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Given the strategic importance of Ukraine’s nuclear energy sector modernization, the paper presents the results of the investigation into
the development and analysis of the cycle configuration of a steam turbine unit (STU) intended for operation with the AP1000 nuclear
reactor. The K-1000-60/1500-2 turbine unit was selected as the reference configuration. Based on this design, a new cycle configuration
was proposed that includes a combined single-flow high- and intermediate-pressure turbine (HIPT), two low-pressure turbines (LPTs),
a steam separator, and a two-stage steam reheating system. A thermodynamic and exergy analysis of the proposed STU configurations
was performed to evaluate the influence of steam extraction pressures, regenerative feedwater heating parameters, and turbine stage
distribution on the cycle performance. Numerical simulations and flow-path calculations of the turbine sections were performed using
modern gas-dynamic design methods. The results show that the optimal selection of steam extraction parameters and intermediate
reheating conditions significantly improves the cycle efficiency. The maximum internal efficiency of the STU cycle reached 38.96 %.
Exergy analysis demonstrated that the largest exergy destruction occurs in the low-pressure turbine section, while both investigated
configurations exhibit high exergy efficiency. A comparative analysis of the turbine stage configurations and the axial dimensions of
the turbine flow parts was also conducted. The developed approaches can be applied in the design and optimization of next-generation
steam turbine units for nuclear power plants.

Keywords: Nuclear energy; AP1000; Steam turbine unit; Thermodynamic analysis; Exergy analysis; Regenerative feedwater heating;
Nuclear power plant

1. INTRODUCTION
Nuclear energy is a fundamental component of Ukraine’s energy security and one of the most important factors in
long-term decarbonization, particularly amid wartime destruction and the loss of a significant share of heat and power
generation capacity. Since 2022, the demand for reliable baseload electricity sources in Ukraine has increased
substantially, making Generation III+ nuclear units a priority direction for development.

The AP1000 nuclear reactor, developed by Westinghouse Electric Company, is one of the most advanced pressurized
water reactors (PWRs), with a thermal output of 3415 MW and an electrical output of 1117-1200 MW [1-3]. It is
characterized by passive safety systems and high operational performance. Therefore, the AP1000 appears to be promising
for deployment at Ukrainian nuclear power plants (NPPs), including the Khmelnitsky NPP [4].

However, integrating the AP1000 requires developing an optimized cycle configuration for the steam turbine unit
(STU) that fully matches the parameters of the saturated steam produced in the steam generator. Existing cycle configurations
designed for VVER-1000 units do not fully utilize the thermodynamic potential of the AP1000, necessitating the modeling
and implementation of new engineering solutions [5-7].

Therefore, the development and analysis of an STU cycle configuration for the AP1000, aimed at improving the
efficiency through the optimal distribution of extraction pressures, is a relevant and practically significant research task.

2. LITERATURE REVIEW ON THE AP1000
The current scientific literature on Generation 111+ reactors focuses on the AP1000 model, which is one of the most
widely used in the global nuclear energy industry. Several key sources can be identified to cover the design,
characteristics, and operation of AP1000 reactors. Papers [2-3] show the basic technical characteristics of the reactor,
including a thermal power of 3415 MW, an electrical power of over 1100 MW, core parameters, and a detailed description
of the passive safety systems. This material is fundamental, as it contains the official nominal parameters, a diagram of
the steam generators, a description of the primary cooling system, as well as safety systems.

The report [8] provides an independent expert assessment of the project. It focuses on the reliability of the safety
systems, the behavior of the core under emergency conditions, and the design’s compliance with international
requirements. The document provides a detailed overview of the reactor plant, steam generators, and the emergency heat
exchange system, making it one of the most valuable sources for analyzing the AP1000 engineering design.
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The research paper [9] reveals key features of the commercial operation of the AP1000 reactor at the Sanmen NPP
in China. Such key issues as the reliability of passive safety systems, scalability, and verification and validation
experiments needed to improve the safety of the AP1000, are discussed in the paper.

A thermal and hydraulic analysis of the AP1000 reactor vessel under nominal operating conditions using a 3D CFD
model is presented in paper [10]. The AP1000 Advanced Nuclear Reactor (NR) stands out among other PWRs in terms of
generation technology due to its innovative features of reliability, modularity and, most importantly, passive safety
systems.

In the study [11], an assessment of the possibilities of deploying AP1000 reactors at existing and new sites was
carried out. The document contains technical and economic aspects, including a comparison of implementation options,
impact on energy infrastructure, and cost parameters. This source is important in the context of strategic planning for the
introduction of AP1000 into state power systems.

Also, the leading areas of research are neutron-physical analysis, core safety indicators and the operation of reactivity
control systems, described in papers [12 — 15]. So, the paper [12] shows the influence of fuel temperature, moderator
density, boron concentration and control rod condition for AP1000 reactor on the safety parameters.

Thus, the analyzed literature demonstrates that AP1000 is mainly studied in three areas:

— design and passive safety systems [1 -3, 5, 9, 10];

— neutron and thermal hydraulic analysis of the reactor [12 — 15];

— economic and strategic aspects of implementation [11].

These sources form a complete picture of the capabilities of the AP1000, its design features, safety and
implementation prospects.

In contrast to the significant number of papers on design review and neutron-physical analysis, the literature that
considers the cycle configuration of a steam turbine plant of a nuclear power plant with the AP1000 nuclear reactor is
much less common.

In [16], a system that is designed for reliable and efficient storage and recovery of thermal energy from the steam
system of a nuclear power plant (NPP) to ensure flexible electricity production using an economical and scalable design
is presented. In [17], the role of energy storage technologies in their integration into NPPs is assessed.

In papers [18 — 20], combined cycles are proposed to increase the efficiency of NPP power units, in particular with
gas turbines and hydrogen combustors.

All these measures [16 — 20] significantly increase the output power and efficiency of NPPs. But they are also
associated with special safety conditions and require additional research before their implementation into existing NPPs.

Therefore, the problem of increasing the efficiency of a steam turbine unit through thermodynamic analysis and
exergy optimization of the cycle, as well as improving the steam turbine flow path using 3D design and modeling [21 —
22] remains relevant.

3. AIM AND OBJECTIVES OF THE STUDY

The aim of the paper is to develop and analyze the cycle configuration of a steam turbine unit intended for operation
with the AP1000 nuclear reactor, as well as to determine optimal steam extraction parameters and turbine stage
configurations that ensure high thermodynamic and exergy efficiency of the cycle.

To achieve this goal, the following objectives were formulated:

1 To analyze existing condensing steam turbine units of nuclear power plants and select a baseline turbine
configuration suitable for adaptation to operation with the AP1000 reactor, taking into account the parameters of saturated
steam.

2 To develop a new cycle configuration of the steam turbine unit with a combined high- and intermediate-pressure
turbine, regenerative feedwater heating system, steam separator, and intermediate steam reheating.

3 To perform thermodynamic modeling of the AP1000-based steam turbine unit and determine optimal steam
extraction pressures that provide maximum cycle efficiency.

4 To develop and compare several options of the turbine flow part configuration with different numbers of turbine
stages and steam extraction arrangements.

5 To carry out an exergy analysis of the proposed cycle configuration, including determination of exergy
destruction and exergy efficiency of the main elements of the steam turbine unit using the fuel-product approach.

6 To analyze the geometric characteristics of the turbine flow parts and evaluate the influence of turbine stage
distribution on the axial dimensions of the steam turbine unit.

4. DEVELOPMENT OF THE CYCLE CONFIGURATION OF AN AP1000-BASED
STEAM TURBINE UNIT

4.1. OVERVIEW OF CONDENSING-TYPE STEAM TURBINES OF NUCLEAR POWER PLANT UNITS
Several models of low-speed condensing-type steam turbines K-1000-60/1500, developed by the Joint-Stock
Company "Ukrainian Power Machines", are implemented on nuclear power plant units with VVER-1000 reactors. The
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K-1000-60/1500 turbine has several modifications. The K-1000-60/1500-1 has a capacity of 1030 MW. The turbine unit
is 57.4 m long (50.7 m without the generator), contains one high-pressure turbine (HPT), one intermediate-pressure
turbine (IPT) and three low-pressure turbines (LPT). It is equipped with side single-flow condensers. A turbine of the
STU K-1000-60/1500-2 has a reduced length of up to 52.2 m. The total mass is reduced by 350 tons. For the cycle
configuration developing, the K-1000-60/1500-2 steam turbine unit was taken as a basis [6, 7]. This turbine unit is
designed for a nuclear power plant with an electric power of 1200 MW at 3000 rpm. K-1000-60/1500-2 steam turbine
unit is intended to operate in a monoblock with an AP1000 PWR with a thermal power of 3400 MW on saturated steam.

4.2. DEVELOPMENT OF A CYCLE CONFIGURATION OF A STU WITH AP1000 REACTOR
A new STU cycle configuration with a combined HIPT is proposed. Unlike the K-1000-60/1500-2 STU, the new
configuration includes a single-flow HIPT, two LPTs, and two condensers instead of the three LPTs and three condensers
used in the K-1000-60/1500-2 (Fig. 1).
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Figure 1. Cycle configuration of a steam turbine unit with AP1000
P— pump; SV — steam stop valve; ES — ejector system; T — turbine; TH — heater; EG — electric generator
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The scheme includes a single separation and two-stage reheating of steam. In this case, fresh steam is supplied to
the high-pressure part of the HIPT (h-p HIPT). After reaching the permissible humidity, the steam is directed to the
external separator (S), where it is dried. After drying and superheating in the superheaters (SHs), the steam enters the
intermediate-pressure turbine part (i-p HIPT), and then is directed towards two LPTs. Next, the exhaust steam is directed
to the two condensers (C), and then the condensate — to the regeneration system. In the second SH, the steam is reheated
by a fresh steam. The main condensate is pumped from the C to the deaerator (D) by condensate pumps (CP). The feed
water from the deaerator through the high-pressure heater (HPH) to the steam generator is supplied by a feed pump (FP)
with an electric drive.

Pressure losses during steam throttling in the turbine control elements are assumed to be 5%. Pressure losses of 5%
are also taken into account in the steam lines leading to the HPHs and low-pressure heaters (LPH).

The initial data for calculating the cycle configuration of a steam turbine unit with the AP1000 reactor:

Steam mass flow rate per turbine — 1878 kg/s;

Absolute fresh steam pressure — 5.877 MPa;

Fresh steam temperature — 274.3 °C;

Absolute condenser pressure — 5 kPa;

Feed water temperature — 226.8 °C.

The distribution pressure at the outlet of the high-pressure part of HIPT is P; = 1.1331 MPa, and the saturation
temperature at this pressure is T3 = 185.4°C. Then the temperatures of the superheated steam after superheater SH1 and
SH2 are determined as follows:



272

EEJP. 3 (2026) Andrii V. Rusanov, et al.
ATsyz = To — Tspa- (D

The saturation temperature of the heating steam and the pressure of the first extraction are:
Tosur = T1 = Tsur + ATsua; Py = f(Tssu1)- @)

The pressure of the first extraction is also the pressure of the heating steam in superheater SH1.
To determine the enthalpy at the end of the theoretical and actual expansion processes, it is necessary to determine
the entropy at the inlet to the HIPT or LPT section as:

s; = (P hy), 3)

where j is the extraction number.
The enthalpy at the end of the theoretical process can be found from:

hjt = f(Pj'Sj—l)' @
The enthalpy at the end of the actual steam expansion process in the cylinder can be determined from:
hy = hi_y = no; (hj—1 — Rje). (5)

Further, the parameters of the steam expansion process in the HIPT and LPT are calculated using Egs. (3), (4), and
(%)

The enthalpies of the main condensate after the condenser, the LPH, HPH, and the feedwater are determined as
functions:

Tsj = f(Pj);hsj = f(Tsj);tfw =ts; — G;hfw = f(PfWJ tfw)- (6)

where t,;— saturation temperature at the extraction pressure; hy; —enthalpy of saturated water; tf,,— feedwater temperature
after the regenerative heater; 6 — feedwater terminal temperature difference relative to the saturation temperature of the
heating steam; hy,,— feedwater enthalpy.

Further calculations of the cycle configuration were carried out to determine the steam extraction parameters in the
regenerative system that ensure the maximum efficiency of the K-1000-60/1500-2 steam turbine unit. It should be noted
that, during the variation of steam extraction parameters, the division of turbine sections into stages was not taken into
account.

The steam extraction pressures were varied within the following ranges: P; = 2.4-3.5 MPa; P, =
1.3-1.9 MPa; P, = 0.45-0.8 MPa.

The minimum pressure value P; = 2.4 MPa was selected based on the condition that T sy; should not be lower than
206 °C in order to ensure a uniform distribution of heating between SH1 and SH2.

The temperatures Tsy, and Tsy; were determined using Egs. (1) and (2) at:

ATy, = 10°C; ATsy, = 15°C.
The extraction pressures of the LPT were specified as follows:

Pg = 0.075 MPa; P, = 0.015 MPa.
We obtained the dependence of STU efficiency on steam extraction pressure in the HIPT (Fig. 2).
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Figure 2. Dependence of the STU efficiency on steam extraction pressures in the HIPT:
a—Pyat P, = 1.7 MPaand P, = 0.55 MPa; b— P, at P, = 2.4 MPa and P, = 0.55 MPa;
c¢—Psat P, = 2.4 MPaand P, = 1.7 MPa
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Figure 2 shows that the highest efficiency values are observed at:
P, = 2.4 MPa; P, = 1.7 MPa; P, = 0.55 MPa.

For these parameters corresponding to the maximum efficiency, an analysis of the LPT extraction parameters was
carried out within the ranges presented on Fig. 3.
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Figure 3. Dependence of the STU efficiency on Py and P,

The  results demonstrate ~ that  the maximum efficiency  values are achieved at:
Py = 120 kPa, P, = 30 kPa; P, = 70 kPa, P, = 20 kPa; P, = 30 kPa, P, = 15 kPa.

4.3 DETERMINATION OF OPTIMAL STEAM EXTRACTION PARAMETERS FOR THE AP1000-
BASED STEAM TURBINE UNIT CONSIDERING THE NUMBER OF TURBINE STAGES

Several AP1000-based STU options with different numbers of turbine stages were considered. The calculations used
modern numerical methods for gas-dynamic analysis and flow-part design of steam turbines [21-22].

Two options are given as an example.

In the first option, the number of stages in the high-pressure turbine part (HIPT, before the separator) was set to 6.
In the first option, the number of stages in the high-pressure turbine part (HIPT, before the separator) was selected as 6
stages. The intermediate-pressure turbine part (HIPT, after the separator) had 3 stages. The number of cylinders/steam
flow parts was 1. The LPT had 5 stages, and the number of cylinders/steam flow parts was 2.

In the second option, the high-pressure turbine had 4 stages. The intermediate-pressure turbine had 2 stages. The
LPT had 6 stages.

Tables 1 and 2 present the steam pressures after each stage for both options.

The energy characteristics of the first option are as follows: the heat transferred to the steam in the steam generator
is Qn = 3416 MW; the gross electric power output is N, = 1330 MW; and the internal efficiency of the STU cycle is
n = 38.93 %.

Table 1. Steam pressure between turbine stages and steam mass flow rate, Option 1

Steam Axial clearance between stages . . Steam mass flow rate in the
extraction Pressure in the axial clearance, MPa .
No. —No extraction, kg/s
number
High-pressure turbine part of the HIPT — 6 stages
1-2 4214
2-3 3.182
1 34 2.405 131
4-5 1.819 84
5-6 1.377
3 Steam exhaust 1.133 74
Intermediate-pressure turbine part of the HIPT — 3 stages
1-2 0.760
4 2-3 0.548 35
5 Steam exhaust 0.372 59
2 LPT- 5 stages
6 1-2 0.166 89
2-3 0.075
7 3-4 0.034 65
4-5 0.015
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Table 2. Steam pressure between turbine stages and steam mass flow rate, Option 2

Steam Axial clearance between stages | Pressure in the axial clearance, MPa | Steam mass flow rate in the
extraction | No.—No extraction, kg/s
number
High-pressure turbine part of the HIPT — 4 stages
1-2 3.578
1 2-3 2.296 172
2 3-4 1.477 37
3 Steam exhaust 1.133 68
Intermediate-pressure turbine part of the HIPT — 2 stages
4 1-2 0.586 41
5 Steam exhaust 0.372 83
2 LPT- 6 stages
1-2 0.207
6 2-3 0.113 70
3-4 0.060
7 4-5 0.031 63
5-6 0.015

The energy characteristics of the second option are as follows: @ = 3416 MW; N, = 1331 MW; and the internal
efficiency of the STU cycle is 1 = 38.96 %.

As can be seen, both options demonstrate high efficiency. To finalize the cycle configuration, an exergy analysis of
the proposed STU configuration options is necessary.

5. EXERGY ANALYSIS OF THE STU CYCLE CONFIGURATION FOR OPERATION WITH THE
AP1000 NUCLEAR REACTOR

The analysis of power generation systems is of significant scientific interest and is essential for the efficient use of
energy resources. The most common method for analyzing energy conversion systems is energy analysis, which is based
on the first law of thermodynamics. However, this approach does not provide a complete assessment of system efficiency
and losses. Therefore, a combined approach that accounts for both the first and second laws of thermodynamics is
becoming increasingly widespread.

Exergy analysis, based on the second law of thermodynamics, allows a clear distinction between losses to the
environment and internal process irreversibility. This method provides an effective assessment of equipment and
processes within energy conversion chains. Process exergy is a measure of its efficiency or inefficiency and enables a
better understanding of the mechanisms of energy losses.

The modern approach to process analysis is based on the exergy method, which provides a clear understanding of
the process and allows the quantitative assessment of exergy destruction. The main objective of traditional thermodynamic
analysis is the conservation of energy.

The mass, energy, and exergy balances for any control volume operating under steady-state conditions with a steady
flow, in which changes in kinetic and potential energy are negligible, can be expressed as follows [23]:

2Gi = XGo, @)
i O + 2 (Gh) = X (Goho)i + Ny, (®)
2 Eor+XiGieg =Y Giej+ N+ Epy, ©)

where i and j are indices corresponding to the inlet and outlet states, and k denotes a specific cycle component; Q and
N are the thermal and mechanical energy flow rates; G is the mass flow rate of the working fluid; A is the enthalpy; E}, is
the exergy loss during the process, or exergy destruction; Ey, is the exergy transferred through heat transfer at temperature
T, defined as:

Eoi = 3 (1-7222) @, (10)

T

where Ty, 1s the ambient temperature. The temperature was assumed to be 25 °C.
The specific flow exergy is determined by the following expression:

eix = hix — ho — Tamp(Sik — So), (11)

where s; ,, — the specific entropy; the subscript “0” denotes the ambient environment.
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The exergy flow rate is obtained:
Eix = Gikei- (12)

Using the fuel-product (F—P) concept definitions [23, 24], the fuel and product terms can be expressed through
exergy flows.
The exergy balance for an individual component (k) is written as:

Epx = Epx + Epk- (13)

where Ep is the exergy flow of the useful product, and Er is the fuel exergy required to obtain it.
Thus, the exergy efficiency can be determined:

Epk _ 4 _EDk

Nex,k = a = Erg (14)
The exergy efficiency of the cycle is calculated using the following equation:
LEp,
Nex =1— Q_zk- (15)

The exergy flow into fuel and product is decomposed using the F-P method [23, 24], where fuel is considered as the
decrease in exergy, while product is the increase in exergy within the component. The exergy E; is determined using
Eq. (12), where G is the total steam flow rate leaving the reactor heat exchanger.

For example, the exergy of the high-pressure part (h-p) of the HIPT is defined as the difference in exergy at the input
and output, taking into account the change in steam mass:

Epn_puipr = A=y) - Eo—ED)+(A—y1—y,—a) (E1— E))+(1—y1— Yy, — a1 —ap) - (E; — E3),

where: a;— fraction of steam extracted to the LPHs and HPHs; y;— fraction of steam extracted to the steam SHs.

The exergy product is the power of the high-pressure part of the HIPT. The difficulty lies in separating the fuel and
product flows within the deaerator. Fuel exergy is defined as the sum of all incoming flows, and product is defined as the
outgoing flow. Table 3 shows the decomposition of exergy flows into fuel and product flows.

Table 3. Decomposition of exergy flows into fuel and product of the STU (Fig. 1).
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LPH3 a5 (Es— Ess)+ o Ess (11— y—ou—o2—os—0os—ar) £ 14 — (1-y1— yo—o—02—03—
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EG Ne = (Nh-p HIPT + M-p HIPT + NLPT) — (NCP + NFP) Neg= Ne * NNEG, where Ngg— efficiency of an electric generator
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Figure 4 shows the destruction of exergy in the elements of the STU. The exergy destruction in the nuclear reactor
(NR) is not shown on Fig. 4, since it accounts for approximately 90% of the total exergy destruction in the STU. Figure 5
shows the exergy efficiency of each element.
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Figure 4. Destruction of exergy in the elements of the STU
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Figure 5. Exergy efficiencies of the STU elements

Figure 4a shows that exergy destruction is highest in the low-pressure turbine section. In the second option, exergy
destruction in the LPT is 3 MW higher (Fig. 4a). However, the exergy efficiency of the low-pressure turbine is the same
for both variants and equals 0.92. (Fig. 5a).

Figure 4b shows that the highest exergy destruction among the regenerative heaters occurs in HPH1. For the second
option, it is lower by 2.3 MW. At the same time, Fig. 5b shows that HPHI efficiency in the second option is higher by
0.17.

Figure 4 also shows that when exergy destruction decreases in some components of the second option, it increases
in others. As a result, the total exergy destruction of the second option is lower by only 0.5 MW. This indicates that both
options demonstrate high exergy efficiency.

For further analysis, it is necessary to evaluate the mass-dimensional characteristics. Table 4 presents some
geometric characteristics of the turbine flow paths.

Table 4. Axial dimension of the turbine flow paths

Turbine parts Number of stages Axial dimension, m

Option 1
High-pressure turbine part of the HIPT 6 2.195
Intermediate-pressure turbine part of the HIPT 3 1.841
LPT 5 3.237

Option 2
High-pressure turbine part of the HIPT 4 1.744
Intermediate-pressure turbine part of the HIPT 2 1.092
LPT 6 3.598

Table 4 shows that the largest axial dimension is observed in the LPT of the second option, while the total number
of stages is lower by 2 stages.
The final decision can be made based on a techno-economic analysis.
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6. DISCUSSION

The obtained results demonstrate that the proposed AP1000-based steam turbine unit provides high
thermodynamic and exergy performance while maintaining a relatively compact turbine configuration. The internal cycle
efficiency of both investigated options exceeds 38.9 %, which corresponds to the performance level of modern saturated-
steam nuclear power units with Generation I1I+ reactors. The small difference in efficiency between the investigated
options indicates that the redistribution of turbine stages mainly affects the distribution of thermodynamic losses within
the cycle rather than the overall cycle efficiency.

