temperature applications where minimizing carrier generation is crucial, such as in high-performance photovoltaic cells.
Conversely, the higher ni of silicon may benefit devices that rely on higher carrier densities for conduction, but it may
also lead to increased leakage currents and thermal noise, potentially limiting its use in certain high-temperature or low-
noise applications. The plot effectively illustrates the intrinsic properties of Si and CdTe and their suitability for
different semiconductor applications. The analysis reveals that the choice of material for device fabrication must
consider these temperature-dependent properties, especially in environments where thermal management is critical. The
differences in band gap energies, as reflected in the slopes of the lines, underline the importance of material selection
for optimizing the performance of semiconductor devices in varying temperature regimes.

Figure 5 shows the inverse relationship of conductivity to temperature in logarithmic form. The slope of the Si line
is less steep compared to that of CdTe, indicating that silicon has a lower activation energy for conduction relative to
CdTe. This suggests that at equivalent temperatures, silicon requires less energy to activate charge carriers, resulting in
higher conductivity compared to CdTe. For CdTe, the steeper slope indicates a higher activation energy, which
corresponds to its wider band gap. This translates to lower intrinsic conductivity at a given temperature, making CdTe
more suitable for applications that require minimized leakage currents and stable performance at elevated temperatures.
At higher temperatures (left side of the graph), both Si and CdTe exhibit higher conductivities, which is consistent with
intrinsic conduction, where thermal energy is sufficient to excite electrons from the valence band to the conduction
band. However, the higher intrinsic conductivity of Si highlights its lower band gap, enabling more electrons to be
thermally excited. As the temperature decreases (right side of the graph), conductivity for both materials diminishes
significantly, indicating reduced carrier availability and a shift toward extrinsic conduction dominated by impurity
levels. This shift underscores the importance of doping strategies to maintain conductivity in these materials at low
temperatures. CdTe’s lower conductivity at higher temperatures, as evidenced by its steeper slope, suggests its
advantage for applications in environments where maintaining low intrinsic carrier densities and minimal thermal noise
is critical, such as in radiation detectors and high-temperature electronics. Silicon's higher intrinsic conductivity across a
broad temperature range is advantageous for devices that operate efficiently at room temperature, such as
microelectronics and photovoltaics. However, this characteristic may limit its effectiveness in high-temperature
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environments where thermal noise must be minimized. The slopes of the linear regions for both materials can be used to
extract the activation energies for conduction. This quantitative analysis provides a deeper understanding of the
electronic properties of each material and helps optimize them for specific temperature-dependent applications. The
Figure 5 effectively illustrates the contrasting thermal behaviors of Si and CdTe in terms of electrical conductivity. The
observed differences highlight the significance of band gap energies and intrinsic material properties in determining
their suitability for different semiconductor applications. The higher activation energy of CdTe suggests its preference
for high-temperature environments where stability is key, while silicon's lower activation energy and higher
conductivity make it ideal for room-temperature and low-temperature applications. These insights are crucial for
developing efficient semiconductor devices tailored for specific operating conditions.
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Figure 5. Internal electrical conductivity as a function of temperature: red line for Si, blue line for CdTe

CONCLUSIONS

In this study, we conducted a comprehensive modeling and theoretical analysis of p-n heterojunctions based on
CdTe/Si, focusing on band alignment, carrier transport, and temperature-dependent electrophysical properties. The
results indicate that the band gap and intrinsic carrier concentration of CdTe and Si are significantly affected by
temperature variations. Specifically, the band gap of CdTe was found to decrease more rapidly with increasing
temperature compared to Si, which highlights the strong temperature dependence of CdTe. This property is
advantageous for high-temperature applications where thermal stability is critical. The intrinsic carrier concentration
analysis revealed that silicon, due to its smaller band gap, maintains a higher carrier concentration at equivalent
temperatures, making it suitable for applications requiring higher carrier densities.

The intrinsic conductivity analysis showed a linear relationship between conductivity and temperature. Silicon
displayed a lower activation energy for conduction compared to CdTe, resulting in higher conductivity at room
temperature. However, CdTe’s lower intrinsic conductivity at elevated temperatures offers advantages for applications
where minimizing leakage currents and maintaining stable performance are crucial.

These insights underline the importance of considering temperature-dependent properties when optimizing
CdTe/Si-based devices for specific applications, such as photovoltaics, infrared detectors, and high-temperature
electronics. Future work should focus on experimental validation of these theoretical findings and explore the influence
of different doping strategies and material modifications on the performance of CdTe/Si heterojunctions under varying
temperature conditions.
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MOJEJIOBAHHS TA TEOPETUYHE JOCJIIIKEHHSI p-n TETEPOIIEPEXOJIB HA OCHOBI CdTe/Si:
BUPIBHIOBAHHS 30HH, TPAHCIIOPT HOCIIB TA EJEKTPO®I3UYHI BIACTUBOCTI, 3AJIEXKHI BIJT
TEMIIEPATYPU
Canymia O. Canyanaes®?, Iopoxiv B. Camaes?, Xinost E. AGaikapiMos®
nemumym gyynoamenmanvrux i npukaaonux oocniodcenv npu TIHHAME NRU, Tawxenm, Y36exucman
bHayionanvnuii docnionuywxuii yuisepcumem TIHAME, gaxyromem ¢pizuxu ma ximii, Tawxenm, Y3bexucman
‘Kagheopa midicgpaxyibmemcbKux 3a2anbHOMeXHIUHUX HAYK YpeenucbKkoeo 0epaicasrozo yHieepcumemy, Ypeeny, Yzoexucman
V 1iif cTaTTi MpeacTaBieHo BcebidHEe TEOPETHYHE AOCIIKEHHS P-N TeTePONepexo/iB, YTBOPEHHX Mix TernypuaoM kaamiro (CdTe) i
kpemuiem (Si) y miamasoni temmneparyp Bix 0 K mo 800 K. Mu 30ocepemkyeMocsi Ha BUPIBHIOBaHHI 30H, MeXaHi3MaxX TPaHCHOPTY
HOCI{B 1 TeMIepaTypHO-3aJIeKHIX €IeKTPO(i3UIHIX BIACTUBOCTAX TETEPONEPEXOMiB. 3a AOMOMOTOI0 MiAXOIB MOICTIOBAHHSI MU
JIOCTIDKYEMO CHEPTeTHYHY 30HHY CTPYKTYpY, BIaCHY KOHLICHTPALIIO, BIACHY CJIICKTPOIPOBIAHICTh Ta BIUIMB 3MiHU TeMIIEpaTypH Ha
XapaKTepUCTHKU reTeponepexofy. Hamri pesynsrard HaJalOTh HOBI 3HAHHS IJIS ONTHMI3allii NMPOAYKTHBHOCTI TIETEPOIEPExoiiB

CdTe/Si anst 3acTocyBaHb Y (POTOCIEKTPUIHUX 1 ONTOETEKTPOHHUX IIPHCTPOSIX.
Kuo4oBi ciioBa: mooentosanns; 60yoosanuti nomenyian, eemeponepexio; wupuna 3a60poHenoi 301U, 61aCHA KOHYEeHMPayis 61aACHA
eLeKMPOnPoOsIOHicCmb
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A growing area of research in recent years has focused on improving the efficiency of [6,6]-phenyl-C61-butyric acid methyl ester (PCBM)
fullerene-based bulk heterojunction organic solar cells (BHJOSC) using poly 3-hexylthiophene-2,5-diyl (P3HT) as the donor and graphene
derivatives as the hole transport layer (HTL). Graphene derivatives, mainly graphene oxide (GO) and reduced graphene oxide (RGO),
possess similar exceptional characteristics as that of graphene, and are good candidates as HTL in P3HT:PCBM based BHJOSC’s. In this
work, we use, One-Dimensional Solar Cell Capacitance Simulator (SCAPS1D) for the extensive and detailed study of two configurations,
namely ITO/GO/P3HT:PCBM/Al and ITO/RGO/P3HT: PCBM/ALI. Both configurations are optimized, and enhanced efficiencies are
achieved by varying electrical input parameters of the device. Thereafter, design, simulation and analysis of different device combinations
are done using nine distinct ETL’s and three metal electrodes. ITO/GO/P3HT:PCBM/LiF/Ca and ITO/RGO/ P3HT:PCBM/LiF/Ca gave
improved efficiencies of 8.00% and 12.00% respectively. Then, the influence of varying donor density of Lithium Fluoride (LiF), and
effect of varying work function of Indium Tin oxide (ITO), on the device performance of these two devices is studied. A record efficiency
of 16.47%, is attained for increased donor density of LiF in ITO/RGO/P3HT:PCBM/LiF/Ca configuration.

Keywords: Bulk heterojunction organic solar cell; One Dimensional Solar Cell Capacitance Simulator; Graphene oxide; Reduced
graphene oxide; Enhanced efficiency

PACS: 85.60.-q, 84.60.Jt, 81.05.ue

1. INTRODUCTION

Bulk heterojunction (BHJ) organic photovoltaic (OPV) devices have garnered growing attention in research, driven
by their promise for affordable, printable solar cells (SC) [1] that can be manufactured on flexible substrates. The typical
composition of conventional BHJ photoactive material involves an interpenetrating network of electron-donor conjugated
polymers [2] and electron-acceptor fullerenes, and among all the bulk heterojunction active materials, the mixture of
solution-processed poly 3-hexylthiophene-2,5-diyl (P3HT) (as donor molecules) and fullerene derivative [6,6]-phenyl-
C61-butyric acid methyl ester (PCBM) (as acceptor molecules) is the most researched blend [3—5]. In a simple BHJ
device, both the donor and acceptor phases makes direct electrical contact with the cathode and anode, leading to
recombination of carriers and current leakage [6-8]. Electron transport layers (ETL’s) and hole transport layers (HTL’s)
are used to counteract these detrimental effects [7,8]. Identifying appropriate HTL and ETL with attention is critical for
achieving improved stability and efficiency.

In the P3HT:PCBM based bulk heterojunction organic solar cell (BHJOSC), poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) is the most extensively employed HTL [9-20]. This particular material is preferred
because of its excellent conductivity and transparency, as well as its ability to improve the smoothness of the surface
when applied on Indium Tin oxide (ITO). Nevertheless, the utilization of PEDOT: PSS comes with certain drawbacks,
including its hygroscopicity, anisotropic charge injection, acidic nature, and batch-to-batch variations in electrical and
physical properties. In order to investigate potential substitute materials for PEDOT:PSS in organic electronic devices, a
great deal of research has been done [21]. In recent years graphene derivatives have emerged as a prominent alternative
for PEDOT:PSS in P3HT:PCBM based bulk heterojunction organic solar cells (BHJOSC’s).

Graphene oxide (GO) and reduced graphene oxide (RGO) are oxygen functionalized derivatives of graphene with a
wider bandgap than graphene (0-4.66 eV) [22-27]. Since graphene is known to be the strongest and thinnest substance on
Earth, with higher carrier mobility (1000—10000 cm? V! s7"), [28] zero bandgap, [29] and higher electrical conductivity, [30]
breaking its chemical bonds is a highly challenging task. However, GO and RGO exhibit similar remarkable properties,
which have the potential to enhance the stability of devices [31-32]. Moreover, GO/RGO shows promise as a superior
substitute for PEDOT: PSS as the best HTL alternative. This is due to its adjustable electrical properties, work function
compatibility with P3HT:PCBM, and potential for efficient and cost-effective manufacturing methods [33-36].

Since there are multiple affordable methods for fabricating GO and RGO from graphite and, graphite is more readily
available than many other materials, we choose GO and RGO as HTL for our study. One state-of-the-art process for
fabricating GO is the modified Hummer’s method. GO is essentially graphene that contains functional groups with
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oxygen, including epoxides, hydroxyls, and carboxyl’s. The modified Hummer’s method entails the oxidation of graphite
flakes using a combination of potent acids and oxidising agents [37-39]. GO is reduced to obtain RGO. The selection of
the reduction technique relies on various factors, including safety concerns, the desired characteristics of the resulting
RGO, and the intended purpose. After reduction, some of the oxygen functional groups are removed, and the resulting
RGO exhibits improved electrical conductivity and other properties closer to pristine graphene [40-43].

GO possesses numerous oxygen functional groups, resulting in a broader bandgap compared to RGO. Consequently,
the mobility of charge carriers becomes challenging. However, the reduction of GO to RGO diminishes the bandgap,
rendering RGO more appropriate for electronic applications that require semi-conductive or conductive characteristics.
RGO, with improved conductivity and reduced defects, will exhibit higher charge carrier mobility, which could contribute
to efficient charge transport in bulk heterojunction organic solar cells [44-46].

Researchers have successfully fabricated BHJOSC with the configurations ITO/ GO/P3HT:PCBM/AIl and
ITO/RGO/P3HT:PCBM/ALl in which ITO acts as the anode, and Aluminium (Al) acts as the cathode. In 2010, Shao et al.
worked on ITO/GO/P3HT:PCBM/ALI, with graphene oxide (made using the modified Hummer’s method) as HTL with
different thickness 2nm, 4nm, and 6 nm and attained 3.5%, 2%, and 0.9%, respectively [47]. The necessity of a simulation
study on the effect of varying thicknesses of HTL and active layer exists. An extensive numerical simulation study on the
effect on device performance with varying thickness of 5 nm to 100 nm has not been reported elsewhere, which we have
carried out successfully and found the optimum thickness of HTL and active layer for better device performance.

In 2013, Jun et al. worked on P3HT:PCBM BHJOSC with similar configuration with graphene oxide nanoribbon as
HTL. Notably, this solar cell device does not include an electron transport layer (ETL), and impressively, the fabricated
device has an efficiency of approximately 4.02% [48]. For the past few years scientists and researchers have been
introducing reduced graphene oxide as hole transport layer in BHJ OSC with P3HT:PCBM as active layer, ITO as anode,
and Al as cathode with device configuration ITO/RGO/ P3HT:PCBM/AL In 2011, Nguyen et al. reported 3.98%
efficiency with RGO as HTL, [49] and later on, in the year 2020, Fakharan et al. reported an improved efficiency of
4.02% for RGO produced by Nd:YAG laser production as HTL for the same configuration [S0]. Modelling and extended
simulation study on ITO/GO/P3HT:PCBM/AI and ITO/RGO/ P3HT:PCBM/ALI have not been reported elsewhere.

Our work includes extensive and detailed numerical simulation study, of configurations ITO/GO/P3HT:PCBM/Al,
and ITO/RGO/P3HT:PCBM/AI, and improving their efficiency via optimisation. We have studied the influence of
thickness, electron mobility, hole mobility, and defect density of active layer on the device performance. The effect of
thickness, defect density, electron mobility, hole mobility and acceptor density of HTL, interface layer defect, series
resistance, shunt resistance, and operating temperature is also studied. After optimisation of ITO/GO/P3HT:PCBM/Al,
we achieved an efficiency of 4.32%, which is much greater than 1.63% (standardized work)®! and optimisation of
ITO/RGO/P3HT:PCBM/AI gave an enhanced efficiency of 6.65%, which is much higher than 0.65%(standardized
work) [51]. In the intention of improving device performance, we design and simulate various device combinations, by
incorporating nine diverse ETL’s and three cathodes. The ETL’s used include, N,N'- Bis(N,N-dimethylpropan-1-amine
oxide)perylene-3,4,9,10-tetracarboxylic diimide (PDINO), Poly(9,9-bis(3'-(N,N-dimethyl) -N-ethylammoinium-propyl-
2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)) dibromide (PFN-Br), Zinc oxide (ZnO), Lithium Fluoride (LiF), Indium
gallium zinc oxide (IGZO), C60, [6,6]-phenyl-Ce1-butyric acid methyl ester (PCBM) and Titanium dioxide: graphene
composite (TiO,:gr) and nitrogen doped graphene(n-graphene). Whereas, Aluminium (Al), Calcium (Ca) and Silver (Ag)
are the three cathodes used for the study. Enhanced efficiencies of 8.00% and 12.00% is attained for the BHJOSC’s with
configuration ITO/GO /P3HT:PCBM/LiF/Ca and ITO/RGO/P3HT:PCBM/LiF/Ca respectively. Thereafter, the influence
of varying donor density of LiF (ETL) on the device performance of configurations ITO/GO/P3HT:PCBM/LiF/Ca and
ITO/RGO/P3HT:PCBM/LiF/Ca is also studied. A record high efficiency of 16.47%, Open circuit voltage (Voc) of
0.7389V, short circuit current density (Jsc) of 26.733287mA/cm? and fill factor (FF) of 83.36% is achieved for
ITO/RGO/P3HT:PCBM/LiF/Al for increased donor density of LiF. The effect of varying work function of ITO on these
configurations is also examined and no significant enhancement in efficiency is attained. From our studies, it can be
concluded that RGO (bandgap-1.5 eV), when used as HTL, seems to produce a higher efficiency, when compared to GO
(bandgap-2.48¢V). Device with Ca (2.9¢V), [52] placed as cathode seem to give better device performance compared to
Al (4.2eV), [53] and Ag (4.35eV) [54].

2. METHODOLOGY, MODELLING AND PARAMETER SETTING
A One-Dimensional Solar Cell Capacitance Simulator (SCAPS1D) is used for the simulation. By solving the
semiconductor equations, including Poisson's equation (Eq. 1), continuity equations for electrons (Eq. 2), and equations
for holes (Eq. 3), which are provided below, the software creates a working point solution in steady state [55].
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where ¢ is the dielectric permittivity, g is the permittivity of free space, ¥ is the electrostatic potential, n is the carrier
concentration of electrons, p is the carrier concentration of holes, Np* is the ionized donor concentration, No* is the
ionized acceptor concentration, pg.r(n,p) is the distribution of defects, J, is the electron current density, and J, is the
hole current density. U, is the recombination rate of electrons, U, is the recombination rate of holes, and G is the
generation rate. The electron and hole current densities are given by the charge transport equations. D, and D, are electron
and hole diffusion coefficients. Electron and hole mobilities are denoted by p, and p, respectively [55].

d do
Jn = Dnd_z + Llnng 4)
_ dn dd
]p - Dp& + llppg (5)

The schematic diagram of simulated device structure is shown in Fig. 1 (a), and Fig. 1 (b) gives the energy band
diagram of layers used in the simulation study (GO, RGO, P3HT:PCBM, PDINO, PFN-Br, LiF, ZnO, IGZO, C60, PCBM,
TiO,:gr and n-graphene). The numerical input parameters of the active layer and the hole transport layers is listed in
Table 1 and the input parameters of electron transport layers is listed in Table 2 and Table 3. The input parameters are
taken from previous literature.
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Figure 1. Modelling of BHJOSC device: (a) schematic diagram of device structure, and (b) energy band diagram of layers GO,
RGO, P3HT: PCBM, PDINO, PFN-Br, LiF, ZnO, IGZO, C60, PCBM, TiO2:gr, and n-graphene

Capture cross section, electron and hole thermal velocity, for all layers are set to 1x107'° cm?, and 1x107cm/s,
respectively. Furthermore, the capture cross-section for the HTL/active layer interface, and active layer/ETL interface is
chosen as 1x10°cm?. As in SCAPS1D, the energy level with respect to the reference (eV) is kept constant for all layers,
at 0.6eV. The simulation is run at 323K operating temperature under AM1.5G light with an intensity of 1000mW/cm?.
The parameter values that are not mentioned in the table are set as given in SCAPS1D. The listed input parameters are
used to standardize configurations ITO/GO/P3HT:PCBM/AI and ITO/RGO/P3HT:PCBM/AL.

Table 1. Numerical input parameters of active layer P3HT:PCBM and hole transport layer RGO

Parameters P3HT:PCBM  Graphene oxide Reduced graphene oxide
Thickness (nm) 100 [51] 35[51] 35[51]
Bandgap (Eq) (¢V) 1.27 [56] 2.48 [59] 1.5 [60]
Electron affinity (x) (€V) 3.7 [56] 2.3 [59] 48161]
Dielectric permittivity (:) 3.5[5] 10 [59] 13.3 [62]
Conduction band density CB (cm™) 7.8x10'°[57] 1.8x10'8[59] 1x10 °[63]
Valence band density VB (cm™) 7.8x10'°[57] 2.2x10'8[59] 1x10 °[63]
Thermal velocity of electrons Ve (cm/s)  1x107[58] 1x107[59] 1x107
Thermal velocity of holes Vi (cm/s) 1x107[58] 1x107[59] 1x107
Electron mobility pe (cm?/Vs) 2x1073[58] 2.6x10'[59] 3.2x10%[64]
Hole mobility pn (cm?/Vs) 2x10°[58] 1.23x102[59] 3.2x102[64]
Donor density Np (cm™) 0[57] 0[59] 0

Acceptor density Na (cm™) 0[57] 1x10'8[59] 1x10'8
Defect density Ni (cm™) 6.847x10'5 1x10° [59] 1x10°

Table 2. Numerical input parameters of electron transport layers PDINO, PFN-Br, LiF, ZnO

Parameters PDINO PFN-Br LiF Zn0O
Thickness (nm) 5[65] 5[66] 20 [67] 20 [71]
E¢(eV) 2.98 [65] 2.98 [66] 1.9 (varied) [68] 3.1[72]

(V) 4.1 [65] 4[66] 3.2[68,69] 4[73]
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Parameters PDINO PFN-Br LiF ZnO

€ 5[65] 5166] 9.1[70] 9 [74]

CB (cm?) 1x10'9[65] 1x10" [66] 1x10%°[67,69] 2x10'8 [74]
VB (cm?) 1x10[65] 1x108 [66] 1x10%°[67,69] 1.8x101° [74]
Ve(cm/s) 1x107[65] 1x107 [66] 1 x107 [69] 1x107 [74]
Vi(cm/s) 1x107 [65] 1x107 [66] 1x107 [69] 1x107 [74]
He (cm?/Vs) 2x107°[65] 2x10° [66] 1[67,69] 1x102 [74]
ph (cm?/Vs) 1x103[65] 1x10* [66] 1[67,69] 2.5x102 [74]
Nb (cm?) 2x10%'[65] 9x10'8 [66] 1x10'8 [67] 1x10'8 [74]
Na (cm?) 0[65] 0[66] 0 0[75]

Ni (cm™®) 1x10° 1x10'[66] 1x10° 1x10'[74]

Table 3. Numerical input parameters of electron transport layers IGZO, PCBM, C60, TiO2: gr and n-graphene

A definite requirement for software validation is standardisation. The configurations, ITO/GO/P3HT:PCBM/Al and
ITO/RGO/P3HT:PCBM/AL, are studied in our work, in which efficiencies of 1.63% and 0.65% are achieved [51]. Table 4

Parameters IGZO [75] PCBM [75] C60 [75] TiO2:graphene [76] n-graphene [77]
Thickness (nm) 5 5 5 50 0.334
Eg(eV) 3.05 2 1.7 2.4 0.5

(0 (eV) 4.16 3.9 3.9 431 4.8

(e) 10 3.9 4.2 7.8 10

CB (cm?) 1x10 19 1x10 1 1x101° 1x10 19 3x10"
VB (cm™) 1x10 1 1x101? 1x101? 1x10 1 3x10"
Ve (cm/s) 1x107 1x107 1x107 1x107 1x107
Vh (cm/s) 1x107 1x107 1x107 1x107 1x107
pe (cm?/Vs) 15 0.02 8x107 350 10

th (cm?/Vs) 0.1 0.02 3.5x1073 350 1 x10°
Nb (cm?) 1x10 19 1x10 19 1x10 19 5x10 18 1x10%
Na (cm3) 0 0 0 0 0

Nt (cm™) 1x10 1 1x10 1 1x101? 1104 11014

3. STANDARDIZATION

and Table 5 summarizes the validation of software via comparison of simulated and experimental outcome.

Table 4. Output parameters of ITO/GO/P3HT:PCBM/Al

Voc (V) Jsc (mA/cm?) FF (%) Efficiency (%)
Experimental 0.57+0.02 6.94+0.1 41.24+0.01 1.63+0.01
Simulation 0.5329 7.6325 40.88 1.66
Table 5. Output parameters of ITO/RGO/P3HT: PCBM/Al
Voc (V) Jsc (mA/cm?)  FF (%) Efficiency (%)
Experimental  0.38+0.02  5.37+0.4 31.240.03  0.65%0.13
Simulation 0.3945 5.78 28.41 0.65
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Figure 2. The matched experimental and simulation quantum efficiency graph of: (a) ITO/GO/P3HT:PCBM/AL, and (b)
ITO/RGO/P3HT:PCBM/Al

Fig. 2 (a) and Fig. 2 (b) shows the matched quantum efficiency (QF) graph obtained from experimental results and
simulation results of ITO/GO/P3HT:PCBM/Al and ITO/RGO/P3HT:PCBM/AI respectively.
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4. RESULTS AND DISCUSSION
4.1. ITO/GO/P3HT: PCBM/AI

With the aim of designing a high efficiency BHJOSC with graphene oxide as HTL, an extensive numerical
simulation study of ITO/GO/P3HT:PCBM/AI is done. The impact of electrical parameters, including thickness, defect
density, electron mobility, and hole mobility of active layer, is studied. The effect of thickness, defect density, electron
mobility, hole mobility, and acceptor density of HTL is also studied. In addition, the influence of interface
(GO/P3HT:PCBM interface) defect, operating temperature, series resistance, and shunt resistance is also investigated.
The device is optimised. Combination of device structures with nine distinct ETL’s (PDINO, PFN-Br, LiF, ZnO, IGZO,
C60, PCBM, TiOs:gr, and n-graphene) and three metal contacts are simulated and analysed. The influence of donor
density of ETL and effect of varying ITO work function on device performance of best configuration is also examined.

4.1.1. Influence of various electrical parameters of PSHT:PCBM

The input electrical parameters of the active layer play a crucial and significant role in improving the device stability
and performance. The effect of input electrical parameters on device output parameters is studied and plotted in Fig. 3.
The thickness of the active layer is a very important parameter for the smooth performance of BHJOSC. The thickness of
the photoactive material is varied, from 20nm to 120nm, and the effect on output parameters is studied, and plotted in
Fig. 3(a). As the thickness of the active material increases, efficiency rises, to a maximum value of 1.81% at 70nm and,
then decreases. The reason for this is that once the thickness surpasses a specific limit (known as the optimum value), the
charge carriers will need to cover a greater distance in order to reach the respective electrodes.
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Figure 3. Variation of device output parameters of ITO/GO/P3HT:PCBM/AIl with varying factors of active layer: (a) thickness,

(b) defect density, (c) electron mobility, and (d) hole mobility

Consequently, as the thickness exceeds the optimum value, the efficiency declines. It is essential to increase the
thickness up to a certain level to ensure optimal device performance, as this enhances light absorption and the generation
of excitons.
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Even though the device shows an improved efficiency at 70nm, when it comes to practical applications, 100nm is
often considered as the optimum thickness for the active layer in P3HT:PCBM based BHJOSC’s.

The impact of active layer defect density on device performance is depicted in Fig. 3(b). As the defect increases,
from 10'" to 10" cm?, efficiency decreases, from 2.45% to 1.66%. As defect density increases, the lifetime of carriers
diminishes, resulting in an elevated recombination rate that impacts the performance of the device. A reduced defect
density within the layer signifies a more polished surface, thereby contributing to a smoother device performance. Higher
charge carrier mobility is necessary to reduce charge recombination as well as to promote charge collection. Fig. 3(c) and
Fig. 3(d) show the effect of varying electron mobility and hole mobility of active layer on device performance. The
electron mobility is varied from 2x103cm?/Vs to 2x10°cm? /Vs and a relatively enhanced efficiency of 4.11%, for
2x10°cm?/Vs is attained. As the hole mobility increases, from 2x103cm?/Vs to 2x103cm?/Vs, efficiency reaches, a
maximum value of 2.10% at 2x10-'cm?/Vs. The rise in material conductivity is affirmed by the increase in mobility. The
balance of mobilities is predominantly upheld, as an imbalanced charge transport could potentially transpire if L is lower.
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Figure 3. Variation of device output parameters of ITO/GO/P3HT:PCBM/AIl with varying factors of active layer: (a) thickness,
(b) defect density, (c) electron mobility, and (d) hole mobility

4.1.2. Influence of various electrical parameters of graphene oxide

The influence of the hole transport layer thickness on device performance is shown in Fig. 4(a). As the thickness for
GO increases, efficiency reaches a maximum of 1.66% at 20nm, and then decreases. Researchers and device engineers
often perform experiments and simulations to determine the ideal HTL thickness that maximises device efficiency. It's
worth noting that the optimal thickness can vary depending on the specific materials used in the solar cell, the design of
the device, and the intended application. Excessive HTL thickness can contribute to increased series resistance in the
device, which can limit charge transport and reduce overall device performance. The experimental work chosen for
standardisation has fabricated a BHJOSC device with 35nm thickness of GO. Our simulation study shows, 20nm thickness
of GO gives good efficiency. This could be extremely helpful for the experimental fabrication of thin layered HTL in
BHIJOSC. Too thin or too thick HTL layers might be challenging to deposit reliably and uniformly during the
manufacturing process.
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As the defect of GO is varied, from 10° to 10'° cm™ as shown in Fig. 4(b), efficiency remain unchanged. The device
performance is not significantly affected by the defect density of graphene oxide, as indicated by this observation.
However, it is preferable to have a minimal defect in the HTL layer in order to enhance its functionality.

The plot showing significance of electron and hole mobility of graphene oxide layer on device performance is given
in Fig. 4(c) and Fig. 4(d). As the electron mobility of graphene oxide increases, efficiency gets improved and reaches
3.9%. The efficiency remains constant at as hole mobility changes from 2.6x107 to 2.6x103cm?/Vs. The balance between
electron and hole mobility is also maintained in the hole transport layer.
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Figure 4. Variation of device output parameters of [ITO/GO/P3HT:PCBM/AI with varying factors of HTL: (a) thickness,
(b) defect density, (c) effect of electron mobility, (d) hole mobility, and (e) effect of acceptor density

The effect of varying acceptor density on device performance is also studied in this work. As the acceptor density is
raised from 1x10%cm? to 1x10%* cm?, efficiency seems to increase and reaches 2.36%. Fig. 4(e) clearly shows the
influence of varying acceptor density of GO on device performance. The acceptor density is varied from 1x 10" ¢m to
1x10?% cm?. The efficiency seemed to increase with an increase in acceptor density. Maximum efficiency of 2.36% is
achieved for 1x 10%2 cm?.

4.1.3. Influence of interface defect, temperature, series resistance and shunt resistance on the device performance

The interface defined in ITO/GO/P3HT:PCBM/ALI is HTL/active layer interface (i.e grapheneoxide/P3HT:PCBM
interface). Fig. 5(a) depicts the variation of device parameters with respect to change in interface defect values. The
simulation is done by varying the density of interface ranging from 1x10'° cm™ to 1x10" ¢m™. Efficiency also decreases
from 2.00% to 1.66% at 1x10'* cm™. It is evident from our research that achieving a low interface defect density is crucial
for enhancing the performance of output devices. These findings align well with our previous results. Minimizing defects
in the layers contributes to a smoother device performance. However, it is important to acknowledge that a certain level
of defects is inevitable in materials and should be duly considered.

The operating temperature is varied from 250K to S00K and the device performance is studied as it appears in Fig. 5(b).
The rise in temperature has a detrimental impact on the functionality of the device, resulting in a gradual decline in



224
EEJP.1(2025) Denet Davis, et al.

performance. This decline can be attributed to the escalation in series resistance, which subsequently leads to an increase in
recombination rate. It is worth noting that the influence of temperature is more pronounced in organic solar cells as opposed
to inorganic solar cells. As the temperature increases from 250K to 500K, efficiency declines to 0.98%. Maintaining the
device stability at very low temperature or very high temperature is a tedious task. The standardized devices are operated at
a temperature of 323K, therefore, for optimization studies, the same operating temperature is utilized.

The variation of photovoltaic parameters with varying series resistance and shunt resistance is shown in Fig. 5(c)
and Fig. 5(d) respectively. As the series resistance increases, from 1 to 10 Q, efficiency decreases, from 1.59% to 1.52%.
As the shunt resistance increases from 10 to 100000S2, efficiency increases from 0.04% to 1.6%. An ideal device is
commonly regarded as having no resistance. Resistances arise from leakage current, which is widely recognized as a
significant concern in all device architectures.
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Figure 5. Variation of device output parameters of ITO/GO/P3HT:PCBM/AI with varying factors: (a) interface defect,
(b) temperature, (c) series resistance, and (d) shunt resistance

After the extended numerical simulation study we optimized device configuration ITO/GO/P3HT:PCBM/AL.
Table 6 summarizes the optimized output parameters after simulation. The optimized input parameters for active layer
and HTL corresponds to thickness of 70nm and 20nm respectively, defect density of 6.847x10'° and 1.9x10'° cm?
electron mobility of 2x1073 and 2.6x103cm?/Vs, hole mobility of 2x10-!" and 1.23x10°cm?/Vs.

Table 6. Optimized output values of ITO/GO/P3HT:PCBM/Al

Voc (V) Jsc (mA/cm?) FF (%) EQE (%)
0.6237 8.92765 77.6 4.32

4.1.4. Influence of diverse ETL’s and different metal electrodes on device performance
The electron transport layer is crucial in boosting the efficiency of BHJIOSC. The inclusion of ETL’s will indeed
enhance the device's performance by optimizing the transportation of charge carriers. Followed by optimisation, designing
and simulation study of various combination are done with three metal electrodes (Al, Ca and Ag) and diverse ETL’s
(PDINO, PFN-Br, LiF, ZnO, IGZO, PCBM, C60, TiO,:gr and n-graphene). Table 7 lists the Voc, Jsc, FF, and Efficiency
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attained for various device configurations. Improved Voc of 0.9277V is attained for ITO/GO/P3HT:PCBM/PFN-Br/Al.
The device ITO/GO/P3HT: PCBM/LiF/Ca gives maximum Jsc of 11.498525mA/cm? and high efficiency of 8.00%.
Highest fill factor of 84.29% is achieved for the device ITO/GO/P3HT:PCBM/IGZO/Ca.

The comparison shows that device combinations with Ca as cathode showed better device performance. Our
simulation study clearly shows enhanced efficiency (greater than 6.00%) for most of the configurations.

Table 7. Device output parameters of ITO/GO/P3HT: PCBM/ETL/cathode with diverse ETL’s and cathodes

Back metal contact ETL Voc (V) Jsc (mA/cm?) FF (%) Efficiency (%)
Aluminium PDINO 0.9255 10.816248 76.29 7.63
PFN-Br 0.9277 11.4186 58.02 6.15
LiF 0.4298 10.31244 76.88 6.01
ZnO 0.9088 10.413318 77.43 7.33
IGZO 0.7161 10.442410 83.63 6.25
PCBM 0.8196 10.555798 76.74 6.64
C60 0.8207 10.651364 76.62 6.70
TiO2:graphene  0.6104 10.434697 81.73 5.21
n-graphene 0.3679 10.428822 74.44 2.86
Calcium PDINO 0.9523 10.2493 75.85 7.40
PFN-Br 0.8490 11.2198 81.73 7.79
LiF 0.8517 11.498525 81.73 8.00
ZnO 0.9186 8.868 77.58 6.32
1GZO 0.7456 10.435529 84.29 6.56
PCBM 0.9213 10.565869 76.55 7.45
C60 0.9229 10.663121 76.44 7.52
TiOz2:graphene  0.6104 10.434699 81.73 5.21
n-graphene 0.3679 10.428695 74.44 2.86
Silver PDINO 0.8908 9.68514 72.34 6.24
PFN-Br 0.5766 10.05635 63.83 3.70
LiF 0.2919 10.19363 67.48 2.01
ZnO 0.8497 9.69244 79.38 6.54
1GZO 0.5961 10.438554 81.26 5.06
PCBM 0.8303 10.428956 64.99 5.65
C60 0.8463 10.535471 73.20 6.53
TiOz2:graphene  0.6104 10.434179 81.73 5.21
n-graphene 0.3667 10.428614 74.41 2.85

4.1.5. Influence of donor density of ETL on the device performance of ITO/GO/P3HT:PCBM/LiF/Ca
density of Lithium Flouride

The

influence

of donor

(ETL)

on the

device

performance

of

ITO/GO/P3HT:PCBM/LiF/Al is studied and plotted in Fig. 6. As the donor density is raised from 1x10" to 1x10%2cm™,

the efficiency first improves to 8.15% at 1x10'” cm™, remains a constant and then decreases.
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4.1.6 Influence of varying ITO work function

The impact of different work functions of ITO (anode) on the performance of, device with maximum efficiency
(ITO/GO/P3HT:PCBM/LiF/Ca) is also investigated. We vary the ITO work function within the range of 4.7 to 5.00eV,
and analyse the device's performance. However, only a small increase in efficiency is seen in the device's performance.
Only a marginal improvement of 0.1% in efficiency is achieved when the work function is increased to 5.00eV.

Figure 6. Influence of donor density of LiF (ETL) on device performance of ITO/RGO/P3HT:PCBM/LiF/Al
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4.2. ITO/RGO/P3HT: PCBM/Al
An extensive numerical simulation study of ITO/RGO/P3HT:PCBM/ALI is done. The effect of thickness, defect
density, electron mobility, and hole mobility of active layer, is studied. The influence of varying input parameters such
as thickness, defect density, electron mobility, hole mobility, and acceptor density of HTL is also studied. Furthermore,
the examination extends to the influence of interface defects (RGO/P3HT:PCBM interface), operating temperature, series
resistance, and shunt resistance.