The performed exergy analysis showed that the largest exergy destruction occurs in the low-pressure turbine
section. This is primarily associated with steam moisture formation during the final stages of expansion and with
significant irreversible losses caused by large volumetric steam flow rates at low pressures. Similar tendencies are reported
in studies devoted to exergy analysis of steam turbine units for nuclear power plants and saturated-steam cycles.

At the same time, the redistribution of stages between the high-, intermediate-, and low-pressure turbine sections
changes the local exergy destruction in individual components. In the second option, the exergy destruction in the low-
pressure turbine section increases, whereas the exergy destruction in some regenerative heaters decreases. As a result, the
total exergy destruction differs only slightly between the investigated configurations. This indicates that both options are
thermodynamically balanced and characterized by high exergy efficiency.

The obtained results also show that increasing the number of stages in the low-pressure turbine section leads to an
increase in the axial dimensions of the turbine flow path. However, the second configuration simultaneously reduces the
total number of turbine stages and simplifies the overall structure of the steam turbine unit. Such an approach may reduce
the metal consumption, simplify maintenance, and decrease the dimensions of the turbine hall.

Compared with conventional steam turbine units designed for VVER-1000 reactors, the proposed configuration is
better adapted to the thermodynamic parameters of the AP1000 saturated steam cycle. The use of a combined single-flow
high- and intermediate-pressure turbine, together with a two-stage reheating system, enables improved distribution of
thermal and exergy losses within the cycle.

The obtained results confirm that exergy analysis is an effective tool for evaluating the thermodynamic perfection
of nuclear steam turbine cycles and for identifying the components with the highest irreversible losses. The developed
approaches may be used to further optimize AP1000-based steam turbine units, including detailed 3D flow-path
optimization, moisture reduction in the low-pressure stages, and further improvement of the regenerative feedwater
heating system.

7. CONCLUSIONS

1. Areview of steam turbine units for nuclear power plants was carried out, and the K-1000-60/1500-2 turbine was
selected as the baseline configuration for operation with the AP1000 nuclear reactor. Based on this turbine, a new cycle
configuration of the steam turbine unit was developed. The proposed configuration includes a combined single-flow high-
and intermediate-pressure turbine, two low-pressure turbines, a steam separator, and a two-stage steam reheating system.

2. Thermodynamic modeling of the AP1000-based steam turbine unit was performed. Optimal steam extraction
pressures ensuring the maximum cycle efficiency were determined. The obtained results showed that the highest
efficiency values correspond to the extraction pressures P; = 2.4 MPa, P, = 1.7 MPa, and P, = 0.55 MPa for the HIPT
extraction system. For the LPT extraction system, the optimal parameters correspond to P, = 120 kPa and P, = 30 kPa.

3. Several options of the cycle configuration that consider different numbers of turbine stages were developed and
analyzed. Two main configurations were investigated. The first option includes a 6-stage high-pressure part, a 3-stage
intermediate-pressure part, and a 5-stage low-pressure turbine. The second option includes a 4-stage high-pressure part,
a 2-stage intermediate-pressure part, and a 6-stage low-pressure turbine. Both options demonstrated high thermodynamic
performance, with internal cycle efficiencies of 38.93% and 38.96%, respectively. The obtained efficiency values are
comparable to those of modern saturated-steam nuclear power units reported in the literature, where the cycle efficiency
typically ranges from 37-39% [25, 26].

4. A full exergy analysis of the steam turbine unit was carried out. The exergy destruction in the main elements of
the cycle configuration was determined using the fuel-product approach. The results showed that the largest exergy
destruction occurs in the low-pressure turbine section. At the same time, the redistribution of exergy destruction between
the components of the two investigated options results in only a small difference in the total exergy destruction. Both
configurations demonstrated high exergy efficiency characteristics.

5. The analysis of the geometric characteristics of the turbine flow paths showed that the second option has larger
axial dimensions in the low-pressure turbine section despite the lower total number of stages.

6. The obtained results can be used for further development and optimization of AP1000-based steam turbine units.
The final selection of the cycle configuration should be based on a comprehensive thermodynamic, exergy, and economic
analysis.
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TEPMOJIUHAMIYHANA TA EKCEPTETUYHHAA AHAJII3 HAPOTYPBIHHOI YCTAHOBKH HA BA3I AP1000
3 OITUMI3OBAHOIO KOH®IT'YPAIIETIO TUKJTY
Amnppiii B. Pycanos!, Anapiii O. Kocrikos!, Bikropis O. Tapacosa', Poman A. Pycanos!,
Mapuna O. Yyraii!, Makcum B. JluTBrHEeHKO0?
! Inemumym enepeemuunux mawun i cucmem in. A.M. ITidzopnozo Hayionanenoi akademii nayk Yrpainu,
eyn. Komynanonuxie, 2/10, m. Xapxie, 61046, Yxpaina
2Incmumym 2iopoounamiunux mawun Ionbcokoi akademii nayx, eyn. iwepa, 14, m. [oancox, 80-231, Honvwa

3 ommsiAy Ha CTpareriuHy BayIHBICTh MOJEPHI3alii sAepHOI eHepreTUKH YKpaiHW y CTATTi HaBENCHO Pe3yJbTaTH MOCITIDKEHHS 3
PO3po0IIeHHSI Ta aHaNi3y TEPMOJMHAMIYHOTO LMKy Ta CTPYKTYPH TEIIOBOI cxemu mapotypbinHoi ycranoBku (IITVY), npusHadeHoi
1t pobotu 3 simepauM peakropom AP1000. 3a 6a30By Oyiio oOpaHo TerioBy cxemy TypooycraHoBku K-1000-60/1500-2. Ha ii ocHOBi
3aIllpOIIOHOBaHO HOBY KoHpirypamito I1TY, mo Brimodae KOMOIHOBaHUH ONHOTEYIMHUIA HWIIHAP BHUCOKOTO Ta CEPEIHBOTO THUCKY
(IBCT), nBa muningpu mHmsbkoro tucky (LIHT), cemaparop mapm Ta ABOCTYIEHEBY CHCTEMY NPOMDKHOTO TeperpiBy mapu. Jis
OLIIHIOBAHHSI BIUIMBY THCKIB BiOOpPIB IIapH, MapaMeTpiB pereHepaTHBHOTO MilirPiBY JKUBIIEHOT BOAX Ta PO3MOILUTY CTYHEHIB TypOiHI
Ha MMOKa3HHUKY LMKy OyJ10 MPOBEAEHO TEPMOIMHAMIYHHUI Ta eKCepreTUUHMI aHaii3 3anpornonoBannx koHoirypauiit [ITY. Uncenshe
MOJICJIIOBAHHS Ta PO3PAaXyHKH MPOTOYHOT YaCTHHU CEKILil TypOiHM BUKOHAHO i3 3aCTOCYBaHHSIM CY4aCHUX METOJIB ra30({HaAMi4YHOTO
MPOEKTYBaHHs. Pe3ynpraTu Mokasaid, [0 ONTUMalIbHUN BUOIp mapaMeTpiB BifOOpiB mapy Ta yMOB ITPOMIKHOIO MEPErpiBy CYTTEBO
migsuiye edexruBHicts uukimy. Makcumanehuii  BHyTpimHiE KK nuxiny IITY nocar 38,96 %. Excepretuunuid ananis
MIPOIEMOHCTPYBAB, IO HAWOUIBINI BTPATH EKCEPTii CHOCTEPIraloThesl B MIUTIHAPI HU3BKOTO THUCKY, BOAHOYAC OOMABI JOCHTIKyBaHi
KoH(iryparii XapakTepu3yIOThCsl BUCOKOIO EKCEPreTHIHO0 epekTHBHICTIO. Takok MpoBeneHO MOPIBHIBHUH aHai3 KOMIIOHYBaHHS
CTYIIEHIB Ta OCHOBHUX PO3MipiB NPOTOYHUX YacTHH TypOiHu. Po3pobieni migxoan MoxXyTh OyTH 3aCTOCOBaHI ITijl 9ac IPOEKTYBAHHS Ta
onTHMi3amii MapoTypOiHHUX YCTAHOBOK HOBOTO ITOKOIHHS JUISI aTOMHUX €JIEKTPOCTAHIIIH.

Kuwuosi cioBa: soepna enepeemuxa; AP1000; napomyp6inna ycmanoska, mepMOOUHAMIYHUL AHANI3, eKCepeemuYHUll aHali3;
peceHepamueHuil nidiepie HCUSUTLHOL 600U, AMOMHA eLeKMPOCMAHYIs
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Silicon p-n photodiodes optimized for detecting a broad spectrum of photoluminescent radiation from AgInS. and CulnS. quantum
dots have been developed and fabricated. By adjusting fabrication parameters and carefully selecting the substrate material, the sensor’s
spectral sensitivity peak (0.34 A/W) aligns with the nanocrystal emission range (550-700 nm). To maximize resolution, we operated
the detector in zero-bias mode. This minimized dark current to approximately 6 pA, reduced thermal noise, and enabled high detection
sensitivity. It has been experimentally established that, with a load resistance of 10 kQ, the cutoff frequency of the photodiode is 1
MHz and is entirely limited by the RC time constant of the circuit. This frequency response is sufficient not only for steady-state
radiometry of colloids and films with a radiation power of 0.29-0.35 mW, but also for precise study of the microsecond kinetics of
quantum dot luminescence decay without risking photodegradation.

Keywords: Quantum dots; AgInS:;, CulnS:,; Detector, Sensitivity;, Photodiode

A current trend in electronic sensor development is the use of various nanomaterials to miniaturize devices and
enhance sensor sensitivity. The wide range of electronic, optical, and mechanical properties across different classes of
nanomaterials opens up opportunities to develop sensors with unprecedented sensitivity, fast response, and reliability [1].
By principle of operation, most sensors developed today are electrical (resistive, capacitive, diode, electrochemical, or
transistor type), while optical sensors (luminescent) are much less developed [2]. Existing optical and luminescent sensors
use quantum dots (QDs), but are often based on toxic materials (Cd, Pb, etc.) [3,4], which limits their application in
environmentally sensitive environments (e.g., water, bioenvironment). Therefore, interest is growing in “environmentally
friendly” quantum dots—AgInS2 and CulnS2—that combine good optical/electronic properties with lower
ecotoxicological risk [5-7]. The band gap of AgInS, varies between 1.8 and 2.2 eV, depending on the stoichiometric ratio
of silver and indium during the synthesis of quantum dots. One of the key features of AgInS, is a broad emission band
with a Stokes shift, mainly in the red-yellow region (550750 nm). The band gap of CulnS, is approximately 1.45-1.55
eV. The main advantages of this material are high photosensitivity, good stability, and susceptibility to point-defect
formation, particularly copper vacancies (Vc.). Unlike linear defects, which usually degrade the spectroscopic and
electrical properties of semiconductor structures [8], these intrinsic point defects positively affect photoluminescence
(PL), significantly expanding the spectral range in which the material can operate. Using AgInS, and CulnS,
nanoparticles, easy-to-use photoluminescence-based sensors with high selectivity, detection range, and sensitivity can be
created [9].

The practical application of AgInS, and CulnS, nanoparticles in luminescent sensors is limited by detector
sensitivity and the intensity of light emitted by these quantum dots. The intensity of the radiation in turn depends on
several factors: intensity of the excitation diode; stability of the quantum dots; quantum yield of the nanoparticles;
efficiency of absorption of the excitation light; spectral sensitivity of the detector. Thus, for optimal sensor performance
based on these quantum dots, all these factors must be considered and balanced.

Our previously published experimental results [10] showed that the PL peak of AgInS2 nanocrystals (colloid)
exhibits an emission from 700 nm (1.8 eV) to 575 nm (2.2 eV) with a change in the molar ratio of In/Ag precursors from
3 to 20. The PL spectrum of the layer-by-layer assembled AgInS; thin films (Fig. 1) are slightly shifted towards higher
energy compared to the spectra of the original AgInS; solution and are in the range from 650 nm (1.9 eV) to 550 nm (2.3
eV). Despite the different shifts of the PL peak positions, the full width at half maximum (FWHM) of the PL spectra of
the films are approximately the same for the corresponding colloids: 0.32-0.41 eV.

Increasing the irradiation intensity cannot be infinite, as it can cause photodegradation of quantum dots under real
operating conditions. Therefore, the system design should be based on the detector's characteristics, which will determine
whether to select nanoparticles with higher intensity. Such AgInS, and CulnS; quantum dot colloids can emit power
around 0.29-0.35 mW that then require detection.
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Accordingly, developing quantum dot luminescence
detectors is essential for the effective operation of the proposed
systems. Undoubtedly, the use of photomultipliers [11] or
avalanche photodiodes (PD) [12] could be effective; however,
such detectors are expensive and complex to manufacture. One
of the main advantages of the proposed system, in addition to
its environmental friendliness, is the affordability and relative
simplicity of manufacturing its components. Silicon p-i-n [13]
and p-n [14] PDs can serve as an effective replacement for these
photodetectors, as they possess sufficient sensitivity in the
L visible wavelength range that needs to be detected (A =550 nm,

500 550 600 650 200 750 A =570 nm, A = 590 nm, A = 600 nm, A = 650 nm). It is worth

Wavelength, nm noting that p-i-n PDs are less suitable for the described purpose,

since they typically operate at high reverse bias and have high

Figure 1. Photoluminescnece spectra of AgInS2 QDs films; ~ sheet resistance and a long lifetime of minority carriers in the

A exc = 441.6 nm base, which, as is known, significantly shifts the peak of the

photodiode’s spectral sensitivity curve toward longer

wavelengths up to A = 1.02 um [13, 15]. Furthermore, in p-i-n photodiodes, there is a need for high-concentration doping of

the front region, which in turn absorbs a significant portion of the visible-range radiation; additionally, to mitigate surface

generation, p-i-n photodiodes should be fabricated with guard ring systems, which subsequently requires the measurement

and control of additional parameters [16]. These factors complicate the use of p-i-n photodiodes; therefore, it is proposed to

use silicon p-n photodiodes for detecting visible luminescent radiation from AgInS: and CulnS: quantum dots. Accordingly,

the aim of this work is to develop a silicon single-element p-n PD with enhanced detection sensitivity, which is planned to
be achieved through the zero-bias mode, and to evaluate its performance during quantum dot irradiation simulations.

PL intensity, a.u.

EXPERIMENTAL
The photodetectors were fabricated using n-type single-crystal dislocation-free FZ-Si with a [100] orientation and a
resistivity of p =~ 100-150 Q-cm. The fabricated detectors are shown in Fig. 2. The area of the responsive element (RE)
was Arr=0.64 mm? The fabrication was carried out using planar diffusion technology.

Figure. 2. Image of photosensitive PD-crystals on a substrate (a) and three-dimensional view of the PD-crystal with a quarter cross-
section illustrating (b): 1 — back-side Au-metallization, 2 — back-side Cr-sublayer, 3 — phosphorus-doped n*-region, 4 — n-Si
substrate, 5 — boron-doped p*-RE, 6 — front-side Cr-sublayer, 7 — front-side Au-metallization, 8 — antireflection oxide layer of
the RE; 9 — protective SiO2

The photodiode fabrication process consisted of the following steps: oxidation of Si substrates in a hydrochloric acid
vapor atmosphere at 7=1403-1453 K; boron diffusion to form p*-type photosensitive regions at 1273-1323 K, boron
drive-in in an oxidizing atmosphere to form an anti-reflective coating and redistribute the dopant at temperatures of
T=1403-1453 K, phosphorus diffusion toward the substrate at 7=1203-1253 K to passivate generation-recombination
centers within the photodiode crystal volume and form an ohmic n*-layer; Cr-Au metallization and contact formation.

Given that visible radiation is absorbed in the near-surface layers of silicon [17], to ensure minimal recombination
of photogenerated charge carriers in the n*-layer, its thickness was approximately x,+.,-1.5-2 pm. The anti-reflective
coating was designed to satisfy the minimum reflection condition (1)[18], according to which for a wavelength of A = 550
nm the oxide thickness is ds0;=96 nm, and for a wavelength of A=650 nm it is ds;0;=114 nm; accordingly, the SiO»
thickness was selected to be approximately dsi0,~100-110 nm.

p)
T ndsio2 (D

where n is the refractive index of SiO;.
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Additionally, the method of forming a passivation coating in an atmosphere of hydrochloric acid vapor was selected
for the manufacturing process, as this method minimizes the influence of uncontrolled impurities and contamination,
particularly Na* and K* ions, and surface recombination [19, 20], which is particularly relevant for the design of devices
without guard rings.

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

Monitoring of current monochromatic responsitivity (Sp) was carried out by method of comparing responsitivity of
the investigated PD with a reference photodiode. Measurements were performed when illuminating the PD with a
radiation flux of a power of not over P=2,5-1073 W; load resistance across the responsive element R= 10 kQ, at the reverse
bias voltages of V= 0-15 V and modulation frequency /=1 kGz. The spectral characteristic of PD responsivity (S(1)) at
different bias was obtained out using the KSVU-23 automated spectral complex.

RESULTS OF THE RESEARCH AND THEIR DISCUSSION

From the dark /-V characteristics of the PD, it was established that its dark current increases with increasing reverse-
bias voltage. The diffusion [21] and surface generation [16] components of the dark current can be considered constant
and unchanging with increasing bias, while the volume generation component (/°;) increases due to the expansion of the
space charge region (SCR) with increasing voltage (2) [21], so in this case, it can be assumed that the current of the
fabricated photodiode is determined by the volume generation current. At 0 V, the dark current reaches 6 pF with a
depletion-layer width of W; =3—4 um (3) [22]. The dark current does not reach saturation within the voltage range studied
because, at these voltages, its SCR does not saturate (Fig. 3).

1§ = et Widge @)

where n; is own concentration of charge carriers in the substrate; e is the charge of the electron; 7 is life time of minor
charge carrier.
Uy )L
Wl — (28‘90 (dc Ubtas))E (3)

eNgy

where ¢ & are dielectric constants for silicon and vacuum, respectively; . is contact potential difference.

It should also be noted that the base material used and the photodiode’s operating mode allowed us to achieve the
peak of the PD's spectral response at A,=650-670 nm (Fig. 4). This indicates that this wavelength is characterized by the
most efficient collection of minority charge carriers in the silicon bulk, since according to the Beer—Lambert-Bouguer
law [23], the intensity of light decreases by a factor of 2.72 at a depth of about 3—4 pum (absorption coefficient
a=2.5-10>-3-10° cm™' [16]), and for light of this wavelength to be absorbed almost completely (by 95-99%), a silicon
thickness of about 10—15 pm is required. Accordingly, it can be assumed that the effective diffusion length of holes in the
PD base reaches about Lp=5-10 um, which ensures the effective collection of photogenerated carriers in a silicon layer
equal to W;+L, [24], since the quantum efficiency (QF) of the photodiode is determined by the probability of radiation
absorption in this thickness (4).

QE(A_) ~ 1 — e_a(’l)'(wi"'l‘n) (4)

We also obtained the dependencies of the photodiode’s current monochromatic sensitivities at the wavelengths under
study (Fig. 5).
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Figure 3. Dark /-V characteristic of the p-n PD Figure 4. Relative spectral characteristic of the PD at V=0 V
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Using these values, we determined the spectral characteristic of the quantum efficiency of the fabricated PD (Fig. 6)
from the relationship between quantum efficiency and spectral sensitivity (5) [25]. It should be noted that in p-n PDs, as
in the case under study, the photosensitivity is practically independent of voltage, since the effective collection region for
photogenerated carriers increases minimally with an increase in reverse bias voltage due to the minimal resistivity, and
the actual sensitivity of such PD is determined primarily by the diffusion length of the photogenerated charge carriers in
the doped front zone and the base region.

Note, that the p™-layer exhibits a gradual decrease in concentration as the depth of the p*-n-junction increases;
accordingly, the contribution of photogenerated charge carriers to the total sensitivity is significant. However, it should
be noted that a significant amount of radiation is absorbed in the doped front p*-region, so the PD's QF in the visible
range is less than 1 (Fig. 6).
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Figure 5. Dependence of the Si;(V) of PDs  Figure 6. Spectral characteristic of the PD's QE at V=0 V.

To evaluate the detection properties of the photodiodes, their specific detectivity (D*) (6)[26] was determined. The
fabricated photodiodes showed the highest detectivity at A = 650 nm, since sensitivity is highest at this wavelength (Fig. 7).
Furthermore, the detectivity decreases with increasing bias voltage due to the rise in dark current; however, at =0V, the
photodiodes exhibited a D* = 1.4-2 cm-Hz"> W-', which is a quite high value and can compete with analogues on the market.
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Figure 7. Dependence of the D* (V) of PDs Figure 8. The C-V characteristic of a p-n photodiode and its

amplitude-frequency response at 0 V (inset)

To evaluate the performance of the p-n photodiode, its C-V characteristics were investigated (Fig. 8). Based on the
measured barrier capacitance, which is Crg =14 pF at zero bias, the amplitude-frequency response of the sensor was
calculated, taking into account a load resistance of 10 kQ and a series base resistance of 150-200 Q-cm. It was found that
the cutoff frequency of the PD is IMHz (trc=150 ns) (Fig. 8 inset). Since the high value of the load resistance significantly
exceeds the internal resistance of the base, the overall response of the structure in photogeneration mode without an
external bias is entirely determined by the RC component of the circuit, while the contribution of the photon carrier transit
time through the depleted region remains negligible.
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The photodiodes produced can be used to measure a steady-state integral photocurrent. In addition to analyzing the
steady-state spectral-energy characteristics, a crucial step in the comprehensive testing of the developed photodetector is the
investigation of the photoluminescence decay kinetics of AgInS, and CulnS; quantum dots. Due to the dominant mechanism
of donor-acceptor recombination, the lifetime of charge carriers in such triple nanostructures is abnormally long and typically
lies in the microsecond range 100 ns — 1ps. Recording such relaxation processes in dynamic mode imposes stringent
requirements on the response speed of the measurement circuit. Since the established cutoff frequency of the photodiode 1
MHz corresponds to a time constant of 150 ns, the developed system is capable of accurately recording long-duration kinetic
decay curves, which opens up the prospect of its use in time-resolved photoluminescence spectroscopy.

Given that the PL spectra of the studied AgInS. nanocrystals cover a spectral range from 550 nm to 700 nm,
depending on the In/Ag molar ratio (Fig. 1), an assessment of the photodetector’s integral sensitivity for detecting this
type of radiation was performed. By convolving the emission spectra of the QDs with the experimental curve of the PD’s
relative spectral sensitivity at S, = 0.34 A/W at a maximum of A=650—-670 nm, it was established that the device’s integral
sensitivity is 0.32 A/W for long-wavelength samples and gradually decreases to 0.26 A/W for short-wavelength samples.
Since the output optical power of quantum dot luminescence is in the range of P=0.29-0. 35 mW, this level of integral
sensitivity ensures the generation of a reliable photocurrent of ~75-110 pA, allowing for reliable signal detection without
the risk of QDs photodegradation due to excessive excitation.