The device is optimised, and then various combination of device structures is studied. Nine ETL’s (PDINO,
PFN-Br, LiF, ZnO, IGZ0O, C60, PCBM, TiO;:gr, and n-graphene) and three metal contacts are used to design various
combinations. Study on influence of donor density of LiF (ETL) is carried out and effect of varying ITO work functions
on device performance is also studied.

4.2.1. The effect of varying electrical properties of active layer on device performance
The impact of varying the active layer's thickness and defect density on the Voc, Jsc, FF, and efficiency is

investigated and considered for device optimization. We have varied the thickness of active layer in the range of 5 to 200
nm, and the associated effect on device outcomes is analysed by maintaining all other factors constant throughout the

simulations.
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Figure 7. Variation of device output parameters of ITO/RGO/P3HT:PCBM/AI with varying factors of active layer: (a) thickness,
(b) defect density, (c) electron mobility and (d) hole mobility, (a) thickness (b) defect density (c) effect of electron mobility and
(d) effect of hole mobility

The effect of varying active layer thickness on device performance is shown in Fig. 7 (a), and a maximum efficiency
of 1.55% is attained at 50nm. Even though we got 50nm as the optimum thickness, for PHT:PCBM based BHJOSC
100nm is applied in experimental works.

As the thickness increases, there is a clear rise in the surface area of the active layer. Increasing the thickness up to
a certain point is crucial for achieving optimal device performance, as it enhances the absorption of photons and the
generation of electron-hole pairs. However, once the thickness exceeds the ideal value, the efficiency begins to decline.
This can be attributed to the fact that, beyond a certain thickness limit (the optimum value), the charge carriers have to
travel a greater distance to reach the corresponding electrodes.
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Figure 8. Variation of device output parameters of ITO/RGO/P3HT:PCBM/Al with varying factors of HTL: (a) thickness,
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Consequently, an increase in thickness beyond the optimum value significantly increases the likelihood of charge
carrier recombination. Ultimately, this results in a decrease in the device's output parameters after reaching the optimum

thickness value.

As the defect increases from 108 to 10'® cm™, efficiency decreases to 0.41% as shown in Fig. 7(b). The performance
of the device is greatly influenced by the defect density present in the active layer. Achieving a defect-free active layer
via fabrication is an extremely difficult task and is practically unattainable. Simulation study with excessive defect density

in active layer is also avoided in the study, as it could significantly damage the device and impact its performance.

As the electron mobility is increased to 2x10*cm?/Vs, efficiency increases upto 4.95%. Fig. 7(c) shows the effect of
variation of electron mobility of active layer on device performance. Higher charge mobility is necessary to reduce the
charge recombination as well as promote the charge collection. The effect of variation of hole mobilitiy of active layer
on device performance is shown in Fig. 7(d).
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As the hole mobility of the active layer is increased, efficiency of 0.86% is attained for 2x10*cm?Vs. The
equilibrium of mobility is upheld, as the movement of electrons through the layers becomes more challenging when, pe
is lower. An unbalanced charge transport might possibly occur if mobility range is unbalanced. The possibility of an
imbalanced charge transport arises when there is an uneven distribution in the range of mobility.

4.2.2 The effect of variation of electrical properties of HTL on device performance

The effect of varying input parameters of HTL on the device performance is shown in Fig. 8. As shown in Fig. 8(a),
efficiency reaches a maximum of 0.65% at 20nm thickness of RGO and then decreases. If the HTL is too thin, it might
lead to incomplete hole collection, resulting in lower current and reduced efficiency. Conversely, excessive thickness of
the HTL may hinder charge transport, leading to similar performance problems. The thickness of the HTL can impact the
ease of hole movement within the layer and their ability to reach the anode.

As the defect of the RGO is increased from 10% to 10'° cm3, the device output parameters remain constant as shown
in Fig. 8(b). This study shows that varying defect density of RGO (HTL), has no significant impact on the device
performance.

The effect of varying electron and hole mobilities of RGO on device performance, is shown in Fig. 8(c) and Fig. 8(d).
At an electron mobility of 3.2x10'cm?/Vs, efficiency reaches 0.62%. As the hole mobility of RGO increases, the device
performance remains unaffected.

Influence of acceptor density of HTL is shown in Fig. 8(e). As the acceptor density is raised, from 1x10" to
1x10'8 cm™, initially the efficiency remains constant at 0.65% and then improves to 0.66%.

4.2.3 Effect of interface defect, operating temperature, series resistance and shunt resistance.

The effect of interface defect on device performance is shown in Fig. 9(a). As the interface defect is increased from
10'1/cm? to 10%°1/cm?, an increase in efficiency of 0.62% at 1x10'71/cm?. The interface is the reason for separation of
charge carrier and reach electrodes. Introduction of HTL actually improves this, and due to the HTL/active layer interface,
charge separation will occur more.
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Figure 9. Variation of device output parameters of ITO/RGO/P3HT:PCBM/Al with varying factors: (a) interface defect,
(b) temperature, (c) series resistance, and (d) shunt resistance
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While it is generally preferred to minimize defects in the device for optimal performance, a certain level of interface
defect is necessary. Neglecting the presence of this specific range of interface defect would be impractical in real-world
applications.

As the temperature increases, the device output parameters are seen to be affected badly as shown in Fig. 9(b). As
it reaches 600 K, efficiency reaches 0.03%. A gradual decrease in efficiency is seen. As the temperature rises, the series
resistance also increases, resulting in a higher recombination rate. Organic solar cells are more significantly affected by
temperature compared to inorganic solar cells. In order to conduct optimization studies, the operating temperature is
established at 323K.

Fig. 9(c) and Fig. 9(d) represents the variation of photovoltaic parameters with varying series resistance and shunt
resistance respectively. As the series resistance increases from 1 to 10 ohm, efficiency decreases from 0.67% to 0.59%.
At open-circuit voltage, series resistance has no effect on the solar cell because there is no total current flow across the
series resistance and the solar cell itself. As the shunt resistance increases from 10 to 100000 €, efficiency increases from
0.07% to 0.67%. The shunt resistance has no effect on the short circuit current, while the efficiency seems to increase.
An ideal device is commonly regarded as having zero resistance, although the existence of such devices remains unknown.
Conversely, the majority of fabricated devices possess a minimum level of resistance.

The optimization of the ITO/RGO/P3HT:PCBM/AIl device has been conducted, taking into account all the
aforementioned findings. The optimized thickness for active layer and HTL corresponds to 100nm and 35 nm
respectively. Defect density of 5.39x10'2 and 1.9x10" c¢m™ is chosen for active layer and HTL respectively. Electron
mobility and hole mobility of active layer and HTL are chosen as 2x10* and 2x10"'cm?Vs, and 3.2x10! and
3.2x10%m?/Vs correspondingly.

ITO/RGO/P3HT:PCBM/ALI is optimized and the optimized output values are as shown in Table 8. After
optimization, the efficiency of the device is significantly increased by 6.65%, surpassing the efficiency of the standardized
device (0.65%).

Table 8. Device output parameters of ITO/RGO/P3HT:PCBM/AI after optimization.

Voc (V) Jsc (mA/cm?) FF (%) Efficiency (%)
0.7130 11.704530 79.73 6.65

4.2.4 ITO/RGO/P3HT:PCBM/ALI with diverse electron transport layers and different cathodes

We were able to attain an efficiency of 6.65% after optimising ITO/RGO/P3HT:PCBM/ Al. Different combinations
of devices are designed, simulated and analysed for improved device performance using nine ETL’s and three cathodes.
Introducing ETL’s can actually enhance device performance via enhanced charge carrier transmission. The improvement
in efficiency and device output performance with the implementation of electron transport layers is carried out. The ETL’s
used for this study includes PDINO, PFN-Br, ZnO, IGZO, C60, PCBM, TiO,: gr and n-graphene. We also explore the
impact of distinct cathodes, with varying work functions such as Al, Ca, and Ag. As we introduce the ETL’s and cathodes
band alignment of the layers is essential for the proper working of device. This is achieved by appropriately varying the
electron affinity values of different layers.

Among the different configurations studied, device with configuration ITO/RGO/ P3HT:PCBM/LiF/Ca, gave a
record high efficiency of 12.00%, high Voc of 0.7909 V and enhanced Jsc of 26.613796mA/cm?. High FF of 81.12% was
attained for the configuration ITO/RGO/P3HT:PCBM/C60/Ca. RGO has a lower bandgap compared to GO, making RGO
more similar to graphene. The band alignment of RGO is also in well agreement with that of PSHT:PCBM. The electronic
and optical properties of RGO is more tunable. RGO can also be doped according to the necessity of the device.
Experimental studies on P3HT:PCBM based BHJOSC with RGO as HTL exists in literature, yet an extensive simulation
study with diverse ETL’s and different cathodes is not reported elsewhere. Table 9 lists the device output parameters of
ITO/RGO/P3HT:PCBM/ETL/Cathode. Cathode has the lowest work function compared to Aluminium (4.2eV) and silver
(4.35eV).

Table 9. The device output parameters of various combinations simulated using ITO/RGO/P3HT:PCBM/ETL/Cathode.

Back metal contact ETL Voc (V) Jsc (mA/cm?) FF (%) Efficiency (%)

Aluminium PDINO 0.7309 11.84 81.07 7.02
PFN-Br 0.7271 12.04 71.39 6.25
LiF 0.577 12.49604 68.92 4.97
ZnO 0.7309 11.83136 81.08 7.01
1GZO 0.7309 11.77 81.08 6.97
PCBM 0.731 11.74159 76.73 6.59
C60 0.731 11.76 79.69 6.85
TiOz2:graphene 0.7311 11.75 80.71 6.93
n-graphene 0.5189 11.493991 70.54 4.21

Calcium PDINO 0.731 11.8781 81.1 7.04
PFN-Br 0.7324 12.2746 79.21 7.12
LiF 0.7909 26.613796 56.99 12.00

ZnO 0.731 11.87096 81.1 7.04
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Back metal contact ETL Voc (V) Jsc (mA/cm?) FF (%) Efficiency (%)
1IGZO 0.7309 11.77554 81.11 6.98
PCBM 0.7309 11.77595 81.11 6.98
C60 0.7309 11.77854 81.12 6.98
TiO;:graphene 0.7311 11.74356 80.71 6.93
n-graphene 0.5207 11.494086 70.46 4.22

Silver PDINO 0.7308 11.81524 76.87 6.64
PFN-Br 0.6252 11.98285 61.65 4.62
LiF 0.4271 12.28191 64.77 34
ZnO 0.7308 11.77807 81.06 6.98
IGZO 0.7312 11.73301 80.51 6.91
PCBM 0.7307 11.69365 59.69 5.1
C60 0.7631 11.8055 59.89 54
TiOj:graphene 0.7311 11.74356 80.71 6.93
n-graphene 0.4506 11.493799 72.44 3.75

4.2.5 Influence of donor density of ETL on the device performance of ITO/RGO/P3HT:PCBM/LiF/Ca

The influence of donor density of Lithium Flouride (ETL) on the device performance of
ITO/RGO/P3HT:PCBM/LiF/Al is studied and plotted in Fig. 10. As the donor density is raised from 1x10" to 1x10%2cm™,
the efficiency first improved to 16.47% at 1x10%° cm™ and subsequently showed a slight decrease.
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Figure 10. Influence of donor density of LiF (ETL) on device performance of ITO/RGO/P3HT:PCBM/LiF/Al

4.2.6 Influence of varying ITO work function
The impact of different work functions of ITO (anode) on the performance of, device with maximum efficiency
(ITO/RGO/P3HT:PCBMY/LiF/Ca) is also investigated. We vary the ITO work function within the range of 4.7 to 5.00eV,
and analyse the device's performance. Nevertheless, there is no notable enhancement observed in the device's
performance. Only a slight improvement of 0.09% in efficiency is attained when the work function is raised to 5.0eV.

5. CONCLUSIONS

The design and simulation of BHJOSC with the -configurations ITO/GO/P3HT:PCBM/Al and
ITO/RGO/P3HT:PCBM/AI have been successfully carried out in this study. The influence of input parameters of active
layer and HTL, on the device performance is analysed. In addition, the influence of interface defects, series resistance,
shunt resistance, and temperature is also examined.

Both the devices are optimised and an improved efficiency of 4.32% is obtained for ITO/GO/P3HT:PCBM/AI, and
an increased efficiency of 6.65% is attained for ITO/RGO/P3HT:PCBM/AI. Followed by optimisation, designing and
simulation study of various combinations of devices is studied using nine different ETL’s and three metal contacts with
different work function, (Al, Ca and Ag). The device configuration ITO/GO/ P3HT:PCBM/LiF/Ca achieved an enhanced
efficiency of 8.00%. The device configuration ITO/RGO/P3HT:PCBM/LiF/Ca, exhibited a record efficiency of 12.00%.
Thereafter, the influence of donor density of ETL (LiF) is also examined, and it is seen that, efficiency can be improved
by increasing the donor density of ETL. The impact of changing the ITO work function on the device performance of
configurations ITO/GO/P3HT:PCBM/Al and ITO/RGO/P3HT:PCBM/Ca was then investigated, which only resulted in,
0.1% and 0.09% improvement in the device efficiency respectively.

The findings of our research suggest that RGO is a more favorable choice as a hole transport layer (HTL) compared
to GO. Additionally, LiF is identified as the best electron transport layer (ETL) for PRHT:PCBM based BHJOSC. Our
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simulation studies have shown that Ca outperforms other cathodes in terms of achieving a high Jsc, increased FF, and
enhanced efficiency. This can be attributed to the low work function property of Ca, indicating that BHJOSC performs
exceptionally well with cathodes that have low work function.
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OKCH/JI TPA®EHY TA BIZTHOBJEHUI OKCH/JI TPAG®EHY SK JIPKOBI TPAHCIIOPTHI IIAPH JJISI
MIABUIIEHHS EOEKTUBHOCTI OB’€EMHUX T'ETEPOIIEPEXO/THUX OPTAHIYHUX COHSYHUX EJJEMEHTIB
HA OCHOBI ®YJIEPEHY: JOCILJKEHHA YUCJIOBOI'O MOJAEJTIOBAHHS
Jener Jesic, K.C. Cyaxip
Jocrionuyvka nabopamopis MOOE08anHs ONMOEIEKMPOHHUX NPUCMpois, kagedpa gizuxu, asmoHOMHUL XPUCMUSHCOKUL KOJIEONC
Ipunoocanaxyoa, Tpiccyp, Kepana, Inois, 680125
Kanixymcokuii ynieepcumem, Kanikym, Kepana, Inoia, 673635
OcraHHIMH poKaMu Bce OiIblIe JOCIIHKEHb 30CepPeIKeHO Ha TOKpaleHH] eheKTUBHOCTI 00’€MHHX TeTEPONEPEeXiIHIX OpraHiuHuX
constuanx enemenTiB (BHJOSC) Ha ocHOBI ¢ysepeHy Ha OCHOBI MeTHIIOBOTO edipy [6,6]-penin-C61-macnsanoi kucnotu (PCBM) 3
BHKOPUCTaHHM 110111 3-rexcurioden-2 ,5-aiin (P3HT) sk gonop i nmoxigHi rpadeny sk mrap tpancnoptyBanHs nipok (HTL). [Toxixni
rpadeny, rooBHIM YnHOM okcux rpadery (GO) i BinHoBieHuit okcun rpadeny (RGO), MaroTh Taki )k BUHATKOBI XapaKTEPUCTHKH,
sk 1 rpacdeH, 1 € xopommmu kangugatamu B skocti HTL y BHJOSC na ocnosi P3HT:PCBM. V wiit po60Ti MH BHKOPHCTOBYEMO
CHMYJIATOP OJJHOBUMIpPHOT €MHOCTi COHsTUHUX eeMeHTiB (SCAPS1D) ns mmpokoro Ta AeTanbHOT0 BUBYSHHs ABOX KOH(irypauiii, a
came ITO/GO/P3HT:PCBM/AI ta ITO/RGO/P3HT: PCBM/Al. O6Guagi kxoH®iryparii onTumizoBaHi, a miJBuIleHa e)eKTHBHICTH
JOCSITAETHCS 3MIHOIO BXiHUX CJICKTPUYHHUX MapaMeTpiB HPHUCTPOro. [icist MbOro MPOEKTyBaHHs, MOJCIIOBAHHS Ta aHAII3 Pi3HUX
KOMOiHAIlii TMPHUCTPOIB BHUKOHYIOTHCS 3 BHKOpHCTaHHAM JeB’siti  pisHux ETL 1 TppoX MeTaneBHX EJICKTPOJIIB.
ITO/GO/P3HT:PCBM/LiF/Ca Tta ITO/RGO/P3HT:PCBM/LiF/Ca 3a6e3neunnu miaBumeHHs edekruBHOcTi Ha 8,00% 1 12,00%
BignoBigHO. [10TiM BUBYa€ThCS BIUTUB Pi3HOI IIBHOCTI ToHOpa dropuny mitito (LiF) i epekr 3miHHOT poOOTH BUXOLY OKCHIY 1HIIIO
Ta onosa (ITO) Ha MPOAYKTHBHICTH IUX ABOX MPHUCTPOIB. Pexopana edextusHicTh 16,47% nocsarHyTa JUIs MiABHIEHOI MIINBHOCTI

nonopa LiF y kordirypauii ITO/RGO/P3HT:PCBM/LiF/Ca.
KatouoBi cioBa: 00 ’emnuii eemeponepexionuti opeaniunuil COHAYHUL eleMeHm; CUMYIAMOpP EMHOCMI OOHOBUMIDHOI COHAUHOL
b6amapei; okcuo epagheny; i0HOGNEHUL OKCUO 2pagdeHy,; niosuujeHa ehekmueHicms
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Samples of the AgsSiSes compound were obtained by direct alloying of initial components and subsequent pressing of powders under
apressure of 0.7 GPa. Temperature dependences of conductivity (o(T)) and permittivity (¢(T)) of the AgsSiSes compound were studied
in constant and alternating electric fields. In a constant field, the electrical conductivity is found to decrease over time (o(t)). This
phenomenon is associated with the process of charge accumulation at the interface of the ion sample and the blocking electrode.
Complex impedance spectra were studied in the frequency range of 20-10° Hz.

Keywords: Compound; lonic conductivity, Complex impedance spectra

PACS: 71.20.-b, 71.20.Nr, 71.70.Ch

1. INTRODUCTION

The development of modern materials for micro- and nanoelectronics, super capacitors, ionic conductors, mini-
batteries and other devices depends on the search for new compounds that have the appropriate crystal structure, electronic
and phonon spectrum, which makes it possible to implement these devices. Promising materials for these purposes include
compounds of the mineral argyrodite (AgsGeSe) family and phases based on them with the general formula

E’{Jz'_n) /mBn+X62‘, where m and n are the valences of 4 and B cations, respectively (where 4-cations are Cu', Ag*, Li",
Cd**, Hg?*; B-cations are Ga’', Si*, Ge*, Sn*", P3*, As®"; X-anions are S*, Se?, Te*. These phases have a number of
valuable functional properties and are being intensively studied by many research groups [1-6]. Most of these materials
are of special interest due to their phase transitions, which take place close to ambient temperature [7]. High-temperature
modifications, as a rule, crystallize in a cubic structure and have high ionic conductivity. Especially, copper and silver
containing compounds of this family are well-known super ionic semiconductors, due to the presence of highly mobile
Cu+ and Ag+ ions [8-12]. In recent years, silicon-containing argyrodites, have attracted particular interest as eco-friendly
thermoelectric and ion-conducting materials [13-15].

Previously, in [16], we studied the temperature dependences of the conductivity and permittivity of the
AgsGeSes compound in direct and alternating electric fields. It was shown that this phenomenon is associated with the
process of charge accumulation at the interface of the sample with ionic conductivity and the blocking electrode and the
formation of a double electric layer. The observed in the studied sample dielectric relaxation is associated with the
transition of the crystal to the super ionic state. It has been established that hopping conduction with a variable hopping
length over localized states near the Fermi level takes place in an AggGeSes crystal.

The purpose of this work was to establish the features of the temperature and frequency dependence of conductivity,
dielectric properties of AggSiSes compound in a constant and alternating field. The impedance spectra of the AgsSiSes
compound were studied in order to establish the mechanism of charge transfer and the nature of relaxation losses in the
volume and at the interface between the ionic conductors and the blocking contact.

The AgsSiSes melts congruently at 1203 K [7, 17], or 1258 K according to [18], 1268 K according to [19]. This
compound has two polymorph transitions at 315 and 355 K and crystallize in 3 crystalline structures [7, 11, 13, 17]. The
high-temperature (HT) modification of the AgsSiSes, like all other compounds of the argyrodite family, crystallizes in a
face-centered cubic structure (Sp.gr. F-43m) with complete disordering of the cationic sublattice. HT-AgsSiSes has the
lattice periods: a = 1.097 nm [7, 17], or a = 1.09413(1) nm [13]. The intermediate modification (IT) has a simple-cubic
structure (Sp.gr. P2,3 [11] or P4,32 with a lattice constant ¢ = 1.087 nm [7]). The IT-AgsSiSes modification is
characterized by partial localization of silver ions [11]. According to [7, 17] LT-AgsSiSes has a tetragonal structure
(Sp.gr. I-4m2, a = 0.7706, b = 1.10141 nm).
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2. EXPERIMENTAL METHODS AND OBTAINING SAMPLES

High-purity elements (at least 99.999 wt.% purity) were used for synthesis of AgsSiSes compound. The synthesis
was carried out in ampoules evacuated to 1072 Pa. To avoid a reaction between silicon and the walls of the quartz ampoule,
the inner walls of the tube were graphitized by pyrolysis of toluene.

Taking into account the high vapor pressure of selenium at the melting point of AgsSiSes, this compound was
synthesized in an inclined two-zone furnace. Stoichiometric amounts of elementary components were loaded into a quartz
ampoule, which, after being evacuated and sealed, was placed in an inclined tube furnace. Two-thirds of the ampoule was
in the oven (hot zone) and the rest of the upper part was outside the oven (cold zone). The furnace was heated to 1300 K.
To prevent the ampoule from exploding due to overheating, the “cold” zone was cooled with water. After the interaction
of a larger mass of components, the ampoule was completely placed in the furnace. After keeping in the oven for 4-5
hours, the ampoule was gradually cooled by in the switched off furnace mode.

The completion of the synthesis of the AgsSiSes and the identification of this compound were controlled by
differential thermal analysis (DTA) and X-ray diffraction (XRD) technique.

Figure 1 presents the DTA data for the AggSiSes. This compound melts at 1278 K (this temperature closer to the
data Piskach L.V. et al [19]). There are also two endothermic effects at 315 and 354 K on the heating DTA curve,
corresponding to the polymorphic transitions.
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Figure 1. Heating DTA curve for the AgsSiSes

The diffraction pattern of AgsSiSes is completely indexed in a simple-cubic lattice with Sp.gr. P4,32 and
a=1.0891(3) nm. Obtained crystal lattice parameters almost coincided with the data of the above works [7, 11]. DTA
measurements were recorded using a multichannel device based on the electronic “TC-08 thermocouple data logger” with
chromel-alumel thermocuples in sealed quartz tubes. XRD was performed at room temperature using a Bruker D8
ADVANCE diffractometer (with Cu-Ko radiation) within 26 = 10° to 70°. The unit cell parameters were calculated by
indexing powder patterns using Topas V3.0 software.

In order to measure the temperature dependences of the permittivity and electrical conductivity of AgsSiSes
compound samples, capacitors were made, the dielectric in which was plates of the studied materials, which were
compressed tablets from the powdered AgsSiSes compound. The capacitor plates were obtained by applying silver
conductive paste to the surface of the plates. The study of complex permittivity and electrical conductivity was carried
out with a digital immittance meter E7-20 in the frequency range of 20-+-10° Hz in the temperature range of 200450 K.
The amplitude of the measuring field was in the range of 1 — 5 V-cm™.

3. Results and discussion
3.1 Temperature dependence of electrical conductivity and permittivity
a. Electrical conductivity
The temperature dependence of the electrical conductivity of the AggSiSes compound in a constant field is given in
Fig. 2. As can be seen from the figure, at a temperature of ~300 K, there is a leap in the dependence o(T). The inset to the
figure shows the curve In(c-T) on 1/T above the temperature leap as a function of 6 on 1/T. According to [20-22], the
temperature dependence of ionic conductivity has an activation character

o'T = oy exp(—AE/KT)

where, AE is the activation energy of electrical conductivity. As can be seen from the inset to Fig. 1, the experimental
points are well straightened, while AE — for AgsSiSec turned out to be equal to 0.1 eV. It is known that this type of
electrical conductivity indicates the predominant nature of ionic conductivity above the temperature leap in the o(T)
curve.

The observed sharp increase in the conductivity in AgsSiSescompound at temperatures above 300 K is probably due
to the increase in the number of ions in states where they have high mobility. From crystallographic considerations, we
can assume that the structure of AgsSiSecis most favorable to the mobility of Ag*! cations, that is, the temperature increase
in conductivity is due to the diffusion of Ag*! ions through vacancies in the silver sublattice of the AgsSiSes compound.
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Figure 2. Temperature dependences of the electrical conductivity 6(T) of the AgsSiSes compound in a constant field. The inset to the
figure shows the dependence of In(c-T) on 1/T above the temperature leap as a function of ¢ on 1/T, that is, in the region of ionic
conductivity

It is known that with the transition of the system to a state with predominantly ionic conductivity, the disorder of
the cationic sublattice in the compound will increase, that is, the ions will shift from their positions at the lattice sites to
the interstitial site, leaving a vacancy at the site. Collective interaction of all interstitial ions and vacancies can lead to the
emergence of superionic conductivity. It is also possible that the migration of interstitial Ag™ ion occurs by direct leap
from one interstitial site to another, followed by displacement of translationally equivalent ion (Ag) in the interstitial site.
In this case, the most probable type of emerging defects will be Frenkel defects, namely, mobile interstitial Ag" ions
associated with cation vacancies. The conductivity of the AggSiSes compound in the superionic phase at T>300K is
~3-102 Ohm'em™, the activation energy of conductivity is 0.1 €V. The structure is favourable for the free motion of Ag".

In this case, there will also be a charge exchange between the defects in the crystal and the resulting local polarization
will lead to an increase in permittivity [23-28].

b. Permittivity
The electrical conductivity of compounds in the superionic phase is exponential in nature [29], while the temperature
dependence of the permittivity is also exponential.
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Figure 3. Temperature dependence of permittivity of AggSiSes compound. Measurements were performed at
different frequencies of the measuring field: 1 —10%,2 — 104, 3 — 105, 4 - 5-105, 5 - 10° Hz

Fig. 3 shows temperature dependences of permittivity of AgsSiSes compound. The measurements were performed
in the temperature range of 200-400 K and frequency range of 10% - 10° Hz. The figure shows that both with increasing
temperature and with increasing frequency of the measuring field, the peak value of permittivity drops and it shifts towards
high temperatures. In all measured frequency and temperature ranges, the same feature is observed in dependence &(T).
Such behavior of temperature dependence of permittivity is typical for Debye-type relaxation processes in which several
relaxators participate. The shift of the peak €(T) to the high-temperature region with increasing measurement frequency
may indicate that polarization processes occurring in the volume begin to play a significant role in the relaxation processes
occurring at the interface.
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The polarization of AgsSiSes may be due to the diffusion of Ag'! ions over vacancies, which leads to the transition
of the compound to the superionic state In addition, the exponential growth of the €(T) dependence measured in the low
temperature region (i.e., at temperatures preceding the transition to the superionic state) can be explained by the influence
of localized states on polarization in an alternating electric field. Polarization can be related to the hopping of charge
carriers to the positions that are energetically favorable due to the creation of an electric field in the crystal, and due to
lattice relaxation, there is a shift of charges, which is accompanied by the screening of the resulting polarization [23-25].

3.2. Time dependence of electrical conductivity

The feature of charge transfer of ionic conductors is a large contribution to the conductivity of ions in comparison
with electron transfer. The ionic conductivity of high resistivity crystals and semiconductors, under normal conditions, is
6-7 orders of magnitude lower than the contribution of electron transfer to the overall conductivity of the sample. The
Wagner polarization method was used to elucidate the relative contribution of the electronic and ionic component to the
overall conductivity of AgsSiSes samples at different temperatures. In compounds with a mixed electron-ion nature of
charge transfer, a time dependence of the conductivity is observed when the conductivity is measured at direct current.
The process is associated with the formation of a double electric layer in the near-surface layer of the sample. When
blocking contacts are used as electrodes, mobile ions are delayed at the sample-electrode interface; as a result, a
concentration gradient is created in the sample volume under the influence of the electric field, which in turn leads to the
emergence of a diffusion flux of ion directed in the opposite direction to the drift flux of ion. Thus, since the drift and
diffusion fluxes of ion are compensated, a current flows through the sample due to charge transfer by electrons only.

Fig. 4 shows the time dependence of the conductivity of the electrochemical cell of AggSiSes compound. Silver
contacts blocking ionic contribution to the conductivity are used as electrodes. A constant potential difference of ~ 5V/cm
is applied to the plates. The current through the sample is measured at certain time intervals.

As can be seen from the figure, in a constant field, the time dependence of electrical conductivity is nonlinear. As a
result, during measurements at the initial moment of time, the total current of ions and electrons flows, while in the steady
state the charge transfer is carried out only by electrons. Thus, the result of mutual compensation of the space charge
region near the interface (AggSiSes) - silver contact, which has a blocking character, is a decrease of the electric current
over time in a constant field (Fig. 4)
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Figure 4. Time dependence of the reduced electrical conductivity J(¢)/Jo for AgsSiSes compound. The measurements were performed
using silver electrodes at room temperature. 1-300K, 2-350K

3.3. Impedance

The nature of electrical conductivity of samples with mixed electron-ion charge transfer is affected by relaxation
processes at the interface, which lead to the blocking of charge carriers through the contact and polarization of the near-
contact region. To obtain a complete picture of the conductivity of the studied sample, we have measured the complex
impedance with subsequent construction of hodographs in the Cole-Cole representation.

The frequency dependence of the real Z'(v) and imaginary Z"(v) parts of the complex conductivity of AgsSiSes is
presented in Fig. 5. The measurements were carried out at temperatures of 200, 250, 300, 350 and 400 K. As can be seen
from the figures, there is a smooth decrease in the values of the real and imaginary parts of the complex impedance with
increasing operating frequency. Frequency dispersion is observed in all experimental conditions, but the nature of the
dispersion is different for each measurement. A sharp decrease in Z'(v) and Z"(v) is observed in the low-frequency
frequency range of 20-10° Hz, however with further increase in frequency, there is a weakening of the frequency
dependence of the spectra. The observed dispersion of impedance spectra indicates the presence of electrical relaxation,
which can be conveniently analyzed using impedance hodograph curves.

Impedance spectroscopy methods are widely used in measuring the dielectric parameters of solids using alternating
current. This method allows to obtain the most complete information both on the relaxation processes occurring in the
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thickness of the object and on the characteristics of complex conductivity at its boundaries, as well as to determine the
nature of relaxation losses.

25 201

10 16
g g0 b E ¢
= = <
S a < 15 e 12F
= 6 = kv,
X T ¥ g

10 = I

= 4 R
™~ N Eqm
q 2 i N4

0 0 0 T 5

1 10° 104 10° 1 10° - 10% 10° 1 10 H 10 10
v,Hz v, 112 Vv, £1Z

12 14

8 12
g d
= £10 €
Q6 =
- S gt
-4 =
iy o6t
N2 =
- N4t
<) S

0 N oo}

- — 3 0 - —
1 10° 10 10 1 10° 10 10°
v, Hz v, Hz

Figure 5. Frequency dependences of the real Z'(v) and imaginary Z"(v) parts of the complex impedance of the AgsSiSes
compound. The measurements were carried out at a - 200, b - 250, ¢ - 300, d — 350 and e — 400 K

Fig. 6 shows the results of dependence of Z"(v)/Z'(v) at temperatures of 200, 250, 300, 350 and 400 K for AgsSiSes
compound. As can be seen from the curves in Fig. 6, the diagrams in the complex plane (Z" - Z") are semicircles (curves
in Figs. a and b), while in Figs. d and e, measured at temperatures of 350 and 400 K, “rays” appear in addition to the
semicircles. These rays in the low-frequency region of the hodograph obtained at 350 and 400 K are characteristic of the
Warburg impedance. The idea of the Warburg impedance is based on the fact that the diffusion of carriers in the frequency
range of the applied sinusoidal signal does not reach the boundary of the diffuse layer. The reason for the appearance of
the diffuse Warburg impedance is the transition of the AggSiSes compound into the high-ionic state at 350 and 400 K.
The equivalent Warburg impedance circuit is shown in Fig. 6, it has Z; = R, - active resistance and Z, = 1/joC - the
capacitance C (j is the imaginary unit, o is the frequency). Thus, the Warburg impedance models the process in which a
sinusoidal voltage that is applied to an electrochemical cell, at one polarity causes diffusion of mobile ions from the
electrode into the diffuse layer, and at the other polarity causes diffusion of mobile ions to the electrode. In this case, the
process does not go beyond the diffuse layer region. [16, 23]
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Figure 6. Hodograph of impedance Z"(Z") of AgsSiSes. The measurements were performed at temperatures: a - 200, b - 250, ¢ -
300, d — 350 and e — 400 K. An equivalent circuit is shown in the inset to the figure

3.4. Frequency dispersion €' and &' for AgsSiSes compound
The real and imaginary parts of the complex permittivity were calculated from the relations ¢'=Cd/e)S and &"=tgoe.
Fig. 7 shows the frequency dependences of the real and imaginary parts of the complex permittivity for AgsSiSes
compound measured at temperatures of 200, 250, 300, 350 and 400K. As can be seen from the figures, the &"(f)
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dependence shows one relaxation peak at a frequency of ~10> Hz (Fig. 7). In the curves of &"(f) dependence obtained at
temperatures 350 and 400K, the feature is absent at 10> Hz, while it appears at 10* Hz. The above characteristics reveal
dispersion, which manifests itself in in the decrease of the complex impedance values with increasing frequency of the
applied electric field. From the curves in Fig. 7, it is seen that €'(f) decreases by several orders of magnitude with increasing
frequency from 10! to 10° Hz. At low frequencies, €'(f) dependence decreases sharply; at high frequencies, the real part
of the complex permittivity depends weakly on frequency, and at frequencies of ~1 MHz, it takes the value ~10. The
value of high-frequency permittivity for AgsSiSes obtained from impedance measurements is also the value of optical
(high-frequency - €x) permittivity of the investigated compound.
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Figure 7. Frequency dispersion of the real €' and imaginary €" parts of the complex permittivity of AgsSiSes compound.
The measurements were performed at temperatures of 200(a); 250(b); 300(c); 350(d) and 400(e) K

CONCLUSIONS
A decrease in electrical conductivity of AgsSiSes compound over time has been found during measurements in a
constant electric field using silver electrodes. It is shown that the conductivity has an ionic nature in a constant electric
field above 300 K. By the study of complex impedance, it is established that in the considered frequency-temperature
range, the electrical properties of AgsSiSes compound are determined by the conductivity of Ag*! ions in localized states,
while the other is related to the accumulation of charge on blocking electrodes.
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The effect of y-quanta on the anisotropy of GaS layered single crystal, pure and alloyed with 0.1at% Yb, has been studied at a
temperature range of 125-300K. Since the difference between the ionic radius of the Yb-atom and the ionic radius of the component
atoms is relatively small when the studied GaS monocrystal is added with itterbium ions, the additive atom is likely to be located
both inside the layers (replacing the Ga atom or between nodes) and in interlayer space. The location of impurity atoms and radiation
defects in the interlayer region of the layered GaS (Yb) crystal weakens the anisotropic properties of the crystals, and the location
inside the layer strengthens them. The mechanism of current flow in high electric fields follows the Frenkel model, regardless of the
nature of the impurity atom.

Keywords: Anisotropy, Defects,; Impurity atom, Electrical conductivity; Activation; Thermal annealing
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1. INTRODUCTION

Single crystals of gallium sulfide (GaS) have garnered significant attention due to their unique structural and
electronic properties, which render them promising candidates for various applications in optoelectronics, photonics,
and semiconducting devices [1,2]. One of the key characteristics that distinguishes GaS single crystals is their
anisotropic behavior, wherein their physical and electronic properties exhibit directional dependence along different
crystallographic axes [3,4].

The anisotropy of GaS single crystals arises from the anisotropic arrangement of atoms within their crystal lattice,
leading to variations in properties such as electrical conductivity, optical absorption, and mechanical strength along
different crystallographic directions. Understanding and characterizing this anisotropy is crucial for tailoring the material's
properties to specific applications and optimizing device performance.The study of anisotropy in semiconductor materials
plays a crucial role in understanding their electronic, optical, and structural properties, which are fundamental for various
technological applications[5,6]. The investigation of radiation-induced defects and their impact on the anisotropic
properties of semiconductor materials holds significant importance in various fields of science and technology. Yb-doped
GaS single crystals, with their unique electronic and optical properties, are of particular interest for optoelectronic
applications. Understanding the effect of radiation defects on the anisotropy of Yb-doped GasS is crucial for optimizing
their performance in radiation-sensitive devices such as radiation detectors and sensors [1,7-10].