CONCLUSIONS
High-efficiency silicon p-n photodiodes have been developed with a spectral range optimized for detecting the
luminescence of AgInS: and CulnS: quantum dots (550-700 nm). The detector’s operation in zero-bias mode ensures a
low dark current (~ 6 pA) and high system detectivity (1.4-2 cm-Hz'"? W-'). With a response rate of 150 ns, the developed
module is a reliable tool both for stationary radiometry of QDs emissions with power in the range of 0.29-0.35 mW, as
well as for analyzing their microsecond decay kinetics.
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BUCOKOYYTJUBUI KPEMHIEBUI ®OTOMIO/ I3 HYJILOBUM 3MILIEHHSM /151 BUSIBJAEHHSI
BUIMTPOMIHIOBAHHS EKOJIOTTYHO BE3INEYHUX KBAHTOBUX TOYOK AgInS: TA CulnS: }

Mukoua C. Kykypyazsk!?, Bacuauna B. Konau!, Cepriii A. Boiitosuu®, ¥Opiii b. Xanaska!, Muxoua C. Conogkuii'
"Yepuiseyvruii nayionarvnuii ynicepcumem iveni IOpis @edvrosuua, 58002, m. Yepnisyi, eyn. Koyoobuncokozo, 2, Yrpaina
2AT «l{enmpanvie xoncmpykmopcuoke 610po Pummy, 58032, m. Yepnisyi, eyn. I'onoena, 244, Yipaina
3Isano-Ppanxiscoruii nayionanvhuii meduunuii ynicepcumem, 76018, m. leano-Ppankiscok, eyn. Ianuybka, 2, Yepaina
P03po06i1eHO Ta BUrOTOBIIEHO KPEMHi€BI p-n POTOAI01M, ONTUMI30BaHI ISl AETEKTYBaHHS LIMPOKOrO CIIEKTPa GOTOIFOMIHECLIEHTHOTO
BUIIPOMIHIOBaHHs KBaHTOBUX TOYOK AgInS: Ta CulnS:. 3aBasiki KOPUTyBaHHIO TEXHOJIOTTYHUX PEKHMIB BUTOTOBJICHHS CTPYKTYPH Ta
npenusiiiHoMy BHOOpY 0a30BOro MaTepially, MaKCUMyM CHEKTpaiabHOI dyTinmuBocTi ceHcopa (0.34 A/BT) MOBHICTIO Y3TOKEHO 3
miamazoHoMm emicii HaHokpuctamiB (550-700 am). [l 3a0e3medeHHS MaKCHMalbHOI PO3AUIBHOI 3AAaTHOCTI BH3HAYEHO POOOTY
JIETEeKTOpa B PEXXUMI HyJILOBOTO 3MillleHHs. 1le 103BoiMmI0 MiHIMI3yBaTé TEMHOBHH CTPYM 10 3HAYCHHS OJIM3BKO 6 IMA, 3MEHIINTH
TEIUIOBI IIyMHM ¥ JOCATTH BHCOKOi IETEKTUBHOCTI BHUMIPIOBAIBHOI cHUCTeMH. EKCIIepHMMEHTaIbHO BCTAHOBIICHO, IO 32 OIOPY
HaBaHTaxeHHs 10 kOMm rpaHuvHa yactota (oromiona craHoBUTH IMI'1 i MOBHICTIO JiMiTyeThesi RC-mocTiiiHOO Kona. Takwuii
YaCTOTHHUH BIATYK € IIIJIKOM JIOCTAaTHIM He JIMIIE JUIS CTAIl[iOHApHOI pagioMeTpil KOJIOI/IB i IITIBOK i3 MOTY>KHICTIO BUIIPOMiHIOBaHHS
0.29-0.35 MBT, a i 1151 TOYHOTO JOCHTIPKSHHS MIKPOCEKYHIHOI KIHeTHKHU 3aTyXaHHs JIIOMiHECLEeHI[iT KBAHTOBUX TOYOK 0€3 pHU3HKY

TXHBOT (poTOMETpaAaLlii.
Kurouosi cnoBa: xeanmosi mouxu, AgInSz; CulnSz; oemexmop, wymaugicms, ¢homoodioo
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This study examines the effect of the spatial position of locally trapped oxide charge on the gate-to-source and gate-to-drain
capacitances of an SOI FinFET using three-dimensional TCAD Sentaurus simulations. The results reveal that the location of the trapped
charge strongly influences the gate-to-source capacitance via charge-carrier redistribution near the channel surface, whereas a distinct
response is observed when the trapped charge is near the oxide edge. Moreover, the gate-drain-to-gate-source capacitance ratio varies
systematically with the trapped-charge position along the channel, suggesting that this parameter can serve as a reliable electrical
indicator for detecting oxide-trapped charge and estimating its spatial distribution in FInFET devices.

Keywords: SO! FinFET; Oxide trapped charge; Gate-source capacitance; Gate-drain capacitance; Charge distribution; TCAD
simulation

INTRODUCTION

Metal-oxide—semiconductor field-effect transistors (MOSFETs), particularly Fin field-effect transistors (FinFETs),
are highly susceptible to various electrical stresses and radiation-induced effects during operation, which may degrade
their electrical characteristics. Among the most significant degradation mechanisms are hot-carrier injection [1-3], bias
temperature instability [4], off-state stress, and radiation-induced charge buildup [5]. These effects arise primarily from
charge injection into, or generation within, the oxide layer and at the semiconductor—oxide interface. Since such
degradation directly influences the performance and reliability of analog and digital integrated circuits, its impact must
be carefully considered in modern device design. Oxide-trapped charge can alter key MOSFET parameters, including the
threshold voltage, subthreshold swing, and transconductance, thereby deteriorating the overall device performance. For
this reason, the development of reliable methods for identifying the localization and spatial distribution of trapped charge
along the channel is of considerable importance. One of the simplest and fastest diagnostic approaches for detecting
charge trapped in the oxide or at the interface is based on capacitance—voltage measurements of lateral source(dr.)-channel
p—n junctions [6-9]. Previous studies have shown that a nonuniform charge distribution in the oxide layer or at the
semiconductor—oxide interface is reflected in the electrical behavior of source—channel and drain—channel p—n junctions.
Therefore, the longitudinal distribution of trapped charge along the channel should also affect other capacitances
associated with these lateral junctions [10-12]. In the present work, this approach, originally proposed for planar
MOSFETs, is adapted for application to SOI FinFET structures. The underlying concept is based on the sensitivity of
lateral source—channel and drain—channel p—n junction capacitances to oxide- and interface-trapped charge [13—14].
Accordingly, the most suitable electrical configuration for such an analysis is one in which the capacitance of the lateral
source—channel (drain—channel) p—n junction, C,., makes a substantial contribution to the measured total capacitance. In
SOI FinFETs, one of the relevant configurations satisfying this condition is the gate—source (or gate—drain) connection,
as illustrated in Fig. 1.

Figure 1. Cross-section of the simulated SOI FinFET with capacitances between contacts
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The gate—source and gate—drain configurations in the considered SOI FinFET can be represented by a series
combination of three capacitance components: the gate-oxide capacitance C,, the depletion-layer capacitance at the
oxide—semiconductor interface Cg,p, and the source—channel p—n junction capacitance C,—,. Among these contributions,
Cuep becomes significant only when the device operates in the depletion regime. In the present analysis, however, only
the barrier capacitance of the source—channel p—n junction is considered. To satisfy this condition, a positive voltage is
applied to the n-type source with respect to the gate, thereby establishing carrier accumulation near the
oxide-semiconductor interface. Under such bias conditions, the contribution of the depletion-layer capacitance can be
neglected, and the total gate—source capacitance is determined predominantly by the series coupling between C,x and Cj.,..
Accordingly, the resulting capacitance can be written as

Cp_n'C
_ Ctp-nCox
Cgs = Cp-n+Cox )

where C,, denotes the gate-oxide capacitance per unit area and is essentially independent of the applied voltage.

Since the estimated depletion width of the source—channel (or drain—channel) p—n junction is about 0.1 pm, whereas
the gate-oxide thickness is only 7,=2.5 nm, the junction capacitance C,-, remains much smaller than C,. As a
consequence, the equivalent capacitance Cg, is governed mainly by C,.,, making it highly sensitive to electrostatic
perturbations associated with oxide-trapped charge. This feature is particularly important for charge-diagnostics
applications, because any local trapped charge in the oxide modifies the potential distribution in the channel region and,
in turn, alters the depletion characteristics of the lateral p—n junction. Therefore, variations in Cg can be directly related
to the spatial localization of trapped charge along the channel. On this basis, the present work focuses on simulating the
dependence of Cg on the position of a local oxide-trapped charge in the SOI FinFET structure.

MATERIALS AND METHODS

Three-dimensional numerical simulations were performed using the Advanced TCAD Sentaurus platform to
investigate the effect of localized oxide-trapped charge on the capacitance characteristics of an SOI FinFET structure.
The capacitance—voltage (C-V) response of the gate—source and gate—drain configurations was analyzed using a small-
signal AC simulation at 1 MHz. This method was selected because it provides a reliable means of evaluating capacitance
variations caused by local electrostatic perturbations in nanoscale transistor structures.

The geometry of the simulated SOI FinFET is illustrated in Fig. 2. The gate length, Lgate, was fixed at 25 nm, while
the gate oxide thickness was taken as 2.5 nm. The silicon channel thickness, Tsi, and buried oxide thickness, Thox, Were
set to 30 nm and 100 nm, respectively. The channel width was chosen as 12 nm. The active channel region was assumed
to be p-type silicon with a doping concentration of 1x10'> cm™. These geometrical and doping parameters were selected
to represent a realistic SOI FinFET structure suitable for analyzing the sensitivity of gate-related capacitances to trapped-
charge effects.

Weox

Figure 2. 3D structure of the simulated SOI FinFET

The gate—source capacitance, Cg, was simulated for different positions of a localized trapped charge in the oxide
layer, with the position defined by the distance between the center of the charged region and the source—channel boundary.
It should be noted that L does not represent the depth of the trapped charge across the oxide thickness. In all simulations,
the localized charged region remains embedded inside the gate oxide, while only its longitudinal position along the
channel direction is varied. Thus, L is measured from the source—channel boundary to the center of the charged region
along the source-to-drain direction. The case L=2.5 nm corresponds to the position where the 5 nm-long charged region
touches the source-side edge of the gate oxide, and it does not imply that the charge is located inside the semiconductor.
The local oxide-trapped charge was modeled as a uniformly charged region embedded in the oxide. The charge density
in this region was set to 10'2 cm 2 (equivalent to 4x10'® cm™3), which is a physically reasonable value for trapped charge
that may occur in MOSFET structures under electrical or radiation-induced stress conditions. The characteristic size of
the local charged region along the channel direction was fixed at d = 5 nm.

Since the depletion width of the lateral source—channel (drain—channel) p—n junction exceeds the channel length, a
local trapped charge situated at a distance L from the source—channel junction can appreciably modify the carrier
distribution inside the channel [15,16]. This electrostatic perturbation is expected to affect the junction capacitance and,
consequently, the overall C—V behavior of the gate—source connection. Owing to the structural symmetry of the FinFET
with respect to the channel center, the gate—source and gate—drain capacitances are expected to exhibit equivalent behavior
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under symmetric conditions. For this reason, the present analysis is focused primarily on the gate—source capacitance,
while the behavior of the gate—drain capacitance can be inferred from the device symmetry.

RESULTS AND DISCUSSION

The simulated C—V characteristics of the gate—source capacitance, Cq;,, are presented in Fig. 3. In Fig. 3, each curve
corresponds to a different longitudinal position L of the localized oxide-trapped charge. Here, L denotes the distance from
the source—channel boundary to the center of the localized charged region along the channel direction. The reference
curve corresponds to the case without trapped charge, while the other curves represent different values of L, as indicated
in the legend. As can be observed, the capacitance behavior is strongly influenced by the position of the local oxide-
trapped charge along the channel. At relatively high applied voltages, C,s exhibits a pronounced and nearly monotonic
dependence on the trapped-charge location, indicating that the electrostatic effect of the localized charge becomes
increasingly important under these bias conditions. This trend is more clearly illustrated in Fig. 4, where the capacitance
is plotted as a function of the distance L. An exceptional behavior is observed for the case L = 2.5 nm (point B in Fig. 4).
This deviation from the general monotonic trend can be attributed to the fact that, at this position, the local charged region
comes into direct contact with the edge of the oxide layer. Such a configuration modifies the local electrostatic
environment differently from the other trapped-charge positions and leads to a distinct capacitance response. Therefore,
although the overall trend confirms a systematic dependence of Cg on the trapped-charge position, the oxide-edge case
should be considered separately due to its specific geometrical and electrostatic conditions.
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Figure 3. C—V characteristics of the gate—source capacitance, Figure 4. Figure 4. Dependence of Cgs on the longitudinal position
Cgs, for different longitudinal positions L of the localized L of the localized oxide-trapped charge at Vg=4.5 V. Point A
oxide-trapped charge in the gate oxide. The reference curve corresponds to the reference case without trapped charge, whereas
corresponds to the case without a trapped charge. The legend point B corresponds to L=2.5 nm, where the localized charged
indicates the corresponding L value for each curve region touches the source-side edge of the gate oxide

The increase in Cy is attributed to the influence of locally trapped charge in the oxide on the channel carrier
concentration. To avoid ambiguity in charge localization, Fig. 5 includes a schematic inset showing the gate oxide, the
silicon channel, the source—channel boundary, and the longitudinal positions of the localized trapped charge under
investigation. The grey region represents the localized charged domain embedded inside the gate oxide. During the
simulation, this charged region is shifted only along the channel direction, whereas its position across the oxide thickness
is kept fixed. As shown in Fig. 5, the presence of trapped charge in the oxide layer increases the electron concentration
near the channel surface, thereby increasing the gate—source capacitance. From a physical perspective, this behavior
reflects the sensitivity of capacitance to charge redistribution in the near-surface region of the channel. By definition, the
capacitance can be expressed as follows:

Cys = dQu/dV. )

Here, dQv represents the change in charge stored in the Cgs capacitance in response to a change in applied voltage, dV.

When a local charge is trapped in the gate oxide, the electron concentration in the channel is modified, which gives
rise to an additional charge variation, denoted as dQic, in the gate—source capacitance. Consequently, Eq. (2) can be
reformulated as follows:

Cgs = (dQv + dQcrc)/ dV. 3)

This expression explains the increase observed in the gate—source capacitance, C,s, as a consequence of the
additional charge redistribution induced by the localized oxide-trapped charge. In the simulated SOI FinFET structure,
the maximum variation of Cgs caused by the localized trapped charge is approximately 5%. Although this magnitude of
variation may appear moderate and does not necessarily indicate severe degradation of the transistor's static current—
voltage characteristics, it remains physically meaningful and important for capacitance-based defect diagnostics. The
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significance of this variation lies in its systematic dependence on the longitudinal position of the trapped charge. In other
words, the change in Cg; is not random but follows a clear trend as the localized charge is shifted along the channel. Such
a position-dependent capacitance response indicates that the gate—source capacitance is sensitive to local electrostatic
perturbations caused by oxide-trapped charge. Therefore, even a several-percent change in capacitance can serve as an
electrical signature for detecting localized trapped charge and estimating its approximate position along the channel.
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Figure 5. Electron density distribution along the channel at a depth of 2 nm from the channel surface for different longitudinal
positions L of the localized oxide-trapped charge. The inset schematically shows the investigated charge positions inside the gate
oxide; the charged region remains embedded in the oxide and is shifted only along the source-to-drain direction.

From a device-operation perspective, gate-related capacitances in nanoscale FinFETs contribute to parasitic
capacitance, small-signal response, signal delay, and switching behavior. Therefore, a 5% variation in Cys may become
relevant in highly scaled devices and in circuits where capacitance matching, transient response, or high-frequency
performance is important. However, in the context of the present work, the observed variation should primarily be
interpreted not as evidence of catastrophic transistor degradation, but as a measurable and reproducible diagnostic
indicator of localized oxide-trapped charge. Thus, the results demonstrate that capacitance variations of this magnitude
can be useful for reliability monitoring and defect localization analysis in SOI FinFET structures.

At position L= 2.5 nm of the oxide trapped charge the configuration of the capacitance Cg is changed because the
local charge will be in contact with the end of the oxide layer (Fig. 6). In this case the electron density in the channel
surface will be redistributed which result in sufficiently increasing the capacitance C,g more than in unbiased case and
relatively capacitances corresponding to other positions (Fig. 3). At high applied voltages the redistribution of the carrier
densities leads to increasing the Cgs with increasing L (Fig. 7).
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Figure 6. Cross-section of the FInFET with a local charge Figure 7. The change in electron density in the channel at a depth
trapped in the oxide, which is located at the end of the oxide of 2 nm from the surface traps local charge in the oxide layer at
layer. L=2.5 nm. different positions. A is point is the case without trapped charge,
and B is the position with L=2.5 nm

Owing to the structural symmetry of the FinFET, the dependence of the gate—drain capacitance, Cgq, on the trapped-
charge position L is expected to exhibit a trend opposite to that of the gate—source capacitance, Cgs. In other words, as L
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increases, Cgq decreases, as illustrated in Fig. 8. The positional dependences of both Cgs and Cgq can therefore be utilized
to estimate the location of the oxide-trapped charge along the channel. In this context, the ratio C,/C,q provides a
particularly convenient diagnostic parameter, as shown in Fig. 9. It can be seen that when the trapped charge is located
on the source side of the channel center, the ratio C,s/Cgq is less than unity, whereas it becomes greater than unity when
the trapped charge is positioned on the drain side. If the trapped charge is located at the channel center, the ratio Cg/Cgq
approaches unity.
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CONCLUSIONS

In this work, the influence of a local oxide-trapped charge on the gate-source and gate-drain capacitances of an SOI
FinFET was systematically analyzed using 3D TCAD simulations with the small-signal AC method. The results show
that the gate-source capacitance increases monotonically as the trapped charge shifts from the source-side region toward
the channel center, except when the charge is positioned at the oxide edge. This behavior is governed by the redistribution
of electron concentration near the channel surface induced by the trapped charge. Owing to the device's structural
symmetry, the gate-drain capacitance shows the opposite trend, while the Cgs/Cgd ratio varies regularly with the trapped-
charge position along the channel. These findings confirm that even a moderate, approximately several-percent variation
in gate-related capacitance can serve as a useful diagnostic indicator for identifying localized oxide-trapped charge and
estimating its longitudinal position in SOI FinFET structures.
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AHAJII3 EMHOCTI HA OCHOBI TCAD JUISI ITEHTU®IKAI IMTO310BXKHBOT' O JIOKAJII3OBAHOI'O 3APSTY,
3AXOIJIEHOI'O OKCHUJIOM, Y SOI FinFETS
Mipsa6axxpom ®o3uianonos!, Bitoaingin M. Eprames?, Hypitain IO. IOnycanies!, Macymxon Hopoyraes?,
Kymym Opin6oesa?
! Anouorcancoruii depocasnui ynisepcumem imeni 3.M. Babypa, Anousican, Ysbexucman
2 Anoudicancoruti OeporcasHuil nedazoziunul incmumym, eyauys JJocmnuix, 4, Anouscan 170100, V3b6exucman
SDepeancoruii deporcasnuii mexuiunuii ynisepcumem, eyiuys Pepeana, 86, Depeana 150107, Vabexucman

VY npoMy ZOCTIKEHHI pO3TIISIIA€ThCS BIUIMB IIPOCTOPOBOTO MOJIOKEHHS JIOKAIBHO 3aXOIICHOTO 3apsay OKCHIY Ha €MHOCTI 3aTBOP—
BuTOK Ta 3arBop—cTok SOI FinFET 3a nomomororo tpuBmMipHoro mozxemoBanus B TCAD Sentaurus. Pe3ynpraT mokasyroTs, mo
pO3TanTyBaHHS 3aXOIUICHOTO 3apsily CHIIBHO BIUTHBAE Ha EMHICTB 3aTBOP-BUTIK Yepe3 Mepepo3NoALT HOCIIB 3apsiLy MOOIIN3y TOBEPXHI
KaHaly, TOXI SIK CIIOCTEePIraeThCsl YiTKa peakilis, KOJNW 3aXOIUICHWH 3aps] pO3TaIlOBaHWN MoOIM3y Kpaioo okcuny. bimbie Toro,
CITiBBIJTHOIICHHSI €MHOCTEH 3aTBOP-CTIK J0 3aTBOP-BUTIK CHCTEMaTHYHO 3MIiHIOETBCS 3aJI€KHO BiJ] OJIOKEHHS 3aXOIUICHOTO 3apsiLy
B3/I0BXK KaHally, IO CBIYUTH PO Te, IO LEeH MapaMeTp MOXE CIY)XUTH HaJiHHUM CeIeKTPHYHUM iHIMKaTOPOM i BUSBICHHS
3aXOIUICHOTO 3apsily B OKCHJI Ta OLIHKHU Horo mpoctopoBoro posnoainy B FInFET-npuctposx.

Kurouosi ciioBa: SO! FinFET; 3axonnenuti 3apso 6 okcuoi, EMHICIb 3ameop-6UmiK, EMHICMb 3ameop-cmix; po3nooin 3apady, TCAD-
MOOenioeans
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Zni1-Mg,O and ZnO:-,S, thin films were synthesized by ultrasonic spray pyrolysis (USP) and investigated to achieve bidirectional band
gap engineering in ZnO-based materials. X-ray diffraction confirmed a single-phase wurtzite structure with strong c-axis orientation
for all samples. Mg incorporation induced a shift of the (002) peak toward higher angles, indicating lattice contraction, whereas S
substitution caused a shift toward lower angles, corresponding to lattice expansion. UV—Vis analysis revealed a systematic blue shift
of the band gap with Mg doping (from ~3.26 eV to ~3.33 eV) and a red shift with S incorporation (down to ~3.01 eV). These changes
are attributed to lattice deformation and its influence on the electronic structure. Additionally, increased dopant concentration led to
reduced crystallite size and increased microstrain and disorder. The results establish a clear correlation between lattice deformation
and optical band gap modulation, demonstrating an effective approach for tuning ZnO-based thin films for optoelectronic applications.
Keywords: ZnMgO; ZnOS; Band gap, Lattice deformation, Tauc plot; USP

INTRODUCTION

ZnO is an [I-VI semiconductor with a wide direct band gap of ~3.3 eV at room temperature and a large exciton
binding energy (~60 meV), which makes it a promising material for optoelectronic applications such as ultraviolet (UV)
lasers, light-emitting diodes, and photodetectors [1]. One of the most effective approaches to tailor its electronic and
optical properties is alloying with suitable elements. In particular, Mg incorporation into ZnO leads to band gap widening
due to the substitution of Zn?* ions with smaller Mg?* ions, resulting in lattice contraction and modification of the
electronic band structure. This tunability is essential for the design of heterojunctions, quantum wells, and transparent
optoelectronic devices [2].

In addition to cation substitution, anion substitution provides an alternative pathway for band-gap engineering. The
incorporation of sulfur into ZnO (ZnO:-,S,) leads to lattice expansion due to the larger ionic radius of S?” ions, typically
resulting in band gap narrowing. Although ZnMgO and ZnO:-S, thin films have been widely studied using various
deposition techniques, such as sol-gel processing, spray pyrolysis, pulsed laser deposition, and magnetron sputtering, a
unified and quantitative understanding of the relationship among lattice deformation, microstructural disorder, and optical
band gap modulation remains incomplete [3,4]. In particular, direct experimental comparison of cation- and anion-
induced lattice effects within a single framework is still limited.

In this work, we systematically investigate the structural and optical properties of Zni-MgO and ZnO:-,S, thin films
deposited on Si(100) substrates by ultrasonic spray pyrolysis (USP). X-ray diffraction (XRD) is employed to analyze
crystal structure, lattice parameters, strain, and crystallite size, while UV—Vis spectroscopy is used to determine the optical
band gap and Urbach energy [5]. By correlating lattice deformation with optical properties, this study aims to establish a
comprehensive framework for bidirectional band gap engineering in ZnO-based thin films.

By combining qualitative figure analysis with the data, this study establishes a clear structure—property relationship,
demonstrating how lattice contraction and expansion directly govern band gap widening and narrowing in ZnO-based
alloys.

MATERIALS AND METHODS

ZnO-based thin films-undoped, Mg-doped (x = 0.05, 0.10), and S-doped (y = 0.05, 0.10) were deposited on Si(100)
substrates by ultrasonic spray pyrolysis (USP). Aqueous precursor solutions were prepared from zinc acetate dihydrate,
Zn(C:H302)2:2H20 (0.5 mol/L). For Mg incorporation, magnesium acetate tetrahydrate, (C2Hs0:)-Mg-4H-0, was added
to achieve the desired Mg/(Zn+Mg) ratios; for S incorporation, thiourea, SC(NH2)2, was used as the sulfur source. Prior
to deposition, Si(100) substrates were sequentially cleaned for 10 minutes each in hydrofluoric acid (10 % in DI) to
remove the native SiO: layer, acetone and then ethanol to eliminate organic contaminants, followed by a final rinse in
deionized (DI) water to remove residual species. All steps were performed under ultrasonic agitation to enhance cleaning
efficiency [6-8]. Oxygen (O2) at a flow of 500 sccm served as the carrier gas. The precursor aerosol was generated using
a 1.7 MHz ultrasonic nebulizer and delivered to substrates maintained at 450 °C. After growth, all films were annealed at
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600°C for 15 minutes. The resulting thickness was approximately 200 nm. The experimental setup used in this work is
illustrated in Figure 1. [10,11]
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Figure 1. Scheme of Ultrasonic Spray Pyrolysis (USP)

Structural and optical characterization. X-ray diffraction (XRD) was carried out on a Rigaku MiniFlex
diffractometer using Cu Ko radiation (A = 1.5406 A) over a 20 range of 30°-60°. The average crystallite size was estimated
from the full width at half maximum (FWHM) of the (002) reflection using the Scherrer relation. Optical absorption was
measured with a UV-Vis spectrometer in the 300-500 nm wavelength range.[9] Surface morphology and grain structure
were examined by field-emission scanning electron microscopy operated at 30 kV in secondary-electron mode using an
Everhart-Thornley detector. Plan-view micrographs were spatially calibrated from the instrument pixel size (0.899 nm/px
and 1.124 nm/px for the ZnMgO and ZnOS micrographs, respectively). Grain-size distributions were extracted by marker-
controlled watershed segmentation, and the maximum Feret diameter was recorded for each grain (N > 284 grains per
sample); the distributions were described by a log-normal function.

RESULTS AND DISCUSSION
Figure 2 (a) shows the x-ray diffraction patterns of undoped ZnO and Mg doped Zn;.x\MgxO thin films deposited on
Si(100). All samples indicate a dominant diffraction peak corresponding to the (002) plane of hexagonal wurtzite ZnO,
showing a strong preferential orientation along the c-axis. The absence of additional diffraction peaks related to MgO or
other secondary phases confirms that Mg incorporation does not lead to phase segregation within the detection limit of
XRD. With increasing Mg content, the (002) peak shifts slightly to higher 26 values, indicating lattice contraction due to
Mg substitution.[12]
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Figure 2. (a) XRD patterns and (b) Tauc plots of ZnixMgxO films grown on Si by USP; curves (1), (2), and (3) correspond to 0%,
5%, and 10% Mg, respectively
Figure 2 (b) shows the Tauc plots of (ahv)? as a function of photon energy (hv) for undoped ZnO and Mg-doped
Zn ., Mg,O thin films. The linear regions of the plots confirm that all films exhibit a direct allowed optical transition
characteristic of the wurtzite ZnO crystal structure. As shown in Fig. 2(b), the absorption edge shifts progressively toward
higher photon energies as the Mg concentration increases, indicating a systematic blue shift of the band gap. The extracted
band gap values increase from 3.26 eV for undoped ZnO to 3.30 eV and 3.33 eV for 5% and 10% Mg-doped films,
respectively, as summarized in Table 1. The observed band gap widening can be attributed to Mg-induced modification
of the electronic band structure, which increases the energy separation between the conduction and valence bands [13].

Table 1. Some essential lattice parameters of ZnMgO thin film

Con. (%) [002] () FWHM (°) cA) E. (¢V) Dave (A) £10° [ Eu(eV)
0 34.469 0.21541 5.199 3.26 340.55 3.03 0.180
5 34.949 0.34198 5.130 3.30 215.20 4.7 0.210
10 35.465 0.40687 5.058 3.33 150.821 55 0.235
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The quantitative structural parameters extracted from Fig. 2(a) are summarized in Table 1 and provide strong support
for the observed diffraction trends. As the Mg concentration increases from 0% to 10%, the (002) peak position shifts
from 34.469° to 35.465°, confirming a continuous lattice contraction. Correspondingly, the calculated c-lattice parameter
decreases significantly from 5.199 A to 5.058 A, which is consistent with Vegard’s law behavior and reflects the smaller
ionic radius of Mg?" compared to Zn?**. In addition to peak shifting, Fig. 2(a) shows noticeable peak broadening with
increasing Mg content. This effect is quantified in Table 1 by the increase in full width at half maximum (FWHM) from
0.215° for pure ZnO to 0.407° for the 10% Mg-doped film.

The average crystallite size calculated from the (002) peak using the Debye—Scherrer equation:

D =091/ (B cos 0). (1)

D,y decreases dramatically from 340.55 A to 150.82 A as Mg concentration increases. This grain refinement is a
direct consequence of Mg-induced strain and inhibited grain growth during film deposition. Despite this reduction in
crystallite size, the films retain a strong c-axis orientation, indicating that Mg incorporation affects microstructural
features without destroying overall crystallographic alignment.

The strain (¢) and dislocation density (3) were calculated as:
e=p/(4tan0),5=1/D2 )

The evolution of microstrain (&) further supports this interpretation. As shown in Table 1, € increases from 3.03x102
to 5.5x10 with Mg content, reflecting enhanced lattice distortion arising from ionic size mismatch and local
compositional fluctuations. The simultaneous increase in Urbach energy (E,) from 0.178 eV to 0.235 eV suggests an
increase in localized states and structural disorder, which correlates well with the observed peak broadening and strain
evolution. These calculations confirm that ZnMgO films possess nanocrystalline grains with low dislocation density,
suitable for optoelectronic integration.

Figure 3 presents the structural and optical evolution of ZnO:1-S, thin films as a function of sulfur concentration.
Figure 3(a) shows the XRD patterns, while Fig. 3(b) displays the corresponding Tauc plots used to extract the optical
band gap. As seen in Fig. 3(a), increasing sulfur concentration results in a progressive shift of the (002) diffraction peak
toward lower diffraction angles. This behavior indicates an increase in the interplanar spacing along the c-axis, suggesting
lattice expansion induced by sulfur incorporation. The absence of secondary phases in the diffraction patterns confirms
that sulfur is incorporated into the ZnO lattice without forming separate sulfide phases. The qualitative trends observed
in Fig. 3(a) are quantitatively supported by the data summarized in Table 2. The c-axis lattice parameter increases
systematically from 5.1999 A for undoped ZnO to 5.2928 A for 10% S, confirming a clear expansion of the wurtzite
lattice. This lattice dilation originates from the substitution of O* ions by larger S* ions, which introduces tensile strain
along the growth direction.

(a) 1 (v (2 M

(2)

(002)

(e hv)? (cm™ eV)?

(102)

(101) A (1) ]

32 a6 40 44 a8 52 56 26 27 2.8 2.9 3.0 31 32 3.3 34 35 3.6 3.7 3.8
Energy (eV)

20 (degree)

Figure 3. (a) XRD patterns and (b) Tauc plots of ZnO1xSx films grown on Si by USP; curves (1), (2), and (3) correspond to 0%,
5%, and 10%, respectively

Accordingly, Fig. 3(b) shows a continuous red shift in the optical absorption edge as the sulfur concentration
increases. The extracted band gap values decrease from 3.26 eV (0%) to 3.01 eV (10%), as listed in Table 2.

Table 2. Some essential lattice parameters of ZnOS thin film

Con. (%) [002] (°) FWHM cA) Ee (V) Dave (A) £ 107 Eu(eV)
0 34.4696 0.21541 5.1999 3.26 340.55 3.03 0.180
5 34.0322 0.68788 5.2644 3.11 120.77 9.81 0.264
10 33.8442 0.77724 5.2928 3.01 106.87 11.1 0.292

This band gap narrowing is directly correlated with lattice expansion, as increased bond lengths reduce orbital
overlap and modify the electronic band structure, thereby shifting the conduction band minimum downward. The inverse
relationship between c-lattice parameter and optical band gap energy demonstrates that band gap modulation in ZnO:-S«



295
Bidirectional Band Gap Modulation in ZnO-Based Thin Films Via Cation and Anion-Induced... EEJP. 3 (2026)

films is strongly governed by structural deformation rather than compositional effects alone. As a result structural disorder
leads to the significant increase in FWHM values, from 0.215° to 0.777°.

Table 2 reveals some microstructural parameters of material. The average crystallite size decreases sharply from
340.55 A to 106.87 A, while the microstrain increases from 3.03x1073 to 11.1x10°* with sulfur content. These changes
reflect increasing internal stress and defect density within the lattice. Additionally, the Urbach energy (E,) increases from
0.180 eV to 0.292 eV, indicating a higher density of localized states and enhanced band tailing caused by structural
disorder. Overall, the combined analysis of Fig. 3 and Table 2 confirms that sulfur incorporation induces lattice expansion,
increased strain, crystallite size reduction, and band gap narrowing in ZnO:~Sx thin films. These results clearly
demonstrate that controlled anion substitution provides an effective approach for tailoring the optical properties of ZnO-
based materials, which is of significant interest for visible and UV optoelectronic applications.[13]

Figure 4 illustrates the correlation between the c-axis lattice parameter and the optical band gap energy for
Zni-MgO and ZnO:.-S, thin films. A clear and systematic relationship is observed, demonstrating that lattice
deformation plays a dominant role in governing the electronic structure of ZnO-based alloys.

For Zn:-Mg,O films, the c-axis lattice parameter decreases with increasing Mg concentration, indicating lattice
contraction due to the substitution of Zn?* ions by smaller Mg?* ions. This structural compression leads to a widening of
the band gap, which increases from ~3.26 eV to ~3.33 eV. The band gap expansion can be attributed to enhanced orbital
overlap and increased energy separation between the conduction and valence bands caused by reduced interatomic
spacing.

In contrast, ZnO:-,S, films exhibit an opposite trend. The c-axis lattice parameter increases with increasing sulfur
content, reflecting lattice expansion due to the larger ionic radius of S*” ions compared to O* ions. This expansion results
in a reduction of orbital overlap and a corresponding narrowing of the band gap, decreasing to ~3.01 eV. The observed
red shift is associated with the modification of the valence band structure and increased localization of electronic states.

The nearly linear dependence between lattice parameter and band gap in both systems suggests Vegard’s law-like
behavior, confirming that compositional variation directly influences the structural and optical properties. Importantly,
the opposite trends observed for Mg and S substitution highlight a bidirectional mechanism of band gap engineering,
where lattice contraction and expansion provide two complementary pathways for tuning the optical response of ZnO-
based thin films.

These results clearly demonstrate that precise control of lattice deformation through cation and anion substitution
offers a powerful strategy for designing materials with tailored band structures for advanced optoelectronic applications.
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Figure 4. Band gap versus of Zni-MgO and ZnO1-,S, thin films c-axis lattice parameter

For comparison, ZnO.,Sy alloys show the opposite trend: band gap narrowing and expansion of the c-lattice
parameter, owing to the larger ionic radius of sulfur. These contrasting behaviors highlight the versatility of ZnO-based
alloys for band-structure engineering.

Figure 5(a,c) presents plan-view SEM micrographs of the 10% Mg and 10% S films. Both surfaces are dense,
continuous, and crack-free, displaying rounded, faceted grains with well-defined intergranular boundaries, consistent with
the single-phase wurtzite structure revealed by XRD. No secondary-phase precipitates or pinholes are observed,
confirming that Mg and S are incorporated without phase segregation at the film surface.[14]

The corresponding grain-size distributions [Fig. 5(b,d)] follow a log-normal profile, which is characteristic of
nucleation-and-growth thin films. The ZngoMgo 10 film exhibits a median Feret diameter of 62.9 nm (mean 78.0 nm),
whereas the ZnOg S film shows a larger median of 96.6 nm (mean 110.4 nm), as summarized in Table 3.

Importantly, the SEM grain sizes (=60—100 nm) substantially exceed the X-ray crystallite sizes obtained from the
Scherrer analysis (15.1 nm for 10% Mg and 10.7 nm for 10% S; Tables 1 and 2). This indicates that each SEM grain is a
mesoscale aggregate composed of several coherently diffracting crystallites separated by low-angle sub-grain
boundaries—that is, the two techniques probe different length scales. Notably, although the ZnOg ¢S i film has the larger
mesoscale grains, it possesses the smaller crystallites together with the highest microstrain (11.1x1073) and Urbach energy
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(0.292 eV). This apparent contrast is self-consistent: the larger sulfur-induced lattice expansion and tensile strain fragment
each grain into smaller coherent domains and increase the density of localized states, while grain coalescence during
growth still produces larger mesoscale grains. The morphology, therefore, corroborates the microstructural disorder
inferred from the XRD and UV—Vis data [15].

ZnMgO thin film — grain size distribution

w— Experimental (N-367)
~—— Log-normal it

100 150 200
Feret diameter (nm)

ZnO:S thin film — grain size distribution

e
Range = 20-345 nm
N =284

e Experimental (N=284)
—— Log-normal fit

50 100 150 200 250 300 350
Feret diameter (nm)

-

Figure 5. Plan-view SEM micrographs and corresponding grain-size distributions of (a, b) Zno9sMgo.10 and (c, d) ZnOo.9Soe.1 thin
films grown on Si(100) by USP. Histograms show the maximum Feret diameter with a log-normal fit (red line); insets list the mean,
median, standard deviation o, range and grain count N. Scale bars: 200 nm

Finally, it should be emphasized that the optical band-gap modulation (Fig. 4) follows the composition-driven lattice
deformation and crystallite-level disorder rather than the SEM grain size. At 60—100 nm the grains are far larger than the
ZnO exciton Bohr radius (=2.3 nm), so quantum size effects are negligible and the band gap is governed by the
cation/anion substitution and the associated strain. The SEM analysis thus provides complementary morphological
evidence that supports, but does not drive, the observed band-gap trends.

Table 3. Grain-size parameters (SEM, max Feret diameter) and crystallite size (XRD, Scherrer) of the 10% films.

Sample Median Feret (nm) Mean Feret (nm) ¢ (nm) N XRD D (nm) Grain/crystallite
Zno.sMgo.10 62.9 78.0 49.6 367 15.1 ~4.2
Zn00.950.1 96.6 110.4 62.8 284 10.7 ~9.0

D — average crystallite size from the (002) reflection (Tables 1-2). The grain/crystallite ratio illustrates that each SEM grain contains
several coherent domains.

CONCLUSIONS

In this study, Zni-MgO and ZnO:-,S, thin films were successfully deposited on Si(100) substrates by ultrasonic
spray pyrolysis, and their structural and optical properties were systematically investigated to clarify the role of cation
and anion substitution in band gap engineering of ZnO-based alloys. X-ray diffraction analysis confirmed that all films
exhibit a single-phase hexagonal wurtzite structure with strong preferential orientation along the c-axis, indicating
successful incorporation of both Mg and S without the formation of secondary phases. Structural analysis revealed
contrasting lattice responses: Mg incorporation resulted in lattice contraction, whereas S substitution produced lattice
expansion, both consistent with the ionic radii of the respective substituents. These structural changes resulted in a
bidirectional modulation of the optical band gap, with a systematic widening from ~3.26 eV to ~3.33 eV for Zni-Mg,O
and a narrowing down to ~3.01 eV for ZnO:-,S,. The correlation among lattice parameters, microstrain, crystallite size,
and Urbach energy indicates that band-gap evolution is strongly governed by lattice deformation and associated structural
disorder.

Plan-view SEM analysis confirmed that all films are dense, crack-free, single-phase polycrystalline layers with log-
normal grain-size distributions, the median Feret diameter increasing from 62.9 nm for ZngoMgo.1O to 96.6 nm for
Zn0y.9S.1. These mesoscale grains are several times larger than the XRD crystallites, indicating that each grain comprises
multiple coherent domains; the larger-grain yet smaller-crystallite, higher-strain character of the sulfur-doped film is fully
consistent with the structural picture obtained from XRD and UV—Vis. The morphological results therefore reinforce that
the bidirectional band-gap modulation is governed by composition-driven lattice deformation and microstructural disorder
rather than by grain-size (quantum-confinement) effects.
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The results establish a unified experimental framework linking lattice deformation to optical band gap tuning in
ZnO-based thin films. This study highlights that controlled cation and anion substitution provides a versatile and effective
route for tailoring the optoelectronic properties of ZnO alloys. Such tunability makes these materials highly promising
for applications in ultraviolet and visible photodetectors, transparent electronics, and band-engineered heterostructures.
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JTBOHAIIPABJEHA MOJIYJAIIA NIMPUHA 3ABOPOHEHOI 30HA B TOHKHX IIJIIBKAX HA OCHOBI ZnO 3A
JOMMOMOT' OO KATHOHHO-TA AHIOHHO-THAYKOBAHOI T'PATKOBOI IH)KEHEPI{
Haxasoxip L. Xynoiikyaos!, laskar V. FOanames' 2, Azamar O. Apcaanos!, Jxkamoninain X. Mypoxos?,
Annpiii A. Hebecnnii', Hoii6a Y. Boriposa2, Pa’no III. Illapinosa?
Kageopa izuxu, Hayionanvnuii ynisepcumem Ysbexucmany, symuys Yuisepcumemcoka, 4, Tawxenm 100174, Vzbexucman
2IJenmp possumxy nanomexnonoziti, Hayionanonuil ynieepcumem Yzbexucmary,
synuys Yuisepcumemcwka, 4, Tawxenm 100174, Y3b6exucman
Tonki mmiBku Zni-Mg,O 1a ZnO1-,S, Oyan CHHTe30BaHI METOJOM YIbTPa3BYKOBOTO PO3MIIIIOBATIBHOTO MIPOJIi3y Ta JOCHIMXKEH] 3
METOI0 JIOCSITHEHHS JBOHANpaBleHOl iHkeHepii 3a0opoHeHOl 30HM B Marepianax Ha ocHOBI ZnQO. PenrtreniBcpka audpaxis
MiATBEpIMIa OAHO(A3Hy CTPYKTYpPY BIOPLIUTY 3 CHIIBHOIO OPI€HTAIIEI0 OCi C y BCIX 3pa3kax. BruroueHHs Mg BHKIMKANIO 3MIIIECHHS
niky (002) mo 6iIbImMX KYTIB, II0 BKAa3y€e HAa CTUCHEHHS PEIIiTKH, TOAI SK 3aMIIeHHS S BUKJINKAJIO 3MIMIEHHS JI0 MEHIINX KYTiB, IO
BiAmoBinae posmupenHto penritku. UV—Vis aHaii3 BUSBUB CHCTEMaTHYHUH 3CyB IIMPUHH 3200POHEHOT 30HU B CHHIO 00JIaCTh CIIEKTpa
IIpy JieryBaHHi MarHieM (Big ~3,26 eB 1o ~3,33 eB) Ta 3cyB y 4epBoHy 00nacTh crekTpa IpH BKIIIOUeHHi cipku (1o ~3,01 eB).. Lli
3MIHH TOSICHIOIOTECS Jedopmaliiero pemniTku Ta ii BIUIMBOM Ha €JIEKTPOHHY CTPYKTypy. KpiM Toro, 30ijbLIeHHS KOHIEHTpALil
JIETYI04O0i JIOMIIIKK HPHU3BEIO 0 3MEHIIEHHS PO3Mipy KPHCTATiTiB Ta 30UIbLICHHS MikpoaedopMarii Ta MepeynopsaKyBaHHS.
Pe3yspTaTé BCTAHOBIIOIOTH UITKY KOpEIMiI0 MK JgedopMallielo peurTkd Ta MOAYJISIIEI0 ONTHYHOI 3a00pOHEHOI 30HH,
JIEMOHCTPYIOUH e()eKTHBHUH MiJXiA A0 HANAIITYBaHHS TOHKUX IUTIBOK HA OCHOBI ZnO AJIs ONTOENEKTPOHHUX 3aCTOCYBaHb.
Kurouosi cinoBa: ZnMgO,; ZnOS; wupuna 3a00ponenoi 30uu; degpopmayia pewimku,; diacpama Tayka, yriempa3zeykosuii niponiz
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Integrating magnetic functionality into silicon remains a key challenge for developing spintronic devices. In this work, we investigate
the structural, electrical, and magnetic properties of Mn-diffused silicon fabricated via a two-step thermal diffusion process that enables
controlled Mn incorporation and redistribution within the Si matrix. Magnetic measurements reveal clear ferromagnetic behavior at
room temperature, characterized by a well-defined hysteresis loop with finite coercivity and remanent magnetization. The temperature
dependence of magnetization indicates a Curie temperature of approximately 360 K, confirming the stability of magnetic ordering
above room temperature. Electrical transport measurements show a systematic evolution of carrier properties with increasing diffusion
temperature, including a transition from p-type to n-type conductivity. This behavior is attributed to the activation of Mn-related donor
states and defect complexes, which compensate and overcompensate boron acceptors. A strong correlation between carrier
concentration and magnetic properties is observed, indicating the crucial role of free carriers in mediating magnetic interactions. Based
on the combined experimental results, the observed ferromagnetism is attributed to a cluster-induced mechanism, in which Mn-rich
regions act as localized magnetic centers coupled via carrier-mediated exchange interactions, consistent with an RKKY-type
mechanism. These findings demonstrate that two-step thermal diffusion provides an effective route to tune both the electrical and
magnetic properties of silicon, highlighting its potential for silicon-based spintronic applications.