Radiation defects, induced by exposure to ionizing radiation, can lead to the creation of vacancies, interstitials, and
dislocations within the crystal lattice of semiconductor materials [11-14]. These defects can alter the material's electronic
structure, transport properties, and optical characteristics, thereby influencing its anisotropic behavior along different
crystallographic directions. In the case of Yb-doped GaS, the interaction between radiation and the crystal lattice can result
in complex defect configurations, impacting its conductivity, mobility, and optical absorption properties [7,9].

Despite the potential applications of Yb-doped GaS in optoelectronic devices, limited research has been conducted
to investigate the specific effects of radiation defects on its anisotropic behavior. Therefore, a comprehensive
understanding of the interaction between radiation-induced defects and the anisotropy of Yb-doped GasS is essential for
harnessing its full potential in practical applications.

In this study, we aim to explore the effect of radiation defects on the anisotropy of Yb-doped GaS single crystals.
By employing advanced characterization techniques such as X-ray diffraction, photoluminescence spectroscopy, and
electrical conductivity measurements, we seek to elucidate the underlying mechanisms governing the material's
response to ionizing radiation. This research contributes to the fundamental understanding of semiconductor physics
and facilitates the development of radiation-resistant optoelectronic devices with enhanced performance and reliability.

2. EXPERIMENTAL TECHNIQUES
The GaS and Yb doped GaS monocrystal investigated in this study was synthesized using the Bridgman—
Stockbarger method at high temperatures. To ensure purity, the crucible contained materials with high degrees of purity
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for Ga (99.99%), S (99.999%), and Yb (0.1%). The material in the crucible was completely melted in the hot zone at
1360 K of a two-zone Bridgman furnace and then gradually transferred to the cold zone (823 K) at a speed of 1.2 mm/h.
At the outset of synthesis, the furnace temperature was slowly increased to prevent potential explosions due to high
temperatures. Homogenization of the melts was achieved by stirring them at the synthesis temperature through gentle
shaking of the furnace, followed by cooling within the furnace. Subsequently, the resulting polycrystalline samples
were sealed in conical-bottom quartz ampoules under a vacuum of better than 107 Pa.

The crystal structure and lattice parameters were determined through X-ray analysis, revealing dimensions of
a=3.54 A, c=16.6 A [15]. GaS(Yb) single crystal has p-type conductivity and is p ~ 10° Ohm-cm. Indium was used to
make ohmic contact. The electrical properties of GaS and GaS(Yb) samples were studied in the temperature range of
125-300 K, and during the measurement, the electric voltage of the sample was measured using a B7-27A voltmeter.
The current generated in the crystal was recorded using a B7-30 voltmeter-electrometer amplifier.

3. DISCUSSION OF RESULTS

Figure 1 shows the dependence of electrical conductivity anisotropy on temperature (T=125-300K) of initial
(curve-1) and doped with rare earth element ytterbium (Yb) GaS monocrystal (curve-2) and after irradiation (curve-3,4).
It can be seen from the 1st curve in the graph that the on/oL ratio does not change with the increase in temperature in the
interval 125-270 K in the GaS monocrystal, it decreases sharply with the subsequent increase in temperature. The
existence of an interlayer potential barrier in A3Bs type crystals is a fact indicating that the conductivity in the on-
direction is lower than in the o1 - direction (Fig. 1, curve-1). The reduction of the on/cL- ratio in the interval of 270-
300 K occurs as a result of high conductivity in the ol - direction. The stability of the on/cL-ratio in the range of 125-
270 K in the low-temperature region occurs as a result of thermal ionization of shallow energetic levels.

From the temperature dependence of the anisotropy of GaS monocrystal (Yb) (Figure 1, curve-2), it can be seen that
the temperature range (190-210 K) where the maximum value of anisotropy is observed shifts to the lower temperature
side. In the temperature range of 125-160 K, the value of anisotropy decreases depending on the temperature. The value of
anisotropy increases in the next temperature range (160-210 K) and takes the maximum value at 200K.

In the temperature range of 210-300 K,

2
10 ¢ 4 anisotropy sharply decreases with increasing
] temperature. Adding an additional Yb atom to the
10 GaS crystal shifts the temperature corresponding
0 to the maximum value of the or/c.L- ratio (curve-1)
10 from 260 K to 230 K, moving it to a lower
\b: 10" temperature  region (curve-2). During the
S subsequent decrease in temperature, the on/cL-
102 :;g:g(g;g D20 ratio changes weakly. As a result of comparing
—a—3-GaS(Yb), D=20krad perpendicular and parallel conductivity, it can be
10° —v—4-GaS(Yb), D=50krad observed that during the addition, the Yb atom
occupying the cation vacancy leads to a decrease
o , in the value of the o; component directed in the

3 4 5 6 7 8 parallel  direction of the  conductivity.
Consequently, the maximum value of on/oL is
observed at a temperature of 260 K corresponding
Figure 1. Temperature dependence of electrical conductivity anisotropy to the Vyy, energy level.

in GaS and GaS(Yb) monocrystals before and after irradiation The decrease in anisotropy observed in the
125-230 K temperature range in the GaS<Yb> 0.1 at % single crystal (curve-3) irradiated with a dose of Dy = 20 krad is
compared to the non-irradiated doped crystal (curve-1) and in the temperature range of 230-300 K, the anisotropy
increases once again.

As can be seen from the graph, after irradiating the sample, the temperature region (190-210 K) where the
maximum value of anisotropy is observed shifts to the higher temperature side. With further increase in temperature, the
value of anisotropy decreases again in the temperature range of 210-300 K. When GaS(YDb) single crystal is irradiated
with a dose of D, = 50 krad (curve-4, Fig. 1), the value of anisotropy in the temperature range of 125-200 K increases
compared to (curves 1, 2 and 3). As can be seen from (Curve 4), in the temperature range of 125-220 K, the anisotropy
decreases with increasing temperature, and with the subsequent increase in temperature, the anisotropy sharply
increases in the temperature range of 220-230K, and it reaches its maximum value at 230 K. With further increase in
temperature, the anisotropy decreases again.

A 2D (two-dimensional) [16,17] defect model was applied to clarify the results obtained from the temperature
dependence of the anisotropy of the GaS single crystal doped with Yb and exposed to gamma radiation. According to
the two-dimensional defect model, at the junction of the layers, the defects accumulated in the direction perpendicular
to them create a potential barrier.These conditions lead to the formation of a large number of defects between the layers
on the base surface of the GaS single crystal. The resulting defects form a potential barrier for charge carriers in the
direction perpendicular to the layers.

103/T, K1
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The shape of the resulting potential barrier is determined by the degree of loading of defects. In relatively weak
fields, the electrical conductivity in the perpendicular direction to the layers is found by the following equation:

U U U3
oi=om Zexplr + Ag sl )]
A =h/24d%um”, )

on - the electrical conductivity of the sample in the absence of a potential barrier, U - the height of the barrier, & -
Bolsman's constant, d - the width of the barrier. Let's compare the results obtained for GaS(Yb) single crystal with

(curve-1).
107

—=— 1-GaS(Yb), T=110K ‘
10° —e—2-GaS(Yb), T=300K

10* 45 T T T T T "
0 10 20 30 40 50 60

D, krad

Figure 2. Dependence of the anisotropy of electrical conductivity in GaS(Yb) single crystal at different temperatures on the
irradiation dose

Compared to experimental results (1), the passage of charge carriers through the potential barrier at lower
temperatures (T < 200K) is tunnel-like and therefore weakly dependent on temperature.

In the temperature range of 220-300 K, the compatibility of the tunneling and activation mechanism removes the
potential barrier for charge carriers, and depending on the value of A, different types of properties are revealed in the
on/oL = f(T) curve.

Based on the obtained experimental results, the dependence of on/cL~ f(D) was established at different
temperatures. From the comparison of the graphs, we see that as a result of the thermal ionization of the shallow levels
formed during irradiation at low temperatures, the dependence of ori/cL ~ f(D) increases proportionally, while T = 300K
has an exponential character, and as a result of the donor-acceptor interaction of deep levels, an exponential dependence
is observed.

According to the obtained experimental results, it can be concluded that the high value of the anisotropy of the
electrical conductivity of GaS(Yb) single crystal and their temperature activation dependence are related to the potential
barrier and the accumulation of defects between the layers.

Figure 3, Figures 4 and Figure 5 show the effect of thermal annealing on the conductivity anisotropy in the

GaS(Yb) crystal [(Go-Got)/Go-Okrad) ~ f(t)].

2.0 1023 .
—a— 1-t=15 minutes
151 —=— 1-GaS(Yb), D=50krad, t=15 min 10" A —e— 2-t=30 minutes
5 ’ —e— 2-GaS(Yb), D=50krad, t=30 min —a— 3-t=60 minutes
g —a— 3-GaS(Yb), D=50krad, t=60 min
?3 1,0 5 1 0°4
° © 3
. 0,5 o
f 10" P 2,
6 0,01 .y 1
-0,51
. . . . ) 1073 . : ; T )
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103/T, K-1 103, K1

Figure 3. Temperature dependence of the (Go/6t.a)/(Go/Orad) ratio  Figure 4. Temperature dependence of (6o)/(Okrad) ratio of
for D = 50 rad of thermally annealed GaS(Yb) single crystal at GaS(Yb) single crystal thermally annealed at different times
different times (15 min, 30 min, 60 min). (15 min, 30 min, 60 min) for D =50 krad:

6o — GaS(Yb) — D = 0, okrad — GaS(Yb) — D = 50 krad 6o — GaS(Yb) — D = 0; okrad — GaS(Yb) — D = 50 krad

ota— GaS(Yb), D = 50 krad, thermal annealing

at different times
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It can be seen from Figure 3 that the ratio (6o-Got)/ Go-Okrad) depends on the brewing time and consists of 4 stages.
In the Ist stage, defects are settled; In the 2nd stage, the conductivity increases due to the recombination of defects, in
the 3rd stage, the conductivity decreases due to the dissociation of complex defects [Vga Ybi], and in the 4th stage, the
conductivity changes weakly due to the stabilization of defects.

From the obtained results, it can be seen that the restoration of the value of electrical conductivity is complex, as
the dependence varies depending on the nature and character of the defects created during exposure to ionizing rays.

2
10 —— 1-T=110K
—e— 2-T=300K
1]
10 )
© 1004
&
104 / —a 1
10-2 T T T T T 1

10 20 30 40 50 60 70
t, min

Figure 5. Dependence of the ratio (co)/(ckrad) of the thermally annealed GaS(YDb) single crystal at T=110 K and 300 K for
D = 50krad on the thermal annealing time. 6o — GaS(Yb) — D = 0; okrad — GaS(Yb) — D = 50krad

CONCLUSIONS

It was found that partial filling of Vg, occurs in GaS(YDb) crystal before irradiation. During irradiation, the
arrangement of defects, formation of VS and complexes is observed. At high radiation doses, dissociation of complex
defects occurs. During thermal annealing, the annealing process takes place in different stages depending on the rest
energy of the defects. This can be explained by the fact that at the initial stage of annealing (t = 15 minutes), the amount
of donor-type radiation defects is greater than the concentration of acceptor-type defects. At this stage, regrouping of
defects occurs in the annealing process. During the subsequent period of brewing (15 min <t < 60min), the
concentration of charge carriers increases, but the initial parameters of the sample are not restored, which is related to
the formation of complex complexes in the process of reassembly of defects [Vs and Vga].
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BILIMB JIOMIIIOK TA PAJIALIIAHAX JTEP@EKTIB HA AHI3OTPOIIIIO MOHOKPUCTAJIA GaS, IETOBAHOI'O Yb
P.C. Maparos®?, T.B. Taries?, A.IIl. Xauirzage?, P.M. Mamimona®®
“Iucmumym padiayitinux npodaem Minicmepcmea Hayku i oceimu Azepoatioscancoroi Pecnyonixu,
eyn. b. Baeabzaoe, 9, baxy, Azepbatioscan
bKageopa npuxnaouoi ma sazcanvnoi gizuxu, Hayionanena axademis asiayii, Baxy, Azepbaiiocan
“Azepbatioxcancokuil yhigepcumem apximexmypu ma 6yoienuymea, eyn. Aina Cynmanosea 5, baxy, Azepbatiosxcan

Jlocui/pKeHO BIUIMB Y-KBAaHTIB Ha aHI30TpOMI0 IapyBaroro MoHokpucrana GaS, ynuctoro ta nerosanoro 0,1 at.% YDb, B mianma3oni
temmneparyp 125-300 K. Ockinbku pi3HHISL MK iOHHMM pajiycoM aromMa Yb Ta iOHHUM pajiycoM aTOMiB KOMIIOHEHTa BiJJHOCHO
HEBEJMKa, KOJIK JOCIiKyBaHHH MOHOKpucTan GaS noaaersest 3 ioHamu iTepOiro, aANTUBHUN aToM, HMOBIpHO, Oy/e po3TalioBaHuit
BcepeauHi mapiB (3amiHiooun Ga aroM abo MiX BY3JTaMH) i B MDKIIApOBOMY IpocTopi. Po3TamryBaHHS IOMIIIKOBHX aTOMIB i
pazianiifHux medexTiB y MiKIIapoBiii o6xacti mapyBatoro kpucrana GaS (Yb) mociabiioe aHI30TPOIHI BIACTUBOCTI KPUCTAINIB, a
pO3TalTlyBaHHS BCEPEAMHI MIapy MOCHIIOE iX. MexaHi3M NpOTIKaHHSA CTPYMY B CWJIBHHMX €JIEKTPHYHHX IIOJISIX BIITIOBiZAae Mopeni
ODpenkenst, He3aIeXXHO BiJ] IPUPOIN aTOMa JOMIIIKH.
KurwuoBi cnoBa: anizomponis; degpexmu,; OOMIWKOBUL AMOM, eNeKMPONPOSIOHICMb, AKIMUBAYIS, MEPMIYHULL IONA



245

EAsT EUROPEAN JOURNAL OF PHYSICS. 1. 245-249 (2025)
DOI:10.26565/2312-4334-2025-1-26 ISSN 2312-4334

INFLUENCE OF LINEAR DOPING PROFILES ON THE ELECTROPHYSICAL FEATURES
OF p-n JUNCTIONS

Jo‘shqin Sh. Abdullayev
National Research University TIIAME, Department of Physics and Chemistry, Tashkent, Uzbekistan
Physical-Technical Institute of Uzbekistan Academy of Sciences, Tashkent, Uzbekistan
*Corresponding Author e-mail: j.sh.abdullayev6@gmail.com
Received December 12, 2024; revised January 16, 2025; in final form January 21, 2025; accepted January 27, 2025

This study investigated the impact of linear graded doping concentrations on the electrophysical properties of p-n junctions based on Si
and GaAs. Doping gradients ranged from 1-10' to 1-10?° cm™, and the analysis was performed at temperatures between 200 K and 500 K,
in 100 K increments. The Poisson equation was solved for linear doping profiles, with analytical solutions derived for both Si and GaAs
materials. These solutions provided detailed insights into the electric field, potential distributions, built-in potential, and the width of the
depletion region. For both materials, the built-in potential was temperature-dependent, with Si exhibiting a more significant variation due
to its higher intrinsic carrier concentration. The depletion region width was influenced by both doping concentration and temperature, with
GaAs showing a more pronounced variation in width, owing to its distinct material properties compared to Si. The results highlight the
crucial role of doping gradients and temperature variations in shaping the performance of the linear graded p-n junctions, offering valuable
implications for the design of semiconductor devices such as diodes and transistors optimized for different temperature conditions.
Keywords: Linear graded p-n junction; Built-in potential; Electrostatic properties; Linear graded doping; Cryogenic temperatures
PACS: 73.40. Lq, 73.61.Cw, 73.61.Ey, 72.20.Jv

INTRODUCTION

Although research on new materials for semiconductor electronic devices is expanding, silicon (Si) and gallium
arsenide (GaAs) remain dominant in practical applications [1-4]. Consequently, the study of the electrostatic properties
of these materials continues to be a crucial area of research [5-7]. The p-n junction, a fundamental component in
semiconductor devices made from Si and GaAs, plays a pivotal role in current transfer, electrostatic characteristics, and
the operation of devices across a broad range of power and temperature conditions. The performance of these devices is
intricately linked to a comprehensive understanding of the operating principles of the p-n junction and the external factors
that influence it [8-9]. These factors include the effects of incomplete ionization at low temperatures [10-11], the influence
of geometric size [12], and other related phenomena [13].

One of the key factors affecting the behavior of p-n junctions is the doping profile, which governs the electric field
and the carrier dynamics within the junction. Specifically, the impact of non-uniform doping concentration profiles on the
operation of p-n junctions has been underexplored both analytically and experimentally. Traditionally, p-n junctions have
been studied with uniform or step-function doping profiles; however, these idealized models do not always capture the
complexities of real-world devices, particularly those operating under extreme conditions. Experimental studies [14-18]
suggest that non-uniform doping profiles, such as linear grading, can significantly influence the electrostatic properties
and overall performance of p-n junctions. Nevertheless, this area remains insufficiently investigated and warrants more
in-depth analysis.

Linear graded p-n junctions, in which the doping concentration varies gradually and linearly across the junction,
offer distinct advantages over both uniform and non-uniform doping profiles [19]. In these junctions, the gradual transition
between the p-type and n-type regions results in a more uniform built-in electric field, which reduces carrier
recombination and improves charge carrier collection efficiency [20-23]. This characteristic makes linear graded p-n
junctions particularly beneficial for applications such as solar cells, photodetectors, light-emitting diodes (LEDs), and
power devices, where efficiency and performance are closely tied to the smooth distribution of charge carriers. Moreover,
the gradual change in doping concentration can lower the breakdown voltage, enhance device reliability, and improve
high-speed performance.

However, the theoretical understanding of the electrostatic properties of linear graded p-n junctions, particularly
regarding their temperature dependence, remains limited. To address this gap, this article focuses on the analytical
investigation of the electrostatic properties of linear graded p-n junctions made from Si and GaAs, studied over a wide
temperature range. By examining the effects of linear grading on the electric field, potential distribution, and depletion
region, this research aims to provide a deeper understanding of how doping profiles influence device performance.
Additionally, this study will explore how external factors, such as temperature and geometric size, interact with the doping
profile to affect the behavior of p-n junctions in real-world applications. The insights gained from this research could lead
to improved design strategies for a variety of semiconductor devices, particularly in environments where high efficiency,
reduced recombination, and stable operation over temperature are crucial.
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MATERIAL AND METHODS

In fact, p-n junctions are formed by combining p-type and n-type semiconductors through processes like diffusion,
ion implantation, epitaxial growth, or alloying, with precise control of doping and structure quality. The junction's unique
properties arise from the depletion region created by carrier recombination, enabling applications in forward and reverse
bias modes, including advanced structures like radial and heterojunctions. Uniform doping profiles are formed by evenly
distributing dopants through methods like ion implantation or epitaxial growth, ensuring consistent electrical properties.
Nonuniform profiles are created by varying dopant concentration using graded diffusion or selective implantation,
enabling tailored device performance. As highlighted in the Introduction, this article addresses the problem
of p-n junctions with non-uniform doping concentrations, which have not been extensively studied.
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Figure 1. Schematic representation of a 2D cross-section of the modeled planar p-n junction:
a) uniform doping profile, and b) non-uniform doping profile

Figure 1 illustrates a planar p-n junction with: a) a uniform doping profile, and b) a non-uniform doping profile,
highlighting distinct characteristics in current transfer mechanisms and electrostatic distributions between the two cases.
The depletion region extends from—x,to x,, with its width denoted as 7, linear graded p-n junction specific to the

w

2

the Poisson equation for each specific case. To simplify finding solutions, approximations are applied, but only for the
low injection case. The Poisson equation for the low injection case is written as equation (1).

=x =7 . To identify these unique properties, it is essential to solve

n

junction structure and as expressed: |—xp| =

dE(x) __d’¢(x) _ q |
dx dx’ &€,

(Np(x)= N, (x)) - M

Where E(r) represents the electric field, € denotes the permittivity of the semiconductor material, for Si € is 11.9, for
GaAs e1s 12.9, g = 8.85:107'2 F-m™! vacuum permittivity. The linear doping profile can be represented as (2):

Np(x)=N,(x)=a-x (@)

If the width of the depletion region is non-uniform, as in case b), the acceptor doping concentrations N, (x) and
donor doping concentrations N, (x) are expressed qualitatively as functions of distance. a is the doping gradient. These

expressions are solved together under boundary conditions E(-x,)=0 and E(x,)=0, for the depletion region, the

distribution of the electric field is given by equation (3a), while for other regions, the electric field distribution is described
by equation (3b).

~ _49:a (o oy
E(-x, <x<x,) 26z, (x (x,) ), (3a)
E(x<-x,,x,2x)=0. (3b)

Along with the electric field distribution, it is also important to determine the electrostatic potential distribution.
Using the following expression ¢(x) = —J. E(x)dxandp(x<-x,)=0,9(x2x,)=¢,(T)-U, , initial conditions, the
electrostatic potential is obtained from expression (4). The built-in potential is represented by ¢,,(T') , and the external

source voltage is represented by U, , .

q-a 3 2
—Xx <x<x )= x =3x-x]). 4
o(-x, ) 6&%( >-x) )
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Using the selected initial conditions, the width of the depletion region was determined and is expressed by
equation (5). From equation (5), it can be seen that the width of the depletion region depends on temperature, built-in
potential, and the doping gradient.

w =#Z4‘9€° (p(M-U,.,). 5)
q-a

Another important parameter is the built-in potential, expressed by equation (6) for a linearly graded doping
concentration in a p-n junction.

2kT a-x
), (1) =——"In| —=|. 6
@,(T) p n(nl_(T)J (6)

Where k is the Boltzmann constant, T is the temperature, q is the charge of an electron, n,(T)is the intrinsic carrier
concentration of the semiconductor. At 300 K (room temperature), the intrinsic carrier concentration of Si is
approximately 7,(300)=1.5-10"" cm™, for GaAs approximately 7,(300)=1.7-10° cm™ . The results derived from the
above analytical expressions are presented and analyzed in the “Results and Discussion” section.

RESULTS AND DISCUSSION
The results presented and analyzed in this section correspond to temperatures ranging from 200 K to 500 K in 100 K

increments, with a doping gradient spanning from 1-10'° cm™ to 1-10°° em™ . In Figure 2, the width of the depletion region

of a linearly graded p-n junction made of Si material depends on the doping gradient at different temperatures.

In silicon (Si), the doping gradient remains largely unchanged as temperature increases from 200K to S00K. However,
the carrier concentration increases with temperature, affecting the material's conductivity and recombination rates. The
depletion region width decreases linearly with increasing doping concentration, as a higher doping concentration strengthens
the electric field, reducing the width of the depletion region. Gallium Arsenide (GaAs) is a high-performance semiconductor
with a direct bandgap of 1.42 eV, making it ideal for optoelectronic applications like LEDs and laser diodes. It has high
electron mobility, which enables fast switching in high-speed electronics, but lower thermal conductivity than silicon. GaAs
is widely used in high-frequency devices, such as radar and satellite communications, but its higher cost and fabrication
complexity limit its use compared to silicon. In Figure 3, the width of the depletion region of a linearly graded p-n junction
made of GaAs material depends on the doping gradient at different temperatures.

1073 4 1073 4

Depletion Width, W (cm)
Depletion Width, W {cm)

ml“' 10‘1’ 10‘15 1619 10‘10 1615 1617 10‘“’ 10'19 m‘zo
Doping Gradient, a (cm™-4) Doping Gradient, a (cm™-4)

Figure 2. The width of the depletion region in a linearly graded  Figure 3. The width of the depletion region in a linearly graded
p-n junction based on Si as a function of the doping gradient at p-n junction based on GaAs as a function of the doping
different temperatures gradient at different temperatures

Compared to Si, GaAs undergoes more significant changes as the temperature increases from 200 K to 500 K.
In both materials, the depletion region width decreases linearly with increasing doping concentration. In Si, the depletion
region width changed from 22 um to 5.8 um, while in GaAs, it changed from 83.4 um to 0.833 pm. At 200 K, the depletion
region width changes from 22 pum for 1-10'° cm™ to 5.8 um for1-10°° cm™ . As temperature increases, the width decreases
further, with similar trends observed at 300K, 400K, and 500K, showing a more pronounced reduction with higher doping
concentrations.

Figure 4 demonstrates that the built-in potential of a linearly graded p-n junction based on GaAs increases
consistently with both temperature and doping concentration. At 200 K, the built-in potential ranges from 1.187 V to
1.23 V. At 300 K, it increases to a range of 1.2187 V to 1.46 V. At 400 K, the range shifts to 1.387 V to 1.653 V, and at
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500K, it varies between 1.527 V and 1.86 V. This trend clearly indicates a consistent increase in the built-in potential with
rising temperature and doping concentration. Similarly, the width of the depletion region in the Si-based linearly graded
p-n junction decreases as the doping gradient increases from 1-10'° cm™ to 1-10°° cm™ across temperatures ranging from
200K to 500K. As temperature increases, the width decreases further, with similar trends observed at 300K, 400K, and
500K, showing a more pronounced reduction with higher doping concentrations. Figure 5 illustrates that the built-in
potential of a linearly graded p-n junction based on Si increases with both temperature and doping concentration. At 200K,
the built-in potential ranges from 0.78 V to 0.923 V. At 300 K, it increases to a range of 0.9321 V to 1.123 V. At 400K,
the range extends from 1.038 V to 1.26 V, and at 500 K, it varies between 1.082 V and 1.41 V. This shows a consistent
increase with both temperature and doping concentration. Similarly, the width of the depletion region in the GaAs-based
linearly graded p-n junction decreases as the doping gradient increases from 1-10cm™to 1-10° cm™, across

temperatures ranging from 200K to 500K.
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Figure 4. The built-in potential of a linearly graded p-n Figure 5. The built-in potential of a linearly graded p-n junction
junction based on GaAs as a function of the doping gradient based on Si as a function of the doping gradient at different
at different temperatures temperatures

For GaAs, the impact of the doping gradient on the depletion region width is more prominent at higher doping
concentrations compared to Si. Across the temperature range of 200 K to 500 K, the depletion region width exhibits
significant variation, with more substantial changes occurring at higher doping gradients. At low doping concentrations,
the temperature dependence is relatively minor, whereas at high doping concentrations, the depletion width decreases
sharply with increasing temperature, demonstrating a more pronounced effect than in Si. This highlights GaAs's greater
sensitivity to both temperature and doping concentration, particularly at elevated doping gradients. The built-in potential
of the GaAs-based junctions increases consistently with both doping concentration and temperature, ranging from 1.187 V
at 200K to 1.86V at 500K for doping concentrations between 1-10'° cm™ and 1-10*° cm™ . In comparison, the built-in

potential for Si-based junctions ranges from 0.78V to 1.41V across the same temperature and doping concentration range.
Additionally, the width of the depletion region in both materials decreases with increasing doping concentration, but this
effect is much more pronounced in GaAs, with changes from 83.4 pm to 0.833 pm at temperatures ranging from 200K to
500K. In contrast, Si shows smaller variations, with the depletion width changing from 22 pm to 5.8 um over the same
temperature range.

CONCLUSIONS

In conclusion, this study provides a comprehensive analysis of the electrostatic properties of linearly graded p-n
junctions based on Si and GaAs, with a focus on the effects of doping gradients and temperature variations. The results
reveal distinct behaviors between GaAs and Si, with GaAs exhibiting a more pronounced dependence on temperature and
doping concentration. At higher doping concentrations, GaAs shows a more significant reduction in the depletion region
width with increasing temperature, highlighting its greater sensitivity compared to Si. This behavior underscores GaAs's
heightened sensitivity to temperature fluctuations and doping gradients, especially at high doping levels.

The study emphasizes the pivotal role of doping gradients and temperature in shaping the electrostatic properties
of p-n junctions. GaAs, with its superior electron mobility and direct bandgap, offers enhanced performance for
high-frequency and optoelectronic applications. However, its increased sensitivity to temperature and doping
concentration presents both challenges and opportunities for device optimization. In contrast, Si remains more stable with
respect to temperature changes, making it a more predictable material, but it may not achieve the same performance levels
in specialized applications. These findings are crucial for the design of semiconductor devices, particularly in applications
where efficiency, reduced recombination, and stable operation across varying temperatures are critical. The insights
gained can inform the optimization of p-n junctions for a range of devices, such as LEDs, photodetectors, and power
devices, ensuring improved performance and reliability in diverse operating environments.
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BILIMB JITHIMHUX IMTPO®LIIB JIETYBAHHSI HA EJJEKTPO®IZUYHI OCOBJIHUBOCTI P-N-ITIEPEXO/IIB
Jxomkin . AGpynnaes
Hayionanenuii oocnionuyvkuii ynisepcumem TIIAME, ¢hizuxo-ximiunuii haxynomem, Tawkenm, Y36exucman
Dizuxo-mexuiynuil incmumym Axademii Hayk Y36exucmany, Tawkenm, Y30exucman

VY miif poGOTi JOCTIHKEHO BIUIMB JTiHIHHOTO TpalieHTa KOHLEHTpPALii JITyBaHHS Ha €IeKTPO(i3NYHI BIACTHBOCTI P-n MEPEXOIiB Ha
ocuoBi Si i GaAs. T'paxientu neryBanns cranosuiu Bijg 1-10' no 1-10% cm™, a amaniz nposoauiu npu temneparypax six 200 K mo
500 K 3 xpoxom 100 K. PiBrstans Iyaccona Gyimo po3B's3aHe Jurs JiHIHHUX MpodiniB JIeTyBaHH, a aHAJIITUYHI PIlIEHHS OTPUMaHI IS
marepianiB Si i GaAs. Li po3B'si3ku qanu feTanbHe ysSBICHHS PO eIEKTPUYHE MOJIe, PO3MOALT OTEeHIianiB, BOyIOBaHNI MOTEHIIaI i
HMIMPUHY 001acTi BUCHaXKEHHS. [Iyi1 000X MaTepiaiiB BOYIOBaHUI MOTEHINA 3aJIeXKaB BiJl TEMIEPaTypH, IPUUOMY Si IEMOHCTPYBaB
OipLI 3HAYHY 3MiHY 4Yepe3 BUILY KOHIGHTpalilo BlacHUX HociiB. Ha mupuny o61acTi 30iIHEHHS BIUIMBAIOTH SIK KOHLIEHTpALis
JIETYBaHHsI, TaK i TeMmreparypa, npuiomy GaAs AeMOHCTpYeE OiIbLI BUPaXKEHY Bapiallilo IMUPHUHH, L0 MOSCHIOETHCS HOTO BiIMIHHUMU
BJIACTHUBOCTSIMU HOPiBHAHO 3 Si. OTpUMaHi pe3yibTaTH MiIKPECTIOITh BUPIMIAIbHY POJIb IPAJi€HTIB JIETYBaHHA 1 TEMIIEPAaTypPHUX
Bapiamiii y ¢opMyBaHHI XapaKTEPUCTHK JIHIHHUX TpagyHOBaHUX p-n MEPEXOiB, MPOMOHYIOYH LiHHI BUCHOBKH IJISl MPOEKTYBaHHS
HaIiBIPOBITHUKOBUX NPUIIAMIB, TAKHUX SIK JIOAH 1 TPAH3UCTOPHU, ONTHMI30BaHUX [UIS PI3HUX TEMIIEPaTyPHHUX YMOB.

KonrouoBi cnoBa: zinitinuii epadytioganuii p-n nepexio; 66y0ogamuil nomenyian; eneKmpoCmamuyHi eiacmueocmi; aiuiliHe
2padytiogane ne2ysans; KpiozeHHi memnepamypu
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This study investigates the formation of the optical properties and crystal structure of TiOz thin films, with a thickness of approximately
1.5 micrometers, grown on a glass substrate using the atomic layer deposition method with titanium tetraisopropoxide and water as
precursors. X-ray diffraction and Raman spectroscopy analyses confirmed that the TiOz films crystallize in the anatase polymorphic phase.
The films exhibit a nanocrystalline structure with an average crystallite size of approximately 28 nanometers, as established by X-ray
diffraction measurements. The X-ray diffraction pattern revealed distinct peaks at 20 angles of 25.3°, 38.6°, 48.0°, 55.0°, and 70.4°,
corresponding to the (101), (112), (020), (121), and (220) crystallographic planes, while the Raman spectra exhibited pronounced peaks at
frequencies of 143, 194, 392, 514, and 637 cm™, all characteristic of the anatase phase of TiO>. The Tauc method applied to the absorption
spectra of the thin film showed that it has a direct bandgap of 3.2 eV and an indirect bandgap of 2.3 eV.

Keywords: Titanium dioxide thin films; Atomic layer deposition; Anatase phase; X-ray diffraction; Raman spectroscopy,; Bandgap
energy, Optical properties; Urbach energy, Nanocrystalline structure

PACS: 78.66.-w, 68.55.Jk, 78.30.-j, 73.61.Ng

INTRODUCTION

In recent years, there has been significant interest in TiO, due to its unique properties, including high chemical
stability, low toxicity, and a variety of structural phases [1-3]. One of the key features of TiO is its ability to actively
absorb ultraviolet radiation while remaining transparent in the visible spectrum, making it an ideal material for
optoelectronic applications. The optical properties of TiO, are determined by its crystalline phase, particle size, and the
presence of defects, which can affect light transmission and absorption [4, 5]. The bandgap width of TiO, varies depending
on the synthesis method and ranges from 2.6 to 3.3 eV [6, 7]. Due to these characteristics, the material is promising for
the creation of optoelectronic devices. In particular, the optical properties of TiO, allow for enhanced light absorption in
solar cells, which improves energy conversion efficiency [8]. Additionally, its application as a material for heterojunction
solar cells opens up further possibilities for the development of highly efficient photovoltaic systems [9]. In addition to
solar cells, TiO; thin films have found widespread applications in a range of advanced technologies. TiO; films are also
extensively can used in self-cleaning surfaces due to their photocatalytic activity, where under ultraviolet light, they can
break down organic contaminants, making them ideal for use in building materials, glass coatings, and environmental
purification [10, 11]. Moreover, TiO, thin films serve as efficient dielectric layers in capacitors and as gate insulators in
field-effect transistors due to their excellent insulating properties [12]. In gas sensor technology, the sensitivity of TiO,
to various gases, such as hydrogen, makes it a valuable material for detecting pollutants and hazardous gases in the
environment [ 13]. Another promising application is in photocatalytic water splitting for hydrogen production, where TiO»
acts as a photoanode, contributing to sustainable energy solutions. Thin TiO, films can also be used as buffer layers,
particularly for the catalytic growth of carbon nanotubes [14, 15]. The combination of optical transparency, photocatalytic
activity, and chemical stability also makes TiO, thin films suitable for use in medical devices and antibacterial coatings,
adding to their versatility across multiple industries.

There are numerous methods for obtaining thin films of TiO,, including the sol-gel method [6], reactive magnetron
sputtering [16], solvothermal synthesis [17, 18], and atomic layer deposition (ALD) [19]. These methods make it possible to
form films with various morphologies, ranging from nanoparticles [20] to nanotubes [21, 22] and nanorods [23], allowing
the material's properties to be adapted to specific tasks depending on the field of application.

In this work, we study the features of the formation of optical properties and the crystalline structure of a titanium
dioxide thin film obtained by the ALD method using titanium tetraisopropoxide (TTIP) and water as precursors. A
comprehensive structural analysis was carried out, as well as an investigation of the film's optical properties using absorption
spectroscopy at room temperature.

EXPERIMENT
TiO, was deposited onto a pre-prepared glass substrate using the thermal ALD method on an SI PEALD system
(SENTECH Instruments GmbH). During the deposition process, TTIP and water were used as the primary precursors,
while nitrogen was employed as both the carrier and purging gas.
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The deposition parameters were as follows: nitrogen flow rate was 120 cm?/min, reactor pressure was approximately
60 Pa, substrate temperature was around 225°C, and each cycle duration was 8 seconds. The process consisted of 5 steps
in the following sequence: an initial purge; introduction of TTIP for 0.5 seconds; nitrogen purging for 3 seconds;
introduction of H-O for 1.5 seconds; and final nitrogen purging for 3 seconds. Under these conditions, the growth rate per
cycle was 0.2 nm, and the deposition process was carried out for 7500 cycles. As a result, a sample with a TiO, film
thickness of 1500 nm was obtained. A visual representation of the titanium dioxide film deposition process by the ALD
method is shown in Figure 1.
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Figure 1. Schematic diagram of the ALD process of TiO2 on a glass substrate

XRD Structural Analysis

TiO; can exist in three crystalline forms: the stable rutile phase and two metastable phases—anatase and brookite [3].
Both rutile and anatase have a tetragonal structure but differ in lattice parameters and space groups. Rutile is more stable
at high temperatures, whereas anatase and brookite form at lower temperatures and transform into rutile upon heating.
Each of these phases possesses unique optical and structural characteristics, making them suitable for various
technological applications.

X-ray diffraction analysis of the samples was carried out using a PANalytical Empyrean diffractometer, confirming
the formation of the TiO; film in the anatase polymorph after the deposition process. As shown in Figure 2, the diffraction
pattern of the freshly deposited sample exhibits clear peaks characteristic of the anatase phase of TiO; at 26 angles: 25.3°,
38.6°, 48.0°, 55.0°, and 70.4°, corresponding to the (101), (112), (020), (121), and (220) crystallographic planes of
anatase. Additionally, no reflections characteristic of other TiO, polymorphs, such as rutile or brookite, were observed,
confirming the purity of the anatase phase [6, 24].