Keywords: Silicon;, Manganese; Donor, Ferromagnetism; Nanoclusters,; Spintronics

1. INTRODUCTION
Silicon-based materials have long formed the foundation of modern electronics due to their excellent compatibility
with established semiconductor technologies. In recent years, significant efforts have been devoted to integrating
magnetic functionality into silicon to enable spin-dependent electronic applications, commonly referred to as
spintronics [1-3]. The realization of ferromagnetism in silicon would open pathways toward multifunctional devices
combining charge and spin degrees of freedom [4,5].

One promising approach to induce magnetic ordering in silicon involves doping with transition metals, particularly
manganese (Mn). However, the origin of ferromagnetism in Mn-doped silicon remains a subject of ongoing debate. While
some studies attribute the observed magnetic behavior to the formation of secondary magnetic phases, others suggest that
intrinsic mechanisms, such as carrier-mediated exchange interactions, may play a dominant role [6,7].

A key challenge lies in controlling the spatial distribution and electronic state of Mn atoms within the silicon lattice.
At low concentrations, Mn atoms tend to occupy interstitial or substitutional sites, often leading to strong compensation
effects and weak magnetic ordering. Under appropriate thermal conditions, however, Mn atoms may aggregate into
nanoscale clusters that can act as localized magnetic centers [8-10]. The interaction between such centers may be mediated
by free charge carriers, giving rise to long-range magnetic ordering [11,12].

In this context, thermal diffusion represents an effective method for introducing and redistributing Mn in silicon. In
particular, a two-step diffusion process enables independent control over impurity incorporation and defect formation,
providing a pathway to tailor both structural and electronic properties [13-16]. Despite this potential, the relationship
between diffusion conditions, carrier transport, and magnetic behavior remains insufficiently understood [17-20].

The aim of this work is to investigate the formation of room-temperature ferromagnetism in Mn-diffused silicon
prepared by a two-step thermal diffusion process. Unlike previous studies that mainly focused on ion implantation or
single-step diffusion, the present work employs a two-stage diffusion approach that allows separate control of manganese
incorporation and its subsequent redistribution within the silicon matrix. This approach enables us to analyze the
correlation between carrier concentration, conductivity-type conversion, and magnetic ordering, providing new insight
into the mechanism of ferromagnetism in Mn-doped silicon.

To achieve this goal, we systematically investigate the structural, electrical, and magnetic properties of Mn-diffused
silicon. Electrical measurements reveal a transition from p-type to n-type conductivity as the diffusion temperature
increases, indicating the activation of Mn-related donor states and defect complexes [21-24]. Magnetic measurements
demonstrate robust ferromagnetic ordering with a Curie temperature above room temperature [25,26].
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Based on a comprehensive analysis of magnetic and transport properties, we propose a cluster-induced
ferromagnetism mechanism mediated by charge carriers [27]. The results provide new insights into Mn-doped silicon
systems and highlight the potential of controlled diffusion techniques to develop silicon-based spintronic materials.

2. MATERIAL AND METHODS

Single-crystal boron-doped (p-type) silicon wafers were used as substrates. The samples were chemically cleaned
prior to processing to remove surface contaminants and native oxide layers.

Manganese incorporation was performed via a two-stage thermal diffusion process. Manganese was introduced into
silicon via a two-stage thermal diffusion process performed under vacuum. In the first stage, Mn atoms were incorporated
into the near-surface region of boron-doped Si(100) wafers at a temperature of 580 °C for 10 min. In the second stage,
deeper diffusion and redistribution of manganese within the silicon matrix were achieved by annealing at 1050 °C for
60 min under vacuum. After completion of the diffusion process, the samples were rapidly cooled to room temperature
to preserve the formed impurity—defect configurations and suppress the formation of equilibrium secondary phases. The
two-stage diffusion procedure was employed to independently control manganese incorporation and its subsequent
redistribution, thereby promoting the formation of Mn-rich clusters responsible for the observed ferromagnetic ordering.

Electrical properties were characterized by Hall effect measurements using a four-probe configuration. Carrier
concentration, mobility, and resistivity were determined at room temperature, while the conductivity type was identified
from the Hall coefficient.

Magnetic measurements were carried out using a vibrating sample magnetometer. Field-dependent magnetization
(M—H) was measured at room temperature, and temperature-dependent magnetization M(T) was used to determine the
Curie temperature. Key magnetic parameters, including saturation magnetization (M), coercivity (Hc), and remanence
(M;), were extracted from the data.

3. RESULTS

The magnetic properties of Mn-diffused silicon were investigated by measuring the magnetization as a function of
the applied magnetic field at different temperatures [28]. Given in the work [28] the M—H curve measured at 300 K
exhibits a well-defined hysteresis loop, clearly indicating ferromagnetic behavior at room temperature. The presence of
finite coercivity (Hc = 87 Oe) and remanent magnetization (M;~ 3.5x107° emu/cm?®) confirms the formation of stable
magnetic domains. The saturation magnetization at 300 K is relatively low (M = 1.6x10~* emu/cm?®), suggesting that only
a fraction of Mn atoms contributes to long-range magnetic ordering. This behavior is commonly observed in diluted
magnetic systems and may be attributed to an inhomogeneous distribution of Mn, partial compensation, or the formation
of magnetically inactive configurations [29,30]. A comparison of magnetic parameters at 150 K and 300 K reveals a clear
temperature dependence. The magnetic hysteresis loops measured at 150 K and 300 K confirm the presence of
ferromagnetic ordering in manganese-diffused silicon; the magnetic parameters are summarized in Table 1.

Table 1. Magnetic parameters of Mn-diffused silicon extracted from hysteresis loops at different temperatures

Temperature Ms M: He M,

no- (K) (emu-cm™) (emu-cm™) (Oe) M,
1. 150 2.0x10™* 8.0x1073 115 0.40
2. 300 1.6x107* 3.5x107° 87 0.219

The decrease in Mg, M, and H. with increasing temperature reflects thermal disordering of spins, reduced magnetic
anisotropy, and enhanced domain wall mobility. Nevertheless, the persistence of hysteresis at 300 K provides strong
evidence for robust room-temperature ferromagnetism.

3.1 Temperature dependence of magnetization
Figure 1 illustrates the temperature dependence of magnetization (M-T). As shown in the graph, the material's
magnetic moment gradually decreases as temperature increases. This behavior is characteristic of ferromagnetic materials

and can be explained by increased thermal agitation, which disrupts the ordered alignment of magnetic moments.
Magnetization vs. Temperature (M-T)
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Figure 1. Temperature dependence of magnetization M(T)
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The continuous curve represents theoretical calculations, showing a smooth decline in magnetization as temperature
rises and approaching zero near a critical point—the Curie temperature. The experimental data are shown as red points
and generally agree well with the theoretical curve, confirming the validity of the model. The linear behavior follows the
Curie—Weiss law, indicating that 1/y varies linearly with temperature. Extrapolating the fitted line to 1/y = 0 yields the
Curie temperature, 7¢ = 360 K. The slope of the linear fit is related to the Curie constant of the material.

Inverse Susceptibility vs. Temperature

70 4 o Data
—— Curie-Weiss Fit

50 100 150 200 250 300 350
Temperature (T) [K]

Figure 2. Temperature dependence of the inverse magnetic susceptibility (1/y) measured in the paramagnetic region

The Curie temperature (7¢) was estimated using both direct M(T) analysis and Curie—Weiss fitting of the inverse
magnetic susceptibility y (T).
Above the transition temperature, y '(T) exhibits a linear dependence consistent with the Curie—Weiss law:

C
X =G0 (1

Extrapolation of the linear region to ' = 0 yields 7¢ = 360 K. The agreement between different methods confirms
the reliability of this estimate and indicates that ferromagnetic ordering persists above room temperature.

It should be noted that fitting based on Bloch’s law slightly overestimates 7, suggesting that additional interaction
mechanisms beyond spin-wave excitations contribute to the magnetic behavior.

3.2 Effective magnetic moment
The effective magnetic moment per Mn atom was estimated using the experimental saturation magnetization:

M

Neffup

Hopr = 2

where pip is the Bohr magneton and N,y is the effective concentration of magnetically active Mn atoms.

The concentration of manganese in the investigated Mn-diffused silicon samples was not directly determined by
compositional techniques such as SIMS, EDX, or XPS. Therefore, a precise quantitative Mn concentration cannot be
reported. Nevertheless, based on the employed diffusion conditions, Hall-effect measurements, and the observed magnetic
response, the effective concentration of magnetically active Mn centers was estimated to be on the order of
Ney=5-10"7 cm. This value should be regarded as an effective magnetic concentration associated with Mn-rich clusters
and carrier-mediated exchange interactions rather than the total manganese concentration in the silicon matrix.

Using Negy=5-10"7 cm™, the estimated magnetic moment is perr = 0.03-0.044, per Mn atom. This value is
significantly smaller than the magnetic moment of an isolated Mn** ion (~544,), indicating that only a small fraction of
Mn atoms participates in the formation of long-range ferromagnetic order. This reduction may arise from clustering
effects, antiferromagnetic coupling within Mn-rich regions, or the presence of magnetically inactive Mn configurations.

3.3 Electrical transport and carrier-mediated effects

The evolution of electrical transport properties with diffusion temperature (Figure 3) shows a strong correlation
between carrier concentration and magnetic behavior.

At moderate diffusion temperatures, the material exhibits p-type conductivity due to the presence of boron acceptors
partially compensated by Mn-related states.

At higher diffusion temperatures, a transition to n-type conductivity is observed, accompanied by an increase in
carrier concentration and mobility. This behavior is attributed to the activation of donor-like states associated with Mn
impurities or defect complexes, leading to overcompensation of the initial acceptor doping.

The observed correlation between carrier concentration and magnetic properties suggests that free carriers play a
key role in mediating magnetic interactions. Enhanced carrier density is expected to strengthen indirect exchange coupling
between localized magnetic moments. A transition from p-type to n-type conductivity is observed at higher diffusion
temperatures, indicating compensation and overcompensation effects.
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Figure 3. Evolution of electrical transport properties of Mn-diffused silicon as a function of diffusion temperature
(a) resistivity, (b) carrier concentration, and (c) carrier mobility.

3.4 Magnetoresistance and correlation with magnetic ordering
To further clarify the relationship between charge transport and magnetic interactions, magnetoresistance (MR)

measurements were analyzed [31-33].
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Figure 4. Temperature dependence of MR in silicon at E = 50 V/cm: B=1T: n-Si (B, Mn)

1-Er=Ec-037¢V,2

The results demonstrate the presence

-Er=Ec-0.384 ¢V, 3-Er=Ec-0.516 €V, 4- Er=Ec - 0.53 eV.

of both positive and negative magnetoresistance depending on temperature and

the position of the Fermi level. In compensated p-type samples, a pronounced negative magnetoresistance is observed at
room temperature, reaching significant values over a wide temperature range. As temperature decreases, the MR exhibits
a non-monotonic behavior, including a sign inversion from negative to positive values.

In overcompensated n-type samples,

the magnetoresistance behavior differs, showing predominantly small positive

values at room temperature and complex temperature-dependent transitions at lower temperatures. This behavior is
strongly influenced by the position of the Fermi level and the charge state of Mn ions (Mn°, Mn*, Mn?").



302
EEJP. 3 (2026) Olmas E. Sattarov, et al.

The existence of large negative magnetoresistance is indicative of strong spin-dependent cattering processes and
supports the presence of localized magnetic moments interacting with charge carriers. The double sign inversion of MR
with temperature further reflects the competition between different conduction mechanisms and magnetic scattering
processes.

These findings provide additional evidence that charge carriers play a crucial role not only in electrical transport but
also in mediating magnetic interactions. The consistency between MR behavior and magnetization results reinforces the
validity of the carrier-mediated ferromagnetism model.

3.5 Mechanism of ferromagnetism

Based on the combined magnetic and transport results, the observed ferromagnetism in Mn-diffused silicon can be
interpreted within a cluster-induced framework. Mn atoms tend to form nanoscale clusters embedded in the silicon matrix,
which act as localized magnetic centers. Mn-rich clusters act as localized magnetic centers, while charge carriers mediate
indirect exchange interactions between them through an RKKY-type mechanism. Figure 5 illustrates the proposed
mechanism of cluster-induced ferromagnetism in Mn-diffused silicon. Figure 5(a) shows the formation of Mn-rich
clusters during the two-step thermal diffusion process. Figure 5(b) demonstrates the distribution of charge carriers around
the Mn-rich clusters and their participation in indirect exchange interactions. Figure 5(c) presents the establishment of
long-range ferromagnetic ordering through carrier-mediated RKKY-type coupling between spatially separated magnetic
clusters.

(a) Mn Diffusion into Si (b) Mn Clusters in Si Matrix (c) Carrier-Mediated Exchange (RKKY)

Mn Cluster
Figure 5. Schematic illustration of cluster-induced ferromagnetism in Mn-diffused silicon

The schematic model presented in Figure 5 was prepared by the authors based on the carrier-mediated
ferromagnetism concepts described in Refs. [15,27].

The interaction between these centers is likely mediated by charge carriers via an indirect exchange mechanism
consistent with the Ruderman—Kittel-Kasuya—Yosida (RKKY) interaction. In this picture, itinerant carriers couple
spatially separated magnetic moments, enabling long-range magnetic ordering.

The relatively low effective magnetic moment, together with the strong dependence on carrier concentration,
supports this interpretation. Although direct nanoscale compositional characterization was not performed, the observed
correlation among carrier concentration, conductivity conversion, magnetoresistance, and magnetic ordering supports the
interpretation that the ferromagnetism primarily arises from Mn-related clusters and carrier-mediated interactions.

Overall, the results demonstrate that the magnetic behavior of Mn-diffused silicon arises from a complex interplay
between impurity clustering, carrier concentration, and exchange interactions. The ability to tune these parameters through
diffusion conditions provides a pathway to engineer silicon-based magnetic materials for spintronic applications.

4. CONCLUSIONS

In this work, we have systematically investigated the magnetic and electrical transport properties of Mn-diffused
silicon prepared via a two-step thermal diffusion process. The results demonstrate that this approach enables controlled
modification of both carrier concentration and magnetic behavior through the redistribution of Mn and the formation of
defect complexes.

Magnetic measurements reveal clear ferromagnetic ordering at room temperature, characterized by a well-defined
hysteresis loop with finite coercivity and remanence. The Curie temperature was determined to be approximately 360 K
based on Curie—Weiss analysis, confirming the stability of the magnetic phase above room temperature.

Electrical transport studies show a pronounced evolution of carrier properties with increasing diffusion temperature,
including a transition from p-type to n-type conductivity. This behavior is attributed to the activation of Mn-related donor
states and defect complexes, leading to compensation and overcompensation of boron acceptors.

A strong correlation between carrier concentration and magnetic properties indicates that free carriers play a crucial
role in mediating magnetic interactions. The observed ferromagnetism is therefore interpreted as a cluster-induced
mechanism, in which Mn-rich regions act as localized magnetic centers coupled via carrier-mediated exchange
interactions, consistent with an RKKY-type mechanism.

Although additional structural characterization would be required to fully exclude the contribution of secondary
phases, the combined magnetic and transport data support an intrinsic origin of ferromagnetism in the studied system.
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Overall, the present study demonstrates that two-step thermal diffusion provides an effective and versatile route for
engineering ferromagnetic silicon with tunable electronic properties. These findings highlight the potential of Mn-diffused
silicon as a promising platform for silicon-compatible spintronic applications.
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KJIACTEPHO-THIYKOBAHU ®EPOMATHETU3M Y KPEMHII, JETOBAHOMY MAPTAHIIEM
Oumac E. Carrapos!, Craniciaas A. Tauinin!, Lnbxomos A. lnbocoex!, Hemarisuio H. Mamarkyaos?, Aximep P. Tomes?
' Tawkenmcworuii OeporcasHuti mexuiunuil ynisepcumem, Tawxenm, 100095, eyn. YVuisepcumemcoka, 2, Y3bexucman
’Hayionanvnui yHieepcumem Y36exucmany, Tawxenm, 100174, Y3bexucman
3Anmanuyvruii OeporcasHuti mexuiunuil incmumym, Aamanux, 110100, Y3b6exucman
IHTerpamisa MarHiTHOI PYHKIIIOHAIBHOCTI B KPEMHil 3aJIMIIA€THCS KIIFOYOBHUM BUKJIUKOM JJIsI PO3POOKH CIIIHTPOHHHUX MPUCTPOiB. Y
it po6OTi JOCIIHKEHO CTPYKTYpPHI, eEKTPUYHI Ta MarHiTHI BIACTUBOCTI KPEMHIIO, JIETOBAHOTO MapraHIeM, OTPUMAHOTO METOIOM
JIBOCTYIICHEBOI TepMiuHOl mudysii, mo 3abe3nedye KOHTPONBOBAHE BBEACHHS Ta Iepepos3noain Mn y matpumi Si. Marnithi
BUMIPIOBAaHHS JIEMOHCTPYIOTh YiTKO BUPaXeHY ()epOMarHiTHy IOBEIIHKY 3a KIMHATHOI TeMIepaTypH, IO XapaKTepU3yeThCs 100pe
BU3HAYEHOIO IIETJICIO ICTEPE3NCy 3 HEHYIIHOBOIO KOSPIUTHBHOIO CHIIOIO Ta 3aJIMIIKOBOIO HaMarHiueHicTo. TemnepaTrypHa 3aJeXHiCTh
HaMarHiueHocTi BKaszye Ha temuepatypy Kropi npubnusuo 360 K, uo miarBepkye ctabiibHICTh MarHiTHOTO BIOPSAKYBaHHS BUIIE
KIMHATHOI Temrepatypy. BumipioBaHHS €JI€KTPUYHOrO TPAHCIIOPTY MOKA3yIOTh CUCTEMATHYHY 3MiHYy BJIaCTHBOCTEH HOCITB 3apsy 31
3pOCTaHHAM TeMIepaTypH Iudy3ii, 30kpemMa mepexiJ Bif p-THITy 10 N-TUITy IPOBigHOCTI. Taka MmoBeIiHKa MOSICHIOETHCS aKTUBAIIIEI0
JOHOPHUX CTaHiB, MOB’sA3aHMX 13 Mn, a TakoX He(pEeKTHUX KOMIUIEKCIB, IO NMPH3BOAATH MO KOMIICHCAIl Ta HAJKOMIICHCAILil
akmenTopis Oopy. BusiBieHo critbHy KOpesIio MiXk KOHIIEHTPAIi€I0 HOCIIB 3apsIy Ta MarHiTHUMH BIIaCTHBOCTSIMH, IO CB1JUUTH PO
BUpIMIANIBHY POJIb BUIBHMX HOCIiB y Mexiamii MarHiTHHX B3aeMoxid. Ha OCHOBI CyKyIMHOCTI €KCIIEPUMEHTAIBHHX Ppe3YNbTaTiB
CIIOCTEPEeIKYBaHH (DEpOMAarHETH3M IHTEPIPETYEThCA B MEKaxX KIACTEp-iHIAYKOBAHOTO MEXaHi3My, ne obnacti, 30aradeHi Mn,
BHCTYIAIOTh SIK JIOKAJi30BaHI MarHiTHI IICHTPH, TIOB’sI3aHi yepe3 0OMiHHI B3aEMOIiT, OTOCEPEAKOBaHI HOCISIMH 3aps1y, Y3rOKeHi 3
mexanizmoM Tty RKKY. Otpumati pe3yspratid AeMOHCTPYIOTb, L0 JBOCTYNEHeBa TepMiuHa Au(y3is € eHeKTUBHUAM MMiIX0I0M IS
KepyBaHHS SIK EJICKTPUYHHMH, TaK 1 MAarHITHUMU BJIACTUBOCTSAIMH KPEMHIIO, IMiJKPECIIOI0YM HOro MOTEHIIan sl 3aCTOCYBaHHS y
KpPEMHI€Biil CIHTPOHI].
KutouoBi ciioBa: kpemuiil,; mapeaneys,; OOHOP, (hepomacHemusm, HAHOKAACMeDPU,; CHIHMPOHIKA
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On Si (111) substrates with a diameter of 20 mm, continuous monocrystalline epitaxial layers of (Si2)1x(GaN)x solid solutions were
grown by liquid-phase epitaxy from a limited volume of a tin solution-melt. The grown films had n-type conductivity. An analysis of
the X-ray diffraction pattern showed that the grown epitaxial film has (111) crystallographic orientation with evident single-crystal
sings. The size of the film subcrystallites is~40 nm. Due to the replacement of paired Si atoms by a molecule consisting of Ga and N
atoms, a slight bending of the film towards the perpendicular to the reflecting surface was observed. Coherently arranged nanocrystals
of cubic (c - GaN) and hexagonal (4 - GaN) modification of gallium nitride with a crystallite size of Lcan~47 nm are formed in the
crystal lattice of the epitaxial film.

Keywords: Liquid-phase epitaxy; Silicon; Gallium nitride; Solid solution; X-ray structural analysis

1. INTRODUCTION

Gallium nitride (GaN) is a direct-gap semiconductor with a band gap of 3.4 eV, enabling the use of a wide range of
electromagnetic wavelengths. The excellent optical and electrical properties of GaN make it an attractive material for
optoelectronics and high-speed electronic devices, including LEDs, detectors, lasers, and high-power and high-frequency
devices [1-7]. GaN-based devices are ideal for power amplifiers operating at frequencies that are unattainable with Si-
based technology. GaN power electronics offer less power loss than Si devices and can operate at higher temperatures.
The integration of GaN devices with Si integrated circuits provides a scalable CMOS (complementary metal-oxide-
semiconductor) technology platform [8] for high-power and high-performance optoelectronics. Over the past 20 years,
GaN has become the most researched semiconductor after silicon due to its excellent optical and electrical properties.