S

Intensity (a.u.)

211

Figure 2. X-ray diffraction pattern of the TiOz film. Characteristic reflections for the anatase phase of titanium dioxide are
observed at 20 angles: 25.3° (101), 38.6° (004), 48.0° (200), 55.0° (211), and 70.4° (220)

The interplanar spacing of the crystal (d) was calculated based on the obtained diffraction patterns using Bragg's
equation [6]:
ni

d= (M

2sin6

where d is the interplanar spacing between atomic planes, #n = 1 is the order of diffraction, A = 1.5406 A represents the
wavelength for CuKa radiation, and 4 is the diffraction angle.

The obtained d values were subsequently used to calculate the crystal lattice parameters. For the tetragonal structure,
the lattice parameters a and ¢ were determined using the following equation:
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h, k, and [ are the Miller indices for the corresponding crystallographic planes, and a and ¢ are the lattice parameters. The
calculated lattice parameters were a = 0.3785 nm and ¢ = 0.9513 nm, which are in agreement with the literature values
for the anatase phase of TiO, [21].

The average crystallite size was calculated using the Scherrer formula [6, 25]:

KA
- LcosO (3)

where D is the average crystallite size, K is the Debye-Scherrer constant, A is the wavelength of CuKa radiation equal to
0.15406 nm, B is the full width at half maximum (FWHM) of the peak, and 0 is the Bragg angle.

Five peaks corresponding to different crystallographic planes were selected for the calculation, and B values (FWHM)
were measured for each. The crystallite sizes of TiO» were approximately 44.36 nm at the 26 = 25.36° peak, 30.93 nm at
20 =38.63°,18.15nm at 26 =48.13°,25.02 nm at 20 =55.16°, and 17.21 nm at 20 = 70.41°. Therefore, the average crystallite
size of TiO», calculated as the arithmetic mean, was approximately 28 nm.

Structural Analysis by Raman Scattering

The structure of the resulting film was investigated using an InVia Raman spectrometer with a resolution < 0.5 cm™ in
the visible range. The Raman scattering spectra of the deposited TiO; film, presented in Figure 3, show well-defined peaks
at frequencies of 143, 194, 392, 514, and 637 cm'. These bands were identified through factor group analysis. It is known
that the Raman spectrum of the anatase phase of TiO, contains six active modes with peaks at 144, 194, 397, 517, 513, and
639 cm! [26, 27], corresponding to the symmetries 1A1g, 2B1g, and 3Eg.

The peaks at frequencies 143, 194, and 637 cm™! are associated with the Eg phonon modes, while the peak at 394 cm!
corresponds to the B1g mode. The Raman line at 514 cm™ represents a doublet composed of vibrational modes Alg and Blg
[28]. For the rutile phase, four active Raman modes with symmetries Blg, Eg, Alg, and B2g are typically observed at
frequencies 144, 243, 447, and 612 cm™'. Based on the data from [26-28], it can be concluded that the Raman spectrum
confirms that the crystalline structure of the film is the anatase polymorph of TiO,.
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Figure 3. Raman scattering spectrum of the TiO2 film, showing characteristic peaks of the anatase phase at frequencies of 143, 194,
392,514, and 637 cm’!

Optical Absorption Spectrum Analysis of the Film
The absorption spectra in the range of 200-1000 nm were investigated using a Shimadzu UV-3600i Plus spectrometer.
The absorption coefficient was calculated for the 1500 nm thick film based on the Bouguer-Lambert-Beer law using the
following formula:

_ 2.303A(}.) )
where A(MA) is the absorption value corresponding to the wavelength, and d is the film thickness in centimeters.

Figure 4 presents the spectrum of the calculated absorption coefficient, which shows that the film absorbs in the
ultraviolet range and is transparent in the visible range. A sharp decline in the absorption coefficient begins around
350-400 nm, corresponding to the material's intrinsic absorption edge. The absorption edge exhibits an exponential
dependence on photon energy, indicating a high Urbach energy level. According to [29, 30], this may suggest that the
film is a polycrystal with randomly oriented grains. This phenomenon can be explained by the Volmer-Weber
crystallization mechanism during the film formation on the substrate, likely due to the lack of chemical bonding between
the precursors and the substrate at the initial stage of the process. It could also be a result of quantum size effects caused
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by the nanoscale structure. Furthermore, the increase in Urbach energy in such films is often associated with the formation

of oxygen vacancies and other defects, which leads to the broadening of absorption tails and a decrease in the crystallinity
of the material [31, 32].
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Figure 4. Absorption coefficient of the TiOz film in the 200—1000 nm range

The optical bandgap was determined using the Tauc function [19, 29, 30], based on the obtained absorption
coefficient o using the following expression:

(chv)"= A (hv — Eg) (5)

where A is a material-dependent constant, Eg is the bandgap energy of the semiconductor, hv is the photon energy, and
n is a variable that can take different values depending on the type of electronic transition. Specifically, for an allowed
indirect transition, n=1/2, and for an allowed direct transition n=2 [29].

For nanostructured TiO, films and nanoparticles, both direct and indirect transitions are possible, which can be
explained by their quantum confinement effects and altered electronic structure compared to macroscopic samples.
Depending on the size of the nanoparticles and their crystalline structure, an increase or decrease in the bandgap width
can be observed, which may be associated, for instance, with the appearance of defects such as oxygen vacancies in the
TiO; crystallite structure.

The extrapolation of the linear segments of the (ahv)" curves to their intersection with the abscissa (Figure 5) allowed
us to estimate the indirect bandgap as 2.3 eV and the direct bandgap as 3.2 eV. Therefore, the presence of linear segments

for both transitions indicates that the absorption edge in the TiO, film is formed by both direct and indirect allowed
interband transitions.

g n=2
© n=05

o~
1

(ahv)**10"°cm™eV
(3]
1

(o) *10°cm™ eV

0

0

T

2.0 2:5 3.0 35 4.0 4.5 5.0
eV

Figure 5. Determination of the bandgap width in the studied film. The square symbols represent the Tauc plot for direct interband
transitions, while the circular symbols indicate the plot for indirect transitions.

CONCLUSION
The structural analysis results obtained through XRD and Raman spectroscopy confirm that titanium dioxide films
crystallize in the anatase polymorphic phase under thermal ALD conditions. The films exhibit a nanocrystalline structure
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with an average crystallite size of approximately 28 nm, as determined from the XRD data. Raman spectroscopy further
revealed phonon modes characteristic of anatase, thereby verifying the presence of this phase within the films. The
exponential shape observed at the absorption edge suggests a degree of structural disorder, leading to an increase in the
Urbach energy. This behavior can be attributed to the Volmer-Weber crystallization mechanism, which is typically
associated with the formation of nanocrystalline films, where nucleation occurs predominantly on the surface with limited
substrate interaction. The observed bandgap width was slightly smaller than values reported in the literature, indicating
the presence of oxygen vacancies within the film's structure. While the widening of the bandgap with decreasing
nanoparticle size is typically linked to quantum confinement effects that constrain electron and hole movement, increasing
the transition energy between the valence and conduction bands, in this case, the observed reduction in bandgap width
suggests that oxygen vacancies have a substantial impact on the film's optical properties, altering the transition energy
and offsetting the quantum confinement effects.
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ONTUYHI XAPAKTEPUCTHKHU TA KPUCTAJIYHA CTPYKTYPA TOHKOI IUIIBKH TiO2 HA CKJISIHIA
HIAKJIAIIL, BAPOIIEHOI HIJIAXOM OCAI)KEHHSA ATOMAPHOI'O IHIAPY
Temyp K. Typaanies
ITncmumym ionHoO-nasmMosux i 1azepHux mexnonoziu imeni Apugoea Axademii nayk Yzbexucmauy
100125, eyn. [ypmon FOni 33, Tawxenm, Y3b6exucman
VY 1poMy MOCHTIIDKEHHI JOCTIIKYEThCS (GOPMYBAaHHS ONTHYHHMX BIACTHBOCTEH 1 KPHCTATIYHOI CTPYKTYpH TOHKHX IUTBOK TiO:2
TOBIIMHOIO HPHOMM3HO 1,5 MiKpoMeTpa, BHPONIEHHX Ha CKJISHIM MiAKIaAlli METOJOM aTOMAapHOTO IIapOBOTO OCA/DKEHHS 3
TETPai3ONpPOIIOKCUIOM THTaHy Ta BOJOIO SK IIONEpeAHHKaMH. PeHTreHiBcbka AM@pakuis Ta CIIEKTPOCKOMis KOMOiHaIiifHOTO
poscitoBaHHs minTBepawiaM, mo IwriBkkn Ti02 KpucTamizyroTkest B momiMop¢Hid (a3l aHarasy. I[lmiBKM JEeMOHCTPYIOTH
HAHOKPHCTATIYHY CTPYKTYpY i3 cepeiHiM pO3MipOM KpPHUCTAJITiB MPHOIM3HO 28 HAHOMETPIB, SIK BCTAHOBJICHO PEHTICHIBCHKHMH
qudpakiiiHIME BUMipIOBaHHSIMU. PeHTreHiBebka qudpakiiiiiHa kapTuHa BUsIBIJIA YiTKi miky min kytamu 20 25,3°, 38,6°, 48,0°, 55,0°
i 70,4°, mo Bignosimatots (101), (112), (020), (121) i ( 220) kpucTamorpadpivHUX IUIOMHUHAX, ToAi K crekTpu KPC neMoHCTpYIOTh
BHpaXKeHi Miku npu gactotu 143, 194, 392, 514 1 637 cm, yci xapaktepHi s ¢asu anatazy TiOz2. Meron Tayka, 3acTocoBaHHI 10
CIICKTPIB IOTIMHAHHS TOHKOI IUTiBKH, [T0Ka3aB, 1[0 BOHA Ma€ MpsMy 3a00poHeHy 30HY 3,2 eB 1 Henpsimy 3a00opoHeHy 30HY 2,3 ¢B.
KonrouoBi ciaoBa: mowuki naieku Oiokcudy mumawny, amomue wiapoge 0caoddiceHus; (pasa amamasy; peHmeeHiecbka ougpaxyis,
PAMAHIBCLKA CREKMPOCKONIs, eHepeisi 3a00pOHeHOl 30HU, ONMUYHI 61ACMUEOCHII,; eHepeisi Ypbaxa, HaHOKPUCMANIYHA CIMPYKmypa
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Single-crystal films of the (Ge2)1x(ZnSe)x solid solution from a limited tin solution-melt in the temperature range from 1023 K to
803 K at a cooling rate of 1-1.5 K/min on an EPOC installation were grown on Ge substrates and GaAs. The gap between the
substrates was 0.65+1.2 mm. It was established that the lowest values of dislocation density (Np=2-10%+10 cm2) were recorded in
epitaxial films at Tnc = 893 K. Technological conditions for obtaining GaAs- (Gez2)i1x(ZnSe)x heterostructure with a smooth
boundary have been achieved. Film substrate and the supercooling temperature was AT = 7.2°C.

Keywords: Epitaxial layer; Heterostructure; Solid solution, Dislocation; Single-crystal
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INTRODUCTION

The growth of crystalline perfect semiconductor solid solutions is of undoubted interest for the development of
modern semiconductor instrumentation, since a solid solution synthesized from several semiconductor compound
components, can combine the advantages of each of them [1,2]. Variable solid solutions belonging to the class
(C™)1x(A"BVY), make it possible to vary the basic electrophysical and photoelectric parameters of semiconductor
materials within wide limits when their chemical compositions change [3,4]. We have obtained epitaxial layers
(Gez)1x(ZnSe)y, but to date, morphological studies that determine the photoelectric and electrophysical properties have
not been sufficiently studied [5].

Defects and dislocations at the substrate-film interface serve as additional recombination centers, which worsens
the injection properties in homo- and heterojunctions of the structure [6,7]. In addition, they significantly reduce the
separation coefficient of light-generated electron-hole pairs in photoelectric converters [8]. Therefore, the selection of
components and chemical compounds that form the necessary solid solutions is associated with many parameters that
must be taken into account: sufficient solubility of the components in solvent at a given temperature; slight discrepancy
between lattice parameters and thermal expansion coefficients of crystal-forming chemical compounds and substrates,
crystal orientations, etc. [9,10].

It is known that solid solutions based on Ge ZnSe systems, depending on their chemical composition, allow the
variation of basic electrophysical and optical parameters of semiconductor materials within a wide range. Considering
the above, this work studied the conditions for forming solid solutions based on ZnSe and GeGe compounds and the
features of their structure [11,12].

MATERIALS AND METHODS

The composition of the melt solution, consisting of Ge, ZnSe and Sn, was determined from the state diagrams of
Sn—Ge—ZnSe alloys [11]. To prepare the liquid melt solution, we used the literature data described in [13,14].

Proven experimental scientific methods were used. Typically, substrates are used with certain smallest slopes
during the growth of films from the liquid phase, which promote the formation of epitaxial layers on the surface of the
substrate. Any surface of a solid has a certain roughness, so the surface energy is distributed unevenly and affects the
growth of the solid solution on the substrate, as well as the formation of dislocations, which are associated with
technological parameters, such as crystallization onset temperature (7oc), growth rate (v), gap between substrates (J),
composition of components in the melt solution with substrate orientations, etc.

The substrates were chemically pure (99.999%) Ge(111) and GaAs(100) plates with charge carrier concentration
n=(1+5)-107cm>, n=(4+7)-107cm>, respectively, donor type of conductivity. The diameter and thickness of the
substrate were 20 mm and 350-400 um, respectively. To obtain a certain composition of the melt solution based on a tin
solvent, germanium and zinc selenide powders were used.

To grow a graded-gap solid solution (Ge:)ix(ZnSe)x, we used a vertical-type quartz reactor with horizontally
located substrates in an EPOS-type installation. The growth of the epitaxial layer was carried out from a small volume
of tin solution-melt, limited to two substrates in the atmosphere, which were purified with palladium hydrogen, which
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made it possible to minimize the amount of consumed solution-melt. First, a vacuum was created in the reactor to a
residual pressure of 102 Pa, then purified hydrogen was passed through the reactor for 30 minutes, and after that the
heating process began. When the temperature reached the required value, the system switched to automatic mode.
Homogenization of the melt solution was carried out within 40-50 minutes. Then the substrates on a graphite holder
were brought into contact with the melt solution and, after filling the gaps between the substrates with the melt solution,
they were raised 1 cm above the solution level. The growth of epitaxial layers (Ge»)i1«(ZnSe)x was stopped at the right
moment by draining the melt solution from the substrates using a centrifuge.

The surface morphology of the grown films was studied using scanning electron microscopy (SEM EVO MA 10
(Zeiss)) and a CoreAFM setup.

Specific resistance, mobility and concentration of the main charge carriers were determined using an HMS-7000
installation (Hall effect measurement system).

EXPERIMENTAL AND DISCUSSION

Crystalline perfect epitaxial layers (Ge:)1.x(ZnSe)x were grown from a limited tin solution-melt with forced cooling
(at a rate of 1-1.5 K/min) in the temperature range from 1023 K to 803 K on Ge(111) substrates, GaAs(100) [15]. A
detailed description of the method used is presented in [16]. The resulting epitaxial layers were single-crystalline and
had a sphalerite-type lattice, which is confirmed by XRD studies [15]. A detailed description of the method used is
presented in [16]. The resulting epitaxial layers were single-crystalline and had a sphalerite-type lattice, which is
confirmed by XRD studies [15]. Mutual substitution of components in the lattice did not lead to its noticeable
deformation. That is, when replacing Zn and Se atoms located nearby in the lattice with germanium atoms, the energy
of elastic distortions of the crystal lattice was minimal, therefore, the possibility of continuously forming a number of
substitutional solid solutions, which can be designated as (Gez)i«(ZnSe)x.

During the growth of an epitaxial film from a tin solution-melt, in the resulting varizone solid solution, the
substitution process occurred by replacing atoms not separately statistically located in the lattice in Zn and Se with
germanium atoms, and by replacing the Zn and Se atoms located in pairs in the lattice (the so-called dimers or
“molecules" ZnSe in terminology [17]) for two germanium atoms (Ge-Ge), which contributed to the growth of epitaxial
layers on the substrate. This process is schematically presented in Figure 1.

raceatte anthetrat

\

]
//////,‘6;4/////////////,0%’///////%

solution - melt substrat

NN

Figure 1. Scheme for the formation of a varizone solid solution from a Sn-Ge-ZnSe solution-melt (the thickness of the gap between the
substrates 0= 1 mm).

In Figure -1 it is schematically shown the dissolved components Zn, Se, Ge in a tin solvent located between
horizontally located substrates.

Epitaxial films (Ge)i-«(ZnSe)x are grown from a Ge + ZnSe + Sn melt solution onto a Ge substrate without
technological difficulties due to the saturation of the liquid phase relative to Ge + ZnSe; this prevents melting of the
surface layer of the substrate-film interface at the front crystallization. If growth is carried out on a “foreign” GaAs
substrate, then due to the unsaturation of the Ge + ZnSe + Sn system of the solution-melt relative to GaAs, it will lead
to dissolution of the substrate. To prevent such a process, an equilibrium state of the system must be established
between the liquid (solution-melt) and solid phase (substrate). Therefore, the liquid phase must be supercooled relative
to the solid phase-substrate. For the thermodynamic equilibrium of this system, using the following formulas, you can
determine the temperature or contact supercooling:

2
T EM (ai—a 1
AT =L -—(_1 2) -y
AH 1-v a; f

Where, 4H - the enthalpy of layer dissolution, 7;- the liquidus temperature, £ and v - Young’s modulus and Poisson’s
ratio, M - the molar volume, a; a> - the lattice parameters of the substrate and the solid phase, f - the stabilization factor.
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Based on theoretical calculations, the supercooling temperature for the solution-melt system Ge + ZnSe + Sn was
predetermined and applied in the growth process. It has been established that when growing a (Ge:)ix(ZnSe)x solid
solution on a GaAs substrate from the liquid phase, the optimal supercooling temperature is AT = 7.2°C. Thus, the
technological condition for obtaining a GaAs- (Ge:)i-x(ZnSe)x heterostructure with crystalline perfection and a smooth
substrate-film boundary has been achieved.

The resulting solid solution films were mirror-smooth, and to study their surface we carried out morphological
studies. Three-dimensional images of the surface of the (Ge:)ix(ZnSe)x epitaxial film obtained using an atomic force
microscope showed that a quantum dot is formed in the surface layer with a width of 110 nm and a height of 14 nm

(Figure 2 (a, b)).
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Figure 2. Three-dimensional (a) - (image size 2x2 um?) and two-dimensional (b) - image of the surface of epitaxial films (Gez2)i-

x(ZnSe)x, (quantum dot size: width 110 nm, height 14 nm)

The forming quantum dots in the form of a dipole are directed strictly in one direction, with the same slope, which
indicates the monocrystalline nature of the resulting epitaxial film. The forming quantum dots in the form of a dipole
are directed strictly in one direction, with the same bias, which indicates the orderliness of the grown layers and the
monocrystalline nature of the resulting epitaxial film. The figure also shows that the film layers formed consist of pairs
of ordered nanoclusters. This is probably due to the potential field of the surface layer.

And also, to study the morphology of the films, we selected the composition of the etchant (we used mixtures of
concentrated  hydrofluoric ~ (HF), nitric (HNOs;) and acetic (CH3;COOH) acids, in the ratios
1hHF+3hHNO3;+4hCH3;COOH). To identify dislocation, etch pits on the (111) plane, the samples were etched in a
solution, then the etchant was diluted with deionized water and washed. After this process, using a scanning electron
microscope (SEM), images of dislocations on the surface of the grown (Ge)ix(ZnSe)x epitaxial layers were obtained
and the dislocation densities were determined. According to experimental data, the dislocation density Np in grown
semiconductor solid solutions (Ge:)1.x(ZnSe)x depended on many technological parameters: growth temperature, forced
thorough cooling, orientation and cleanliness of substrates, type of solvent. Therefore, in order to reduce the dislocation
density, experiments were carried out at different Toc values. It was found that the lowest values of dislocation density

(Np=2-10*+10%cm™2) were recorded in epitaxial films at Toc = 893 K (Figure 3).

e AT % I
By

15KV X150 100pm 0105 N1

Figure 3. Photographs of dislocations on the surface of (Ge2)1x(ZnSe)x epitaxial layers (obtained using SEM EVO MA 10 (Zeiss))

Subsequently, some electrophysical properties of the resulting films were studied: the resistivity, Hall mobility and
charge carrier concentration at a temperature of 300 K were determined: p = 0.5+5 Ohm-cm, p, = 30+60 cm?/V-s,

n, = (5+7)-10" cm ™. The films had hole type conductivity.
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CONCLUSIONS

Thus, the possibility of obtaining crystalline perfect epitaxial layers of solid growth from a limited tin solution-
melt is shown. Thieves (Ge:)i1«(ZnSe)x on GaAs substrates with (100) orientation and Ge with (111) orientation. Based
on theoretical calculations, the supercooling temperature for the solution-melt of the Ge + ZnSe + Sn system was
predetermined, which is equal to 4T = 7.2 °C. The technological conditions for obtaining a solution-melt of GaAs-
(Ge)1-x(ZnSe)x heterostructures from the Ge + ZnSe + Sn system without sub-dissolution of the “foreign” substrate
using supercooling have been established experimentally. It was found that the lowest values of dislocation density
Np=2-10%+10° cm?) were recorded in epitaxial films at Toc = 893 K. In the future, these solid solutions can be used as
graded-gap semiconductor materials with controlled electrophysical and photoelectric properties in field of
semiconductor instrument making.
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MOP®OJIOI'TYHI JOCIITKEHHSI TBEPANX PO3YHHIB (Gez)1-x(ZnSe)x
ALILL Pa33oxoB?, A.C. Cainos®, M.A. Illonaszaposa®, H.A. Pa33akos?, J.€. Komanosa?
“Vpeenucokuil oepocasnuii ynieepcumem, 220100, Ypeenu, 14 X. Animoocan, Y3bexucman
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MomokprcTaniuHi wiiBku TBepAoro po3unny (Gez)ix(ZnSe)x 3 0OMeKEHOro po34HHY-pO3ILIaBy OJI0Ba B Jiala30Hi TeMIIeparyp Bif
1023 K no 803 K npu mBuakocti oxonomkenHs 1-1,5 K/xB Ha ycranosui EPOC 6ynu Bupomeri Ha migknaakax Ge ta GaAs. 3a3op
MiX migkmagkamu craHoBuB 0,65+1,2 MM. BcTaHoBiEHO, IO HaWMEHIN 3HAYeHHS I'yCTHHH auciokauiii (ND=2-10*+10° ¢cm?)
3a¢ikcoBaHo B emiTakcianpHUX IuTiBkax npu TNC = 893 K. Bymu mocsrHyTi TEXHOJOTiIYHI YMOBH OTPHMAaHHS T€TE€POCTPYKTYpH
GaAs-(Ge2)1x(ZnSe)x 3 maakoio Mexxero. TeMmIeparypa IIIiBKOBOT IiKIIaIKa i mepeoxonokeHns cranosmia AT = 7,2°C.
KurouoBi cinoBa: enimaxcianvnuii wap; eemepocmpykmypa, meepouti po3uut, OUCIOKAYisa, MOHOKPUCAT
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The composition, electronic structure, emission and optical properties of MgO/Mg films implanted with Ba+ and Na+ ions before and
after annealing were studied by using a combination of secondary and photoelectron spectroscopy methods. It has been shown that
after ion implantation, amorphous films consisting of Mg — Ba — O, Mg — O, Ba — O compounds, as well as unbound Ba and Mg atoms,
are formed in the surface layers. In this case, e@ of the surface decreases. It has been determined that the emission efficiency of ion-
doped layers is higher than that of MgO layers. Post-implantation annealing at T = 900 K leads to the formation of a homogeneous
Mgo.4BaosO film with a thickness of 30 — 35 A in the case of Ba* ion implantation. It has been revealed that the photoelectron escape
depth A of the three-component film is 1.5 times greater than that of Mg oxide. The main mechanisms of changes in the electronic
structure, emission and optical properties of MgO during ion implantation and subsequent annealing have been identified.

Keywords: Thermal oxidation, lon implantation; Photoelectron spectroscopy; Quantum yield; Emission efficiency; Yield depth
PACS: 61.72.uj, 68.55.Ln

INTRODUCTION

Metal oxides are promising in various fields of electronics and electronic engineering [1-5], in particular,
photoelectric devices, ultraviolet photodetectors, sensors, thermal and electrical insulators, semiconductors, fuel cell
additives, antimicrobial materials, optical electronics and nanoelectronics. The unique physical properties of high-quality
magnesium oxide films allow them to be used as buffer layers and substrates for superconducting coatings [6], for
structures based on wide-bandgap semiconductors [7], in spintronics devices [8], protective layer of plasma display
panels [9], one of the materials for pyrochemical technology of spent nuclear fuel reprocessing [10, 11] and as coatings
for spacecraft [12].

Various methods have been used to create and study thin MgO films: high-frequency sputtering [13 — 15], thermal
treatment [16, 17], chemical spray pyrolysis [18 — 20], laser ablation [21], arc plasma melting [22], and aerosol assisted
chemical vapor deposition technique [23].

The spatial distribution of structural features of MgO film on sapphire was determined in combination with X-
ray structural analysis and layer-by-layer plasma etching and the presence of a thin transition layer with signs of
rhombohedral deformation has been revealed in [13]. High transparent and antireflective properties of MgO thin film
with an average transmittance of about 91.48% in the visible range, as well as a high reflectivity in the IR range have
been found by the authors of [19]. These results can be used as an optical window or a buffer layer, and a well-reflective
surface will prevent an increase in surface temperature under the influence of solar radiation, which can be used in
solar cell applications.

We have previously studied the processes of formation of nanosized phases on the Si and GaAs surface during
implantation of Ba*, Na"and O*, ions [24 — 27]. We have also studied the effect of implantation of active metal ions on
the composition, structure, emission and electrophysical properties of SiO, and CaF, films [28 — 30].

However, investigations on obtaining nanosized phases and films on the surface of MgO films using the ion
implantation method have not been conducted yet. The composition, crystal and electronic structure, emission and optical
properties of thin films of Mg oxides with nanosized structures have not practically been studied.

This article will present the results of experimental studies on the effect of low-energy (Eo = 0.5 — 5 keV)
implantation of Ba™ and Na" ions on the composition, structure, and physical properties of MgO/Mg films.

EXPERIMENTAL TECHNIQUE
All technological impacts (Mg oxidation, temperature treatment, ion implantation) and studies of the composition,
electronic structure and physical properties have been carried out in the same ultra-high vacuum device. MgO films have
been obtained by thermal oxidation of Mg. MgO with a thickness of @ = 800 A has mainly been used. Before oxidation,
Mg has been outgassed at T = 1,200 K under a vacuum of 10”7 Pa for 5-6 hours. Then, O, molecules have been admitted
to the device to a pressure of 5-10-3 Pa, which fell on the Mg surface heated at T = 1,000 K. Active metal ions Ba" and
Na* have been created by surface ionization.
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The elemental and chemical composition of the nanofilms has been determined by Auger electron spectroscopy
(AES), and the electronic structure has been determined by ultraviolet photoelectron spectroscopy (UPES). The error in
determining the atomic concentration was ~ 5 — 8 at.%. To determine the depth distribution profile of impurities, layer-
by-layer Auger analysis has been performed by sputtering the sample surface with 1 keV Ar* ions at an incidence angle
of ~ 80° relative to the normal; the etching rate was ~ (3 + 1) A/min. The quantum yield of photoelectrons Y has been
measured at a photon energy of hv = 10.8 eV. The energy dependence of the secondary electron emission coefficients
(SEEC) o has been measured in the primary electron energy range of E, = 100 — 1500 eV.

EXPERIMENTAL RESULTS AND DISCUSSION

The MgO/Mg system was outgassed at T = 800 K for 2 — 3 hours before the research. Implantation of Ba™ and Na*
ions was performed with the energy Eo = 1 keV at the saturation dose D = 6-10'® cm™ in a vacuum of 5-1077 Pa at room
temperature. The composition, structure and physical properties of the ion-implanted sample do not change significantly
starting from D = 6-10'° cm, i.e. this dose is the saturation dose Dy, Table 1 shows the emission parameters of MgO/Mg
films with a thickness d = 800 A, before and after ion implantation, where G, is the maximum value of ¢, A is the depth
of the yield of true secondary and photoelectrons. It is evident that after ion implantation the values of 6m, Y and A
increase noticeably. This can be explained by the fact that compounds of the Mg — O, Me — O, Mg — Me — O type are
formed, as well as unbound Mg and Me (Ba or Na) atoms in the ion-implanted layer. In this case, excess Ba (Na) atoms
with a thickness of 0.5 — 0.6 monolayers are formed on the surface, which leads to a decrease in the work function of the
surface. Apparently, the emission efficiency of Ba + O and Ba + Mg + O compounds is significantly higher than the
emission efficiency of MgO. All this leads to a noticeable increase in the depth of the yield of true secondary and
photoelectrons, therefore, the values of 6 and Y increase to 1.5 — 2 times (see Table 1).

Table 1. Emission parameters of MgO before and after implantation of Ba*and Na* ions with Eo=1 keV, D=6-10'¢ cm™

Subject of research Om Epm, €V n at (Ep = 500 eV) Y athv=10.8 eV A A
MgO 3.9 800 0.22 3-10* 400

Ba" — MgO 7.2 1000 0.32 6-10* 600
Na* - MgO 8.1 1000 0.25 7-10* 600

Thus, the growth of 6 of magnesium oxide after implantation of sodium and barium ions can be caused by a
decrease in e@, an increase in A and the formation of an oxide film with a comparatively high emission efficiency.

Post-implantation annealing was carried out at different temperatures in order to obtain a homogeneous three-
component film with good stoichiometry. The temperature of 900 K was optimal for obtaining a polycrystalline
Mg+ Ba+ O film. Fig. 1 shows the initial part of the Auger spectra of pure Mg, an MgO/Mg film, an MgO film
bombarded with Ba*ions with Eg = 1 keV at D = D, and heated at T = 900 K for 40 min, and the Auger spectrum of a
thick BaO film is shown for comparison.
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Figure 1. Auger spectra: 1 — pure Mg, 2 — Mg with MgO film, 3 — MgO implanted with Ba* ions with Eo = 1 keV and heated
at T =900 K for 40 min, 4 — thick BaO/Mg film
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It is evident that during the formation of the MgO film, the L,3sVV peak (47 eV) of Mg shifts sharply toward lower
energies and other peaks characteristic for MgO appear. Analysis of the full spectrum of MgO showed that all peaks
characteristic for Mg disappear in this case. After bombardment with Ba" ions and subsequent annealing, the main peak
of MgO observed at E = 34 eV shifts toward lower energies by 2 eV. New peaks also appear at energies of 23, 46 and
55 eV. The positions and shapes of these peaks differ from those for a thick BaO film. It can be assumed that compounds
of the Mg + Ba + O type are formed in this case. To estimate the concentration of atoms, we used high-energy Auger
peaks of Mg (1189 eV), Ba (584 eV), O (503 eV) and determined the concentrations of these elements using the
Ix/Sx
X1/Si

Figure 2 shows the distribution profiles of Ba, Mg and O atoms by depth h for MgO implanted with Ba* ions with
Eo = 1 keV at D = 6-10'° cm™ and heated at T = 900 K for 40 min. It is evident from Figure 2 that after heating at
T =900 K, the surface concentrations of Mg, Ba and O are ~ 18 — 20, 30 — 32 and 48 — 50 at.%, respectively. It is possible
to assume that a three-component compound with the approximate composition Mg 4Bag O is formed on the surface of
MgO in this case. These concentrations do not change significantly to a depth of 35 —40 A, i.e. a Mgy 4Bag O film with
a thickness d = 35 — 40 A is formed. The Ba concentration decreases monotonically from ~ 20 — 25 at.% to zero, and the
Mg concentration increases from 30 — 35 at.% to 50 — 52 at.% in the range of h = 40 — 80 A. In the studied region of h,
the O concentration does not change noticeably and is ~ 50 — 52 at.%.
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Figure 2. Profiles of the distribution of Mg, Ba and O atoms by depth h for MgO implanted with Ba* ions with E0 = 1 keV
atD = 6:10'% cm™ and heated at T = 900 K.

Fig. 3 shows the photoelectron spectra for a MgO film and MgO with a Mgo4BagsO nanofilm, recorded at
hv =15.6 eV. It is evident that the MgO spectrum has 2 maxima at E, =— 1.5 eV and — 6.2 eV, respectively, caused by
the excitation of electrons from the 3s states of Mg electrons and the 2p states of O electrons. The peculiarity in the region
of Ey, =—3.8 eV can be associated with the hybridization of the 3s states of Mg with the 2p state of O. The spectrum width
AE for MgO is ~ 7.4 eV. Using the formula hv = AE + ®, we can determine ®, which is ~ 8.2 eV. Here ® is the
photoelectron work function, the value of which is Ey.c — Ev; Eg is the vacuum level, Ey is the top of the valence band.

3s(Mg)+6s(Ba)
N(E)

6s(Ba)+3s(Mg)}+2p(0)

\
S\

E,, eV -8 -6 -4 -2 E~0
Figure 3. Photoelectron spectra: 1 — MgO/Mg; 2 — Mgo.4Bao.sO/MgO/Mg

If we take into account that % (electron affinity) for MgO is ~1.0eV [31], then the band gap width
Eg;=Ev -7y =7.2¢V. The spectrum contains 3 maxima in the case of the Mgy4BagsO film. Here, the spectrum width
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decreases by ~ 0.4 ¢V, and the area under the curve (i.e., the quantum yield of photoelectrons) increases by ~ 1.4 — 1.5
times. Possible interpretations of the formation of maxima are shown in curve 2.

Table 2 shows the band-energy parameters of MgO and Mg, 4Bag O films. It is evident that the values of E,, 6 and
Y of the three-component film are significantly greater than those of the MgO film.

Table 2. Band-energy parameters and values of 6m and Y

Films Structure Thickness, A ®,eV | EgeV X eV Om
MgO/Mg polycrys. 800 8.2 7.2 1.0 3.9 3-10#
Mgo.4Bao.s0/MgO polycrys. 40 8.6 7.8 0.8 5.5 5-10*
CONCLUSIONS

1. It has been shown that low-energy implantation of Ba" and Na* ions leads to a significant increase in the maximum
value of the SEE coefficients and the quantum yield of photoelectrons. The main mechanisms leading to these
changes have been revealed.

2. The method of implantation of Ba™ ions into MgO with subsequent annealing has been used to obtain and determine
the optimal conditions (energy and dose of ions, temperature of post-implantation annealing) for the synthesis of
Mg .4Bag O type films for the first time.

3. It has been pointed that the density of state of valence electrons and the parameters of the energy bands of MgO and
Mgo.4Bay O differ significantly from each other.
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BILJIMB IMILTAHTAIIi AKTUBHUX IOHIB METAJIIB HA CKJIAJI, EMICIIO TA OIITAYHI
BJIACTHUBOCTI IIVIIBOK MgO
M.B. FOcynxonoBa, I.A. Tammyxamenosa, b.€. Ymip3akos, C.C. Ilak, 3.P. Caiinaxmenosa, l1I.K. CanieBa
Tawkenmcoxui Oeporcasnuti mexuiynuil ynigepcumem imeni Icnama Kapimosa, Tawkenm, 100095 Pecnybnika Y36exucman

3a momoMororw KoMOiHaIil METOAIB BTOPUHHOI Ta (OTOENEKTPOHHOI CIIEKTPOCKOMIl NOCHIIKEHO CKIall, €IeKTPOHHY CTPYKTYpY,
eMiCiifHi Ta ONTHYHI BIacTHBOCTI TiBok MgO/Mg, immnanToBaHux ioHamu Ba+ ta Na+ mo Ta micns Bignamy. [lokasano, mo micis
10HHOT IMIUTAaHTALlI] B IIOBEPXHEBHX IIAPaX yTBOPIOIOTHCS aMOPQHI IUTIBKH, 10 CKJIAJAIOThCA i3 crioiryk Mg — Ba — O, Mg — O, Ba —
O, a Takox He3B s13aHKX atomiB Ba i Mg. [Ipu npomMy e moBepxHi 3MEHIIY€eThC. Bu3HadeHo, 110 e()eKTHBHICTh BUIIPOMIHIOBaHHS
10HHO-JIEroBaHMX MIapiB BuIIa, HIX y mapiB MgO. [TocriMmutanraniitauii Bigman npu T = 900 K npu3BoanTs 10 yTBOPEHHS OXHOPIIHOL
wiiBkn Mgo4BaosO ToBmuuoro 30 — 35 A y pasi immnanranii ionis Ba+. BusBieno, mo rimbuna BuxoAy (pOTOENEKTpoHiB [
TPUKOMITOHEHTHOI IUTiBKH B 1,5 pasu Oijiblua, HiX y okcuay Mg. BecraHOBIICHO OCHOBHI MEXaHI3MH 3MiHH €IEKTPOHHOI CTPYKTYpH,
eMICIifHUX Ta onTHYHUX BiractuBocteid MgO mix yac ioHHOT iMIUTaHTAaMLii Ta MOJAIbLIOrO BiANamy.

KuarouoBi ciioBa: mepmiune oxucienns; ionna iMnianmayis, pomoeneKmponHa cnekmpocKonis, K6AHMOoBULL 6UXi0, eqheKmueHicmb
emicciiy; enubuna 6uxooy
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This paper presents a study of nanocomposite membranes based on cross-linked polyvinyl alcohol with silica nanoparticles, fabricated
by solution casting, for application in vanadium redox batteries (VRFBs). The structure of the membranes was studied by Fourier
transform infrared spectroscopy (FT-IR). It was found that the nanoparticles were successfully integrated into the matrix of the proton
exchange membrane to improve its performance. The synthesis of silica nanoparticles by in situ sol-gel method in polymer solution
showed better performance compared to the addition of prepared nanoparticles. The membrane properties such as mechanical
properties, water absorption, ion exchange material (IEM), proton conductivity and permeability to vanadium ions were investigated.
The nanocomposite membranes showed higher water absorption, IEM and lower permeability for vanadium ions compared to
Nafion117 membrane. The test results of single cell VRFB with nanocomposite membranes showed higher Coulomb yield (CE) and
efficiency (EE) up to 81.51% compared to Nafion117. The self-discharge rate of VRFBs with nanocomposite membranes was lower
than that of Nafion117. After 50 test cycles, the nanocomposite membrane showed stable battery performance. The results indicate that
nanocomposite membranes are a promising and affordable alternative material for Nafion117 in VRFBs.

Keywords: Proton exchange membrane; Nanocomposite membranes; Polyvinyl alcohol-based separation membranes,; Nafionll7;
Vanadium redox flow batteries, Tetroethoxysilane; Alkylbenzosulfonic acid

PACS: 81.05.Lg; 82.45.Yz; 82.35.Lr

1. INTRODUCTION

Vanadium redox flow batteries (VRFBs) have attracted much attention in recent decades due to their outstanding
advantages such as low cost, high efficiency, good cyclic stability and promising applications in large-scale energy
storage. In VRFBs, the proton exchange membrane (PEM) is an important separator between the catholyte and anolyte,
which prevents the mixing of electrolytes while allowing the migration of conductive H" and SO4> ions to complete the
electrical circuit. An ideal PEM should have high ionic conductivity, low permeability to vanadium, high mechanical
strength and good chemical stability [1]. For real commercialization of VRFB, the cost of its separator is crucial. Although
many high-performance PEMs can be prepared from specially designed polymers and fillers, the cost associated with the
complete synthesis process can be very high. In addition, these syntheses cannot be easily scaled up. The most widely
used Nafion membranes, typical perfluorinated sulfonic acid polymeric materials developed by DuPont, are recognized
as a reference material for VRFBs due to their high proton conductivity and excellent chemical stability. However,
problems with the high permeability to vanadium in Nafion membranes, as well as their low ion selectivity and high cost,
still limit their widespread application in VRFBs [2]. Sulfinated polymers have attracted attention because of their good
proton conductivity over a wide temperature range and low fabrication cost [3]. Modification or synthesis conditions due
to the use of strong sulfating agents lead to partial degradation of the polymer chain and cause undesirable change in the
polymer by rearrangement of intermediate functional units of sulfo groups [4]. As another disadvantage, there are reports
in which the sulfonic group undergoes substitution by electrophilic aromatic proton substitution mechanicm to reduce the
hydrolytic stability of the membrane [5]. To address these drawbacks, polymerization of sulfated aromatic monomers [6]
is underway, but the use of expensive catalysts limits its large-scale production. Meanwhile, the preparation of commercial
anion exchange membrane involves chloromethylation using chloromethyl methyl ether which is considered hazardous
to the environment, followed by amination of polymers [7].

To eliminate such operations such as sulfation/amination, an alternative approach is to provide the polymer matrix
with inorganic materials to obtain inorganic-organic composite ion exchange membranes that will have the properties and
characteristic features of inorganic and organic compounds [8]. The inherent hydrophilicity of polyvinyl alcohol (PVA),
abundant reactive hydroxyl groups and low cost are reasons for its selection as a typical host matrix [9]. Among the
numerous inorganic materials, silica, including porous silicon, which has demonstrated significant potential for solar
energy applications [10], is the most commonly used inorganic filler used in PVA matrix to improve the mechanical
strength, thermal stability, water retention capacity and proton conductivity of the membrane [11]. Incorporation of silica
nanoparticles into the PVA membrane using a solution-gel in situ (sol-gel) process is a novel approach compared to direct
physical mixing [12]. Silicon dioxide nanoparticles in the composite is dominated by certain interconnected conductive
channels due to the uniform distribution of nanoparticles [13]. The compatibility of organic and inorganic phases is
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determined by multiple covalent bonds, hydrogen bonds and electrostatic interactions [14]. Enhancement of proton
conductivity in PVA/SiO, composite membranes is achieved by various strategies, of which the most common practices
include (a) incorporation of functionalized silica, (b) functionalization of PVA, and (c) blending of PVA/SiO, with
charged polymers/nanomaterials [15-16]. A group of scientists created based on the above methods used to fabricate a
PVA/SiO, composite separator with high proton conductivity for energy devices [17]. Hybrid membranes have been
developed by dispersing sulfated nanosilica in a cross-linked PVA matrix with sulfated tetraethoxysilane (TEOS) [18].
The PVA and chitosan membrane composite with silica gel functionalized with poly (2-acrylamido-2-methyl-1-
propanesulfonic acid) showed good thermal and oxidative stability [19]. Controlling the level of functionalization and
crosslinking plays a key role, as excessive functional groups can impair the mechanical stability and insufficient
crosslinking negatively affects the membrane stability.

The aim of the present study is to investigate the effect of different types of silica nanoparticles on the properties of
proton exchange membranes. This paper presents the synthesis of PVA/SiO, composite membrane by mixing silica
nanoparticles with PVA. Two membranes were fabricated in which SiO, was filled with SiO; by sentinel sol gel method
in polymer solution and prepared with mechanical solution blending of prepared SiO, nanopowder. The SiO, and PVA
matrix functioned as a barrier for vanadium ions, formed a well-defined conductive structure to transfer charge balancing
hydrated protons during vanadium flow battery operation.

2. EXPERIMENTAL

For the experiments we used standard PVA grade “h” with viscosity 18 mPaXs and degree of hydrolysis 89%,
(average M=85000-146000 g/mol), tetroethoxysilane (TEOS) and similar alkylbenzosulfonic acid (ABSA), succinic acid
“hh”, hydrochloric acid grade “hh” and on Sigma-Aldrich. The prepared silica nanopowders were obtained from the
authors [20], pre-milled with a Retsch PM-400 nanomill (Germany) to mechanically activate the powdered material.
Deionized water with a resistivity of 10 MQ was used. To compare the characteristics of the obtained membranes we
used a commercial sample of Nafionl17 membrane from DuPont Co.

To prepare the first membrane sample, an aqueous solution of PVA with concentrations of 2.5, 5 and 10 wt.% was
prepared by dissolving PVA in deionized water at 80°C and stirring constantly for 6 hours. The solution was cooled to
room temperature before adding succinic acid at a molar ratio of PVA:JA of 1:0.25. The solution was stirred at 70°C for
4 hours. After that, a solution of HO, HCl and TEOS taken in the molar ratio of 5:0, 1:1 was added. Stirring was continued
for another 2 hours, then the solution was poured into Plexiglas and then heated at 40°C for 24 hours to induce cross-
linking reaction. The resulting membrane was separated and then soaked in 0.5 M alkylbenzosulfonic acid solution for 1
hour. The membrane was heated at 40°C for 2 hours to delineate the crosslinking reaction. Before molding, the mixture
was ultrasonicated for 30 min to avoid aggregation. The resulting composite membranes were labelled as 1-PVA/SiO,.

For the preparation of the second membrane sample, the synthesis sequence was carried out in the same way, only
after complete dissolution of the polymer, mechanically activated silica nanopowder was added. The rest of the synthesis
steps were continued accordingly. The obtained composite membranes were denoted as 2-PVA/SiO,.

FT-IR spectra of the membranes were measured on a Nicolet 6700 spectrometer instrument in the range of
4000-600 cm™'. The samples were dried at 50°C for 2 h before measurement. The mechanical properties of the blended
membranes were measured using a Shimadzu AGS-X. rupture machine at room temperature. The samples were tested at
an elongation rate of 5.0 mm/min.

The membranes were dried at 80°C in vacuum for 24 h and the dry weight of the samples was weighed. The
membranes were then immersed in deionized water for 24 h at room temperature. After wiping off the water adhering to
the surface of the membranes, the mass and dimensions of the wet membranes were measured. The water absorption and
swelling coefficient were determined using the following equations:

Wwer-W
Water uptake = =24 % 100%,
I/Vdry

where W,.:and W, are the masses of membranes in wet and dry states, respectively.

: . Lwer-L
swelling ratio =—2—4"Y % 100%,
Ldry

where L., and Ly, are the size of membranes in wet and dry states, respectively.

Ion exchange capacity of membranes (IEM) was determined by titration method. Dry membranes were immersed
in NaCl solution with a concentration of 1 mol/L for 24 hours. This solution was titrated with 0.01 mol I-1NaOH using
phenol-phthalein as an indicator. The IEM of the samples was calculated according to the following equation:

IEM_V(NaOH)XC(NaOH).

VVdry

Where V (NaOH) is the volume of NaOH solution consumed, C(NaOH) is the concentration of NaOH solution, and W
dry is the weight of dry membrane.
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The area resistance of the membranes was measured by the method described in the literature [21]. The measurement
was performed using a two-chamber device consisting of two cells separated by a membrane. Both compartments were
filled with 1 M H,SO4. The effective area of the membrane was 0.500 cm?. The electrical resistivity was measured by
electrochemical impedance spectroscopy (EIS) (CORTEST 350CS, China) in the frequency range of 100 kHz to
100 MHz. The resistance value related to membrane conductivity was determined from the high-frequency intersection
of the impedance with the real axis. The area impedance R was calculated using the following expressions:

R:(Iﬁ _}"g)S

where 11 and r, are electrical resistances of the cell with and without membrane, respectively. Proton conductivity was
calculated from the equation:

¢=L/R

where L and R are the thickness and resistance area of the membrane, respectively.

To measure the permeability of vanadium ions, the membranes were exposed to a solution of 1.5 M VOSO4 and
3 M H,SOy4 (left cell reservoir) and a solution of 1.5 M MgSO, and 3 M H,SOy4 (right cell reservoir). MgSO4 was used to
equalize ionic strength and reduce the effect of osmotic pressure. The effective membrane area was 0.5 cm?. Samples
from the left cell reservoir were taken at regular intervals and analyzed for vanadium ion concentration using a UV
spectrometer (UV-2550, SHIMADZU). Vanadium ion permeability was calculated from the following equation:

dCx(t)
Vr = cI;t

= AZ[Cy, — Cr(t)]

where P — is the permeability to vanadium ions, Cy, is the concentration of vanadium ions in the left reservoir, and Cg(t)
is the concentration of vanadium ions in the right cell reservoir as a function of time. A? — membrane area, Vi — volume
of the cell reservoir. Usually, the change in the concentration of vanadium ions in the left cell reservoir can always be
insignificant.

To test the resulting membranes, a single VRB cell was assembled by placing a membrane between two parts of
graphite plate electrodes with an effective reaction area of 50 mm?. The material of the current collector was a graphite
plate. The initial negative and positive electrolytes were solutions of 1.5 M V3" in 3.0 M H,SOy and 1.5 and VO? " in
3.0 M H3,SOs, respectively. The volume of electrolyte on each side of the cell was 100 ml. Both positive and negative
electrolytes were cycled into the respective half-cell at a rate of 0.5 L/min. A charge-discharge cycle was conducted at
CORTEST 350CS, China with a constant current density of 50 mA cm at 25°C. The charge and discharge cutoff voltages
were set to 1.65 V and 0.8 V, respectively, to avoid corrosion of graphite felts and graphite plates. Coulomb efficiency
(CE), voltage efficiency (VE) and energy efficiency (EE) of the cell are calculated using the following equations:

CE = Qdischarge x 100% = Ichargetdischarge x 100% = tdischarge x 100%
Qcharge chargetcharge tcharge
VE = M x 100%
Vcharge
EE =CE x VE

3. RESULTS AND DISCUSSION
Composite membranes containing silicon dioxide nanoparticles are obtained. During the manufacture of these
membranes, 2.5% silica nanoparticles were added to the composition based on the weight of the polymer.

W, 1-PVA/SiO2

'hT A 2-PVA/SiO2
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Figure 1. FTIR-ATR spectra of 1-PVA/SiOz and 2-PVA/SiO2 nanocomposite membranes
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PVA crosslinking is visible from FT-ATR membrane spectra (Fig. 1). Characteristic peaks of PVA and SiO,,
i.e.~3360 (OH draw), ~ 1450 (OH bend) and ~ 1080 ¢cm™ (C-OH draw) [22] and symmetrical Si-O-Si stretch band
at ~ 840 cm™' and asymmetrical Si-O-Si stretch at 1076 — 1201 cm’! were positive for both membranes [23]. On close
inspection of the spectra, instead of a broad peak for OH, there is a small protrusion with a certain amount of tensile noise
signal, indicating effective thermal crosslinking of the membrane. The spectra also showed characteristic C-H, C = O and
C = O bands at 2920, 1049 and 1076 cm™!, respectively. In addition, two characteristic peaks at 1007 and 1034 cm™' were
assigned to the bands containing SO3;H- groups, respectively [24].

The water absorption coefficient, the swelling coefficient of the IEM are important parameters for characterizing
the proton exchange membrane. Many important properties of the membrane, such as proton conductivity and water
uptake, are related to IEM and directly depend on the content of free sulfonic acid groups in the membrane. It can be seen
that the IEM of the membranes decreases with an increase in nanoparticles in the polymer matrix by 10% (Table 1). High
water uptake can improve proton conductivity. However, this also leads to poor dimensional stability and high
permeability of vanadium. It was to regulate these membrane characteristics that silica nanoparticles were introduced into
the PVA polymer matrix. In addition, the formation of a crosslinked network structure due to silica nanoparticles reduces
the free volume in mixed membranes for water molecules, which leads to a decrease in water absorption. The swelling
ratio reflects dimensional stability, and a lower swelling ratio is necessary to maintain the size stability of the membrane
for a long time. The permeability of vanadium ions is a crucial parameter for VRFB, which is the ability to prevent mixing
of positive and negative electrolytes with each other. Diffusion of vanadium ions through the membrane will lead to self-
discharge of the battery. This study measured the permeability to vanadium ions of nanocomposite membranes. The
vanadium ion concentration in the right tank versus time is shown in Figure 2 and the calculated vanadium permeability
coefficients are shown in Table 1.
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Figure 2. Concentration of vanadium ions in the right cell reservoir by membrane Nafion117 and composite membranes 1-PVA/SiO2
and 2-PVA/SiOz

Table 1. Basic properties of nanocomposite membranes and Nafion117 membrane

MEELIUL Tensile Relative
Membrane IEM Swelling Water permeability q
No. a N ® . strength, lengthening
type (mmol/liter) ratio (%) uptake (%) coefficient o
82 1 MPa at rupture,%
10° cm* s
1 1-PVA/SiOz
2,5% SiOz 1.47 36.7 22 6.1 2.8 78
5% SiO» 1.2 29.5 20 5.8 5.6 52
10% SiO2 0.83 21 17 4.7 8.3 43
2 2- PVA /SiOs
2,5% SiOz 1.13 29.3 21,7 3.8 1.8 50
5% SiOz 0.93 23.2 19 3.5 6 85
10% SiO2 0.86 26 18 34 7.5 27
3 | Nafion 117 | 0.92 | 20 ] 17 | 54.8 | 96 | 163

All nanocomposite membranes have a lower vanadium ion permeability than the Nafionl117 membrane. The
permeability of the membrane is 1-PVA/SiO,, 5.8x10® cm?s! compared to the membrane Nafion117 54.8x10%cm?s™!.
It can also be seen that the permeability of the mixed membranes decreases with increasing silica in the nanocomposite.
The difference in vanadium ion permeability between nanocomposite membranes and Nafionl17 membrane is
determined by their microstructure. The microstructure of the Nafion117 membrane consists of two parts: highly
hydrophilic sulfone functional groups and highly hydrophobic fluorocarbon main chains. This will result in
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hydrophobic/hydrophilic microphase separation. Because of the high flexibility of fluorocarbon, clusters of hydrophilic
sulfone groups tended to form hydrophilic domains.

Not only protons, but also vanadium ions could penetrate these membrane domains when used in VRFB. Compared
to the Nafionl17 membrane, the backbone PVA/SiO; less hydrophobic, which prevents the aggregation of dispersed
sulfone groups into hydrophilic domains. Thus, the water-filled channels in the membrane are PVA/SiO, narrow and
branched compared to those in the Nafion117 membrane.

Many important properties, such as proton conductivity and swelling, are associated with IEM. IEM directly depends
on the content of free sulfonic acid groups in the membrane. From Table 2. it can be seen that the IEM of the composite
membranes did not change and did not depend on the content of silica nanoparticles, but they were closer to those of
Nafion 117. Typical charge-discharge curves of a single VRFB with composite membranes and Nafion 117 are shown in
Fig. 3. The capacity of a single VRB cell using Nafion117 and composite membranes is shown in Table 2.
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Figure 3. Charge-discharge curves for VRFB with Nafion 117 and membranes 1-PVA/SiO2 and 2-PVA/SiOsz.

Table 2. Electrochemical properties of nanocomposite and Nafion117 membranes.

Proton
Ne Me{“brane IEIIVI . | conductivity CE(%) VE(%) EE(%)
ype (mmol g™) mSxem-!
1 1-PVA/SiO»
2,5% SiO2 0.83 10.9 97.3 70.1 70.36
5% SiO» 0.86 12.6 99.5 83.8 81.51
10% SiO2 0.82 9.6 94.6 76.3 75.3
2 2- PVA /SiO>
2,5% SiO2 0.85 10.3 92.3 70.2 70.1
5% SiO2 0.82 9.2 91.2 70.8 74.2
10% SiO> 0.84 9.8 90.7 73.2 72.8
3 | Nafion117 [ 091 | 12 | 92.6 | 83.3 | 76.8

The discharge test was performed at the same current density of 50 mA cm™ for all membranes. Coulomb efficiency
of VRB with all composite membranes showed almost the same efficiency compared to VRB with Nafion117 membrane.
In addition, n CE increased from 97.3% to 99.5% by increasing the amount of silica from 2.5% to 5% in the sol-gel
1-PVA/SiO, membranes and then decreased to 94.6% in the 10% silica membrane. In 2-PVA/SiO, membranes, CE
showed values of about 90-92%. This is because the CE of VRFB is determined by the membrane permeability to
vanadium ions and ion permeability. All composite membranes have significantly lower permeability than the Nafion117
membrane. In addition, with an increase in silica, the proton conductivity of vanadium ions and the conductivity of
vanadium ions decrease. Thus, a balance between ion permeability and vanadium permeability can be achieved by varying
the composition of the composite membranes in the VRFB system.

4. CONCLUSIONS
Nanocomposite membranes based on cross-linked polyvinyl alcohol with silicon dioxide nanoparticles were made
by solution casting for use in VRFB. The membrane structure was characterized by FT-IR methods. The results showed
that the nanocomposites were successfully embedded in the proton-exchange membrane matrix and showed good results.
The synthesis of silica nanoparticles by sol gel method in a polymer solution has been established to give the membrane
better qualities than the addition of finished nanoparticles in a polymer solution. Membrane properties such as mechanical
properties, water absorption, IEM, proton conductivity and vanadium ion permeability were investigated. Compared to
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Nafion117 membranes, nanocomposite membranes showed high water absorption, IEM and lower permeability to
vanadium ions. In a single cell test, VRFB with nanocomposite membranes showed a higher CE than Nafion117, EE
membranes up to 81.51%. The self-discharge rate of VRFB with the nanocomposite membrane was lower than that of
the Nafion117 membrane. After 50 test cycles, the mixed membrane showed stable battery performance. Given these
results, nanocomposite membrane membranes are expected to be ideal available membranes that can Nafionl17
competitive for VRFB applications.
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BIIJIMB HAHOYACTHHOK SI0; HA XAPAKTEPUCTHUKH MTPOTOHOOBMIHHOI KOMIIO3UTHOI MEMBPAHU
HA OCHOBI TIOJIIBIHIUIOBOI'O CITUPTY
V.®. Bepaien, LX. Xynaiikynos, IILY. Ickannapos, A.J. Amiposa, X.5. Auypos
Incmumym ionHo-niazmosux i iazepuux mexuonoziu imeni Y. A. Apughosa Axademii nayx Yzbexucmany
100125, [ypmon FOni eyn. 33, Tawxenm, Y36exucman

V 1iii CTaTTi IPEACTaBICHO TOCIIIIKESHHSI HAHOKOMITO3UTHUX MEMOpPaH Ha OCHOBI 3IIUTOTO MOJiBiHIIOBOIO CIIUPTY 3 HAHOYACTHHKAMU
KpPEMHE3eMY, BUTOTOBJICHHX METOJOM JIMTTS 3 PO3YMHY, JJIS 3aCTOCYBAaHHS B BaHANI€BUX OKHUCHO-BinHOBHHX Oatapesx (VRFB).
CTpykTypy MeMOpaH BHBYAJIM METOIOM iH(padepBOHOI crekTpockomii 3 meperBopeHHsM Dyp’e (FT-IR). Byno BusBneHo, mo
HAHOYACTHHKU OyNM YCIIIIHO 1HTETPOBaHI B MATPHIIO MPOTOHOOOMIHHOT MEeMOpaHM ISl MiABUINCHHS il MpoayKTUBHOCTI. CHHTE3
HAHOYAaCTHHOK KPeMHe3eMy 30J1b-TeJIb METOIOM in Situ B pO34HHI ITOJIiMepy [T0Ka3aB Kpalry IPOAyKTHBHICTb TOPIBHSIHO 3 JOJJaBaHHIM
TOTOBUX HAHOYACTHHOK. ByiH JOCIiKEHI TaKi BIIaCTHBOCTI MEMOpaHH, sIK MEXaHIYHI BIACTUBOCTI, BOJIOMIOTJIMHAHHS, I0HOOOMIHHHN
marepian (IEM), npoToHHa NpOBiAHICTE 1 NPOHKUKHICTB JUIsl 10HIB BaHaxit0. HaHOKOMIIO3UTHI MEeMOpaHH IPOAEMOHCTPYBAIIM BUII
BojioniornuHanHsA, IEM 1 HWK4y NMPOHMKHICTH IS 10HIB BaHail0 MOPIBHAHO 3 MeMOpaHoto Nafionl17. PesynpraTtn BunpoOyBaHb
oanokommonenTHoro VRFB 3 HaHOKOMIO3UTHUMH MeMOpaHamu rokasaiu Buimii Kyioniscbkuil Buxiz (CE) i edexrusnicts (EE) 1o
81,51% mnopiustno 3 Nafionl17. IIBuaxicts camopospsay VRFB 3 HaHokoMmno3uTHuUMH MeMOpaHamu Oylia HHXKYOIO, HIX Y
Nafionl17. Ilicns 50 mukiaiB TecTyBaHHS HAaHOKOMIIO3MTHa MeMOpaHa IOKa3aja CTabUIbHY poOOTYy akymydsstopa. Pesynpratm
MOKa3yIOTh, 10 HAHOKOMIIO3UTHI MEMOpPaHH € MIEPCIIEKTHBHUM 1 IOCTYITHUM albTepHATUBHUM Matepianom s Nafionl117 y VRFB.
KurouoBi ciioBa: npomonoobminna memopana; HanoKoMno3umHi memopanu; po3oinosi Memopanu Ha OCHO8I NONIGIHII06020 CRUPMY;
Hadghionl17; sanadiesi okucno-6i0HosHi bamapei; mempoemokCucunan, aikinben30cyib@onosa Kucioma
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To investigate the mass composition of the ion beam obtained through field ion emission, a mass analyzer designed analogous to the
Wien velocity filter was utilized. This Wien filter analyzer operates based on the principle of intersecting mutually perpendicular
electric and magnetic fields (ExB) to classify charged particles according to their mass and charge. The ion beam was obtained using
mInSb and InSbo.gsBio.o2 as the working materials. The mass composition of the ion group was analyzed using this method. In the
experiments, it was found that the ion beam obtained using InSb as the working substance had a homogeneous composition, consisting
solely of (InSb)" ions. However, in contrast, when the working substance was (InSb)o.osBio.02, it was determined that the ion beam had
a miscellaneous composition. In addition to (InSb)" ions, the ion beam was found to contain ((InSb)o.9sBio.02)" and (Bi)" ions.

Key words: Liguid metal ion sources; LMIS; Sharp emitter; lon beam; Mass analysis; InSb; InSbBi

PACS: 29.25.Ni; 52.25.Tx; 81.16.Rf

INTRODUCTION

A highly promising method for modification various surface structures is the deposition of nanodroplets on a
conductive surface. Liquid metal ion sources (LMIS) or electrohydrodynamic ion sources (EHD emitters) with sharp
emitters are commonly used for this purpose [1]. Sharp emitters exhibit the highest current density and a remarkably small
emission area. They are capable of generating charged droplets of the working substance with nanoscale dimensions. The
ability to focus the generated beams to submicron sizes makes them suitable for applications in microtechnology.
Moreover, the generation of nanoparticles with diverse compositions is of great interest for thin film deposition and
nanotechnology.

Under specific operating conditions, these sources also generate charged nanoparticles [2]. The determination of the
emission area size in these sources has been the subject of extensive experimental and theoretical research. Theoretical
estimates for the diameter of the emission area indicate a value of around 3-4 nm [3]. Based on this size, a high initial
current density on the order of 108A/cm?is achieved.

Liquid metal ion sources have been the subject of intensive research in recent years, particularly for applications in
submicrometer lithography, ion-stimulated chemical synthesis, implantation, and microanalysis. These sources are being
studied for their capability to fabricate, analyze, and process surface relief with submicrometer resolution using focused
ion beams. Initially, liquid metal ion sources relied on pure metals with low melting points as the working substances.
However, addressing numerous contemporary technological tasks, including localized ion implantation, ion beam mixing,
direct non-resistive ion lithography, and the fabrication of micro and nanoelectromechanical systems, necessitates the
application of ion beams with various masses, charge states, and chemical properties [4]. This fact has stimulated the
development of liquid metal ion sources using alloys, which allow for the generation of a wide range of different ions [5].

The purpose of the work is to obtain ion beams in liquid metal ion sources based on InSb and (InSb).9gBio.0> working
materials and to study their composition using an (ExB) Wien velocity filter [6].

EXPERIMENT

The experiment was conducted in a vacuum chamber, specifically a Leybold-Heraeus type A700Q, and the overall
schematic of the experiment is provided in Figure 1 [7,8]. A needle made of nickel-chromium (NiCr) with a diameter of
0.5 mm was used as the needle material. The needle was placed in a graphite container and heated to the melting
temperature of the working substance (approximately 450°C) by the impact of thermo-electrons emitted from a heated
cathode. Prior to the experiment, the needle tip was chemically treated and sharpened to ensure optimal wetting of the
needle surface with the working substance.

It is known that Wien mass filters are mass and energy separators that operate by separating charged particles in
crossed electric and magnetic fields perpendicular to each other. In our experiments, a mass analyzer similar to the Wien
velocity filter was used for the mass analysis of ion beams, with crossed (ExB) fields. A homogeneous magnetic field in
the analyzer was created by two smooth ferrite plates measuring (120x80%12) mm, positioned at a distance of 20 mm
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from each other. The magnetic field strength in the analyzer had a magnitude of 11.2x10* A/m. To generate the electric
field, a specific controllable voltage was applied from a DC voltage source to the parallel electric plates (with a distance
of 2 cm between them) resembling a capacitor configuration. The analyzer was positioned between the extractor and the
collector. The collector is connected to ground through an ammeter, where the neutralization of positive ions occurs. In the
experiments, the ion currents in the extractor and collector circuits were measured. Currents as low as 10'2A were detected
in the collector circuit using a DC current amplifier, KEITHLER 6487.

A

. R

Figure 1. Experimental scheme of investigating the composition of the ion group using a Wien filter
1) electrical circuit of the heated cathode; 2) thermo-electron emission current circuit; 3) circuit of the extracting emission electric
field; 4) circuit of constant voltage applied to the analyzer's electric plates; 5) filament; 6) container; 7) working substance;
8) needle; 9) extractor; 10) ion beam; 11) magnet; 12) frame; 13) plate; 14) collector.

The ion source was mounted on a Leybold-Heareus vacuum system, which provided vacuum of 6x10%mbar. The
ion source was heated to the melting temperature of the working substance using therms-electrons emitted from the heated
cathode [9]. To heat the working material to its melting temperature, the dependence of the container's temperature on
the power supplied to the heater was used. At the same time, a high electric field is applied between the ion source and
the extractor in advance. Once the source is heated and the working material melts, ion emission occurs, and the optimal
power of the heater is maintained constant. In the experiments, the characteristics of the ion and nanoparticle phases were
determined by gradually increasing the extraction voltage. Ion emission occurred above a threshold voltage of (5-6) kV
between the source and the extractor (with a needle-extractor distance of approximately 0.5 mm) [10]. By applying a
constant voltage to the plates of the analyzer, with emission currents ranging from 30-60 pA, the ion beam was separated
based on the particles' mass and charge. The current in the collector circuit was measured using a picoammeter. Peaks in
the current were observed in the collector circuit at specific constant voltage values on the analyzer, allowing for the
determination of the mass composition of the ion beam.

RESULTS AND DISCUSSION
Theoretical values of the fixed voltage applied to the plates generating the electric field of the analyzer were
calculated in order to observe the current generated by the charged particles, which are potentially present in the ion beam
obtained from InSb and (InSb)osBioo> materials, in the collector circuit. For the current generated by particles of equal
mass and charge to be observed in the collector circuit, it is essential for these particles to move in a straight trajectory
inside the analyzer without sensing the electric and magnetic fields. To achieve this, the forces exerted on the particles by
the electric and magnetic fields inside the analyzer must balance each other.

FE—FB,I@qE—qul:m—B—Bd@v / -

In this case, Fr and Fgrepresent the forces exerted by the electric and magnetic fields, respectively, on the charged
particles passing through the analyzer. By solving the last two equations simultaneously, we obtain the following
expression for the fixed voltage applied to the plates creating the electric field of the analyzer [11]:

U= /% - 2Uyd?B?

Through this principle, we can find the voltage at which particles of different masses and charges in the beam can
provide maximum collector current. Here, U represents the voltage applied to the plates generating the electric field of
the analyzer, q is the charge of a singly ionized particle, Na is Avogadro's number, M is the molar mass, Uy is the
accelerating voltage applied to the extractor, d is the distance between the plates generating the electric field, and B is the
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induction of the magnetic field. According to the above principle, theoretical calculations have been performed to
determine the theoretical values of the fixed voltages at which different charged ions, whose presence is estimated in the
composition of the ion beam entering the analyzer, can produce maximum collector current. The calculated values are
given in Table 1 below.

Table 1. Voltage of the analyzer according to the value of mass and charge for different ions

Ion species U (V, DC)
(InSh)£ 95
(InSh)? 110
(InSh)3 130
(InSh)* 190

(InShBi)* 140

(Bi)* 210

In the experiment conducted using InSb as the working material, the composition of the ion beam was investigated
with an accelerating voltage of 6 kV and an emission current of 40 pA. The extractor was connected to ground through a
microammeter. Only around a voltage of 190 V, a peak was observed (Figure 2). According to the table, this result
corresponds to (InSb)" ions, which are singly ionized with a specific charge of q/my = 4.09-10°C/kg. Therefore, the
emitted ion beam consists exclusively of (InSb)ions. The same observation is obtained when the beam current is varied
within the range of (30-50) pA.

0,7 -
InSh*
0,6 -
0,5 -

0,4 ~

I (nd)

0,3 4

0,2 4

0,1 A

0 T T 1
0 100 200 300

u )
Figure 2. Composition analysis of the InSb ion beam (U, = 6kV, I, = 40uA)

When the ion source based on InSby¢sBip.ooworking material was used, and the extractor voltage was 6 kV and
6.2 kV, with a beam current of 30 pA and 60 pA, the composition of the beam was investigated, and the results are
presented in Figure 3. As observed in the figure, three distinct peaks are visible in both cases. These peaks correspond to
ions with specific voltages: +190V for (InSb)*, 142V for ((InSb)o.9sBio.02)" and +210V for Bi* (Figure 3). The ion beam
obtained from the combination of InSby ¢sBig 218 not monatomic; instead, it consists of subclusters composed of ionized
(InSb)*, ((InSb)o.0sBio.02)*, and Bi* ions. The ((InSb)o.ssBioe2) ions have a specific charge of q/m¢=2.16-10° C/kg. It is
observed that as the beam current increases, the peak corresponding to Bi+ ions decreases in height. This is because of
the higher accelerating voltage, which results in a larger portion of Bi atoms in the composition of
(InSb)o.9sBig.02semiconductor being emitted.
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Figure 3. Composition analysis of the (InSb)o.9sBio.02 ion beam: a) Uy = 6kV, I, = 30ud; b) Uy = 6.2kV, I, = 60uA
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Thus, the results of the experiments conducted for the mass analysis of the ion groups obtained through the ion
source of the considered compounds are in full agreement with the theoretically calculated values. The width of the slit
at the entrance of the mass analyzer is 200 um, and the diameter of the slit at the exit is 2 mm. These dimensions have
been determined for analyzing the composition of a specific portion of the ion beam current, taking into account the
resolving power of the analyzer.

CONCLUSIONS
Composition analysis of ion beams was conducted using the field ion emission method for ion sources based on
InSb and (InSb)9sBio.o2 as working materials. The ion beam obtained from the InSb substrate was monatomic and
comprised solely of singly ionized (InSb)" ions. However, the beam obtained from the (InSb)o.9sBio.0> material consisted
of three subclusters, each consisting of singly ionized ions. The experimental results align with theoretical calculations.
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AHAJII3 CKJIAAY IOHHOT'O ITYYKA InSb TA InSbo,sBio,02, OTPUMAHOI'O 3 BUKOPUCTAHHSAM
PIAKUX METAJIIB
®.E. Mamenos, C.A. Auies, LI. I'ypoanos, I11.O. Eminos, A./lx. XaJjinos, E.M. Axkéepos, A.A. Bagajos
ITnemumym ¢izuxu Minicmepcmea oceimu i nayku Pecnyobnixu Azepbatioscan, np. I. [ocasioa, 131, Az1143, Baky, Asepbaiioscan

Jns mocmimkeHHs MacoBOTO CKJIAY ITydKa iOHIB, OTPHMMAHOTO 3a JOMOMOTOI0 TOJNBOBOI 10HHOI eMicii, BUKOPHCTOBYBAaBCSI Mac-
aHanizaTop, po3poOiieHnit aHanoriuHo ¢inbTpy mBuakocti Bina. Ile# amamizaTop ¢imbrpa Wien mparfoe Ha OCHOBI NPUHIUITY
MIePEeTUHAHHS B3a€MHO IIEPHEHANKYIIPHUX €JIeKTpHYHOro Ta MarHitHoro nomiB (ExB) s kmacudikarmii 3apspkeHHX 4acTHHOK
BIZIMOBIZIHO 10 1X MacH Ta 3apsity. JOHHHWH ITy4OK OTPUMAHO 3 BUKOPHUCTAHHSAM poOounx MarepianiB mInSb ta InSbovsBio2. Hnum
METOJIOM aHAJIi3yBAIM MAacOBUH CKJIaJ 10HHOI rpynu. B excrepuMeHTax Oyso BHSBICHO, IO 10HHHH ITy4OK, OTPHMaHUH 3
BuKopuctanusaM InSb sk po6o4oi peHoBHHH, MAa€ OAHOPIAHUI CKIIAJ, IO CKIAAAEThCs BUKIIOYHO 3 i0HIB (InSb)+. Oxnak, Ha BigMiHy
BiJl IbOTO, KOJIM p0O040I0 pedoBUHOIO OyB (InSb)o.9sBio,02, OyJ10 BU3HAa4YEHO, 1110 i0HHMIT ITy4oK Mae pi3uuii cknan. Kpim ionis (InSb)+,
OyI10 BUSIBIICHO, 1110 Ty40K i0HIB MicTuTh i0HU ((InSb)o,9sBio,02)+ 1 (Bi)+.

KurouoBi cioBa: piokomemanesi ionni oowcepena, LMIS, cocmpuii emimep, ionnui nyuox, macosutl ananis, InSb, InSbBi
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In this study, we investigated silicon samples doped with gadolinium using two different methods: incorporation during growth and
diffusion treatment at elevated temperatures. Scanning electron microscopy (SEM) and energy-dispersive spectroscopy (EDS) were used
to analyze the surface microstructure and impurity atom distribution, while Raman spectroscopy revealed characteristic phonon mode
shifts induced by gadolinium doping. It was found that doping during growth results in a more uniform structure with fewer large defects,
although localized regions enriched in carbon and oxygen remain. In contrast, diffusion doping leads to the formation of pronounced
inhomogeneities, indicating significant dislocation formation and structural defects due to lattice parameter mismatches. The results
demonstrate the influence of the doping method on the silicon surface state, elastic stress distribution, and the emergence of new vibrational
modes, which can be utilized for the targeted modification of material properties in spintronic, optoelectronic, and sensor devices.
Keywords: Silicon; Gadolinium; Doping, Diffusion; SEM; EDS; Raman Spectroscopy,; Structural defects; Phonon Spectra,; Crystal
Lattice Defects; Optoelectronics;, Magnetic Characteristics

PACS: 68.37.Hk, 33.20.Fb

INTRODUCTION

Silicon is a key material in the modern semiconductor and optoelectronic industries due to its unique electrical and
optical properties [1-6]. However, to expand its scope of application, its characteristics require modification. One
promising approach to such modification is the introduction of rare earth elements, in particular gadolinium (Gd), which
can significantly affect the magnetic and optical properties of silicon. Studies show that the integration of gadolinium
atoms into the silicon crystal lattice changes its interaction with light and magnetic characteristics, which opens up new
prospects for the use of such materials in optoelectronics, sensor devices, and spintronics.