Currently, due to the high cost of native substrates, GaN is grown on foreign substrates such as sapphire (Al,O3),
SiC, and Si [9-11]. However, there is a mismatch between the lattice constant and the thermal expansion coefficient
of the GaN film and the foreign substrate. As a result, dense point defects, threading dislocations, and residual stresses
appear in finished films, which reduce the service life and efficiency of optoelectronic devices fabricated on their basis
[12-14]. When growing GaN on Si (GaN-on-Si), two main problems arise: (1) the nucleation of an AIN buffer layer
grown to prevent the formation of a Ga-Si alloy and to compensate for thermal stresses, as well as the quality of the
resulting AIN/Si interface; and (2) cracking of the epitaxial layer due to the higher thermal expansion coefficient of
nitrides compared to Si. GaN layers crack when the layer thickness exceeds ~1 pm [15]. At present, GaN-on-Si
technology has greatly improved. However, the mass adoption of GaN-on-Si for illumination remains controversial,
mainly because epitaxial layers on Si are more difficult to grow than GaN on AL,Os. For electronic applications, GaN-
on-Si is more favorable due to the poor electrical and thermal conductivity of Al,O; (sapphire) and the high cost of
SiC, which are commonly used as GaN substrates [16, 17]. High-quality GaN layers can be obtained on Si substrates
through buffer layers from a continuous solid solution of molecular substitution (Siz)i-«(GaN),, with a smoothly
changing composition from silicon to pure gallium nitride (0 < x < 1). This buffer layer, by leveling the mismatch
between the lattice constant and the thermal expansion coefficient of the Si substrate and the GaN epitaxial film,
prevents residual mechanical stresses in the transition region and, consequently, reduces point defects and threading
dislocations in the epitaxial layer.

In this article, we report the possibility of growing epitaxial layers of solid solutions of molecular substitution
(Si2)1(GaN), on Si (111) substrates by liquid-phase epitaxy from a tin solution-melt and present the results of an
experimental study of the structural features of epitaxial films using the X-ray diffraction method. Epitaxial layers of
(Si2)1x(GaN)x were grown using the technology described in [18].

Cite as: A.S. Saidov, Sh.N. Usmonov, T.T. Ishniyazov, M.U. Kalanov, D.V. Saparov, M.B. Tagaev, A.M. Akhmedov, A.Sh. Razzokov,
K.G. Gaymnazarov, East Eur. J. Phys. 3, 305 (2026), https://doi.org/10.26565/2312-4334-2026-3-26

© A.S. Saidov, Sh.N. Usmonov, T.T. Ishniyazov, M.U. Kalanov, D.V. Saparov, M.B. Tagaev, A.M. Akhmedov, A.Sh. Razzokov, K.G. Gaymnazarov,
2026; CC BY 4.0 license


https://doi.org/10.26565/2312-4334-2026-3-26
https://periodicals.karazin.ua/eejp/index
https://portal.issn.org/resource/ISSN/2312-4334
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-9124-6430
https://orcid.org/0000-0001-7683-0017
https://orcid.org/0000-0001-8518-626X
https://orcid.org/0000-0003-2758-0781
https://orcid.org/0000-0002-1833-8339
https://orcid.org/0000-0002-2210-6207
https://orcid.org/0009-0004-5317-7288
https://orcid.org/0000-0003-2210-8437

306
EEJP. 3 (2026) A.S. Saidov, et al.

2. MATERIALS AND METHODS

Solid solutions (Siz);.x(GaN)x were grown on Si (111) substrates by liquid-phase epitaxy from a limited volume of
Sn solution-melt in an ambient H, atmosphere. Before entering the reactor, hydrogen was deeply purified using palladium
diffusion filtration, removing oxygen, moisture, and other impurity gases. Palladium purification produced high-purity
hydrogen, which was essential for stabilizing liquid-phase epitaxy conditions, preventing oxidation of the melt solution
components and the substrate surface, and improving the structural quality and homogeneity of the grown epitaxial layers.
The substrates were silicon washers of grade KDB-0.01, p-type, boron-doped, with a resistivity of 0.01 Q-cm. The
diameter and thickness of the substrates were 20 mm and 400 um, respectively. The growth of epitaxial layers was carried
out by varying the following parameters of the technological process: the composition of the solution-melt, the
temperature of the beginning and end of solid solution crystallization, the rate of forced cooling and the thickness of the
solution-melt. The composition of the Sn-Si-GaN solution melt, in the weight ratio of components, was determined based
on the results of preliminary experiments. Epitaxial layers of solid solutions were grown at a temperature range of 950—
850°C, a cooling rate of 1 °C/min, and a solution-melt thickness of 1 mm. At the selected process parameters, the entire
substrate surface was covered with a continuous epitaxial film. The adhesion of the epitaxial films to the substrate surface
was of high quality. Over the entire surface, the thickness of the epitaxial layer was uniform at ~10 pm. Epitaxial films
had n-type conductivity with a concentration of ~ 3.4-10'® cm, a mobility of ~ 133 cm?-V-!-sec’! of charge carriers and
a resistivity of ~ 1.38 Q-cm at 300 K.

Structural studies of the resulting epitaxial film were carried out in the Institute of Nuclear Physics of the Academy
of Sciences of the Republic of Uzbekistan on a DRON-3M X-ray diffractometer (radiation CuKo, 4 = 0,15418 nm) with
improved the ©-20 optical scheme in step scan mode.

3. RESULTS AND DISCUSSION

Fig. 1 shows an X-ray diffraction pattern of the Si substrate. The diffraction pattern contains several selective
structural reflections with different intensities and one diffuse reflection at small scattering angles. The analysis showed
that the substrate surface corresponds to the (111) crystallographic plane.

This is evidenced by the presence of a series of selective reflections of the (HHH) type (where H = 1, 2, 3), intense
lines (111)si with d/n = 0.3142 (28 = 28.4°), (222)s; with d/n = 0.1568 (26 = 58.8°) and (333)s; with d/n = 0.1045 nm
(20 =94.95°). The beta () component of the structural line of the first order (111)s; is visible at 20 = 25.8°, and the third
order is visible at 20 = 83.5°. High intensity (2-10° pulses-sec’’) of the main reflection (111)s;, narrow width
(FWHM = 0.25°), testifies to the perfection of the substrate crystal lattice. Furthermore, the X-ray diffraction pattern of
the substrate contains only the reference reflection (111) and its high orders (222) and (333), while diffraction reflections
with other indices are absent. These are signs of its single-crystal state.
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Figure 1. X-ray pattern of a silicon substrate

Good, close to the calculated splitting of the (333)s; reflection with characteristic intensity ratios for o and o radiation
[I333 (ou) = 21333(012)], indicates that the elastic stress is predominantly concentrated in the near-surface layer of the volume,
close to the surface of the substrate and at the boundaries between the blocks of the matrix lattice (Fig. 2).

The X-ray diffraction pattern shows a noticeable (110) reflection of SiO2 with d/n=0.2501 nm (28 = 35.9°), attributed
to the SiO, impurity in the substrate. The narrow width (FWHM = 2.62-107 rad) of this reflection indicates that the SiO»
impurity phase in the bulk of the matrix is in the crystalline modification, SiO(c). The characteristic size of the structural
fragments (subcrystallites) of this phase is ~ 58 nm. Due to the large ionic radius of oxygen compared to silicon, they are
energetically preferred to be located in the interstices of boundary and near-boundary regions between grains and blocks
(subcrystallites) of the substrate [19]. In these areas, the chemical bonds between the ions of the matrix are not saturated,
and the nodes are somewhat displaced from their ideal positions.
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These factors contribute to the formation of structural fragments with low symmetry, consisting of silicon and
interstitial ions, in comparison with the structure with high symmetry in the bulk of the blocks of the substrate, consisting
only of silicon ions. The experimental value of the substrate lattice parameter was ag; = 0.54293 nm, which is comparable
with the tabulated value as; = 0.54307 nm. This shows that the volume fraction of the distorted lattice region is negligible

compared to the entire volume of the substrate.
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Figure 2. The shape of the reflections (333) of the silicon substrate

Figure 3 shows the X-ray diffraction pattern of an epitaxial layer of the (Si»)1x(GaN)x solid solution grown on silicon
substrates. The high-resolution (333) reflection shape is shown in Fig. 4. This result significantly differed from the X-ray
diffraction pattern of the substrate. Here, the intensity of diffuse reflection at small scattering angles decreased by more
than 3 times, and the intensity of the main reflection (111)g; (26 = 28.33°) of the film increased by ~ 6% compared to the
intensity of the same reflection of the substrate. The intensity of the forbidden reflection (222) (26 = 58.65°) decreased
by a factor of 2, its intensity of the third order (333) (20 = 94.70°) decreased by almost an order of magnitude, and the
intensity of the reflection (110) of SiO, (26 = 35.8°) from the impurity phase of crystalline quartz decreased by 2 times.
The average level of the inelastic background also decreased by 2 times.

The relatively narrow width (FWHM = 3.78-107 rad) and high intensity (2-10° pulses-sec-1) of the main reflection
(111)canssi indicate a high degree of perfection of the crystal lattice of the epitaxial layer of the solid solution (Siz):-
«(GaN)y; that is, the grown film has the sign of a single crystal with a (111) orientation. The sizes of subcrystallites (blocks)
of the film, estimated from the width of this peak by the Selyakov—Scherrer method [20], were ~ 40 nm.

1.0F
1D .
§ (Si), (GaN)_
« 0.8 film
'ﬂ x100 =
= 0.6 2
=} = =
~=lz z g
S 04r =g & 0
= = Xl = Z =
- T 3NE i
02 & ~ o
— on
\ t )
0+ 2 ‘| L
| L | L | L | L | L | L | L | | L |

10 20 30 40 50 60 70 80 90 100
20, deg.

Figure 3. X-ray pattern of the epitaxial layer of the (Si2)1.x(GaN)x solid solution
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However, the intensity of the main reflection of the (111)gansi film is 6% higher than the intensity of the same line
of the substrate, (111)s;. This indicates the partial replacement of some pairs of silicon ions by gallium and nitrogen
molecules in the film's silicon lattice. Since the X-ray scattering intensity is proportional to the square of atomic number
(Z?) of the elements (Zs; = 14, Zn = 7, and Zga = 31), such a replacement of ions should lead to some increase in the
intensity of this reflection, which is observed in the experiment.

Since the thermal expansion coefficients of GaN are 2.2 times greater than those of Si (dgan - 5.59:10°%°C,
asi - 2.6 -10%/°C), when cooled from the epitaxy temperature (950-850°C) to room temperature, the fabricated
heterostructure bends in the direction perpendicular to the reflective surface of the film.
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Figure 4. The shape of reflections (333) of the epitaxial layer of the solid solution (Si2)1-x(GaN)x

In addition, this conclusion is confirmed by the appearance of a new selective reflection with a noticeable intensity
and a width of 3.2:107 rad. near the main reflection (111) of the film. An analysis of the nature of this structural line
showed that it consists of two selective lines very close in angular position and corresponding to two modifications of
gallium nitride: cubic (c-GaN) - (111)gan With d/n = 0.2599 nm (20 = 34.4°) and hexagonal (h-GaN) - (002)gan With
d/n =0.2592 nm (20 = 34.6°). They are caused by gallium nitride nanocrystals Lgan =47 nm in size. These nanocrystallites
are located in the near-surface layer of the film, as evidenced by the angular arrangement of reflections associated with
them. The close angular position of these reflections to the main (111)ganssi reflection made it possible to determine the
GaN content of c-GaN and h-GaN nanocrystals in the film from the ratio of their intensities. It was 9.1 and 8.9 mol. %,
respectively. Therefore, it can be argued that during liquid-phase epitaxy on a Si(111) substrate, it is possible to form a
GaN-Si heterostructure with GaN nanocrystallites, both cubic (c-GaN) and hexagonal (h-GaN) modification.

4. CONCLUSIONS

Continuous epitaxial layers of (Siz)ix(GaN)y solid solutions were grown on Si(111) substrates 20 mm in diameter
by liquid-phase epitaxy from a limited volume of a tin solution-melt.

Analysis of the X-ray diffraction pattern showed that the resulting film has the perfect crystalline structure with
(111) orientation and evident single-crystal sings. Coherently located nanocrystallites of cubic (c-GaN) and hexagonal
(h-GaN) modification of gallium nitride with a crystallite size of Lgan = 47 nm are formed in the crystal lattice of the
epitaxial film.
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CTPYKTYPHI OCOBJIMBOCTI EHITAKCIAJIBHUX INJIIBOK TBEPJJUX PO3UYHMHIB (Si2)1-X(GaN)X
BUPOLIEHUX HA Si-IIIJIVIOKKAX
A.C. Cainos!, III.H. Yemonos!, T.T. Imnussos!, M.Y. Kanxanos?, I.B. Canapos!, M.B. Taracs?, A.M. Axmenos,
AL.III Pa33oxos’, K.I'. Taiimnazapon®
! Disuxo-mexniunuii incmumym in. C.A. Asimosa, Axademisn nayk Vsbexucmary,
eyn. Y. Aummamosa, 2b, Tawxkenm, 100084, V30exucman
2Incmumym s0epnoi ¢isuxu, Axademis nayx Ysbexucmany, Tawxenm, Ysbexucmar
3Kapakannakcoxuti Oepocasnuii ynieepcumem imeni bepoaxa
*Tawkenmcoruii incmumym ingicenepie ipuzayii ma mexamizayii citbcoko2o 2ocnodapemea, Yzbexucmar
SVpeenucvruii depoicasnuii ynieepcumem, eyi. X. eyn. Animoxcan, micmo Ypzenu, 220100, Vzbexucman
STynicmancokuii deparcasnuti yrnisepcumem, 120100. Cupdapuncekuii pation, micmo I'ynicman, Y36exucman

Ha minkmagkax Si (111) miamerpom 20 MM MmeromoM pinkodasHoi emitakcii 3 oOMexeHOro 00'eMy pO3YHHY-PO3ILIaBY OJIOBA
BUPOIIYBalIN CYLiJIbHI MOHOKPHCTAIUHI emiTakciaipHi mapu TBepAuX po3uuHiB (Si2)1x(GaN)x. BupolueHi Bk Mand n-Tu
MPOBIAHOCTI. AHaJ3 pPEeHTICHOrpaMH IOKa3aB, IO BUPOIICHA CIiTaKCiajdbHA IUIiBKAa Mae Kpucramorpadiuny opienrtamito (111) 3
YITKIMH MOHOKPHCTAJIIYHUMH O3HaKamu. Po3Mip cyOkpucTalmiTiB mIiBKM cTaHOBUTH~40 HM. Uepe3 3aMilieHHs MapHUX aTOMiB Si
MOJIEKYJIO0, 1[0 CKIamaeThest 3 aToMiB Ga ta N, criocTepiraBcsi He3HAUHMI BUTHH IDTIBKH BiJHOCHO NMEPIEHIUKYISIPA O MOBEPXHI
BIiOMTTS. Y KpUCTANIUHIN PEeNIiTI emiTakcialbHOI IUTIBKH YTBOPIOIOTHCS KOT€PEHTHO PO3TAIIOBaHI HAHOKpHUCTANU KyoiduHoi (c-GaN)
Ta rekcaroHaibHOI (h-GaN) moxudikarmiit HiTpHIY rajiro 3 po3MipoM kpucrainitiB LGaN~47 aM.
KurouoBi ciioBa: pioxogasna enimaxcis; Kpemuiil, Himpuo 2anito, meepoutl po3uuH, peHmMeeHOCMpPYKmMYPHULl AHAi3
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Low-dimensional III-V and II-VI quantum heterostructures are important active media for optoelectronic devices operating under
radiation environments. In this work, the effects of high-energy X-ray, gamma-ray, and electron irradiation on excitonic recombination
and exciton—phonon interaction were investigated in GaAs/AlGaAs and ZnTe/CdZnTe-based quantum heterostructures using low-
temperature photoluminescence spectroscopy. The spectra showed pronounced excitonic emission bands accompanied by longitudinal
optical phonon replicas, indicating phonon-assisted recombination processes. After irradiation, a substantial reduction in
photoluminescence intensity was observed, which was attributed to the formation of radiation-induced non-radiative recombination
centers. In ZnTe/CdZnTe structures, electron irradiation produced a slight blue shift (approximately 0.7 meV) of the quantum-well
emission, whereas X-ray irradiation resulted in a small red shift (approximately 0.6 meV), suggesting irradiation-dependent
modification of exciton localization and defect-related potential fluctuations. A semi-quantitative analysis based on integrated PL
intensity ratios, an effective non-radiative recombination parameter, and the Huang—Rhys factor (S~1-2) was performed to correlate
PL quenching, spectral shifts, and LO-phonon replicas with radiation-induced defect formation. The relative changes in excitonic,
impurity-related, and phonon-assisted emission bands indicate a redistribution of radiative and non-radiative recombination channels
after irradiation. A phenomenological interpretation based on radiative and non-radiative recombination rates and the Huang—Rhys
description of LO-phonon replicas was used to discuss the observed spectral changes. The results provide a comparative experimental
assessment of irradiation-induced modifications in III-V and II-VI quantum heterostructures and may be useful for evaluating the
radiation tolerance of semiconductor optoelectronic structures.

Keywords: Radiation-induced defects; Quantum heterostructures; Photoluminescence spectroscopy; Exciton—phonon interaction;
LO-phonon replicas; Non-radiative recombination; GaAs/AlGaAs quantum wells; ZnTe/CdZnTe quantum wells

INTRODUCTION

The interaction of high-energy radiation with semiconductor quantum heterostructures is of fundamental and practical
importance for the development of radiation-tolerant optoelectronic devices. Low-dimensional [II-V and II-VI quantum
heterostructures, including GaAs/AlGaAs and ZnTe/CdZnTe systems, are widely used in lasers, optical modulators, and
field-effect transistors because of their tunable electronic and optical properties. In these structures, quantum confinement
strongly influences excitonic recombination, impurity-related emission, and phonon-assisted luminescence processes.
Recent electro-optical studies of GaAs/AlGaAs multiple quantum wells have shown that their photoluminescence spectra
are highly sensitive to quantum confinement and external conditions [1]. Similar excitonic spectral features in related
semiconductor structures have also been interpreted in terms of surface radiative modes and longitudinal excitons, thereby
emphasizing the complex nature of exciton—polariton luminescence in such systems [2]. ZnTe-based heterostructures are
particularly attractive for visible-range optoelectronic applications because they exhibit pronounced excitonic emission and
are highly sensitive to structural defects, localization effects, and external perturbations.

Despite extensive research on radiation effects in semiconductors, the microscopic mechanisms governing exciton—
phonon coupling in irradiated ZnTe quantum structures remain insufficiently understood. High-energy electron and X-
ray irradiation induce defect states that act as non-radiative recombination centers and exciton localization sites, thereby
modifying photoluminescence spectra and the relative intensities of excitonic and impurity-related transitions. Recent
reviews of irradiated GaAs have likewise shown that radiation-induced point defects and defect complexes play a key
role in the formation of non-radiative recombination channels and in the degradation of optical properties [3]. Similar
quenching phenomena associated with defect-related non-radiative recombination have been reported in Cd-based
semiconductor films under external perturbations such as temperature and infrared excitation [4]. The complex interplay
between radiation-induced defects, exciton localization, and phonon-assisted recombination is crucial for understanding
and controlling the optical response of these heterostructures under irradiation.

In this study, we investigate the effects of high-energy electron and X-ray irradiation on the low-temperature
photoluminescence of ZnTe-based quantum heterostructures. Special attention is paid to longitudinal optical (LO) phonon
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replicas and impurity-related excitonic transitions, which provide insights into the restructuring of luminescence channels
induced by radiation. In addition, the role of interband transitions and band structure modifications in determining optical
response has been widely discussed in semiconductor systems [5,6]. In this work, the effects of high-energy X-ray, y-
ray, and electron irradiation on the low-temperature photoluminescence response of III-V and II-VI quantum
heterostructures are examined with particular attention to excitonic recombination, impurity-related emission, and LO-
phonon-assisted spectral features. The study combines experimental PL observations with a phenomenological
interpretation based on the competition between radiative and non-radiative recombination channels and the Huang—Rhys
description of exciton—phonon coupling. Rather than introducing a new fundamental mechanism, the present work aims
to provide a comparative assessment of how different irradiation conditions modify excitonic, defect-related, and phonon-
assisted luminescence channels in GaAs/AlGaAs and ZnTe/CdZnTe-based quantum heterostructures. This analysis is
intended to clarify the relative sensitivity of different emission bands to irradiation-induced defect formation and to
support the evaluation of radiation tolerance in low-dimensional semiconductor structures.

THEORETICAL CONSIDERATIONS
To interpret the observed changes in photoluminescence under irradiation, we employ a phenomenological model
that accounts for exciton recombination, radiation-induced non-radiative centers, and exciton—phonon interactions. To
describe these coupled processes in a compact form, the total Hamiltonian of the system can be written as

H = Hgy + Hpp + Hexphs (1)

where H,, describes the excitonic subsystem, Hpj, corresponds to the phonon field, and H,,.p, represents the exciton—
phonon interaction.

Equation (1) defines the general theoretical basis of the model by separating the excitonic, phononic, and interaction
contributions to the optical response. For longitudinal optical (LO) phonons, the interaction can be written in the Frohlich-
type form

Heywph = Z4My(ag + a_qt) XX, )

where M, is the exciton—phonon coupling matrix element, az; and a, are the phonon creation and annihilation operators,

and XTX denotes the exciton occupation operator.
Equation (2) explicitly describes the coupling between excitons and LO phonons and serves as the basis for
interpreting the phonon-assisted features observed in the PL spectra. This interaction explains the appearance of LO-
phonon replicas in the photoluminescence spectra. Such phonon-assisted relaxation channels are characteristic of
CdTe/ZnTe quantum well systems, in which LO-phonon emission plays a central role in exciton energy relaxation [7].
The theoretical description of optical absorption processes in semiconductors often relies on interband and intraband
transition mechanisms, accounting for band mixing and temperature-dependent effects [5,8].
The integrated photoluminescence intensity can be expressed as
kr

Ipy < G -
PL kptkn,

3

where G is the generation rate, k,. is the radiative recombination rate, and k,,r is the non-radiative recombination rate.

Equation (3) shows that the observed PL intensity is determined by the competition between radiative and non-
radiative recombination channels. Similar carrier generation and recombination mechanisms have been analyzed from
photoconductivity spectra of Cd-based solid-solution films, highlighting the role of defect states and band transitions [9].
Under irradiation, defect formation leads to an increase in k,r, which can be written as

k= kQ + BN,, 4)

where N, is the concentration of radiation-induced defects.