Doping silicon with gadolinium atoms leads to structural changes that significantly affect its optical and magnetic
properties. In particular, the introduction of Gd causes deformations of the crystal lattice and changes the optical activity of
silicon. According to a number of studies, the inclusion of gadolinium can increase the photochemical (photoactive) ability of
silicon to interact with radiation. This is explained by the fact that gadolinium retains localized f-electrons and, hence, magnetic
moments even when embedded in a silicon lattice, which is especially important for spintronic applications [5—11].

One of the key effects of gadolinium doping in silicon is the reduction in the density of dangling bonds. It has been
established that trivalent Gd*" ions contribute to minimizing defects in the crystal structure, thereby improving the
electronic properties of the material and reducing the number of surface imperfections. Additionally, gadolinium interacts
with silicon to enhance the magnetic properties of the system, making it more suitable for applications in magnetic sensors
and spintronic devices.

Despite these beneficial effects, certain limitations arise when doping silicon with gadolinium. Firstly, the
distribution of Gd within the crystal volume can be uneven, making it challenging to achieve reproducible material
characteristics-an issue particularly critical for high-precision devices. Secondly, localized stresses and defects introduced
into the crystal lattice may restrict the efficiency of silicon in specific applications, such as photonic devices and high-
frequency microelectronics.

Raman spectroscopy (RS) is an effective method for studying crystalline materials, including semiconductors such
as silicon [12-15]. During the Raman scattering process, light interacts with phonons (quanta of crystal lattice vibrations),
leading to changes in the energy and frequency of the scattered photons and the formation of characteristic spectral lines.
Analyzing these spectral changes allows for the identification of structural defects and material properties.

Doping silicon with rare-earth elements such as gadolinium significantly influences the defect structure and deformation
processes within the crystal lattice. The corresponding changes in Raman spectra reflect these structural rearrangements,
providing insights into the nature of the defects that emerge. Understanding how the incorporation of Gd alters Raman scattering
in silicon is of great interest for practical applications in electronics, optics, and nanotechnology. This study focuses on the
analysis of one- and two-phonon Raman spectra of single-crystal silicon doped with gadolinium atoms.
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MATERIALS AND METHODS
For the investigation, n-Si and p-Si samples with an initial resistivity of 0.3—40 Q-cm were prepared. Prior to doping,
the samples underwent thorough acid-peroxide cleaning, followed by the removal of oxide layers using an HF solution.
High-purity gadolinium films (99.999%) were deposited onto the cleaned silicon surfaces via vacuum deposition under
high-vacuum conditions (107—107® Torr). Doping was carried out through diffusion at 1473 K for 20 hours, followed by
rapid cooling. The structural and elemental characteristics of the resulting materials were analyzed using energy-
dispersive spectroscopy (EDS) and scanning electron microscopy (SEM).

RESULTS AND DISCUSSION

A visual analysis of the microscopic images in Fig. 1a reveals that the distribution of carbon (C) and silicon (Si)
atoms on the sample surface is non-uniform. The carbon distribution map shown in Fig. 1b highlights areas of localized
carbon accumulation, which may result from surface effects and the interaction of carbon with lattice defects.

The energy-dispersive spectroscopy (EDS) spectra presented in Fig. 2 confirm that silicon is the predominant
element in the sample composition, as indicated by the intensity of its main peak. The presence of low-intensity oxygen
(O) and carbon (C) peaks suggests the formation of oxide compounds or surface contamination, which may have occurred
during sample growth or storage. The quantitative analysis summarized in Table 1 shows that the weight fraction of silicon
is 86.79%, carbon 11.90%, and oxygen 1.96%. The high atomic concentration of carbon (23.81%) indicates its significant
presence in the surface layer.
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Figure 1. SEM images of the surface of silicon doped with gadolinium during growth: (a) elemental distribution;
(b) carbon distribution map.

Figure 2. SEM spectrum of silicon doped with gadolinium during growth.

Table 1. Summary of elemental distribution maps for silicon doped with gadolinium during growth.

Element Line Type C(;ﬁgggtlr(;??c}n Wt % At. %
C (Carbon) K-series 0.61 11.90 23.81
O (Oxygen) K-series 0.56 1.31 1.96
Si (Silicon) K-series 92.59 86.79 74.23
Total: 100.00 100.00

After heat treatment at 1473 K for 20 hours, the microstructure of the sample undergoes significant changes, as seen
in Fig. 3. In the doped sample (Fig. 3b), compared to the original silicon (Fig. 3a), pronounced surface heterogeneity is
observed. This may be attributed to the formation of defective regions, phase inclusions, and the redistribution of elements
within the crystal lattice.
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Figure 3. SEM images of silicon: (a) original sample; (b) silicon doped with gadolinium via diffusion at 1473 K for 20 hours,
illustrating microstructural changes in the material.
The results of energy-dispersive analysis after diffusion doping, presented in Fig. 4 and Table 2, indicate an increase

in carbon content to 14.27% and a decrease in oxygen concentration to 1.20%. This change may be attributed to the
selective sorption of carbon in regions with structural defects.

Figure 4. SEM spectrum of silicon doped with gadolinium via diffusion at 1473 K for 20 hours, illustrating microstructural changes
in the material

Table 2. Summary of elemental distribution maps for silicon doped with gadolinium via the diffusion method at 1473 K for 20 hours.

Element Line Type C?)gggrllttlr(:tlf;n Wt % At. %
C (Carbon) K-series 0.61 11.90 23.81
O (Oxygen) K-series 0.56 1.31 1.96
Si (Silicon) K-series 92.59 86.79 74.23
Total: 100.00 100.00

A visual analysis of the microscopic images in Fig. 5 reveals that the diffusion of gadolinium into silicon results in

large defect zones, as well as areas with pronounced porosity or a disordered structure. These structural inhomogeneities
may be attributed to the following factors:

b)

Figure 5. SEM images of silicon doped with gadolinium via the diffusion method at 1473 K for 20 hours, illustrating defect
formation and structural changes in the material.
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Crystal lattice deformations — The incorporation of gadolinium introduces additional stress centers, leading to
localized distortions in the silicon structure.

Phase transitions — The formation of new phases or solid solutions based on Gd-Si results in a non-uniform
distribution of gadolinium atoms, causing localized chemical and structural changes.

Surface effects and contamination — The increased presence of carbon (C) and oxygen (O) may indicate surface
oxidation or the trapping of these elements in defect regions. This effect is particularly common during high-temperature
processing and subsequent cooling.

A comparison of microstructural changes and chemical composition reveals that diffusion doping with gadolinium
significantly alters the surface layer of silicon. This process promotes the formation of large defects, including pores,
potential cracks, and localized zones of gadolinium concentration with impurities. The energy-dispersive spectra of defect
zones, presented in Fig. 6 and Table 3, confirm a decrease in oxygen content (0.73%) while maintaining an elevated
carbon concentration (13.15%). This observation suggests variations in the sorption mechanisms of impurity elements
within defect regions.

Figure 6. SEM spectrum of elemental distribution in defect regions of silicon doped with gadolinium via diffusion at 1473 K for 20
hours, illustrating microstructural changes in the material.

Table 3. Summary of elemental distribution maps in defect regions of silicon doped with gadolinium via the diffusion method at
1473 K for 20 hours.

. Conditional
Element Line Type Concentration Wt % At. %
C (Carbon) K-series 0.65 13.15 26.02
O (Oxygen) K-series 0.29 0.73 1.08
Si (Silicon) K-series 87.12 86.13 72.90
Total: 100.00 100.00

Diffusion doping with gadolinium at 1473 K for 20 hours results in pronounced microstructural heterogeneity,
characterized by the formation of defective regions, elemental redistribution, and localized phase transformations. In the
doped samples, an increase in carbon concentration to 14.27% is observed, likely due to its selective sorption at structural
defects. In defective zones, a reduced oxygen content (0.73%) is recorded, which is probably related to differences in the
adsorption kinetics of oxygen and carbon.

Raman scattering (RS) analysis of gadolinium-doped silicon samples was performed using a SENTERRA II Raman
spectrometer (Bruker), which offers high spectral sensitivity and a resolution of approximately 4.0 cm™. To ensure
measurement accuracy (~0.2 cm™"), automatic calibration was conducted using NIST standards (acetaminophen, silicon).

The spectra were excited using a 532 nm laser with a maximum power of 25 mW. Spectral data were recorded in
the range of 50-4265 cm™, with an exposure time of 100 s, followed by summation of two spectra. To ensure accurate
intensity comparisons between samples, the spectra were normalized to the peak at 510 cm™, which is the most intense
in the analyzed range. Prior to normalization, the baseline was subtracted from each spectrum.

According to the literature [12-18], the lattice constant mismatch between Gd and Si can induce significant elastic
stresses in thin layers, affecting both the electronic band structure and phonon spectra. Additionally, when there is a large
discrepancy between lattice parameters in epitaxial multilayer structures, numerous defects are formed, degrading the
quality of heterostructures. In the case of a Gd.Sii— solid solution, lattice deformation is less critical compared to pure
components (Gd and Si), as the actual lattice constant of the Gd«Sii— layer lies between the values for Gd and Si.
Furthermore, the layer thickness (5 pm) facilitates stress relaxation. Changes in the vibrational (phonon) spectra in this
system clearly indicate the presence of Gd—Si bonds.

Doping silicon with gadolinium induces significant modifications in its vibrational spectra. These alterations stem
from the incompatibility between the lattice parameters of Gd and Si, leading to the formation of structural defects and
localized mechanical stresses.

Fig. 7 presents the Raman spectrum of gadolinium-doped p-type silicon with a resistivity of 0.3 Q-cm. Spectrum
analysis reveals a significant broadening of the main peak at 510 cm™, indicating an increased density of defects in the
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crystal lattice. Additionally, extra vibrational modes are observed at 123, 148, 238, and 303 cm™, which may be attributed
to the formation of impurity complexes and localized structural distortions.
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Figure 7. Raman spectrum of p-type silicon doped with gadolinium (Gd):
1 — Raman spectrum of the initial Si samples; 2 — Raman spectrum of p-Si<Gd> samples with an initial resistivity of p = 0.3 Q-cm.

Fig. 8 presents the Raman spectra of n-type silicon samples with a specific resistivity of 10 Q-cm.
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Figure 8. Raman spectrum of n-type silicon doped with gadolinium (Gd):
1 — Raman spectrum of the initial Si samples; 2 — Raman spectrum of n-Si<Gd> samples with an initial resistivity of p = 10 Q-cm.

With increasing specific resistivity, an enhancement in the intensity of additional spectral lines is observed,
indicating modifications in the band structure of silicon due to the incorporation of gadolinium atoms. In particular, the
intensification of the bands at 456 cm™ and 954 cm™ may be associated with the formation of amorphous phases and the

presence of oxide inclusions.

Fig. 9 presents the Raman spectra of n-type silicon samples with a specific resistivity of 15 Q-cm.
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Figure 9. Raman spectrum of n-type silicon doped with gadolinium (Gd):
1 — Raman spectrum of the initial Si samples; 2 — Raman spectrum of Gd,Sii—~ samples with an initial resistivity of p =15 Q-cm.
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This spectrum exhibits a further enhancement of vibrational modes in the region of 68, 784, 1340, and 1610 cm™,
which may be attributed to the formation of stable Gd—Si impurity complexes. Of particular interest is the intense peak at
784 cm™', which can be interpreted as evidence of a strong chemical bond between gadolinium and silicon atoms.

Solid solutions of Gd—Si with varying Gd and Si content are characterized by frequency shifts in the local vibrations
of Gd—Gd, Gd-Si, and Si—Si, associated with variations in strain within the films. According to Raman spectroscopy data,
three primary vibrational regions can be identified [14-20]: Gd—Gd near 238 cm™, Gd-Si around 783 cm™, Si-Si at
approximately 510 cm™.

The position of these spectral lines is significantly influenced by built-in stresses resulting from the considerable
lattice parameter mismatch between Gd and Si [18-25 It is well known that during epitaxial growth of a layer on a substrate
with a different lattice constant, an initial pseudomorphic layer forms, adapting to the substrate. However, once a critical
thickness is reached, the formation of dislocations becomes energetically favorable, after which the layer grows with its
own lattice constant. Such layers are referred to as relaxed or unstressed layers [18].

The frequency shift of the optical phonon mode in the crystal can also be described by the Griineisen parameter [12],
which relates the change in unit cell volume to the shift in optical phonon frequencies. This shift is presumed to result
from hydrostatic (isotropic) compression or expansion of the unit cell due to the incorporation of Gd atoms.

In the region of 521-522 cm™, an intense peak is observed, corresponding to first-order scattering of optical phonons
(TO —transverse optical vibrations, LO — longitudinal optical vibrations) at the I" point of the Brillouin zone. Additionally,
a detailed analysis of the peaks near 123 and 186 cm™, using Gaussian approximation, allows them to be associated with
the vibrational modes of Gd [17]. The mode at 148 cm™ is related to first-order scattering of acoustic phonons (TA —
transverse acoustic vibrations), which may reflect vibrational contributions from the oxide film (SiO2). The weak-intensity
LO peak at 456 cm™ suggests the presence of amorphous silicon components [18].

The second-order spectrum is significantly weaker, appearing in the range of approximately 100-1100 cm™. The
peak around 303 cm™ is typically attributed to 2TA acoustic phonons, while the broad signal between 900 and 1000 cm™!
is associated with 2TO phonons [12]. Furthermore, the broadening of specific peaks (e.g., in the regions of 68, 954, 1340,
and 1610 cm™) suggests a high defect density or compositional fluctuations [19].

A comparison with literature sources indicates that the modes near 954, 1340, and 1610 cm™! correspond to GdO
vibrations, while the peaks at 1462 and 1600 cm™ may be associated with third-order Raman modes related to silicon
optical phonons (TO) and interstitial oxygen (O:) vibrations, respectively [17-26].

Fig. 10 presents the Raman spectra of samples with a specific resistivity of 40 Q-cm.
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Figure 10. Raman spectrum of n-type silicon doped with gadolinium (Gd):
1 — Raman spectrum of the initial Si samples; 2 — Raman spectrum of Gd,Sii— samples with an initial resistivity of p =40 Q-cm.

With a further increase in specific resistivity, a significant enhancement of spectral lines in the 784 - 1610 cm ™ range
is observed, indicating a redistribution of local stresses within the crystal lattice and the formation of band engineering
effects. The presence of characteristic vibrational modes Gd—Gd (~238 cm™), Gd—Si (~783 cm™), and Si—Si (~510 cm™)
confirms the incorporation of gadolinium into the silicon lattice and its influence on the material's structure.

A comparative analysis of Raman spectra for samples with different initial resistivities (0.3, 13, 15, and 40 Q-cm)
reveals that with increasing resistivity - and consequently, higher Gd concentration—the intensity of peaks at ~68, 123,
148,238,303, 456, 784, 954, 1340, and 1610 cm™ increases. The most intense peak at ~784 cm™ is likely associated with
Gd-Si bond vibrations.

A comparison of the results obtained from two different gadolinium doping methods—during growth and diffusion
at 1473 K - demonstrates significant differences in alloying element distribution and defect formation. In the case of
doping during growth, SEM images indicate a more uniform incorporation of Gd, with relatively fewer large structural
defects. However, localized impurity clusters (C, O) are present, which may reflect process-specific characteristics such
as incomplete surface cleaning or oxidation.
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In contrast, diffusion doping at high temperatures results in more pronounced microstructural inhomogeneities and
the formation of large defect zones (pores, cracks), caused by a significant lattice parameter mismatch between Gd and
Si and intense dislocation formation. However, this method facilitates stress relaxation in thicker layers, as confirmed by
phonon mode shifts in Raman spectra and the emergence of spectral lines associated with Gd—Si bonds.

Thus, doping during growth is preferable when thin, uniform layers with minimal large defects are required, whereas
diffusion doping allows for greater control over composition and thickness but is associated with a higher density of
structural defects.

The observed Raman spectral changes in gadolinium-doped silicon samples confirm the formation of Gd—Si bonds
and structural modifications induced by Gd incorporation. Given that Gd doping introduces elastic stresses and localized
defects, these findings provide a foundation for further optimization of processing techniques to develop functional
materials with tailored electrical and optoelectronic properties.

A comparative analysis of the obtained data highlights the significant impact of doping mechanisms on the material's
spectral characteristics:

Sputtering followed by crystallization ensures a uniform gadolinium distribution but is accompanied by localized
oxygen and carbon accumulations, likely due to surface oxidation.

Diffusion doping at 1473 K results in intensive dislocation formation, pore generation, and point defects due to
Gd-Si lattice incompatibility. However, stress relaxation occurs, as evidenced by spectral shifts in vibrational modes.

Therefore, the sputtering method with subsequent crystallization produces structurally homogeneous layers, whereas
diffusion doping enables precise control over composition and thickness but is accompanied by more pronounced
crystallographic rearrangements.

CONCLUSIONS

The analysis of Raman spectra in gadolinium-doped silicon confirms the significant influence of impurity atoms on
the material's vibrational characteristics. New spectral modes at 68, 123, 148, 238, 303, 456, 784, 954, 1340, and
1610 cm™ are observed, with their intensity increasing as the Gd concentration rises.

The formation of strong Gd—Si bonds is confirmed by the presence of a characteristic vibrational line at ~784 cm™.
The results indicate that the defect structure plays a crucial role in the redistribution of impurity atoms, thereby altering
the electrical, optical, and magnetic properties of doped silicon.

A comparative analysis demonstrates that gadolinium diffusion into silicon leads to the formation of complex defect-
phase structures, which can either enhance material properties-such as promoting magnetic ordering-or degrade
mechanical stability and electrical performance.

Optimizing diffusion parameters, including temperature, holding time, and cooling rate, is essential for achieving a
balance between structural, chemical, and functional properties of gadolinium-doped silicon.
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JIETYBAHHS KPEMHIIO ATOMAMM T'AJTIOJITHIIO — CTPYKTYPHUM PO3NOLT TA CHEKTPAJIBHI
3MIHU KPEMHIIO
III.B. Yramypanosa?, IL.X. axies?, 1.JI. Xamaamos?, X.JI. Maruonor?®, M.K. Kapimos®, X.}O. YTemyparosa®
“Iuemumym Qizuxu HanienposioHUKis i MikpoerekmpoHiku Hayionanvrozo yHisepcumeny Y3b6exucmany, eyi. Auneu Anmasapa, 20,
bYpeenucoruti depoicasnuii ynisepcumem, axynomem gizuxu, Ypeeny, Ysbexucman
“Kapaxannaxcvkuil depacaenuil ynigepcumem, Hykyc, Kapakammaxcman

VY 1bOMY JAOCII/PKCHHI MU JTOCITIIXKYBAJIM 3pa3Ky KPEMHI0, JICTOBaHi TaJ0JIiHiEM, BAKOPUCTOBYIOUH JIBA Pi3HI METO/U: BKJIFOUCHHS ITi]T
yac pocty Ta audysiiiHa o0poOka mNpW miABUINEHHMX Temmeparypax. CkaHylouy eneKTpoHHy Mikpockomito (SEM) Ta
eHeproauchepciitny crekrpockormrito (EDS) BUkoprcTOBYBa At aHANI3y MIKPOCTPYKTYPH IIOBEPXHI Ta PO3MOALTY aTOMIB IOMILIOK,
TOJi SIK paMaHiBChKa CIIEKTPOCKOITIs BUSIBIJIA XapaKTepHi 3cyBH (OHOHHUX MO, CIPUYMHEHI JIOIyBaHHSM rajfoniniem. Byio BusiBneHo,
IO JIETYBaHHS MiJ 4ac POCTY NPH3BOAWTH OO OUIBII OAHOPINHOI CTPYKTYPH 3 MEHIIOK KUTBKICTIO BENHKHX IE(EKTiB, Xoda
JIOKaJIi30BaHi o0nacti, 30aradeHi ByIIeleM i KHCHeM, 3alumaroTecs. HaBmaku, mnudysiiiHe neryBaHHS NPU3BOAUTH 0 YTBOPEHHS
BUPQKCHUX HEOMHOPITHOCTEH, IO BKa3ye Ha 3HAUYHE YTBOPCHHS IUCIIOKAIIH 1 CTPYKTypHHX Ie(eKTiB depe3 Hey3rOIKEeHICTh
rapaMeTpiB pemriTky. Pe3ynsraTh AEeMOHCTPYIOTH BIDIMB METOXLY JIETYBaHHS HA CTaH IHMOBEPXHI KPEMHIIO, PO3IOALT HPYKHHX
Harnpy>XeHb 1 MOSBY HOBUX KOJMBAIBHUX MO, SIKI MOXKYTb OyTH BHKOPHUCTaHI IS IiJIecIpsMOBaHOI MoaM(ikalil BIacTUBOCTEH
MarepiajiB y CIIIHTPOHHUX, ONITOEJICKTPOHHHX I CEHCOPHUX IIPHCTPOSIX.
KurouoBi ciioBa: kpemniii; eadoniniii, oonine,; oughyzis; SEM; EDS; Pamaniecoxa cnekmpockonisi, cmpykmypHhi Oegpexmu; (pononHuii
cnekmp; depexmu KpucmaniuHoi peuimku, onmoenekmpoHixa, MaeHimHi Xapakmepucmuxu
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In this study, a model has been developed to analyze AlGaN/GaN high-electron-transistor (HEMT) and metal-oxide semiconductor
high-electron-transistor (MOSHEMT) based biosensors. The model focuses on detecting biomolecules such as ChOx, protein,
streptavidin and uricase by modulating the dielectric constant. The sensitivity parameters used for biomolecule detection include drain
current, transconductance, and drain off sensitivity. The dielectric constant is adjusted based on the specific biomolecule being sensed
by the biosensor. The variation in dielectric leads to changes in drain current, with an increase or decrease depending on the positive
charge of the biomolecules. The HEMT device exhibits greater variations in drain current, transconductance, and drain off sensitivity
compared to the MOSHEMT device when the biomolecule is present in the cavity region. The simulation results are validated by
comparing them with Atlas-TCAD (atlas-technology computer aided design) and experimental data, showing excellent agreement.
Keywords: A/GaN/GaN; HEMT; MOSHEMT; Biosensors,; Biomolecules

PACS: 87.85.fk

1. INTRODUCTION

For the detection of biochemical compounds such as enzymes, biological molecules, antibodies, etc the biosensors use chemical
reactions [ 1]. GaN-based devices are good compared to silicon-based devices due to their large bandgap (3.4 eV), large electron saturation
velocity (2.5 x 107 cm/s), and high operating temperature [2, 3]. AlGaN/GaN HEMT structures are widely utilized in biosensors due to
their remarkable biocompatibility, stable material characteristics, and remarkable sensitivity to surface charge. This is primarily assigned
to the close proximity of the two-dimensional electron gas (2DEG) channel to the surface, which typically reaches a density of
approximately 103 cm™. [4, 5]. The 2DEG are generated by spontaneous and piezoelectric polarization that are moderated by positive
charges at the surface [6]. An oxide layer such as A2Os [7], is entered between barrier and gate metal which results HEMTs becomes
MOSHEMTs [5, 8, 9]. The AlGaN barrier layer readily binds specific biomolecules, leading to variations in surface charges at the
AlGaN/GaN interface [1]. Extensive research has been undertaken on AIGaN/GaN HEMT for the detection of various biomolecules,
including proteins [10], Hg?* [11], DNA [12], PSA [13], and c-erbB? [14]. This paper offers a comparative study between AlGaN/GaN
HEMT and MOSHEMT based biosensors, focusing on the introduction of biomolecules into a nanogap cavity. The comparison aims to
evaluate the impact of oxide material on the performance of these biosensors. To assess their suitability for biosensing applications, we
simulated the lus- Vs, Lus-Vas, transconductance, and sensitivity parameters for different biomolecules detection.

2. STRUCTURES OF AlGaN/GaN HEMT& MOSHEMT DEVICES
The diagram in Fig. 1 illustrates the structure of AlGaN/GaN HEMT and MOSHEMT devices. In the case of HEMT, the layers are
grown in the following order: metal/AlGaN/GaN. In the MOSHEMT case. Additionally, a GaN buffer layer is grown on an A2Os substrate.

Biomolecules Biomolecules

GaN buffer

AkOssubstrate

@)

ALO; substrate

()

Figure 1. Model of A1GaN/GaN biosensors. (¢) HEMT and () MOSHEMT
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3. ANALYTICAL MODEL OF DEVICES
In this paper, the analytical model taken from paper [15].
The analytical expression of the drain current can be formulated as

_ Woko Cerr {56 i i Ygd
I = ML {50 ki (ha = ) + oln 22 (1)
where i is low field mobility. W and L, are the width and the length of gate, respectively. ¥4, = (I{qs —Vin — 175)1/3 +

20,150 = (Vys — Ven—Vas)'"* + 20,6 = Vg =V, /ErLy, 6 = 1/3 (Cops/q)?/* and Ey is the critical field.

The transconductance (g,) is the derivation of the drain current by gate voltage at V;; = const, it can be defined as

al

= s . )
951y gs=const

The transconductance can be extracted from Eq. (1)
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4. RESULTS AND DISCUSSION
We will discuss the comparison of AlGaN/GaN HEMT and MOSHEMT based biosensors. The material parameters and their
corresponding values employed for the simulation are outlined in Table 1 and Table 2. Furthermore, the biomolecule permittivity used
in this study is listed in Table 3, and the specific values for the two different device types are delineated in Table 4.

Table 1. Constants terms. [16]

Constants Expressions

ko —2886°

k, 27265

ko —9606*

ks 20063

ky —708?

ks 3960

ke -3

Table 2. Parameters used in numerical simulations
Parameters Quantities Values Units Refs.

Er Critical electric field 178 x 105 V/m [3]
[ Metal work function 4.5 eV [3]
[N Natural level Potential 1.2 eV [3]
Uo Low field mobility 0.06 m?/Vs | [3]
Np Doping concentration 1.5 x 106 m3 [3]
Yo Experimental parameter 412 x 10712 Vem*/3 | [17]

Table 3. Dielectric constants of biomolecules [18, 19]

Biomolecules Dielectric constants
ChOx 3.3
Protein 2.5
Streptavidin 2.1
Uricase 1.54

Table 4. Device parameters used in simulation

o Fig. 2a [20] Fig. 2b [21] Fig. 4,5 and 6
Parameters Description Sample 1 Sample 2 Our model
x (%) Al mole fraction 15 20 30
g0y (F/m?) Oxide permittivity - 9.1 & 9.1 g0
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.. Fig. 2a [20 Fig. 2b [21 Fig. 4,5 and 6

Parameters Description S%lmpl!e 1] S%lmpl([. 2' (g)ur model

Opor (M2 Spontaneous polarization char 1.15 x 107 17 x 10% 1.55 x 107
pol P po on charge [22] [22] [22]
daigan (nm) Barrier thickness 22 30 15
Lgy(pum) Gate length 1 1 0.3
Wy (um) Gate width 75 100 100
toy (nm) Oxide thickness - 16 10
heavity (nm) Cavity width - - 10

The output characteristics of the AlIGaN/GaN HEMT and MOSHEMT devices are compared in Fig. 2(a) and Fig. 2(b),
respectively. The results from our model show a strong agreement with the experimental data [20] and [21]. Besides, the dimensions
of the devices used in the experimental data were replicated exactly to validate our results. Furthermore, Matlab calculations and Atlas-
TCAD were used to simulate the devices for sample 1 and sample 2, as shown in Fig. 2.

(@) 600 r ' T T (h) 240 T T T T
— Model HEMT —— Model MOSHEMT
—— Adas-TCAD —¥— Atlas-TCAD
500F %  Exp[20] 200w Exppe h
T V=1V El
g o £ v, =2V
< 400 | e 160 - 4
g ]
- =
£ 300 | e € 120 F 4
g g
5 LM =1pm ‘é
T 200 W, =75 pm . £ sof . E
5 £
H a
100 | - 40 b .
o ) A ) L ) 0 , . X .
0 1 2 3 4 5 6 0 2 4 6 8 10
Drain Voltage, V, (V) Drain voltage, V, (V)

Figure 2. [-V output characteristics of GaN HEMT and MOSHEMT devices.
(a) HEMT and (b)) MOSHEMT with experimental data [20] and [21], respectively

Fig. 3 illustrates the transfer characteristics of the devices with and without biomolecules. When the biomolecule is present in the cavity
region, a variation in the drain current is observed. This change in drain current can be considered as a sensing parameter for biomolecule
detection. Specifically, at a drain voltage of 5 V, the change in drain current is superior in HEMT device compared to MOSHEMT device. For
uricase, streptavidin, protein, and ChOx, the variation in drain current is (35.69, 64.45, 81.3, and 108.36) mA in AlGaN/GaN HEMT,
respectively. In contrast, the change in drain current is (7.93, 15.2, 19.88, and 28.18) mA in AlIGaN/GaN MOSHEMT, respectively.

(a) 320 T T T T T T T () 320 T T T T T T T
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240 b —#—MOSHEMT Uricase d o 240 | —4+—MOSHEMT Streptavidin ot -
- _sv = =5V e
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E 200} ’ Variation in £,77.93 m g E 200} Variation in J =15.2 mA Q" g
= e G e
= 160} L =03pm 4 £ 160} 4
g W =100 pm £
= £ w =
S 120 d, =15nm J S 120 -
=
g s} J i s} 4
40 | 40 F i
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0 —— . . ; YT T B
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3 200 | L 200 | Variation in I =28.18 mA *‘ﬁﬁﬁ ¥ .
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Figure 3. -V transfer characteristics with different biomolecules of the both biosensors.
Change of drain current for (a) uricase, (b) streptavidin, (c) protein and (d) ChOx, respectively
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Furthermore, the transconductance characteristics of HEMT and MOSHEMT devices with different biomolecules are presented
in Figs. 4(a) and 4(b). The introduction of biomolecules into the cavity region leads to a change in the threshold voltage (Vi) and
subsequently affects the transconductance (gm). This change in transconductance can serve as a reliable sensing parameter. Notably,
the HEMT devices demonstrate a greater variation in transconductance compared to the MOSHEMT devices, as shown in Figs. 4(a)
and 4(b). Specifically, the variation in transconductance is (21.58, 20.05, 54.51, and 76.98) mS/mm for uricase, streptavidin, protein,
and ChOx in the case of HEMT, respectively. Conversely, the variation in transconductance is (8.19, 15.86, 20.89, and 29.99) mS/mm
for uricase, streptavidin, protein, and ChOx in the case of MOSHEMT, respectively.
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140 | —#— Uricase pe L
.
- —+— Streptavidin *'.'(* ﬁ** *
E 120 | —*— Protcin * ol
@ —#— ChOx X e ]
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N * Pl e
5 # itde,
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H E
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g 7
£
£
=

-3
Gate voltage, Vx‘ V)
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40

5

T T T T T
—H—Air MOSHEMT
—— Uricase ]
—sb—Strcp‘lawdm **rﬁ****
—— Protein £ e
—#— ChOx 2
V. =5V %

Lg =0.3 pm
W, =100 pm J
 eay = 15 0m
£ =10 nm |
0 laspoigddnthy sl Il
-4 -3 -2 -1 0 1

Gate voltage, Vm (V)

Figure 4. Comparison of the modeled transconductance characteristics with different biomolecules
(a) HEMT and () MOSHEMT based biosensors

In Fig. 5, the sensitivity parameter of HEMT and MOSHEMT devices is compared. The results clearly indicate that the sensitivity
parameter (Siof) is significantly greater in the HEMT device compared to the MOSHEMT device. Among all the biomolecules tested,
the ChOx biomolecule exhibits the highest sensitivity for the HEMT device.

2.0 T T T
I HEMT
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151 4
1.0 m
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Biomolecules
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Figure 5. Sensitivity for AlGaN/GaN HEMT and MOSHEMT biosensors

Fig. 6 depicts an escalation in the relative change (sensitivity of drain current). The relative change in drain current is defined as

Air

Apas=Ion — 18%

ON

HEMT and (26.57 and 115.03) mA for uricase and ChOx for MOSHEMT, respectively.
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[23]. The minimum and maximum relative change observed is (139.07 and 260.8) mA for uricase and ChOx for
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Figure 6. Relative drain ON current sensitivity for (¢) HEMT and (b)) MOSHEMT
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Table 5. Comparative extracted values of AlGaN/GaN HEMT and MOSHEMT based biosensors.

Change in drain current AIp (mA) Drain-off sensitivity (Siog)
Biomolecules AlGaN/GaN AlGaN/GaN AlGaN/GaN AlGaN/GaN
HEMT MOSHEMT HEMT MOSHEMT
Uricase 35.69 7.93 1.23 0.96
Streptavidin 64.45 15.2 1.36 0.92
Protein 81.3 19.88 1.41 0.9
ChOx 108.36 28.18 1.44 0.85
CONCLUSION

The analytical modeling of the both devices was proposed and compared between each other. There is a variation in drain current
density and higher transconductance when the cavity region is occupied with biomolecules. This suggests that the GaN-based HEMT
and MOSHEMT biosensors perform well for biosensing applications. The results obtained indicate that AlGaN/GaN HEMT based
biosensors have been presented a greater change in drain current (Alox) and sensitivity for various biomolecules. The saturation drain
current and 2DEG concentration increase as the distance between the sensing area and 2DEG channel increases. However, the
modulation ability of surface charge on device performance decreases with the increased sensing area-to-channel distance [24]. This
implies that the sensing sensitivity decreases in AlGaN/GaN MOSHEMT based biosensors.
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VY upomy fociipkeHHi Oyna po3pobiieHa Mozelb JAis aHaiizy 0i0CEHCOpiB Ha OCHOBI BHCOKOGNIEKTPOHHHUX Tpan3ucTopiB AlGaN/GaN
(HEMT) i MeTan00KCHIHHX HAMIBIPOBIIHUKOBHX BHCOKoeeKTpoHHuX Tpan3uctopiB (MOSHEMT). Monens GhokycyeTbest Ha BUSBIICHHI
6iomornekyn, Takux sik ChOX, mpoTeiH, CTpenTaBiIiH 1 yprKasa, IULIXOM MOAYILSILIT JieneKTpuuHoi npoHuKHOCTI. [TapamMerpu 4y TinBocCTi,
10 BUKOPHUCTOBYIOTHCS I BUSIBJICHHS O10MOJIEKYIN, BKIIIOYAIOTh CTPYM CTOKY, TPAHCHPOBIAHICTH 1 UyTIHBICTH CTOKY. /lienexkTpuyHa
TIPOHUKHICTH PETYIIIOETHCS Ha OCHOBI KOHKPETHOT 010MOJNEKYIH, SIKY BiT4yBae OioceHcop. 3MiHa HieIeKTPHKA IPH3BOJHUTH /10 3MiH CTPYMY
BUTOKY 3i 30LIbIIEHHSM 200 3MEHIIICHHSM 3aJIXHO Bifl TO3UTUBHOTO 3apsiny 6Giomonexyi. [Tpuctpiit HEMT nemonctpye 6inbii Bapiamit
CTpyMy CTOKY, TPAHCIIPOBITHOCTI Ta YyTIMBOCTI CTOKY MOpiBHAHO 3 npucTpoeM MOSHEMT, komm Giomonexyna mpucyTHS B obnacTi
MOPOKHUHM. Pe3ynbTaTn MOIENIOBaHHS IIITBEPIUKYIOThCS HUIIXOoM ix nopiBHsHHS 3 Atlas-TCAD (cucrema aBTOMaTH30BaHOIO
MPOEKTYBAHHSI aTJIACHOT TEXHOJIOTT) Ta eKCIIEPMMEHTAIILHUMH JAHUMH, 10 IEMOHCTPYE Yy/IOBY 3rOJY.
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The paper investigates methods for shifting the spectral characteristics of silicon photodiodes toward longer wavelengths. It is
established that with increasing the reverse bias voltage of the photodiode, the maximum spectral characteristic shifts towards longer
wavelengths due to an increase in the collection coefficient of minority charge carriers, which determines the appearance of the spectral
characteristic. With an increase in the lifetime of minor charge carriers and the resistivity of the photodiode base material, the maximum
of its spectral characteristic also shifts towards longer wavelengths. Increasing the n*-junction depth of the photodiode reduces the
effect of background short-wave radiation on the useful signal of the photodiode. Silicon cut-off adsorption light filters have been
proposed that eliminate the influence of background radiation with a wavelength of less than 800 nm on the photodiode signal and
have a transmittance of about 75% at a wavelength of 1064 nm.
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The main task of photodetectors is to detect monochromatic laser radiation. Therefore, photodetectors designed for
such applications must demonstrate increased sensitivity at a specific wavelength (X). The spectral sensitivity characteristic
of a photodiode, S(A), describes how its monochromatic sensitivity varies with wavelength. This knowledge is important
not only for evaluating the operation of a photodetector with coherent radiation sources, but also for analyzing the operation
with incoherent sources whose spectral composition is known [1].

Ensuring a given type of the photodetector's spectral response is usually realized by using a semiconductor material
with different band gaps E, [2], since it is the band gap that determines in which part of the spectrum the semiconductor
has the greatest sensitivity to photogeneration of charge carriers (1):

hc
A= Z 1
where /£ is the Planck constant, c is the speed of light.

To shift the spectral characteristic towards longer wavelengths, materials with higher E, are used. For example, silicon
photodiodes are used for the visible and near-infrared spectrum. For the infrared spectrum, materials based on GaAs (£,
=1.42¢V) [3,4], Ge (E; =0.66 V) [5, 6], or InP (E; = 1.34 eV) [7] are used. The use of heterostructures (with different
materials) can change the width of the bandgap in a wide range, which allows controlling the spectral sensitivity of the
photodiode [8, 9]. For this purpose, multilayer structures are used, where different layers have different E.

When the photodiode is heated, the width of the bandgap changes, which can lead to a shift in the spectral maximum
toward longer wavelengths. However, this method is less controllable and often has a negative impact on the characteristics
of the photodiode [10].

An urgent task of modern photoelectronics is the development and manufacture of efficient and highly sensitive
photodetectors for detecting YAG lasers (A= 1064 nm) [11, 12]. Silicon is the main material for this task, but under normal
conditions, Si-based photodiodes have a Amax=800-900 nm [6, 10]. Accordingly, there is a need to develop methods for
shifting the spectral maximum of silicon photodiodes (PD) towards longer wavelengths.

One of the effective methods of shifting the spectral characteristics of the PD is the use of light filters, in particular,
interference bandpass filters or adsorption cutoff filters. High-quality interference bandpass filters are characterized by a
high transmittance and can (7>90%) isolate narrow spectral regions (up to 15-20 A) [13, 14]. Striking examples of light
filters for A=1064 nm on the market are FLH051064-3 [15], or FLH1064-3 (THORLABS) with 7' >90% (at A=1064 nm)
and a bandwidth at A=1041-1087 nm [16]; 20CGA1000 (NEWPORT) with a bandwidth of A>1000 nm and 7 >90% [17].
The disadvantage of interference optical filters is the dependence of the position of the transmission bands on the angle of
incidence of light, cost, complexity of manufacturing, the need for special equipment, expensive materials for creating
layers, and calculation programs.

Adsorption filters are the most common class of optical filters that have spectral selectivity due to unequal absorption
of light in different wavelength ranges. These are usually different semiconductor materials or types of glass [13]. Silicon
adsorption filters, with or without anti-reflective coating, are a common choice for reducing the effect of short-wave
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radiation on the useful signal of IR photodiodes [18]. In [19], we proposed silicon adsorption light filters with an anti-
reflective coating, with a bandwidth of A>900 nm and 7 <60-65% (at A=1064 nm). The relatively low transmittance of the
filters is due to the need to manufacture samples with a thickness that provides adequate mechanical strength.

A review of the sources shows that the study of the possibilities of shifting the spectral characteristics of silicon PDs
towards longer wavelengths is an urgent scientific and technical task, which is the purpose of this work.

EXPERIMENTAL

The research was carried out in the manufacture of silicon 4Q p-i-n PDs for operation at wavelength A = 1064 nm
(Fig. 1a). PDs were made on the basis of single-crystal p-type FZ-Si with [111] orientation. The samples were made by
diffusion-planar technology according to the technological regimes given in [20]. Silicon with different resistivity of
p =12-22 kQ-cm and different lifetime of non-basic charge carriers of t=1-2 ms was used.

The PDs with different depths of the p-n-junction, which was adjusted by the duration of phosphorus deposition,
were studied. Samples with x,+, = 3.5-6 um were fabricated. The spectral characteristics of sensitivity at different bias
voltages were studied in the PDs made of different base materials and with different x,+.

The possibility of increasing the transmittance of silicon light filters in combination with silicon photodiodes (PDs)
is investigated. The best option for increasing the transmittance of a light filter is to reduce its thickness, but this
significantly reduces its mechanical strength. We proposed to thin the filter only in the zones that are projections of
responsive elements, and to leave the periphery of the light filter of sufficient thickness to ensure proper mechanical
strength (Fig. 1b). This was done by etching the silicon by chemical-dynamic polishing in a solution of
HNO3:HF:CH3COOH with a masking gold coating (Fig. 2). Gold was chosen as a masking coating because photoresists
are not sufficiently chemically resistant to aggressive etching agents during prolonged etching. Since gold has poor
adhesion to silicon, an adhesive sublayer of chromium was formed [21]. The metallization was applied by thermal
evaporation in a vacuum. The thickness of the gold layer reached 400-500 nm, and that of chromium 30-70 nm. The
etching was carried out in 3 stages of 10 min each. The thickness of the silicon base of the light filter reached 250-300 um,
and the projections of the responsive elements after chemical-dynamic polishing reached 70 um. After CDP and
metallization etching, the silicon substrates were oxidized in a dry oxygen atmosphere according to the method given
in [22]. The film of SiO, thickness reached 180-190 nm, which corresponds to the condition of minimum reflection of
radiation with A = 1064 nm [23]. The proposed filters in combination with the PD were compared with flat silicon filters
of greater thickness.

a b a b

Figure 1. Images of a photodiode Figure 2. Images of a filter with a masking coating
(a) — without a light filter and (b) — with the proposed filter (a) — before etching and (b) — a light filter with etched projections

of responsive elements

Investigation of the transmission spectra were performed using SF-2000 spectrophotometers at room temperature.
The spectral characteristics of responsivity were measured using the KSVU-23 automated spectral complex.

RESULTS OF THE RESEARCH AND THEIR DISCUSSION
A) Study of the dark currents
It was found that with an increase in the reverse bias voltage, the maximum of the spectral characteristic shifts
towards longer wavelengths Fig. 3. This is due to an increase in the size of the space charge region W; (2) [24], with an
increase in which the collection coefficient of photogenerated charge carriers increases (y) (3) [25], and the appearance
and maximum spectral characteristic of the PD is primarily determined by the collection coefficient (4) [6].

—Un: 1
Wl — (2850 (¢c Ublas))i. (2)

eNgy

g & are dielectric constants for silicon and vacuum, respectively; @. is contact potential difference, e is the electron
charge, N,is concentration of acceptors, Upa is bias voltage.

y=1—e Witln) (3)
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a is absorption coefficient, L, is diffusion length of minor charge carriers.
yl
S5=0-RTQXy; “

1.24
where T is the transmission coefficient of the input window or optical filter, O is the quantum output of the internal
photoeffect, R is the reflection coefficient.

It has also been found that with an increase in the resistivity and lifetime of minority charge carriers of silicon at
the same bias voltage, the maximum of the spectral characteristic also shifts towards longer wavelengths (Fig. 4). This
phenomenon is also related to the charge carrier collection coefficient, since at the same bias voltage, the PD with a higher
resistivity will have a larger width of the space charge region. Note that an increase in the lifetime of charge carriers also
increases the collection coefficient due to an increase in the diffusion length and an increase in the collection area of
photogenerated charge carriers [26].
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Figure 3. Relative spectral characteristic of the PD at different Figure 4. Relative spectral characteristic of the PD with
Ubias different p and t of silicon at Upius=-2 V

It should be noted that the electrophysical characteristics of silicon can degrade during technological operations,
in particular thermal ones. This degradation is possible due to poor-quality chemical treatments, the introduction of
uncontrolled impurities (thermodonors) from quartz tooling, the use of carrier gases or deionized water of insufficient
quality. This degradation can occur to varying degrees in different batches, which will result in different maximum
spectral characteristics when using the same base material [27-29].

It was found that with an increase in the depth of the n*-p junction, the effect of short-wave background radiation
on the useful signal of the photodiode decreases, i.e., the slope of the spectral response changes (Fig. 5). The decrease in
the sensitivity of the photodiode to shortwave radiation with increasing x,+, is due to the fact that in p-i-n PDs, the
photogeneration of charge carriers that reach the p-n junction occurs in the i-region, the charge carriers generated in the
n”-layer recombine before reaching the p-n junction. Accordingly, the generation of non-equilibrium charge carriers in
the high-resistance region of the PD occurs only by those wavelengths that penetrate the i-region. Thus, radiation with
A =0.95 um is absorbed in Si at a depth of about 63 um, and with A= 0.7 is absorbed in Si at a depth of about 4.33 pum [30].
Accordingly, by increasing the depth of the n*-p junction, the influence of short-wave background radiation on the
photodetector signal can be excluded.
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Figure 5. Relative spectral characteristic of the PD with different x;,+

An increase in the depth of the phosphorus impurity is possible with an increase in the duration of the phosphorus
driving-in operation, but its significant duration is negative, since an increase in the total duration of high-temperature thermal
operations provokes an increase in the degree of degradation of the electrophysical characteristics of silicon and the formation
of inversion layers at the Si-SiO; interface, which negatively affects the final parameters of the products [28, 29, 31].

The transmission spectra of silicon light filters of different thicknesses were obtained (Fig. 6). It was found that as
the thickness of the filter increases, its transmittance decreases according to the Bouguer-Lambert Beer law [32]. Thus, a
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filter with a thickness of d=70 um has a transmittance at A=1064 nm of about 7=75%, d=170 um - 7=66%, d=240 um -
T=62%, d=280 um - 7=57%. Also, from Fig. 6, it can be seen that with a decrease in the thickness of the filter, the edge
of its absorption shifts towards shorter wavelengths.

T T T
80 4
——d=70 pm
70 4 —— d=170 ym
—— d=240 pm
60 —— d=280 pm
° 50 4
= 40
304
20
104
0 T T T
700 800 900 1000 1100

A, nm
Figure 6. Transmission spectrum of light filters

We also obtained the spectral characteristics of the photodetectors with light filters (Fig. 7) and found that with an
increase in the filter thickness, the maximum spectral response of the photodetector shifts towards longer wavelengths,
and the short-wave edge of the photosensitivity shifts towards longer wavelengths. Thus, a photodetector with a filter
with d =430 um becomes sensitive at A> 950 pum, and has a maximum sensitivity at 4,, = 1060 nm, but has a low sensitivity
value due to the high thickness of the filter. A light filter with =70 pm becomes sensitive at A>800 pum, and has a
maximum sensitivity at A=1030 nm, but the absolute value of its sensitivity is almost the same as the PD without a light
filter. Note that in the PD without a filter, 4,,=1020 nm, so the filter with =70 shifts 4,, by only 10 nm.

It is worth noting that with an increase in the bias voltage, the spectral characteristic of the PD with a filter also
shifts towards longer wavelengths (Fig. 8).
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Figure 8. Relative spectral characteristic of the PD with filters
of various thicknesses at Ussis=-2 V and Ubais=-100 V
(characteristics are given to 100 %)

Figure 7. Relative spectral characteristic of the PD with filters
of various thicknesses at Usais=-120 V

Increasing the thickness of the filter improves its selectivity. Optical concentrators can be used in the design of the
PD to level the absorption of radiation by the filter thickness [33]. The proposed light filters are a cheap and no less
effective analog of interference bandpass filters for the near-infrared region with a much simpler manufacturing
technology.

CONCLUSIONS

The methods of correction of the spectral characteristics of silicon photodiodes, in particular, the methods of its shift
towards longer wavelengths, are investigated. The following conclusions have been drawn:

1. With an increase in the reverse bias voltage of the photodiode, the maximum spectral characteristic shifts towards
longer wavelengths

2. With an increase in the resistivity and diffusion length of minor charge carriers of silicon, the maximum spectral
characteristic of silicon shifts towards longer wavelengths.

3. With an increase in the depth of the n*-p junction, the effect of short-wave radiation on the useful signal of the
photodiode decreases due to the absorption of short wavelengths by the n*-layer.

4. The use of silicon cut-off adsorption light filters eliminates the influence of short-wave background radiation on
the photodiode signal at A>800 nm. Also, the proposed filters allow to shift the maximum of the spectral characteristic
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towards longer wavelengths. With the increase of the filter thickness, its optical transmittance decreases but selectivity
improves.
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The clinoptilolite from the Sokyrnytsia deposit belongs to the zeolite family and is known for its application as sorbents in nuclear
energy. The sorption of cesium, strontium, cobalt, and europium ions by clinoptilolite has been studied. The research examined how
the composition and structure of clinoptilolite influence sorption. Sorption properties were assessed using the sorption coefficient,
which quantitatively measures clinoptilolite's interaction with radionuclides. The results revealed that clinoptilolite exhibits the highest
sorption efficiency for cesium (87.0%) and strontium (80.5%). Europium showed a sorption efficiency of 73.0%, while cobalt exhibited
a lower sorption efficiency of 60.0%. The study established an ion exchange sequence for these ions in the sorption process and
observed a dependency on the ionic radius of the sorbed ions. The presence and concentration of competing ions significantly affected
the sorption efficiency. For instance, sodium ions in the solution reduced sorption by up to 25%, depending on the radionuclide.
Increased sodium ion concentration caused an additional 26% to 40% sorption reduction. Similarly, tripling the strontium concentration
in the solution reduced the sorption effect. The sorption experiments were conducted under both static and dynamic conditions.
Radionuclide content was determined using the characteristic X-ray emission (XRE) method. This technique analyzes the characteristic
X-ray radiation of radionuclides excited by a proton beam. The experiments were carried out at the analytical nuclear-physical complex
"Sokil." Samples were irradiated in the XRE channel, where targets were placed in a cassette within an irradiation chamber under a
vacuum of 107 Pa. The proton beam, with a current of 200 nA and an energy of 1600 keV, was used to excite the X-ray radiation of
cesium, strontium, and cobalt atoms. The characteristic X-ray radiation of the K-series of strontium atoms was detected using two
detectors: the XR-100CR Si-PIN X-ray detector and the Ge(HP) detector. Considering its established radionuclide selectivity sequence,
the clinoptilolite from the Sokyrnytsia deposit can be utilized in Ukraine's nuclear energy industry.

Keywords: Zeolite; Cesium; Strontium; Cobalt; Europium

PACS: 82.75.Jn, 68.43.-h, 28.41.Kw

INTRODUCTION

Zeolites were first discovered by F. Cronstedt in 1756. He observed that stilbite swelled and released water when
heated. This phenomenon led him to coin the term "zeolite," derived from the Greek words for "boiling stone." To date,
47 minerals have been classified as zeolites. Zeolites belong to the group of framework aluminosilicates [1]. They are
found on every continent, but natural zeolites do not fully meet the demands of industry and energy sectors. Thanks to
advances in modern chemistry, scientists have significantly expanded the range of zeolites, enhancing their properties to
suit industrial and practical applications. Currently, more than 120 synthetic zeolites are known [1].

One of the natural zeolites is clinoptilolite. It is a component of sedimentary rocks of volcanic origin. Its name
originates from the Greek words "klino" (kAivew; inclined), "ptilo" (@tepmv; feather), and "lithos" (AiBog; stone).
Clinoptilolite has an aluminosilicate framework formed by the connection of AlO4 and SiOs tetrahedra at their vertices.
An example of the atomic arrangement in the structure of clinoptilolite, typical for zeolites, is shown in Fig. 1 [2].
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Figure 1. The fundamental structural unit of zeolites [2]

The framework features a system of cavities interconnected by channels, where cations and water molecules are
located [3—6]. The cations in the channels can be exchanged for other cations. Exchangeable cations in clinoptilolite
include Na*, K*, Ca?, Mg?, Fe**, and others (Fig. 2).

The composition and content of exchangeable ions in clinoptilolite vary depending on the deposit. For instance, the
clinoptilolite content in the rock from the Neombarian region of Armenia is 85-87% [7], while in the Sokyrnytsia deposit
in the Zakarpattia region of Ukraine, it ranges from 75% to 96% [8]. Such significant compositional variations highlight
the need for additional quality control when using clinoptilolite as a sorbent in energy and industrial applications.
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Clinoptilolite has been utilized as a sorbent in nuclear energy. It was first employed during the cleanup of the Three
Mile Island Nuclear Power Plant accident (USA) in March 1979, where it was used to absorb cesium [9]. The positive results
of this application laid the groundwork for recommendations by the International Atomic Energy Agency (IAEA) [10].
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Figure 2. Crystalline structure of clinoptilolite [4]

During the cleanup of the Chornobyl Nuclear Power Plant accident (Ukraine) in April 1986, clinoptilolite was used
as a radionuclide sorbent based on IAEA recommendations. Approximately 150,000 tons of zeolite sand were employed.
However, clinoptilolite did not yield the expected results, unlike the Three Mile Island accident. The main reason for its
limited effectiveness was the complex and diverse radionuclide contamination caused by the Chornobyl accident, which
included high activity levels and a broader range of radionuclides.

This study aimed to summarize the research on the sorption of radionuclides by clinoptilolite from the Sokyrnytsia
deposit, which may be present in liquid waste generated by nuclear energy facilities. Based on the results, an ion exchange
series for clinoptilolite was developed to facilitate its use in mitigating radionuclide contamination.

METHODS AND OBJECTS OF THE STUDY
Objects of the Study
The object of the study was clinoptilolite from the Sokyrnytsia deposit in the Zakarpattia region of Ukraine. Two
fractions of clinoptilolite were examined: 0.1 mm and 3-5 mm. The fractions were selected depending on the sorption
method (static or dynamic).
Nitrates of cesium, strontium, and cobalt were used as radionuclide sources. Europium was also studied, with its
source being an oxide dissolved in acid.

Methods For Studying Sorption Properties
Sorption Under Static Conditions
A 100 ml solution of nitrates was prepared using distilled water as the solvent. A 0.1 g sample of clinoptilolite (0.1
mm fraction) was used as the sorbent. Ten milliliters of the prepared solution were added to the sorbent. The mixture was
periodically stirred, and the sorption process was monitored for 24 hours. Samples of 0.5 ml were taken at intervals of 1,
6, and 24 hours. For europium, a separate solution was prepared with the addition of 0.1 N hydrochloric acid.

Sorption Under Dynamic Conditions
A 500 ml solution of nitrates was prepared

| 3 using distilled water as the solvent. A 2.0 g sample
/ of clinoptilolite (3-5 mm fraction) was used as the
sorbent. Dynamic sorption conditions were modeled

using a setup (Fig. 3) [11]. The setup included a
pump, a sorption column with a cartridge, a
reservoir, and a measuring unit. The cartridge had a
4 diameter of 8 mm and a height of 25 mm.

To evaluate the completeness of the sorption
processes, 40-80 sorption cycles were performed,
with periodic sampling. Dynamic sorption of
europium was not conducted due to the use of acid
as the solvent.

[ 2=

. ' Preparation of Targets
~ Figure 3. Diagram of the sorption setup: . Targets were prepared using carbon substrates
1 - Sorption column; 2 — Pump; 3 - Measuring device; 4 - Collection made from carbon rods. The carbon substrates were
reservoir; 5, 6 - Inflow and outflow valves respectively rectangular, measuring 10 mm in length, 5 mm in
width, and 2 mm in thickness. A solution (0.05 ml)
containing a mixture of cesium, strontium, and cobalt isotopes was applied to the substrate and dried at 35°C. The solution
was applied using an automatic pipette with adjustable volume.
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Determination of Radionuclide Content Using the XRF Method

The radionuclide content was determined using the X-ray fluorescence (XRF) method. This method analyzes a
proton beam's characteristic X-ray emission of radionuclides excited. This part of the work used the "Sokil" analytical
nuclear physics complex [12].

Samples were irradiated with a proton beam in the XRF channel. Targets were placed in a cassette located in the
irradiation chamber. A vacuum with a 107* Pa pressure was created in the chamber before measurements.
For the excitation of X-rays from cesium, strontium, and cobalt atoms, a proton beam with a current of 200 nA and an
energy of 1600 keV was used. At this energy, the L-series X-ray emission of cesium atoms and K-series X-ray emission
of strontium and cobalt atoms were effectively excited. The X-ray emission was measured using the XR-100CR Si-PIN
X-ray detector with an energy resolution of 155 eV for the 5.89 keV line and the Ge(HP) detector. The Ge(HP) detector,
made of ultrapure germanium with a crystal thickness of 8.5 mm and a sensitive surface area of 25 mm?, provided higher
detection efficiency for K-series X-rays of strontium (14.164 keV) compared to the Si-PIN detector. To optimize the
spectral measurement conditions, collimators with diameters of 1.5 mm and 2.0 mm, as well as polyethylene filters with
thicknesses of 56 um, 100 um, and 150 pm, and aluminum foil with a thickness of 10 pm, were tested. Based on the
experimental data, a collimator with a 1.5 mm opening and a 56 um thick polyethylene filter was selected for optimal
detection of the analytical peaks while reducing background radiation interference.

The X-ray emission from strontium atoms was detected by both XR-100CR Si-PIN and Ge(HP) detectors. The
external detector was placed 7 cm from the target at an angle of 135° to the proton beam direction. The X-ray emission
exited the chamber through a 25 pm thick beryllium foil window.

RESULTS AND DISCUSSION
Typical spectra of cesium, strontium, cobalt, and europium confirm the feasibility of detecting these radionuclides
using the X-ray fluorescence (XRF) method and the suitability of the results for assessing sorption properties. The typical
spectra are presented in Figures 4-7.
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Figure 4. X-ray spectrum of the carbon target which Figure 5. X-ray spectrum of the carbon target with dry water solids
contains 0.002 mg of cesium (H20), and the carbon target containing 0.0012 mg strontium (Sr)
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Figure. 6. X-ray spectra of the carbon target with dry Figure.7. X-ray spectra of the carbon target with hydrochloric acid
water solids (H20) and the carbon target containing (HC1) dry residue and the carbon target containing 0.05375 mg of
0.0017 mg of cobalt (Co) europium (Eu in HCI)

The sorption coefficient was used to evaluate the sorption properties quantitatively, providing insights into the
interaction between clinoptilolite and radionuclides. The sorption coefficient was calculated using the formula:
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« =(C0—Cp)~100%
s CO

where C, and C, are the initial and equilibrium concentrations of the solution (mg/mL).

The sorption processes were studied under static and dynamic conditions, with adjustments made to the amount of
sorbent and solution volume based on the method.

The data obtained are presented in Table 1. It was found that clinoptilolite exhibited the highest sorption efficiency
for cesium (87.0%) and strontium (80.5%), followed by europium (73.0%). Cobalt displayed the lowest sorption
efficiency at 60.0%.

Table 1. Sorption of radionuclides by clinoptilolite

No Radionuclide Sorption coefficient, %
1. Cesium 87.0 %
2. Strontium 80.5 %
3. Cobalt 60.0 %
4 Europe 73.0 %

Experiments were conducted to assess the impact of competing ions and increased radionuclide concentration on
sorption. These conditions were designed to simulate real-world scenarios, such as the presence of competing ions in
liquid radioactive waste. Increased radionuclide concentration allowed for analyzing the performance of the sorbent under
higher activity levels. The presence of competing ions, particularly sodium, significantly reduced the sorption efficiency
of clinoptilolite (Table 2). For example, when sodium was present in the solution at a concentration of 0.0002 g/mL (equal
to the cesium concentration in the solution), cesium sorption decreased to 46.0%. Similarly, sodium concentrations of
0.0004 g/mL reduced the sorption efficiency for cobalt and europium to 33.6% and 34.6%, respectively.

The effect of increased radionuclide concentration on sorption was analyzed using strontium as an example.
A threefold increase in strontium concentration resulted in a 25% reduction in sorption efficiency (Table 2).

Table 2. Effect of competing ions and increased radionuclide concentrations on sorption

no.  Radionuclide Radionuclide Competing ion Sorption
concentration, g/ml Ion name  Concentration, g/ml coefficient, %
1 Cesium 0.0002 sodium - /- 87.0 %
2 Cesium 0.0002 sodium 0.0001 63.0 %
3 Cesium 0.0002 sodium 0.0002 46.0 %
4 Strontium 0.0002 - /- - /- 80.5 %
5 Strontium 0.0006 - /- - /- 60.6 %
6 Cobalt 0.0004 sodium - /- 60.0 %
7 Cobalt 0.0004 sodium 0.0002 38.8 %
8 Cobalt 0.0004 sodium 0.0004 33.6%
9 Europe 0.0005 sodium - /- 73.0 %
10 Europe 0.0005 sodium 0.0002 47.5%
11 Europe 0.0005 sodium 0.0004 34.6 %

The results indicate that the presence of competing ions substantially affects sorption efficiency. Sodium ions, as
competitors, caused up to a 25% reduction in sorption depending on the radionuclide. Increasing the sodium concentration
led to an additional 26%-40% decrease in sorption efficiency. The more pronounced effect of sodium on cesium sorption
is attributed to their shared group in the periodic table (alkali metals), similar oxidation states, and competition for the
same sorption sites in the clinoptilolite structure.

The effect of increased radionuclide concentration was studied using strontium sorption as an example. A threefold
increase in strontium concentration reduced sorption efficiency by 20%.

Clinoptilolite demonstrates a complex sorption mechanism, involving both ion exchange and adsorption. Ion
exchange occurs as a result of the need to compensate for the negative charge generated by aluminum ions interacting
with the fourth oxygen ion. This charge is usually compensated by alkali metal ions, which then act as exchangeable ions.
Adsorption, on the other hand, is associated with interactions between ions and the structural cavities of clinoptilolite,
which are characteristic of its crystalline structure.

Based on the obtained results and the characteristics of the radionuclide ions (Table 3), it is possible to conclude the
relative selectivity of clinoptilolite for these radionuclides.

Table 3. Oxidation states and ionic radii of sorbed elements

Element Oxidation degree lon radius, pm
Cesium +1 167

Strontium +2 112
Cobalt +2 72

Europium +3 109
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Regardless of the oxidation state of the radionuclides, the primary factor influencing sorption is the ionic radius,
which allows for additional sorption, taking into account the crystalline structure of clinoptilolite. The selectivity series
of radionuclides for clinoptilolite is as follows:

Cs™'> Sr*2 > Eu™ > Co™

This order corresponds to the observed sorption efficiency values and correlates with the ionic radius of the
radionuclides.

The obtained data can be utilized by nuclear energy enterprises in Ukraine to optimize the use of clinoptilolite as a
sorbent, both independently and as part of composite sorbents.

CONCLUSIONS

Clinoptilolite is a mineral of the zeolite group. It has been established that clinoptilolite has high sorption properties
for cesium (87.0 %), strontium (80.5 %), and europium (73.0 %). The sorption properties of clinoptilolite for cobalt
(60.0 %) require additional purification agents or the use of composite sorbents. Such sorption values are related to the
radius of the ions to be sorbed. The large radius of the ion (cesium - 167 pm) makes it possible to perform additional
sorption, taking into account the crystal structure of clinoptilolite. It was determined that the presence of competing ions
(sodium) reduces sorption by 25 %. In the example of strontium sorption, it was found that an increase in the concentration
of radionuclides in solution leads to a decrease in sorption by 20 %. Based on the sorption results, a range of radionuclide
selectivity for Ukrainian clinoptilolite was determined. The clinoptilolite can be used in nuclear power enterprises of
Ukraine, taking into account the determined range of radionuclide selectivity.
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MOKJIMBOCTI BAKOPUCTAHHSI YKPATHCBKOI'O KJITHONTHJIONITY (COKMPHUIIBKOI'O POJIOBHUIIIA)
B SIAEPHIN EHEPTETHILII
0.10. Jlonin, B.B. JleBenens, O.I1. Omenbnuk, A.O. Iyp
Hayionanvhuti nayrkosutl yenmp «XapKiscoKuil QisuKo-mexnivHutl iHCmuniymy,
1, eyn. Axaoemiuna, 61108, Xapxis, Yxpaina

Kninontunonit COKHPHUIIBKOTO POIOBHIIA BITHOCHTBCS IO LEOMiTiB. LleomiTiH MaroTh 3aCTOCYBaHHS B SACPHIH €HEPTETHIII B IKOCTI
copOeHTiB. JlocikKeHO COPOI0 KIITHONTHIIONITOM 10HIB I€3if0, CTPOHIII0, KOOAIBTY Ta €BpOIil0. BU3HAUYEHO, SK 0COOIHMBOCTI
CKJIaoy Ta CTPYKTypH KITIHONTHIIONITY BIUIMBAIOTh Ha COpOIiifHi mporecu. J[nsg BU3HAYEHHS COPOMIMHHX BIACTHBOCTEH
BHUKOPUCTOBYBABCsl Koe(illieHT copOrii, sAKUil JaBaB MOXJIMBICTh OTPUMATH KINBKICHY OLIHKY B3a€MOJIl KIIHONTHJIONITY 3
panionykiizamu. BeranosieHo, mo HaiBHINI 3HaYeHHS copOmii KINIHONTWIONIT mposBisie 1o nesito 87.0 % Tta crpormio 80.5 %.
Cop6is epomito ckiagae 73.0 %. Copbuis ko0anbTy 3HMKYeThes Ta ckiaamae 60.0 %. JocmipkeHHS BCTAHOBHUIIO TOCIIIOBHICTh
i0OHHOTO OOMiHY JUIsl KX 1OHIB y Tpolieci copOIii Ta BUSBHIO 3aJIe)KHICTh Bifl iOHHOTO pajiycy copOoBaHMX ioHiB. BcTaHoBieHO
3aJIeKHICTh COpOIIT BiJl MPUCYTHOCTI Ta KIIBKOCTI KOHKYPYIOUHX 10HIB. [IprCyTHICTD 10HY HaTpiro (KOHKYPYIOYOTO i0HY) B PO3YHHI
Belle 10 3HIKEHHs copOrii Ha 25% B 3aJeXHOCTI BiA pagioHyKmigy. 30UThIIEHHS KOHIIEHTpALil iOHIB HATPII0 MIPHU3BENO IO
JIOIaTKOBOTO 3HIKEHHs1 copOuii Ha 26-40%. BcranoBieHo, 110 30UIbIIEHHS KOHIIEHTPALIl CTPOHIIIO B 3 pa3u Bele J0 3MEHIICHHS
copouii Ha 20 %. [ocnimxeHHs copOuii MpoBogMINCA B CTAaTUYHUX Ta AMHAMIYHMX YMOBaX. BH3HaueHHs BMICTy paliOHYKIiiB
MIPOBOJMIIOCH 3a JoroMoroto Metona XPB (xapakTepucTHdyHEe pEHTTEHIBCHKE BUIPOMIHIOBAaHHS). MeToa 3aCHOBAaHO Ha aHawi3i
XapaKTePUCTHIHOTO PEHTT€HIBCEKOT0 BUIIPOMIHIOBAHHS paliOHYKIIIB, MiCIIs 30y HKEHHS ITyYKOM IIPOTOHIB. JJaHHY YacTHHY poOOTH
BUKOHYBaJIM Ha aHATITHYHOMY siiepHO-(isnuHOMy Komiuiekci «Cokim». OnpoMiHIOBaHHS 3pa3KiB MyYKOM MPOTOHIB IIPOBOIMIH Y
kanani XPB. MimeHi BcTaHOBITIOBAIN y KaceTy, sika Oya po3TamoBaHa y KaMmepi onpoMineHHsL. /1o mpoBeaeHHs BUMIPIOBaHb Y KaMepi
CTBOpIOBaM BakyyM 3 TUCKOM 10 ITa. J{yst 30yIKEHHS XapaKTEPUCTUYHOTO PEHTTEHIBCHKOIO BHUIIPOMIHIOBAHHS aTOMIB L3I0,
CTPOHIIiIO T2 KOOAIBTY BUKOPHUCTOBYBAJIH IIy4OK ITPOTOHIB 3i cTpyMoM 200 HA Ta eHeprieto 1600 xeB. Peectpariist xapakTepucTH4HOTO
peHTreHiBchbKkoro BunpomintoBanHs K-cepii atomiB ctpoHiiito npoBoaunacs asoma aerekropamu: XR-100CR Si-PIN X-Ray i Ge(HP).
3 ormsAoy Ha BCTaHOBIJIEHY IOCTIIOBHICTh PATiOHYKITITHOI CENEKTUBHOCTI KINIHONTHIOMT COKHPHHUIIBKOTO POAOBHINA MOXe OyTH
BUKOPHCTAHHH B aTOMHIH eHepreTuIll Ykpainu.

KunouoBi cjioBa: yeonim; ye3siii, cmponyiitl;, Kooanbm, €8ponii
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Introduction: This study aimed to assess three-dimensional (3D) setup mistakes and provide optimal margins for planned target volume
(PTV) coverage in head and neck radiation. Methods: Ten patients participated in the trial, receiving IMRT in conjunction with weekly
electronic portal imaging (EPI). A total of 170 portal pictures were analyzed. The systematic (S) and random (s) errors in the population of
patients with head and neck cancer were assessed using portal images in the caudocranial longitudinal (CC) and left-right lateral (LR)
orientations, measured within the anterior-posterior (AP) field. The clinical-to-planning target volume (CTV-PTV) margins were
determined in accordance with ICRU Report 62 guidelines and van Herk’s formulae. Results: The group systematic errors and random
errors were 0.19 and 0.26 cm , respectively in the anteroposterior direction; the group systematic errors and random errors were 0.15 cm
and 0.24 cm in SI direction, respectively; the group systematic errors and random errors were 0.13 cm and 0.25 cm in LR direction,
respectively; According to the classical van-Herk formula MPTV =2.5Z +0.7c, we figured out the ideal PTV margins (MPTV) based on
the setup errors and 0.65 cm, 0.55 cm, and 0.5 cm were required in the AP, SI, and RL directions. Discussion and conclusions: we can
conclude that a 6-mm extension of CTV to PTV margin, as the optimal margin and can be reduced with increasing frequency of online
verification (daily imaging) or for patients where the prescribed does not exceed tolerance doses for organs at risk.

Keywords: Nasopharyngeal Radiotherapy, Intensity-modulated radiotherapy (IMRT); Set-up uncertainty

PACS: 87.53.Bn, 87.55.Qr, 87.57.uq, 87.55.D

INTRODUCTION

With the extensive use of intensity-modulated conformal radiation and the strengthening of the principle
of comprehensive treatment, the curative effect of nasopharyngeal cancer and patients' quality of life have been greatly
improved [1-4].The success of radiotherapy largely depends on precise patient positioning and the accuracy of immobilization
strategies for patients with head and neck tumors during each treatment session, particularly in the head and neck area where
critical organs such as the salivary glands, spinal cord, and brain stem are in close proximity, allowing for minimal error and
consequently minimise risk of toxicity and long-term morbidity [5,6]. Optimized intensity-modulated radiation therapy
(IMRT) plans typically generate sharp dose gradients between the tumor and adjacent healthy tissues. Any misalignment in
patient positioning can lead to insufficient tumor irradiation, heightening the risk of local recurrence, and unnecessary radiation
exposure to surrounding tissues. Previous studies analyzed the influence of setup uncertainties on target volume coverage and
doses to organs at risk (OAR) in HNC patients treated with image-guided radiation (IGRT) [7-9]. Geometric uncertainties
present a greater challenge in IMRT planning compared to conventional methods, emphasizing the need to identify and reduce
setup errors throughout the treatment process. The main difficulty lies in consistently replicating the patient’s position in every
treatment session, as determined by the planning CT scan. Positioning errors during treatment arise when the patient's anatomy
does not align with the planned CT. These errors might be systematic (reproducible consistent errors in the same direction and
amount) or random errors (variations in direction and magnitude). Systematic errors can cause changes in the cumulative
dosage distribution [10-15]. Portal imaging (PI) allows for consistent imaging, quick identification of setup errors, and
automated verification of treatment fields. Numerous studies have reported the use of PI-guided setup corrections for both
conformal and IMRT techniques [16-29]. However, since PI is a two-dimensional imaging method, it cannot detect errors
resulting from out-of-plane rotations [30-34]. That said, the dosimetric impact of rotational setup errors should be carefully
considered from case to case when organs at risk are in close proximity to the target [35]. This study focused on measuring
random and systematic inter-fractional setup errors using electronic portal imaging (EPI) for 10 patients diagnosed with locally
advanced nasopharyngeal carcinoma undergoing IMRT, with the goal of determining the optimal clinical target volume (CTV)
to planning target volume (PTV) margins necessary to ensure complete target coverage.

MATERIAL AND METHOD
Patient selection
This retrospective study was approved by the appropriate institutional review. The research focused on 10 patients
diagnosed with locally advanced nasopharyngeal carcinoma, who were treated using IMRT with the simultaneous
integrated boost (SIB) technique and concurrent chemotherapy [36].
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Definition of volumes of interest and IMRT treatment

Patients were immobilized in a supine position using standard thermoplastic head-neck-shoulder casts with five
fixation points and the base plate was not fixed to the table couch of the linac. High-resolution computed tomography
(CT) scans were taken in helical mode with a 3 mm slice thickness, covering the area from the skull vertex to mid-chest.

The dose to the PTV70, which includes the primary and nodal gross tumor volumes and positive lymph nodes, had
been set at 70 Gy. The dose for PTV60, which encompassed the high-risk clinical target volume (CTV) and nodal CTV,
was established at 60 Gy. The dose to PTV54 contained the low risk CTV was set at 54 Gy. All patients were optimized
using dynamic technique (Eclipse software (Version 13.7, Varian Medical Systems, USA). Dosimetric calculations were
performed using the Anisotropic Analytical Algorithm (AAA) on a 2.5 mm calculation grid, optimized with a dose volume
optimizer. All patients were treated by a Clinac 600C linear accelerator equipped with 6 MV photons and an 80-leaf
multileaf collimator.