Equation (4) indicates that the non-radiative recombination rate increases with the concentration of radiation-
induced defects, which explains the quenching of photoluminescence under irradiation. Therefore, the PL intensity ratio
can be written as

0
lir _ _ Jetie?
lo kp+k(Q+pNg

6))

Equation (5) provides a convenient relation for comparing the relative decrease in PL intensity before and after
irradiation and can be directly related to the experimentally measured quenching ratios. For phonon-assisted transitions,
the relative intensities of LO-phonon replicas can be described using the Huang—Rhys model, while the Huang—Rhys
factor provides a quantitative measure of the exciton—LO-phonon coupling strength in semiconductor quantum wells [10]:

STl
Iy = Ipexp(=$) <., ©)
where S is the Huang—Rhys factor.
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Equation (6) relates the intensity distribution of the 1LO, 2LO, and 3LO replicas to the Huang—Rhys factor and thus
allows estimation of the strength of exciton—phonon coupling. This model explains the presence of 1L.O, 2LO, and 3LO
lines observed in the spectra. More generally, Huang—Rhys theory has been extensively applied in semiconductor optical
spectroscopy to interpret phonon sidebands, exciton localization effects, and the relative intensity distribution of multi-
phonon replicas [11]. Furthermore, multiphoton absorption processes and intersubband transitions in III-V
semiconductors provide an important contribution to the understanding of nonlinear optical effects in such systems [6,12].

To establish a direct connection between the phenomenological model and the experimental PL spectra, three
measurable quantities were used in the analysis: the integrated PL intensity ratio, the irradiation-induced spectral shift,
and the relative intensities of the LO-phonon replicas. First, Eq. (5) was used to interpret the experimentally observed PL
quenching through the increase in the defect-assisted non-radiative recombination rate after irradiation. The measured
decrease of the excitonic PL intensity by approximately two orders of magnitude indicates a substantial increase in k.
compared with the initial value before irradiation. Second, the small blue and red shifts observed after electron and X-ray
irradiation were interpreted as signatures of irradiation-induced changes in exciton localization and defect-related
potential fluctuations. Third, Eq. (6) was used to estimate the exciton—LO-phonon coupling strength from the relative
intensities of the 1LO, 2LO, and 3LO replicas through the Huang—Rhys factor. Therefore, the model was not used as an
independent microscopic theory but as a quantitative phenomenological framework to correlate PL quenching, spectral
shifts, and phonon-assisted emission features with radiation-induced defect formation.

EXPERIMENTAL METHOD

Low-dimensional quantum heterostructures were fabricated using state-of-the-art epitaxial techniques to ensure
precise control over layer composition and thickness. ZnTe-based structures were grown by molecular beam epitaxy
(MBE) employing the “Katun” system, whereas III-V heterostructures were synthesized via metal-organic chemical
vapor deposition (MOCVD). Detailed growth parameters, including substrate temperature, flux ratios, and deposition
rates, were optimized according to established protocols to achieve high crystalline quality and minimal structural defects.

The investigated samples are summarized in Table 1. Sample No. 1 was a ZnTe/CdZnTe-based quantum
heterostructure containing three tunnel-coupled quantum wells grown by molecular beam epitaxy. Sample No. 4 was a
GaAs/AlGaAs quantum-well heterostructure containing three AlGaAs/GaAs quantum wells with thicknesses of 2.5, 4.2,
and 7.7 nm separated by 100 nm barriers. These samples were selected to compare the irradiation response of
representative II-VI and I1I-V quantum heterostructures under different irradiation conditions.

Table 1. Structural parameters of the investigated quantum heterostructures.

Sample Material Growth Structure Quantum-well Barrier / Doping Irradiatio | Measurement
Substrate N . . .
No. system method description thickness surrounding layers | concentration n type temperature

Barrier thickness

MBE using | Three tunnel-coupled not explicitly Electron
ZnTe/Cdoa the Cdo.2Zno.sTe 2 nm for each | reported; ZnTe cap | Not explicitly | irradiation
No.1 ZnosTe GaAs(001) KATUN9 quantum wells QW layer =4 nm; ZnTe reported and X-ray 42K
system embedded in ZnTe buffer layer = irradiation
1.5 um
No. 4 GaAs/AlGa GaAs MOCVD Three AlGaAs/GaAs | 2.5,4.2,and 7.7 :AlGaAsibarner Not explicitly ) Garpn_la 42K and 77K
As quantum wells nm thickness = 100 nm reported irradiation

Photoluminescence (PL) and reflectance measurements were conducted to characterize optical properties in the
photon energy range of 0.6 — 3.0 eV over temperatures from 4.2 K to 300 K. Low-energy spectral components (0.6 —
1.4 eV) were analyzed using a prism monochromator, while higher energies were employed with a diffraction
monochromator. Photoluminescence excitation was performed using an argon-ion laser at A,,, = 514.53 nm for
ZnTe/CdZnTe quantum heterostructures. For GaAs/AlGaAs quantum wells, PL spectra were measured using excitation
at Adoxe = 632.8 nm. These excitation wavelengths were selected to probe excitonic emission from the quantum wells
and related defect-assisted recombination channels.

For the II-VI ZnTe/CdZnTe structures, two irradiation modalities were applied: high-energy electron irradiation and
X-ray photon exposure. Electron irradiation was performed using the ILU-6 pulsed accelerator, delivering electrons at
1.8 MeV with a total fluence of @ = 10'cm™2. Pulses had a duration of 700 ps at a repetition rate of 25 Hz, with a
current density of 102 cm™2 - s™* per pulse. The sample temperature during irradiation did not exceed 60°C. Energy
deposition calculations indicate that the generation rate of electron-hole pairs reached ~10%* cm™ -s™*, with the
formation of radiation-induced defects via atomic displacements in the crystal lattice, estimated at ~10*7 cm™3.

X-ray irradiation was conducted using the RAP-150/300 source at an accelerating voltage of 100 kV, producing a
continuous broad-spectrum photon flux. The dose rate was 10 R - s™%, with total exposure reaching 10* R. Absorbed
energy densities in the structures were evaluated, yielding values on the order of 10%* eV - cm™3, sufficient to induce
significant modification of excitonic recombination channels and to generate defect states influencing photoluminescence.

For the GaAs/AlGaAs quantum-well structure, y-irradiation was performed using a Co y-source with a total dose
of D = 2 x 10°rad. The PL spectra were recorded before and after y-irradiation at 77 K and 4.2 K in order to evaluate
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irradiation-induced changes in near-band-edge excitonic, impurity-related, and defect-related emission bands under
different low-temperature measurement conditions.

All optical measurements were carried out using an automated setup integrating a low-temperature cryostat,
monochromators, and photodetectors suitable for resolving excitonic emission lines, LO-phonon replicas, and impurity-
related transitions. The spectral resolution of the PL. measurements was determined by the monochromator configuration
and was kept constant for each set of comparative measurements. Each PL spectrum was recorded under identical
excitation power, temperature, and detection geometry before and after irradiation. Peak positions were extracted from
the maxima of the emission bands, while integrated PL intensities were calculated after background subtraction over the
same spectral interval for each band. The uncertainty in the relative intensity analysis was mainly associated with
excitation-power fluctuations, detector response, and baseline correction. Repeated measurements confirmed that the
main irradiation-induced trends, including PL quenching and small spectral shifts, were reproducible within the
experimental uncertainty.

RESULTS

Photoluminescence of GaAs/AlGaAs Quantum Wells. Figure 1 presents representative low-temperature (77 K) PL
spectra of sample No. 4 (Table 1), containing three AlGaAs/GaAs quantum wells, measured from the GaAs substrate side
before and after y-irradiation. The quantum well thicknesses were L, = 2.5,4.2, and 7.7 nm, and the barrier thickness was
Lg = 100 nm (inset of Fig. 2).

As shown in Fig. 1, the photoluminescence spectra exhibit several distinct emission bands associated with excitonic
and defect-related transitions. Similar excitonic and field- or temperature-sensitive optical transitions have been analyzed
in GaAs/AlGaAs multiple-quantum-well heterostructures, thereby supporting the assignment of the observed PL bands
in the present study [1].

E, eV
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T T T T T
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! l — 2 After
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Figure 1. Typical PL spectra of the GaAs/AlGaAs quantum-well structure measured from the GaAs substrate side before (1) and
after (2) gamma irradiation, D = 2x10° rad, at 77 K. Excitation: A = 632.8 nm, P =2 W/cm?.

According to the proposed model, the observed decrease in PL intensity after irradiation is associated with an
increase in the non-radiative recombination rate due to radiation-induced defect formation. A comparable suppression of
photoluminescence under very high electron-dose irradiation has also been reported for GalnNAs/GaAs quantum wells,
further confirming the dominant role of irradiation-induced defect states in the degradation of optical response [13]. This
interpretation is consistent with earlier studies of electron-irradiated GaAs-based single quantum wells, in which
irradiation-induced defect states were found to alter photoluminescence intensity and spectral position through modified
recombination dynamics [14]. Related irradiation-dependent changes in GaAs quantum wells have also been observed
under electron-beam exposure, demonstrating that beam-induced defect modification can significantly affect
luminescence intensity and recombination behavior [15].

A quantitative comparison with the proposed model was also performed. Using the relation IpL « k,./(k, + k,,1),
the observed decrease in photoluminescence intensity can be attributed to a significant increase in the non-radiative
recombination rate. The experimentally observed reduction of the integrated intensity (I/I° ~ 1072 for excitonic bands)
is qualitatively consistent with the model prediction, indicating that radiation-induced defects dominate the recombination
dynamics in the irradiated structures.

In the PL spectra of the unirradiated samples, two emission bands appear near the band edge: I; (DX) = 1.508 eV
and I,(e,C) = 1.49 eV, along with two broader bands at I3 = 1.38 eV and I, = 0.78 eV. The I; and I, bands are
attributed to excitons bound to donors and carbon-related electronic transitions, respectively. The weak I3 band
corresponds to donor-acceptor pair recombination, while I, originates from deep donor states associated with arsenic-
related defects. Upon y-irradiation (D = 2 X 10° rad), all emission bands show a pronounced decrease in intensity
(Fig. 1), consistent with the formation of non-radiative recombination centers induced by the Co y-source. Such behavior
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is consistent with previous studies of photoluminescence in CdTe-based heterostructures, where defect-induced
nonradiative recombination leads to strong quenching of the emission intensity [16].

For the irradiation dose considered, the ratio of post-irradiation to initial integrated intensities, Ir/I,, was
approximately 10~2 for the I; and I, bands, whereas I /I, = 0.5 for the I, band. These distinct behaviors indicate that
PL quenching under irradiation cannot be attributed solely to the formation of non-radiative centers but also reflects
modifications of the luminescence centers within the material, suggesting structural rearrangements of defect-related
states.
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Figure 2. Low-temperature PL spectra of the GaAs/Alo2Gao.sAs quantum-well structure before (1) and after (2) irradiation,
measured at 4.2 K. The structure contains three GaAs quantum wells with thicknesses of 2.5, 4.2, and 7.7 nm.

ZnTe/CdZnTe Quantum Wells. The PL spectra of sample No. 1 (Table 1), containing three tunnel-coupled
ZnTe/CdoZnosTe quantum wells, were measured with excitation A, = 0.51453 um, corresponding to photon energies
above both the ZnTe and CdZnTe band gaps as well as the electron—hole recombination energies in the wells. The low-
temperature PL spectrum exhibits multiple emission features arising from the ZnTe buffer layer and the quantum wells,
the latter dominating the intensity. Superimposed narrow Raman lines, shifted by multiples of the LO-phonon energy,
correspond to Raman scattering of the excitation light. The non-monotonic intensity variation of Raman lines with phonon
order is attributed to resonance enhancement arising from coincidences with absorption features in the buffer or quantum
wells. The irradiation-induced spectral changes and LO-phonon replicas of the ZnTe/Cdy2Zng sTe quantum-well structure
are shown in Fig. 3.
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Figure 3. The spectra show pronounced 1LO, 2LO, and 3LO phonon replicas, confirming strong exciton-LO phonon coupling in
the ZnTe-based structure. The changes in the relative intensities of the I;,, I;, and fy, features indicate the contribution of defect-
related and excitonic recombination channels

The photoluminescence spectra of the ZnTe/CdZnTe quantum-well heterostructure exhibit distinct emission bands
arising from the quantum wells (QW1 and QW2) and defect-related transitions. After irradiation, the excitonic emission
intensity decreased noticeably, indicating the formation of radiation-induced defects that serve as efficient non-radiative
recombination centers, degrading the optical response of the quantum wells. Similar defect-assisted suppression of optical
emission has been reported in irradiated GaAs-based quantum wells [13,14], suggesting that irradiation-induced non-
radiative recombination is a common feature of low-dimensional semiconductor heterostructures. Figure 3 presents the
corresponding spectral changes after electron and X-ray irradiation, including the phonon-assisted emission features.

According to the model, the quenching of quantum well emission is governed by the relation IpL « k,./(k, + k,1),
where irradiation increases the defect-assisted non-radiative recombination rate. The excitonic emission at hv =
2.3736 eV (522.4 nm) corresponds to a superposition of free exciton (IFX) and donor-bound exciton emission or exciton-
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polariton recombination. Lines at hv = 2.37 eV are associated with excitons bound to neutral acceptors, while a broad
band at hv = 2.3568 ¢V is related to extended or intrinsic defect states. After both electron and X-ray irradiation (curves
2 and 3 in Fig. 3), the excitonic band intensities decrease noticeably. In the quantum well emission region, the Iy band
intensity also diminishes, though less markedly. Electron irradiation induced a slight blue shift (AE = 0.7 meV),
whereas X-ray irradiation caused a red shift (AE = 0.6 mel/). Comparable irradiation-induced energy shifts have also
been reported in GaAs/AlGaAs quantum wells, where proton irradiation and post-irradiation thermal treatment modified
the quantum-well transition energies [17]. Due to spectral overlap with Raman lines, potential excitonic shifts in the
buffer layer were further analyzed via reflectance measurements before and after irradiation.

As shown in Fig. 3, the photoluminescence spectra of ZnTe-based quantum structures display pronounced
longitudinal optical (LO) phonon replicas (1LO, 2LO, 3LO) associated with excitonic transitions. Related
photoluminescence features have been observed in CdTe/ZnTe quantum nanostructures, confirming the importance of
excitonic transitions in determining the spectral response of II-VI heterostructures [18]. Similar LO-phonon-assisted
excitonic features have been reported in (Cd,Zn)Te-based quantum wells, where the coupling between excitons and LO
phonons strongly influences the spectral structure of luminescence [19]. A closely related behavior has been reported in
coupled CdTe/ZnTe quantum-well structures, where hot-exciton relaxation is governed by LO-phonon emission and
strongly affects the spectral shape of optical transitions [3]. The presence of such luminescence features is consistent with
previous observations in cadmium chalcogenide systems, where strong excitonic emission and spectral structure are
closely related to recombination dynamics [20]. Similar photoluminescence behavior has also been reported in
CdTe/ZnTe self-assembled quantum nanostructures, where excitonic emission and spectral features are strongly
influenced by confinement and carrier localization effects [18]. Optical studies of ZnTe structures containing CdTe
submonolayers have likewise shown that localized excitonic states strongly affect the luminescence characteristics of 11—
VI heterostructures [21]. The observation of multiple phonon-assisted emission lines provides clear evidence of strong
exciton—phonon coupling. Resonant optical studies of II-VI quantum nanostructures have similarly demonstrated that
exciton—LO phonon coupling plays a decisive role in shaping the excited-state and phonon-assisted spectral response
[22]. The non-monotonic variation in the intensity of the LO replicas is attributed to resonance enhancement effects and
indicates the significant role of defect states and localization phenomena in the recombination dynamics. A related
sensitivity of photoluminescence behavior to localization and quantum confinement has also been reported for CdTe/ZnTe
ultrathin quantum wells and size-quantized islands [23].

A quantitative estimation of the exciton—phonon coupling strength was performed using the Huang—Rhys model.
Based on the relative intensities of the LO-phonon replicas (1LO, 2LO, and 3LO), the Huang—Rhys factor was estimated
to be S=1—2. This value indicates a moderately strong exciton—phonon interaction in ZnTe-based quantum
heterostructures. The obtained result is consistent with the pronounced phonon-assisted emission features observed in the
PL spectra and confirms that the coupling between excitons and LO phonons plays a significant role in the recombination
processes.

QUANTITATIVE ANALYSIS OF IRRADIATION-INDUCED PL CHANGES.
To reduce the descriptive character of the analysis and to make the comparison with the phenomenological model
more explicit, the main spectral parameters extracted from Figs. 1-3 are summarized in Table 2. The integrated intensity

ratio ll—z was used as the primary measure of PL quenching. Since all spectra were recorded under identical excitation
power, temperature, and detection geometry, a decrease in II—F can be directly associated with an increased contribution of
defect-assisted non-radiative recombination. In the limiting gase in which the radiative recombination rate and generation
rate remain approximately unchanged, an effective non-radiative contribution may be estimated as Neg = (11—2) — 1. This
parameter is not an absolute defect density; rather, it is a comparative measure of irradiation-induced optical degradation
in the investigated heterostructures.

Table 2. Quantitative indicators of irradiation-induced photoluminescence modifications in the investigated quantum heterostructures.

Material system

Irradiation type

Observed parameter

Quantitative indicator

Physical implication

GaAs/AlGaAs

Near-band-edge excitonic

Strong suppression of radiative recombination

quantum wells

irradiation

emission (1LO, 2LO, 3LO)

Huang—Rhys factor § =~ 1 —
2

y-irradiation and impurity-related —= 1072 due to the formation of radiation-induced non-

quantum wells L Io L
emission (11, I>) radiative centers
GaAs/AlGaAs iradiati Deep defect-related Ir 05 Deep-level emission is less sensitive to
quantum wells Y-irradiation emission (Is) Iy T irradiation than shallow excitonic channels
ZnTe/CdZnTe Electron Quantum-well excitonic .Shght blue ASh‘ft. assoc1at§d with 1nad1at10n—
o . AE = +0.7 meV induced modification of exciton localization and
quantum wells irradiation transition .
local potential profile

ZnTe/CdZnTe X-ray irradiation Quantum-well excitonic AE ~ —0.6 meV Small red shift indicating enhanced defect-
quantum wells Y transition - ) related localization and potential fluctuations
ZnTe/CdZnTe Electron and X-ray | LO-phonon-assisted Moderately strong exciton-LO-phonon coupling

contributing to phonon-assisted recombination

All investigated
structures

All irradiation
conditions

Overall PL response

Intensity quenching and
spectral redistribution

Radiation-induced defects alter the balance
between radiative and non-radiative
recombination channels
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The quantitative comparison shows that the most pronounced effect of irradiation is the suppression of shallow
excitonic and impurity-related emission in the GaAs/AlGaAs structure. The approximately two-orders-of-magnitude
decrease of the I; and I, bands corresponds to a strong increase in the effective non-radiative contribution, whereas the I4
band retains nearly half of its initial integrated intensity. This behavior suggests that different luminescence centers have
different radiation sensitivities and that PL quenching is accompanied by a redistribution of recombination channels.

For the ZnTe/CdZnTe quantum wells, the opposite signs of the spectral shifts after electron and X-ray irradiation
are small but reproducible. Therefore, they should not be interpreted as large changes in the band gap. Instead, they are
more consistently understood as changes in the ensemble of localized excitons contributing to the PL maximum. A
rigorous linewidth decomposition was not performed because the spectra contain partially overlapping excitonic bands,
Raman lines, and LO-phonon replicas. For this reason, the present analysis uses integrated intensities, peak shifts, and
relative phonon-replica intensities as the most reliable comparative parameters.

DISCUSSION

The observed PL intensity reductions and spectral shifts indicated that y-ray, X-ray, and electron irradiation
modified both the recombination dynamics and the local energy landscape of excitonic and impurity-related states. This
interpretation is consistent with theoretical descriptions of absorption and carrier relaxation processes in semiconductors,
where radiation-induced defects can strongly affect recombination channels [5,8]. The different responses of the emission
bands suggest that shallow donor- and acceptor-bound excitons are more sensitive to irradiation than deep defect-related
states, leading to selective quenching of radiative channels. At the same time, the observed blue and red shifts in the
quantum-well emission bands suggest irradiation-induced modifications of exciton localization and defect-related
potential fluctuations. The presence of LO-phonon replicas with modulated intensities further confirms the role of
exciton—phonon coupling and resonance effects in the recombination dynamics. Overall, the PL response provides a
sensitive probe of irradiation-induced defect formation, exciton dynamics, and phonon-assisted processes in
semiconductor quantum heterostructures.

The observed trends are qualitatively consistent with the proposed phenomenological model. The obtained results
are also consistent with theoretical studies of interband and multiphoton absorption processes, which emphasize the role
of band mixing and nonlinear optical effects in semiconductor heterostructures [6,12].

From a microscopic point of view, the decrease in PL intensity can be explained by the formation of vacancies,
interstitials, antisite defects, and defect complexes that introduce additional electronic states inside the band gap. These
centers provide Shockley—Read—Hall-type non-radiative pathways and reduce the probability of radiative exciton
recombination. Shallow donor-bound and acceptor-bound excitons are especially sensitive to such perturbations because
their recombination depends strongly on the local potential landscape and on the overlap between electron and hole wave
functions.

The distinction between electron irradiation and photon irradiation is also important. High-energy electrons can
transfer momentum directly to lattice atoms, thereby producing displacement damage more efficiently, whereas X-ray
and gamma-ray photons primarily produce ionization, secondary carriers, charge trapping, and defect charging, with
atomic displacement occurring mainly through secondary processes. This difference provides a plausible explanation for
the different spectral responses observed in the ZnTe/CdZnTe structures. The blue shift after electron irradiation may be
related to preferential quenching of lower-energy localized states or to slight radiation-induced modification of the
well/barrier potential profile. In contrast, the red shift after X-ray irradiation may reflect enhanced exciton localization in
defect-related potential minima or local electric-field-induced band bending.

The observed energy shifts of approximately 0.6-0.7 meV are small relative to the transition energies but are
important because they occur together with substantial PL quenching. This indicates that irradiation affects not only the
total recombination efficiency but also the distribution of radiative states that contribute to the PL maximum. Thus, the
shifts should be treated as signatures of a modified localized-exciton ensemble rather than as direct evidence of a large
change in the fundamental band gap.

The LO-phonon replicas provide additional information on the recombination process. The estimated Huang—Rhys
factor S = 1 — 2 indicates moderately strong exciton—LO-phonon coupling. After irradiation, defect-induced localization
can enhance the interaction of excitons with lattice vibrations and redistribute intensity between the zero-phonon and
phonon-assisted channels. However, because the LO replicas partly overlap with Raman features, the extracted S value
should be regarded as a semi-quantitative estimate rather than as a uniquely fitted microscopic parameter.

It should be emphasized that the defect concentration discussed in this work is evaluated indirectly from PL
quenching and spectral redistribution. Direct determination of absolute defect densities would require complementary
techniques such as time-resolved PL, deep-level transient spectroscopy, electron paramagnetic resonance, or high-
resolution structural analysis. Nevertheless, the present steady-state PL approach provides a useful comparative
framework for assessing radiation-induced optical degradation in III-V and II-VI quantum heterostructures.