Generation of DRR and portal imaging

Two orthogonal DRRs obtained from the treatment planning software, with a field size of 10x10 cm?, gantry angle
of 0° (anterior) and 90° (lateral), were transferred to the treatment unit as reference images. Portal images were acquired
with the same gantry by using the EPID system attached to Varian linear accelerators

Anatomic reference landmarks included at least two well visible bony structures: external mandible profile, nasal
septum, maxillary sinus and the spinous process of one of lower cervical vertebrae were generally used for the anterior
images, while internal and external mandible profiles, skull base and cervical vertebral bodies, i.e. C2 and C4, were
usually outlined on the lateral images (Figure la and b). The images were analyzed by two radiation oncologists
adequately trained to reduce interobserver variability.

Measurement of set-up errors was performed at least three times during the first week of treatment and on a weekly
basis thereafter. Images were matched on-line during the first week, off-line thereafter. In case of displacement exceeding
2 mm along one direction, the linac couch was adjusted to match the treatment isocenter and new EPIs were acquired.

Figure 1. Matching between digitally reconstructed image (DRR) and image taken prior to treatment
(a) AP images; (b) Lateral images

Statistical methods
We followed the definition and notations of setup errors described elsewhere [37]. If we denote patients as
p €{p1; p2;.,M}, and image sections for each patient as f € {1; 2;.;N}, then the setup error E ;= {E{ffp ; Ezf}; Eg}} can be
written as E ,;= S, +R,s, where S, is the systematic error for each patient, whereas R is the random error introduced in
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each image section. The patient (p)-specific random error gy, is the standard deviation (SD) of R, over f. The population
systematic and random variations are then calculated by the following equations [37],

1
£ = (T (Sp — W)
1 ——
Op = (EZ}Vﬂ(Rpf — Ryp))"”

0= Gy T 9"

where p is the population mean of systematic variations, X is the standard deviation of the systematic variations, and ¢ is
the average root-mean-square of individual random variations.

Margins resulting from setup uncertainty alone could then be estimated from the systematic and random variations.
Van Herk has provided a review of margin formulae [38], and the commonly used form is M =2.5% + 0.7c Margins
determined by this equation assume that the minimum dose to CTV is 95% for 90% of the patients [39]. The 90% confidence
range, which is lower bounded by the 5th percentile and upper bounded by the 95 percentile, could also indicate the setup
margin [37].

RESULTS

A total of 170 position verification scans were acquired and analyzed (0° anterior, 90° lateral) were obtained for 10
patients, with a mean of 19 images for each patient range (18-23).

The quantification of patient set-up errors was given by the determination of the displacement frequency (p), and it
was plotted in different directions: Figure 2a anteroposterior (AP), Figure 2b craniocaudal (CC) and Figure 2c left-right
(L-R), directions. It demonstrates that the largest displacement was in the A-P direction 8 mm in the posterior direction.
As regards A-P direction, frequency for displacement 0.4 cm reaches to 9.83%. The frequencies of setup errors < 0.3 cm
in AP, SI, and RL, directions were (68.81%), (77%), and (83.5%), respectively (Figure 2).

Displacement frequency of (A- P) direction Displacement frequency of (C-C) direction

Frequency (%)
Frequency (%)
a 8 8

3

o o

06 04 02 00 02 04 06 a8 o6 03 00
Displacement (cm) Displacement (cm)

03 a6

Displacement frequency of (L- R) direction

Frequency (%)

Displacement (cm)

Figure 2. The distribution of the interfractional patient set-up errors for the nasopharynx: the displacements (m) of the coordinate
of the nasopharynx between the digitally reconstructed radiograph and imaging portals plotted for the (a),
anteroposterior (A-P) (b) craniocaudal (CC) (c) left-right (L-R) directions.

The distribution of all setup errors in three directions is shown in (Figure 3). Regardless of the duration of the
fractionated radiotherapy course. The population mean and standard deviation were 0.0831+0.307, 0.0508+0.293 and
0.00514+0.26 in AP, SI and LR directions, respectively. The deviation of bony reference points in the range
of (-0.6-0.8) cm, (-0.6—0.7)cm and (-0.6—0.6) cm in AP, SI and LR directions; The group systematic errors and random
errors were 0.19 and 0.26 cm , respectively in the anteroposterior direction; the group systematic errors and random errors
were 0.15 cm and 0.24 cm in SI direction, respectively; the group systematic errors and random errors were 0.13 cm and
0.25 cm in LR direction, respectively; According to the classical van-Herk formula MPTV =2.5% +0.7c, we figured out
the ideal PTV margins (MPTV) based on the setup errors. Considering the setup errors and the accuracy of deliver
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radiation doses to the targets and their surrounding normal structures, margins of 0.65 cm, 0.55 cm, and 0.5 cm were
required in the AP, SI, and RL directions, respectively, Table 1.
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Figure 3. The distribution of all setup errors in three directions obtained EPID

Table 1. Summary of interfraction translational error (mm) in each dimension

AP SI RL
M 0.0831 0.0508 0.0051
SD 0.307 0.293 0.26
Minimum -0.6 -0.6 -0.6
Maximum 0.8 0.7 0.6
Py 0.19 0.15 0.13
G 0.26 0.24 0.25
MPTV 0.65 0.55 0.5

Abbreviations: M, mean of all patients’ mean; SD, standard deviation; X, systematic setup uncertainty; o, random setup uncertainty;
RL, right-left; SI, superior—inferior; AP, anterior—posterior; MPTV, PTV margins.

DISCUSSION

The dose distribution in IMRT for head and neck cancer patients relies solely on volume data from the pretreatment
CT scan, which reflects the patient's anatomical structure at that particular moment. However, this method does not
consider daily changes in target volumes, organs at risk (OARs), or anatomical positioning [40]. The impact of patient
setup errors is especially significant in IMRT planning because of the steep dose gradients aimed at protecting nearby
OARs from excessive radiation exposure. Studies have shown that a 3 mm error in couch positioning can greatly affect
the minimum dose delivered to target areas and the maximum dose to the spinal cord and brainstem in the anterior-
posterior (AP) direction [41-43]. Therefore, it is essential to accurately measure and reduce patient setup errors during
radiation treatment. Several studies have investigated setup accuracy in head and neck cancer patients, with results varying
widely depending on factors such as tumor location, treatment techniques, fixation devices, imaging and registration
methods, and the types of setup errors analyze [44-53].

This study investigated the set-up accuracy of head and neck cancer patients undergoing IMRT using EPIs to define
appropriate planning margins that satisfy a target dose criterion.

In our study, we investigated set-up variations in a homogeneous patient group treated with standard thermoplastic
mask immobilization with five fixation points, no base plate attachment to the linac couch, 2D-alignment procedures, and
EPID-based imaging. According to Bentel [54], fixing the base plate to the treatment couch may reduce set-up mistakes
by improving repeatability and preventing patient misalignment on the table, which causes out-of-plane rotations. This is
most likely the reason for the decreased set-up errors observed by Humphreys et al [55]. The enhanced and reproducible
setup precision in the head and neck region was likely attributable to superior immobilization for accurate treatment
delivery, as even small changes from the reference anatomy of the patient’s planning CT scan (pCT) have the potential to
compromise the PTV coverage or sparing of healthy tissues. The use of patient immobilisation devices, such as
customized headrests rather than the standard headrest provides a more reliable level of immobilization and hence
minimizing the radiation dose to normal tissue structures and consequently minimize risk of toxicity and long-term
morbidity [56-60].
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We evaluated the accuracy of patient setup by examining systematic and random mistakes. The systematic
component of an error is characterized by a consistent deviation in the same direction and of comparable magnitude across
all treatment fractions (treatment preparation errors), while the random component is defined by deviations that fluctuate
in both direction and magnitude for each administered treatment fraction (treatment execution errors).

There are a limitations in our study concerning the frequency of online verifications of the patient set-up, we
performed EPID first 3 PIs in first week then weekly PI and the setup errors values may be affected as reported in [61-64],
their results showed that the overall standard deviations of the displacements increase significantly between daily and
weekly measurements so they decided to perform daily images for certain directions as like Pehlivan [61] recommended
that a PI in the AP and ML orientations be conducted weekly, while in the CC orientation, it should occur every two days
to effectively mitigate set-up problems. A previous study by Strabac et al. [64] has shown that the overall standard
deviations of the displacements increase significantly between daily and weekly measurements in the dorsoventral and
caudocranial directions, measured in the lateral PIs. The PIs measured in the AP fields in the caudocranial and left-right
lateral directions, have shown no significant increase in the overall SD of the displacement due to the frequency of
measurements. Marnouche et al. [65] evaluated three-dimensional 3D set-up errors using EPID and also investigated if
other imaging frequency protocols were as effective as the daily imaging protocol and compered it with No Action
Level 5, extended No Action Level, weekly, protocols. The study reported that a 5-mm extension of CTV to PTV margin
was the optimal margin and The Daily online verification protocol was the advised verification protocol for patients
treated with IMRT. The results of Youssoufi et al. [66] which obtained by weekly EPID setup verifications, almost likely
aligned with our results and reported that the Setup margins 4:27, 4-2 and 4-7 mm in X, Y and Z directions, respectively.

According to our findings, the population systematic errors and random errors were 0.19 and 0.26 cm, respectively
in the anteroposterior direction; the group systematic errors and random errors were 0.15 cm and 0.24 cm in SI direction,
respectively; the group systematic errors and random errors were 0.13 cm and 0.25 cm in LR direction, respectively. The
largest displacement was in the A-P direction 8 mm in the posterior direction and the frequency for displacement 0.4 cm
reaches to 9.83% followed by SI and RL directions.

The results align with Durim et al. [67], whose investigation indicated that the overall incidence of set-up
displacements above 3 mm was 3.9% in the medial-lateral (ML) direction, 8% in the superior-inferior (SI) direction, and
15.5% in the anterior-posterior (AP) direction.

Mongioj et al. [68] reported that as the therapy progressed, the displacement > 3 mm were observed more commonly
at instances of significant weight loss or tumor nodal reduction and confirmed the need for a strict monitoring of patient
set-up in case of isocenter change due to sequential PTVs definition and in the presence of significant weight loss and/or
tumor shrinkage.

The greater displacement A-P directions is attributed due to weight loss and the size of the neck is more likely to
become smaller because there is more subcutaneous adipose tissue in the neck, patients may slide along the head-holder,
therefore Ove et al. [69] and SU et al and Zhang et al. [37,70] proposed registration of multiple ROIs and took an analysis
of 3D setup uncertainties for multiple ROIs in head and neck region and there was a statistically significant difference in
setup error between the head and neck during radiation. However, the setup error of the neck was bigger than the head
and They came to the conclusion that the setup errors among head, upper neck, and lower neck in SI directions were with
homogeneity (P>0.05); hence, the setup errors with head, upper neck, and lower neck in RL and AP directions were not
with homogeneity.

In order to prevent underestimation or overestimation of actual margin, the discrepancy of geometrical set-up errors
must be considered in three directions. Based on our results we can conclude that a 6-mm extension of CTV to PTV
margin, as the optimal margin. Our results are similar as Strabac [64] which reported that 6.1, 5.1, 4.8 mm CTV-PTV in
LR, CC and 4.8 mm CTV-PTV DV direction, respectively.

In general, performing regular position corrections and improving patient positioning would lead to a small PTV
margin and lower chance of normal tissue complications.

CONCLUSIONS
This study is a report on the set-up accuracy of patients treating for HNC with IMRT. CTV-PTV margins calculated
according van Herk formula and we can conclude that a 6-mm extension of CTV to PTV margin, as the optimal margin
and can be reduced with increasing frequency of online verification (daily imaging) or for patients where the prescribed
doesn’t exceed tolerance doses for organs at risk.
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BU3HAYEHHA MEXI HAJTAIITYBAHHA 1711 HOCO®APHUHITAJIBHOI KAPITMHOMMH 3A JIOIIOMOT' OO
EJJEKTPOHHOI'O IOPTAJIBHOI'O TPUCTPOIO BIJOBPA’KEHHS
Ca¢a Enbpapamasi®?, Exad Arranna’, ®arxi Eabxycini?, Moxamen Aabm Enb-in?, Axmen Enbmekasi?
“Daxynemem npupoonuyux nayx, gaxyremem gizuxu, Yuieepcumem Tanma, Tanma, €eunem
b Tixapns Anexammaoi, Ep-Piso, Caydiecvka Apasis
“Hayionanvnuii incmumym paxy, Kaipcokuil ynisepcumem, €2unem
chaKy.vhmem Meouyunu, 8i0dinents oukonoeii, Yuisepcumem Tanma, Tanma, €cunem

Beryn. Le nocmimkeHHS Majao HAa METi OLIHUTH IOMIIKH TpuBHMipHOTo (3D) HanamTyBaHHS Ta 3a0€3II€UUTH ONTUMAIIBHI MEXI1 IS
OXOIUICHHS 3aIJIaHOBaHOTO H1Tb0BOT0 00’ eMy (PTV) nmpu BUIpoMiHIOBaHHI TOOBH Ta mIui. MeTOau: NecCsTh MalieHTiB Opail yJacTh
y nmocmimxeHHi, orpumyBanmd IMRT y moenHaHHI 3 OIOTHXKHEBOIO E€JIEKTPOHHOKO MOpTanbHOIO Bisyamizadiero (EPI). Beporo Oymo
npoanaiizoBano 170 3HiMKiB moprary. CuctemarndHi (S) Ta BUMAIKOBI (S) MOMUIKU B MOy HALI€HTIB 13 paKOM TOJIOBH Ta IIXi
OIIIHIOBAJIH 32 JOIIOMOTO0 OPTAIBHUX 300pakKeHb Y KaylokpaHiaapbHOMY no3noxHboMy (CC) Ta niBo-paBomy sarepaibHoMy (LR)
HanpsIMKax, BUMIPSHAX y MeXax Mepeanso-3aaHp0ro (AP) mons. Mexi minsoBoro 06’emy Bin kiiHiku a0 mianyBanHsa (CTV-PTV)
Oynmu Bu3HaveHi 3rigHO 3 pexoMeHnamisimu ICRU Report 62 ta ¢opmynamu BaH ['epka. Pe3yasTaTu: rpynoBi CHCTEMaTH4HI Ta
BHMAAKOBI MOMMWIKA cTaHOBIIH 0,19 1 0,26 cM BiANMOBIOHO B MEPEAHBO-33HROMY HATPSAMKY; TPYHOBI CHCTEMAaTHYHI NOXHOKH Ta
BUMaAKOBI moxuOku ctanoBuiu 0,15 cm ta 0,24 cm y HanpsiMky CI BiZHOBiIHO; TpynoBi CHCTEMaTHYHI TOXUOKH Ta BUMAAKOBI HOXHOKH
craHoBmin 0,13 cm Ta 0,25 cm y HanpsiMmky LR BianosiaHo; Binnosigso no ximacuunoi gpopmynu Ban-Xepka MPTV =2,5% +0,7c, mu
po3paxysanu ineansti Mexi PTV (MPTV) na ocHoBi noxu6ox Hanmamrysauss ta 0,65 cm, 0,55 cm 1 0,5 cMm, HeoOXiHi 511 HAIPSIMKiB
AP, SI ta RL. O6roBopeHHsi Ta BHCHOBKH: MU MOXXEMO 3pOOMTH BUCHOBOK, 1m0 6 MM posumpenns CTV go PTV wmexi €
ONTHMAJIbHOI0 MEXEI0 1 MOke OyTH 3MEHIICHO 3i 30iMbLICHHSIM YacTOTH OHNAMH-TepeBipkH (LIOACHHA Bisyamizaiis) abo s
HAaLi€eHTIB, Ie MPU3HAYCHI 103U He MePEeBUILYIOTh AOMYCTUMI 03U AJIsl OPraHiB Mij 3arpo30i0.

KurouoBi ciioBa: npovenesa mepanis nocoznomku; npomeneéa mepanis 3 mooynayiero inmencusnocmi (IMRT); neeusnauenicmeo
HANAuImy6anHs1
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Computational fluid dynamics focuses a premium on investigations of blood flow via narrowed arteries due to the relevance of these
issues to biological investigations. The main goal of this study is to find out how nanoparticles affect blood flow via a constricted
artery. As part of our investigation into the theoretical flow scenario, we examine the significance of Casson nanofluid movement via
a cardiac artery. By using the suitable delf similarity variables the PDEs transformed into ODEs. Following that, the dimensionless
equations are handled employing the MATLAB computer program in the BvpSc method. The magnetic properties of the blood flow
cells were investigated by increasing the magnetic field parameter, which resulted in a reduction in blood flow as predicted. The
movement trend reduced when the Casson liquid parameter increased. To improve the transmission of heat efficiency, the
concentration of gold particles in the constricted artery should be increased. One may argue that iron nanoparticles are useful for
delivering medications. Presently available methods may be useful for distributing drugs throughout the circulatory system. The
theoretical consequences of this medication delivery method are presented in a manner that is made easier by the utilization of an
illustration representation.

Keywords: Au and Ta nanoparticles; Bvp5c method; Stenotic artery; MHD, Casson fluid

PACS: 44.05.+¢, 44.30.+v, 44.40.+a, 47.10.ad., 52.75.Fk.

1. INTRODUCTION

The arteries are becoming more blocked as a result of contemporary lifestyle behaviours such as smoking, raised
cholesterol levels, and, maybe, inherited problems. The strengthening and constriction of the artery walls is a particularly
prevalent ailment in the circulatory system. This condition is called coronary artery stenosis in healthcare research. Arteries
with stenosis have narrowed or constricted on the inside, reducing the amount of blood along with other fluids that may
reach other parts of the body. The way blood moves through arterial stenosis is an extremely significant subject to talk
about when trying learn about circulation illnesses, since numerous of individuals are caused by problems with the way
blood vessels are built and how blood moves through them [1]. The human heart serves as the foundational organ of a
creature’s circulatory system, which distributes oxygen-enriched blood via capillaries to various body regions. Therefore, a
healthy life cycle depends on the heart's normal and active operation. Arterial and circulatory issues, however, have
emerged as a single of the harmful illnesses causing a growing number of fatalities globally in the past few decades. The
majority of these illnesses are related to the unique and aberrant flow of blood via arteries. Many medical professionals and
creative thinkers have proposed theories as to why
blood circulation via arteries is restricted. The most
common reason for abnormal -circulatory function
among such methods is the formation of atheromatous
plaque within vessels. Numerous doctors and
imaginative individuals have developed hypotheses to
explain the reason blood flow through veins is limited.
The most prevalent cause of diminished cardiovascular
performance across these techniques is the creation of
atheromatous stones inside arteries. From a health
perspective, doctors have indicated that this condition
may be healed in its initial phases, yet as plaque growth
gathers, it inhibits blood flow to various
vascular/cardiovascular parts of the human body,
potentially resulting in an exacerbated cardiac event [2].
‘\;_\;\a“”ﬁ\ Overall, the presence of stenotic arterial walls that
» contain such tiny particles might boost the appearance
of limited or obstructed blood flow, aiding in
assessment and therapy planning, as well as the

Figure 1. The use of particles in the therapy relevance of particles in atherosclerosis as shown
of cardiovascular diseases in Figure 1.
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The improvement of the occurrence of heat transportation represents a significant contribution to the procedures
that are used in technological and manufacturing applications. It is well noticed that advancements in renewable energy
sources have been made using various base fluids. However, since these fundamental elements have a smaller thermal
effect, the heating process takes longer. Thus, a revolutionary strategy for enhancing heat transmission in fluids is to
include particles within the fundamental fluid, resulting in a nanofluid together Choi and Eastman [3]. Nanofluids offer
much higher heat conductivity compared standard fluids. As a consequence, nanoparticles have been considered for a
range of uses, such cooling nuclear power plants, reducing cars and equipment, freezing electrical appliances, and
biomedical [4][5]. Many individuals have investigated the behavior of tiny fluids and the qualities that they possess in a
variety of various manners as a result of approach. The relevance of tiny material volume proportion in relation to
nanofluid dispersion was first brought to light by Tiwari and Das [6], who added to the discussion. The nanoparticles
have great potential for improving disease detection and therapy precision. Nanotechnology, via cell-specific focusing
on, transport of molecules to particular organelle components, and additional techniques, could assist to circumvent the
constraints of traditional delivery, ranging from massive amounts challenges like biological distribution to smaller-scale
obstacles like intracellular movement. To help with understand and clinical implementation of such potential nano-
enabled innovations, the US National Sciences and Technology Council (NSTC) established the National
Nanotechnology Initiative (NNI) in 2000, which detailed clear priorities and major obstacles for the area. These
programs have endorsed contemporary attempts to examine and develop nanotechnology, with nanoparticles (NPs)
accounting for a large amount of published investigation and improvement [7][8]. Several initial NP versions failed to
conquer biological transport hurdles, while current NP models have used advances in regulated manufacturing
procedures to add complex topologies, bio-responsive components, and targeting substances to improve
delivery [9][10][11][12][13][14].

The nano-drug delivery improves the stenosis throat's clotting formation; further, this computational simulation
can also predict the effects of post-treatment processes. It is witnessed from the literature that several
studies [21], [22], [23], [24], explore the blood flow in different types of stenosis arteries with numerous physical
aspects.

The current study was motivated by the actual usefulness of nano-drug transport techniques. The procedure regarding
selecting the best therapy for coronary artery blockage constitutes a big part of this computer exercise. Computational
blood flow modeling has a lot of potential to help people make decisions about how to treat circulatory illnesses. Usually,
narrowing is addressed through placing tubes or devices within the stenotic artery. However, nano-drugs are being
delivered more and more specifically to particular areas. Additionally, this method starts the creation of blood blockages at
the blocked region within the arterial system, and computer models can be used to guess what effect these reactions will
have after treatment. Various shaped, sized, along with additional features of stenosis vessels have been studied in
numerous additional investigations, as demonstrated by the example mentioned above. According to the best of the author
knowledge there is no research has been done on heat transfer analysis on Casson nanofluid over a stenotic artery in the
presence of magnetohydrodynamics. Additional uses utilizing gold-tantalum tiny particles contain the administration of
medications, tumor diagnostics, heart disease medication, and immunotherapy. Based on the above the mathematical flow
equations are in terms of PDEs. With the help of similarity variables to convert the PDEs to ODEs, after that we used
Bvp5c technique in MATLARB solver. Higher values of the magnetic field parameter increased velocity profile.

Heart disease-related health issues and fatalities impact a large proportion of the worldwide community.
Additionally, there is no unanimity concerning how to fix these medical problems, including among medical
professionals and researchers. One prevalent cardiovascular condition which may result in stenosis a narrowing of the
arteries and reduced blood circulation is coronary artery disease or the accumulation of cholesterol in the artery walls.
This research intends to discover the number of factors that influence the manner in which something particular moves
via a blood vessel, which is a smaller segment of human body. Issues that excite interest among individuals in fluids
include how they move around, the biological activities that take place inside them, and how fast the liquid moves.

2. MATHEMATICAL FORMULATION OF THE PROBLEM
e In this particular research framework, we made the assumption that the stable two-dimensional Casson fluid
flow model across a stenosed artery is incompressible. Additionally, we investigated magnetohydrodynamics.

e During this area of study, we considered the fact that arterial blood moves incompressible throughout artery
stenosis dimensions is L, /2.

e it is preferable to work with the cylindrical coordinates (r, 0, x), where the x -axis is considered along the direction
of the horizontal artery and 6 and r the circumferential and radial directions, correspondingly. In the present model
the flow is taken along the axial direction x and r is perpendicular to the flow. The temperature T is set to the
arterial wall temperature T\, suggesting that the wall is maintained at a constant temperature.

e In the physical model we considered blood flow along x—axis and r—axis is taken perpendicular to the blood
flow and which is presented in Figure 2.

e A representation depicts blood moving through a cosine-shaped blood artery constricting an area 2R,, R(x) is

radius of the artery and } is the maximum height of stenosis.



Casson Flow of Blood Containing Au and Ta Nanoparticles Over a Stenotic Artery

311
EEJP. 1(2025)

Figure 2. The artery’s physical structure.

It has been decided that a profile be created should cover the stenosed area.
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The mathematical flow equations are as follows [15][16][17][18]:
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The boundary conditions are [16][17]
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By substituting Eq. 10 in the Egs. (8 —9) modified dimensionless equations are:
Modified Eq. (1) is

)4 1 1
—1-Z (14 Cos(4 L
f 2( +Cos(47x)), <7<

11
=1
R(x) A . . . .
Where f = N and )y =-— 1is the dimensionless measure of stenosis in reference artery.
0 0
{(1+2}4])(}+ijf”’+2}/f”}+ﬁ””—f’2—ng'—O (12)
¢1¢2 ﬁ q)2
gl[(nzm)euzw’}fe’—f’9+gMch'2 =0 (13)
@, Pr D,
The non-dimensional boundary conditions are:
f(m)=0,f"(n)=1,6(n)=1,n=0 (14
f(n)—=0,0(n)— 0,17 — oo

v, L, szBzLO . k,
Here y = - curvature parameter, M = ——— Magnetic field parameter and Pr = : Prandtl number and
uo Uyp; (uC,),
U;
Ec =————— Eckert number.
Cp (T:v - T°° )
The physical quantities of Crand Nu are
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The dimensionless form of eq. (15—-16) converts
Re/?C, =@, f7(0), a7
*y knf ’
Re /?Nu, =——-6(0). (18)
kf
Table 1. Thermo-physical characteristics Density, Specific heat, Heat conductivity, Electrical conductivity [19]
Property Blood Au Ta
p (kgm™) 1050 10500 16650
C, (Jkg"'K™) 3617 235 686.2
k, Wm™K™) 0.52 429 0.52
o (Qm)™ 1.33 4.5%x10’ 7.7%x10°
Pr 21

3. NUMERICAL METHODOLOGY
The ODE equations are (12-13) with BCs (14) highly nonlinear nature. These equations are implementing a
mathematical procedure called the Bvp5c technique by utilizing MATLAB software. The stages of the shooting strategy
are listed below:
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f=Nl’f’=N2’f”=N}’f’”=]v3,>9=N479,=N570”=NS,

Employing the substitution technique to create first-order nonlincar ODEs. Construction of a comparable
mathematical setup follow the below procedure.

Nl’ =N,
Nzl =N,
, O]
N/ = ! 2YN, + NN, —(N, )’ ——> MN,
(1+2717)£1+1j1 PP :
L ﬁ ¢]¢2
N4/ =N
, @ o
N oo B Ly NN - N, + (N,
O 1|0, Pr o
(1+2}’I])¢?P7 4 !

As well as the boundary conditions are

N, (7)=0,N,(n)=1,N,(nn)=1,atn=0
N,(n)—0,N,(17) >0 asn— oo

4. RESULTS AND DISCUSSION
The current study examines the movement of Casson nanofluid flow across a stenotic artery. The bvpSc approach
was used to provide the required solution for the updated complex coupled equations. The findings of graphs that show
the effect of several critical elements between this range of values,
02<M<0.8,01<y<04,04<£<1.6,1.5<Pr<4.5, 2.0< Ec<2.6. Furthermore, we take into account the Prandtl

number for blood, which is 21, in addition to taking into account two distinct instances of nanofluids. We analyze each
of the parameter numbers. The bvpS5c procedure in MATLAB problem solver was employed throughout this
investigation's initial stage, which culminated by the present study, which was preceded by a number of key variables.
Fig. 3 demonstrations that the comparison between tiny fluid and mixed nanofluid for velocity graph, for different
nanoparticle volume fractions ¢1=¢p2 = 0.1, 0.2, 0.3. over the velocity of nanofluid. In this case hybrid nanofluid
dominating to the nanofluid case. Fig. 4 effect that the influence of M on velocity graph. The diminishing trend on the
velocity graph is shown at higher magnetic field parameter values. Physically speaking, a Lorentz force is created when
the M grows, slowing the liquid's movement. Since the Lorentz force prevents fluid from traveling, the speed of the
flow decreases due to the extra opposition, which lowers the field of motion. Additionally, the magnetic force can be
utilized to control the flow speed in a stenotic artery. Because the magnetic force reduces momentum, it may help to
reduce shear stress and the chance of additional harm to the arterial wall.
1 T T T T T 1

0.9 — - ] 0.9
Solid lines : Nanofluid

0.8 Dotted lines : Hybrid nanofluid 1 0.8+

0.7 o7k
M=0.2,0.4,06,08

0.6 ¢ 1 0.6

0.5

0
o

04+ > S 1 0.4+
037 ] 03}
w2l | ozl
01t 1 0.1y
0 05 1 Ls 2 25 3 35 4 0 05 1 15 2 25 3 35 4
(7) (1)
Figure 3. Comparison between nanofluid and hybrid nanofluid Figure 4. Influence of M on /()
for velocity profile for different nanoparticle volume fraction
¢=0.1,0.2,0.3

Fig 5. Shows that influence of y on velocity graph. The velocity graph is enhanced as y values are enhances.
Actually, stenosis occurs in a decrease in the blood vessel membranes' dimension, therefore alters the blood flow



314
EEJP. 1 (2025) Suneetha Sangapatnam

channel's flexibility. This might lead to changes in blood flow and related trends, which could have serious health
repercussions. Additionally, the pattern researchers have seen in energy graph could potentially result from this matter,
which is shown in Fig 7. The impact of f on velocity graph which is shown in Fig. 6. For the larger values of the S

values the velocity graph increased. physically, Raising the Casson fluid parameter, particularly implies more non-
Newtonian activities, results in a slower velocity slope over stenotic sidewall veins due to increased stress induced by
yield and stronger shear-thin effects. It may have significant implications for blood flow efficiency, stress transmission,
and overall heart function, particularly in instances of stenotic veins when flow has become constrained.

Fig. 8 demonstrates the impact of the Pr number. A rise in Pr causes a reduction in the energy curve. physically,
the amount of the Pr factor has an inverse connection with heat diffusion. Whenever the Prandtl number exceeds
expectations, heat diffusion decreases, resulting in more severe thermal dispersion. Whenever the Prandtl number
increases, the heat diffusion decreases. This implies that warmth spreads slower, and heat is drawn below.

1 1

0.9 0.9+

0.8

0.7

¥=0.1,0.2, 0.3, 0.4
$=0.4,08,1.2,1.6

0 0.5 1 15 2 2.5 3! 3.5 4 0 0.5 1 1.5 2 2.5 3 3.5 4
() (1)
Figure 5. Influence of ¥ on f”(7) Figure 6. Influence of 5 on /(1)
1 1
0.9 0.9
0.8 0.8
0.7 0.7
0.6 - = 0.6 -
041 1 0.4
0.3 0.3
0.2 0.2
0.1 0.1
0 ! - ‘ ' 0 ! : !
0 0.5 1 1.5 2 2.5 3 3.5 4 0 0.5 1 1.5 2 2.5 3! 3.5 4
() (1)
Figure 7. Influence of y on 6(7) Figure 8. Influence of Pr on 6(7)

The impact of Ec on energy graph is shown in Fig 9. Physically, the Ec impact enhances the energy and heat
boundary layer thickness enhanced. Dispersion implicitly increases thermal convection, causing the thermal layer to
become thicker.

Contour plots are an excellent graphical tool for learning about the complex dynamics of blood flow via
constricted arteries. These factors are important for validating mathematical models, designing medical devices,
diagnosing patients, and arranging medicines. If we wish to enhance the outcomes for cardiac patients, we must first
understand circulatory actions, which contour charts enable when dealing with stenotic arteries. The impact of
yand M on skin friction graph is shown in Fig 10. For larger values of the M on the skin friction graph declined, a

decrease in circulation of heat occurs as a result of the physical phenomena of as a result, which causes thermal
dispersion to become more severe. Consequently, this results in the generation of a bigger quantity of power via
72

activities that include motion. Despite the fact that we saw a reverse tendency on Nu _Re ’? graph is shown in Fig 11.

Streamlines, the exploration of liquid actions, and the representation of circulation, in specific, deliver a variety of
properties that, once put into consideration combined, make them great instruments for performing research and
analysis on the motions of liquids. Streamlines are particularly useful for this purpose. Especially, this holds accurate
when applied to the study of the flow of fluids.

There are a variety of magnetic parameter values that have an effect on streamlines graphs, as seen in
Figures 12, 13, and 14. In the direction of the primary flow, the intensity of the magnetic characteristic attracts
molecules with a higher electrical conductivity. There is a correlation between the arterial network's arcs, particularly
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are positioned near to the location of a narrowing of and the significant increase in velocity that occurs within the blood

vessels.
1
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0 0.5 1 L5 2 2.5 3 3.5 4
()

Figure 9. Influence of Ec oné(7n)
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Figure 13. Streamline effects for M =1.0.
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Figure 14. Streamline effects for M = 1.5
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Table 2. Comparision results for C fRerl/ ? for various values of ¥ and ¢, [20].

Wagas et al.[20] Present outcomes (bvpSc)
I C,Re,"? C,Re,"”

0.1,0.01 0.939968 0.939930

0.12,0.01 0.924794 0.924702

0.14, 0.01 0911311 0.911346

0.1,0.05 1.329552 1.329553

0.1,0.1 1.175985 1.175957

5. CONCLUSIONS

The most important results are as follows:

e  The circulation architecture that is already functioning has the ability to significantly enhance the

transportation of medical human resources.

e Au and Ta nanoparticles are extremely well-organized for medical transportation.
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e Rising the M values, results in decreasing behavior of the velocity graph.
e Enhancing the ¥ values, results in enhancing behavior of the velocity graph.

e The impact of y parameter inputs as result in enhanced energy graph.

e decreasing graph in fluid temperature is instigated by a rise in Pr values.
e In the present model, the Cf'and Nu there is no tendency at an increasing values of the M.
A few recommendations for possible future study that may be included in the scope of the present investigation are
provided in the following paragraphs.
e The effect of magnetic field can be estimated with the various non-Newtonian fluids like Maxwell model,
Casson fluid and Sisko fluid.
e The mathematical findings obtained from the feature study may be confirmed via the execution of
experimental studies.
¢ Finding a computational method to a multi-phase issue may be proficient through the procedure of execution
an investigation.
e It is possible to deal with the theoretical framework by using a method that is known as neural network
technology.
e When it comes to enhancing heat transfer as well as biochemical linkages, it is feasible to identify the
components which have the greatest ability for performing so.
e Personalized therapy that takes into account the unique characteristics of every single client will undoubtedly
have a prominent position in the next developments. The research that is now being conducted is significant in
a number of fields that fall under the general heading of healthcare.
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IMOTOK KECCOHOBOI KPOBI, IO MICTUTh HAHOYACTHHKM AU I TA, IO CTEHOTHYHIN APTEPII
Cynira Canrapatiam
Daxyrsmem npuxnadnoi mamemamuxu, Yuisepcumem Hoei Bemana, Kadana-516005, Anoxpa-Tpadew, Indis

OO6uuciroBanbHa JUHAMIKA PIAMHM 30CepeKy€e yBary Ha JIOCHIKEHHSX KPOBOTOKY 4Yepe3 3BY)KEeHI apTepii 4epe3 aKkTyasbHICTh IIUX
IUTaHb Ul OloyoriuHKMX KociipKeHb. OCHOBHA MeTa IbOr0O JOCIHIKEHHS — 3'ACYBATH, K HAHOYACTHHKM BIUIMBAIOTh Ha KPOBOTIK
4yepe3 3BY)XKEHY apTepio. Y paMKax HalIoro JOCITIKEHHS TEOPETUYHOro CLEHApil0 MOTOKY MH JOCIIKYEMO 3HAYCHHS PYyXy
Ha”opignHU KaccoHa uepe3 cepueBy aprepito. BuxopuctoByroun BiamosinHi 3miHHI moxioHocti delf, PDE meperBoproroThest Ha
ODE. Ilicisa nporo 6e3po3MipHi piBHAHHS 00pOOISIOTHECS 32 JOMTOMOTro0 KoMmil 1otepHoi mporpamu MATLAB 3a nomomororo BvpSc.
MarHiTHI BIaCTHBOCTI KJITHH KPOBOTOKY MOCTIDKYBAIM IUISXOM 30UIBIICHHS NapameTpa MarHiTHOTO IIOJIS, IO HPHU3BEIO IO
3MEHIIEHHS KPOBOTOKY, SIK Oyyio mependaueHo. TpeHJ pyxy 3MeHIIyBaBcs, koimu mapameTp Kaccoma pimmam 3pocras. [lns
miBUIICHHS e(EeKTHBHOCTI mepefayi Teria ciijl 30UIbIIMTH KOHIICHTPAI[IF0 YaCTHHOK 30J10Ta B 3BYXKeHil apTepil. MokHa
CTBEP/KYBaTH, 1110 HAHOYACTHHKY 3aJIi3a KOPUCHI JUIs JOCTaBKH JikiB. HasBHI Ha TaHUIl MOMEHT METOIU MOXYTh OYTH KOPHCHUMHU
JUIsL PO3MOJALTY JIKIB IO cHcTeMi KpoBooOiry. TeopeTudHi HacHiIKH [[bOrO METOAY IOCTaBKH JIKIiB MPEICTaBIeHI y Crocid, siKi
CTalOTh 3PO3YMUTILIMMH 3aBISIKH BUKOPUCTAHHIO LTIOCTPALLl.

Kurouosi cinoBa: nanouacmunxu Au i Ta; memoo BvpSc; cmenos apmepii; MIJ]; piouna Kaccoua