CONCLUSIONS
The effects of high-energy y-ray, X-ray, and electron irradiation on the photoluminescence (PL) response of I1I-V
and II-VI quantum heterostructures were investigated using low-temperature PL spectroscopy. For the GaAs/AlGaAs
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quantum-well structure, y-irradiation caused a strong reduction in the intensities of near-band-edge excitonic and defect-
related emission bands. The integrated intensity ratio decreased to approximately Ir /I, ~ 1072 for the I; and I, bands,
whereas the deeper defect-related I, band retained about half of its initial intensity, i.e., Ir/I, = 0.5. This difference
indicates that shallow donor- and impurity-related radiative channels are more sensitive to irradiation-induced non-
radiative recombination than deeper defect-related states.

For the ZnTe/CdZnTe quantum-well structures, electron and X-ray irradiation also modified the excitonic emission
and phonon-assisted spectral features. Electron irradiation induced a slight blue shift of the quantum-well emission,
whereas X-ray irradiation caused a small red shift, with the spectral shifts remaining in the range of AE = 0.6 — 0.7 meV.
These opposite spectral shifts suggest that different irradiation conditions can modify exciton localization and defect-
related potential fluctuations in different ways. The observation of 1LO, 2LO, and 3LO phonon replicas, together with
the estimated Huang—Rhys factor of S = 1 — 2, confirms that exciton—LO-phonon coupling contributes significantly to
the luminescence response of the ZnTe/CdZnTe structures.

Overall, the results show that irradiation affects both the intensity and energy position of PL bands through the
formation of radiation-induced defects and the redistribution of radiative and non-radiative recombination channels. The
GaAs/AlGaAs results mainly demonstrate the effect of y-irradiation on III-V quantum wells, whereas the ZnTe/CdZnTe
results clarify the influence of electron and X-ray irradiation on II-VI quantum wells. Therefore, the present work
provides a comparative PL-based assessment of irradiation-induced modifications in representative III-V and II-VI
quantum heterostructures. These findings may be useful for evaluating the radiation tolerance of low-dimensional
semiconductor structures intended for optoelectronic applications in radiation environments.

The main limitation of the present study is that the quantitative defect analysis is based on steady-state PL parameters
rather than on direct microscopic defect spectroscopy. Therefore, the reported intensity ratios, spectral shifts, and Huang—
Rhys factor should be viewed as comparative indicators of irradiation sensitivity. Future studies combining PL with time-
resolved spectroscopy and independent defect-characterization techniques would allow more rigorous extraction of
recombination lifetimes, linewidth broadening, and absolute defect densities.
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PATIAIIAHO-THIYKOBAHA MOJIA®IKAIISA KBAHTOBUX TETEPOCTPYKTYP III-V TA II-VI I BINIABOM
BUCOKOEHEPTETUYHOI'O PEHTTEHIBCBKOI'O, TAMMA- TA EJIEKTPOHHOI'O OITPOMIHEHHS
Mapnon6ex X. Hacipos!?, Tiamyxamman X. Toaa6oes!, Toxipmxkon 1. Paxmonos!, Xycan6oii M. Cyaaiimonos!,

Ilep3on L. Adayanacs!, Aoaycarrop O. Ymapog!, Ikcriiiop M. Typcynos!
! Depeancoruii depocasnuti mexuiunuil ynicepcumem, Depeana, Yzbexucman
2@epaancviuil depoicasnuii yuisepcumem, Depeana, Y3bexucman

Husekoposmipai kBaHTOBI retepocTpykrypu III-V ta II-VI € BayXIMBUMH aKTHBHUMH CEpPEIOBHIIAMH U ONTOCIECKTPOHHUX

MIPUCTPOIB, II0 NPAIIOIOTH B YMOBaX pafiallifHoOro BILIUBY. Y 1iif poOOTi JOCIIKEHO BILUIB BUCOKOEHEPIeTHYHOTO PEHTI€HIBCEKOTO,

raMMa- Ta eJICKTPOHHOIO ONpPOMIHEHHS Ha EKCHUTOHHY peKOMOIHaIlilo Ta eKCHTOH-(OHOHHY B33a€EMOJII0 B KBaHTOBHX

rerepocTpykrypax GaAs/AlGaAs i ZnTe/CdZnTe 3a nonoMororw HU3BKOTEMIEPAaTYpHO! (OTOIIOMIHECIEHTHOI CIEKTPOCKOII.

CIieKTpH TOKa3ajid BHPAXEHI CMyI'H €KCUTOHHOTO BHIIPOMIHIOBAHHS, IO CYNPOBOMKYIOTHCS PEIUIIKaMU ITO3IOBXKHIX ONTHYHHX

(OHOHIB, 1O CBIAYUTH NP0 (POHOHHO-ACKCTOBAHI mpouecH pexomOinamii. ITicis onpoMiHeHHs CIOCTePIiraiocsi 3Ha4YHe 3MEHILICHHS

IHTEHCUBHOCTI (DOTONIIOMIHECLCHIT, [0 MOB’S3aHO 3 YTBOPSHHSM pajialifiHO-IHIYKOBAaHUX LEHTPIB Oe3BUIPOMIHIOBAIBHOL

pexombOinanii. ¥ ctpykrypax ZnTe/CdZnTe enekTpoHHE ONPOMIHEHHS CIPHUYUHSIO HEBENMKHHA CHHIN 3cyB (mpubmmsuo 0,7 mMeB)
BHITPOMIHIOBAaHHS KBAHTOBOI SIMH, TO/Ii SIK PEHTT €HIBChKE OMPOMiHEHHS IPUBOAMIO A0 MaJIOr0 YePBOHOTO 3CyBY (mpuoam3Ho 0,6 MeB),
110 BKa3ye Ha 3aJIeXKHy BiJl TUITy OIIPOMiHEHHS MOJH(DIKaIIio JOKai3alil eKCUTOHIB 1 1e(heKTHO-3yMOBIICHUX (IIyKTyamiil ITOTeHIialTy.
BukonaHo HamiBKiJIEKiCHUH aHAi3 Ha OCHOBI BiHOIIEHb IHTErpaJIbHOI IHTEHCUBHOCTI (hoToTIOMIHeCIeHNiT, epeKTHBHOTO ITapaMeTpa
0e3BUIPOMIHIOBAIBHOI pexoMOiHarii Ta dakropa Xyanra—Pica S = 1 — 2, mo m03BOJIMIO ITOB’SI3aTH TaciHHA (HOTONIOMIHECHIEHI],

CIEKTpalibHI 3CyBH Ta pemtiku LO-()OHOHIB 3 yTBOpEHHSM pamialiiHO-iHAyKoBaHUX nedeKTiB. BigHocHI 3MiHM EKCHTOHHHX,

JIOMIIIIKOBHUX 1 (DOHOHHO-aCHCTOBAaHUX CMYI BHIPOMIHIOBaHHS BKa3yIOTh Ha HEPEpo3INOJil pamialliiHuX i Oe3BUIIPOMiHIOBATBHHX
KaHaJiB pekoMOiHawil micis onpominerHs. DeHOMEHOIOTYHA IHTePIIPETALlisl, 3aCHOBaHa Ha pajiauifiHuX i O€3BUIPOMIHIOBATIBHIX
HIBUAKOCTSX pekoMOinamii Ta omuci pemtik LO-¢donoHiB 3a Mmogemmro Xyanra—Pica, Oyma Bukopucrana [Uisi MOSCHEHHS
CIOCTEPEeIKYBAHUX CHEKTpalbHUX 3MiH. OTpUMaHi pe3ysbTaTH 3a0e3MeuyoTh MOPIBHUIBHY eKCIICPHUMEHTANIbHY OLIHKY paialiiHo-
1HIyKOBaHUX MoAUQiKaliil y KBaHTOBUX rerepocTpykrypax [II-V ta II-VI i MoXyTh OyTH KOPUCHUMH [T OLIHIOBaHHS pamialiitHol
CTIMKOCTI HaIIBIIPOBiAHUKOBUX ONITOCIEKTPOHHUX CTPYKTYP.

KuarouoBi cioBa: padiayiiino-indyxosani deghexmu, K8aHmMogi 2emepocmpykmypu; pomonominecyeHmua CReKmpoCcKonis, eKCUMmoH-
@ononna e3aecmooia; penniku LO-¢ononis; 6ezsunpominiosanvna pexombinayis, keanmosi amu GaAs/AlGaAs; xeanmogi smu
ZnTe/CdZnTe
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In this study, aluminum (Al) thin films deposited on soda lime glass substrates were investigated using spectroscopic ellipsometry
with a focus on optical modeling and surface characteristics. The films were fabricated by thermal deposition under controlled
vacuum conditions. A multilayer optical model, including Al, native oxide (Al.Os), and surface-roughness layers, was developed to
accurately fit the experimental ellipsometric data. The analysis was performed in the photon energy range of 0.5-6 eV at multiple
incidence angles. The Cauchy and Lorentz dispersion models were applied to represent the dielectric response of the oxide and
metallic layers, respectively. The surface roughness was modeled using the effective medium approximation. The obtained results
demonstrate that surface morphology and oxide layer formation play a significant role in determining the optical behavior of Al thin
films. Variations in surface roughness and interface properties were found to influence the refractive index and extinction coefficient.
The developed optical model showed good agreement with experimental data, confirming its reliability in describing complex thin-
film systems. These findings highlight the importance of accurate optical modeling for the design and optimization of thin film
materials in engineering and optoelectronic applications.

Keywords: Spectroscopic ellipsometry; Optical model; Dielectric constants; Thin layers

1. INTRODUCTION

The rapid development of modern nanotechnology has led to growing interest in thin-film materials due to their
wide range of applications in electronics, photonics, and energy-related systems [1-3]. Among these materials,
aluminum (Al) thin films are particularly attractive because of their favorable optical, electrical, and mechanical
properties, as well as their technological compatibility with large-scale fabrication processes [4—6]. In thin-film systems,
the physical and optical properties are strongly influenced not only by the intrinsic properties of the material but also by
surface morphology and interfacial characteristics. In particular, the formation of a native oxide layer and surface
roughness can significantly modify light-matter interactions, thereby altering optical constants such as the refractive
index and extinction coefficient [7-10]. Therefore, accurate characterization of these effects is essential for designing
and optimizing functional thin-film devices. Spectroscopic ellipsometry (SE) is a powerful and non-destructive optical
technique widely used to investigate thin-film structures. It enables simultaneous determination of thickness, dielectric
function, and surface properties with high sensitivity over a broad spectral range [11-14]. However, the reliability of the
extracted parameters strongly depends on the adequacy of the optical model used to describe the system [15-17]. In this
context, the development of appropriate multilayer optical models is crucial, especially for systems with multiple
interfaces and surface effects. Incorporating layers such as native oxides and surface roughness into the model allows
for a more realistic representation of the physical structure and improves the accuracy of the analysis [18-21]. In this
work, aluminum thin films deposited on soda-lime glass substrates are investigated using spectroscopic ellipsometry. A
multilayer optical modeling approach is employed to analyze the effects of surface roughness and oxide layer formation
on the system's optical response.

The novelty of this work lies in the development of a comprehensive optical model for thermally deposited Al thin
films on soda-lime glass substrates that simultaneously accounts for the metallic Al layer, the native Al,O3 overlayer,
and surface-roughness effects within a unified spectroscopic ellipsometry framework. Such an approach provides a
more realistic description of the films' physical structure and improves the accuracy of the extracted optical parameters.
The proposed model can serve as a reliable tool for investigating thickness-dependent optical properties of Al thin films
and for optimizing Al-based structures intended for photonic and optoelectronic applications.

2. MATERIALS AND METHODS
Two thin aluminum films with different thicknesses were fabricated from nanopowders via thermal deposition.
The thermal evaporation was performed using a Leybold-Heraeus L-560 vacuum system. The working pressure in the
vacuum chamber was maintained at 2x10-5 mbar. The substrates used were chemically cleaned 25x19 mm glass plates.
Prior to thermal evaporation, the surfaces of the glass substrates were ionized at 800 W. To enhance the deposition
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process, the glass substrates were heated to 100°C in the vacuum chamber. The thermal evaporation process was
conducted for 25 seconds. Although the nominal deposition time was identical for both samples, small variations in the
evaporation rate, source material distribution, and local deposition conditions resulted in different film thicknesses (80
and 100 nm). Such variations are commonly observed in thermally evaporated thin films and can significantly influence
the final film thickness.

The optical parameters of the two Al films obtained were examined by spectroscopic ellipsometry over a photon
energy range of 0.5-6 eV. The incident angle during the ellipsometric measurements was varied at 60°, 65°, 70°, and
75°, and all measurements were performed at room temperature. The optical constants of the AI/SLG (soda lime glass)
systems were retrieved through regression analysis of the obtained SE data. The ellipsometric parameters ¥ and A
represent the amplitude ratio and phase shift of the parallel (p) and perpendicular (s) components of the reflected light,
respectively. The complex reflectance ratio of the polarized light is given by:

p= :—p = tanWe'® (D

where 7p and 75 are the Fresnel reflection coefficients of p- and s-polarized light, respectively. The measurements
were performed using an M-2000 rotating compensator spectroscopic ellipsometer (RCE, J.A. Woollam Co., Inc.). The
measured ellipsometric parameters were analyzed through regression fitting of the experimental data. The intensities Is
and Ic recorded by the rotating compensator ellipsometer are expressed as [22]:

I, = sin2WsinA, I, = sin2WcosA 2)

In Eq. (2), Is and Ic represent the experimentally measured intensity components obtained from the modulation of
the polarization state of the reflected light. These quantities are directly related to the ellipsometric parameters ¥ and A
and provide information about the optical properties and thicknesses of the individual layers that form the sample.
Therefore, fitting the calculated /s and /. spectra to the experimental data enables a reliable determination of the optical
constants and structural parameters of the multilayer system.

A four-layer optical model was used to reproduce the experimental Is and I. signals over the entire photon-energy
range. This model consists of the substrate (SLG), thin film (Al), alumina (Al,Os), and surface roughness (Fig. 1).

EMA model (50% void) ‘

Ambient

Roughness Cauchy model ‘
AlLO,

Al film Lorentz madel

Glass substrate

Cauchy model

Figure 1. Theoretical model of the samples

In this model, the surface roughness was described using the Effective Medium Approximation (EMA) based on
Bruggeman theory, modeled by Bruggeman’s EMA (50% Al,O3 + 50% void). The Cauchy dispersion model was
applied to the Al,O3 and SLG layers, as these transparent dielectric materials can be accurately described using this
empirical relation:

n(E) = A+BE*+CE* 3)
where 4, B, and C are fitting parameters.
The Al layer was fitted using the Lorentz model, which is particularly useful for metals and semiconductors. The

physical basis for Lorentz oscillators has been extensively discussed in many textbooks [23,24]. The Lorentz layer can
be described as a collection of absorption peaks that is Kramers-Kronig consistent:

“

A
E(hv)=¢ +ie, =¢_+ L
()=& +ie, =& Zk:E,f—(hv)z—z‘B,jzl/

where £ is the oscillator index, A is the amplitude, E« is the center energy, Bk is the broadening of each oscillator, Av is
the photon energy in eV, and €, is an additional offset.

3. OPTICAL MODELING
To accurately describe the optical response of aluminum thin-film systems, a multilayer optical model was
developed using spectroscopic ellipsometry data. The model consists of four main layers: the glass substrate, the
aluminum (Al) thin film, the native oxide layer (Al:Os), and a surface roughness layer. The substrate (soda lime glass)
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was considered optically homogeneous and isotropic. The aluminum thin film was treated as a metallic layer, while the
oxide layer was assumed to be transparent within the investigated spectral range. The surface roughness was modeled
using the Effective Medium Approximation (EMA), where the roughness layer was represented as a mixture of 50%
void and 50% bulk material, following Bruggeman’s theory. To describe the optical properties of each layer,
appropriate dispersion models were applied. The dielectric response of the Al.Os layer and the glass substrate was
modeled using the Cauchy dispersion relation, which is suitable for transparent dielectric materials. In contrast, the
aluminum layer was described using the Lorentz oscillator model, which effectively represents the absorption processes
in metallic systems. The model parameters, including layer thicknesses, optical constants, and surface roughness, were
determined through regression analysis by minimizing the difference between experimental and calculated ellipsometric
data. The fitting procedure was carried out using a nonlinear optimization algorithm, ensuring high accuracy and
reliability of the results. This modeling approach enables a comprehensive understanding of how surface morphology
and interfacial properties influence the optical behavior of aluminum thin films.

4. RESULTS AND DISCUSSION

4.1 Ellipsometric fitting. An optical model for isotropic media or isotropic thin-film/substrate systems was used to
fit the calculated data to the experimental y and A values. The Complete EASE software was employed for the
ellipsometric data-fitting procedure, achieving a mean squared error (MSE) of less than 1.5 in the worst case. The
experimental data were fitted using the Levenberg—Marquardt algorithm, applying parameterized model dielectric
functions simultaneously for all data points measured in the UV/VIS ranges. The Lorentz oscillator model, available in
the Complete EASE database, was used to describe the dielectric response of the aluminum layer across the investigated
spectral range. This model is widely employed for metallic materials and provides a physically meaningful
representation of their optical behavior. The measured ellipsometric parameters (full red and green curves) and their fits
(dashed black curves) for incident angles of 60°, 65°, 70°, and 75° are presented in Fig. 2 and Fig. 3 for Al/SLG
samples, respectively. A similarly good fit to the measured ¥ and A was obtained for other incident angles. The quality
of the obtained film surfaces is confirmed by the low MSE and roughness values (overlayer thickness).
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4.2 Opftical constants. The optical constants of the aluminum thin films, including the refractive index (n) and
extinction coefficient (k), were determined from the fitted ellipsometric data using the developed multilayer optical
model. The analysis of the pseudo-dielectric function allowed for the simultaneous evaluation of the real (e:) and

imaginary (€2) components, providing insight into the optical behavior of the system. The calculated spectra of the
pseudo-dielectric functions are presented in Fig. 4.
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Figure 4. Real (1) and imaginary (e2) parts of the pseudo-dielectric function of Al thin films with different structural parameters

The obtained spectral dependences of &1 and e indicate that the films' optical response is influenced by both
intrinsic material properties and surface-related effects. Variations in these functions reflect differences in light
interaction within the multilayer system, including contributions from interfaces and surface morphology.

The optical constants, namely the refractive index (n) and extinction coefficient (k), were extracted from the
dielectric function and are shown in Fig. 5.
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Figure 5. Refractive index (n) and extinction coefficient (k) of Al thin films as a function of photon energy

As shown in Fig. 5, the optical constants are strongly affected by surface and interfacial properties. The refractive
index is sensitive to structural inhomogeneities and surface morphology, which alter the effective optical medium. At
the same time, the extinction coefficient reflects absorption processes and light interactions within the metallic layer. At
lower photon energies, the extinction coefficient is relatively high, indicating stronger absorption in the metallic Al
films. As photon energy increases, the extinction coefficient gradually decreases across the investigated spectral range,
indicating reduced absorption losses. These trends are consistent with the optical behavior observed for metallic thin
films. In addition, the presence of a surface oxide layer and surface roughness modifies the optical path and boundary
conditions, which in turn affects the extracted values of n and k. Therefore, accurate determination of optical constants
requires careful consideration of both surface and interface effects within the multilayer structure. The good agreement
between experimental and modeled data confirms the reliability of the proposed four-layer optical model and
underscores the importance of simultaneously accounting for oxide-layer formation and surface roughness in the optical
characterization of aluminum thin films.

The observed spectral behavior of the optical constants is mainly governed by the free-clectron response of
aluminum and by the influence of the oxide layer and surface morphology. The obtained optical constants are in



323
Modeling of Optical and Surface Properties of Aluminum Thin Films using Spectroscopic... EEJP. 3 (2026)

reasonable agreement with the well-established optical data reported for aluminum by Palik [25], Rakic et al. [26], and
Aspnes[24]. Minor differences may be attributed to variations in film thickness, deposition conditions, native oxide
formation, and surface roughness. This agreement confirms the physical reliability of the proposed optical model and
the extracted dielectric parameters. Consequently, accurate optical modeling is required to separate intrinsic material
properties from interface-related effects.

4.3 Surface and Oxide Effects. The surface morphology and the presence of a native oxide layer (Al.Os) play a
crucial role in determining the optical behavior of aluminum thin films. Surface roughness introduces additional light
scattering at the air/film interface, thereby affecting the system's effective optical response. As the roughness increases,
the effective refractive index becomes a weighted average between the material and voids, leading to modifications in
both the refractive index (n) and extinction coefficient (k). The surface roughness was described using the Effective
Medium Approximation (EMA), where the roughness layer was modeled as a mixture of Al,O3; and voids. This
assumption was adopted because the roughness layer represents the non-ideal surface of the native oxide layer exposed
to air. Such an approach provides a physically realistic description of the film surface and improves the accuracy of the
ellipsometric analysis. This approach provides a realistic representation of non-ideal surfaces and improves the accuracy
of the ellipsometric fitting. In addition to roughness effects, the formation of a native aluminum oxide (Al20s) layer
significantly influences the optical response. The oxide layer acts as a dielectric interface between the metallic
aluminum and the surrounding medium. Due to its transparency in the studied spectral range, it modifies the phase and
amplitude of reflected light, thereby affecting the extracted ellipsometric parameters. Furthermore, even a thin oxide
layer can alter the interference conditions within the multilayer system by changing the optical path length. As a result,
noticeable variations in the optical constants (n and k) can occur, making the inclusion of the oxide layer essential for
accurate optical modeling. The surface roughness values for the samples, as presented in Table 1, show noticeable
differences, likely attributable to variations in deposition conditions and material interactions during film formation.

Table 1. Structural parameters of Al thin films

Samples | Roughness (nm) | ALO;3 (nm) | Al (nm)
All 11.04£0.2 13.33+£0.5 100
Al2 6.5510.4 13.09 + 0.7 80

Factors such as substrate preparation, cleaning procedures, and deposition parameters (including temperature and
pressure) may significantly influence the resulting surface morphology. In particular, interfacial processes occurring
between the aluminum layer and the oxide phase (Al20s) can affect the nucleation and growth mechanisms, leading to
differences in surface uniformity. On the other hand, the thickness of the Al:Os layer remains nearly constant for both
samples, indicating a relatively stable oxidation process. Minor variations in oxide thickness are likely related to small
differences in film composition and local deposition conditions, although these variations do not significantly alter the
overall structure.

Overall, both surface roughness and oxide layer formation must be taken into account to achieve reliable
determination of optical constants and to better understand light-matter interaction in aluminum thin film systems. The
present study demonstrates that neglecting either the native oxide layer or surface roughness may lead to noticeable
deviations in the extracted optical parameters. Therefore, the proposed four-layer model provides a more realistic
representation of Al thin films and can be effectively applied to investigate thickness-dependent optical behavior in
similar metal—dielectric systems. Although a direct comparison with simpler optical models was beyond the scope of
the present study, the inclusion of both the native oxide layer and surface roughness resulted in excellent agreement
between the experimental and calculated ellipsometric spectra. These results indicate that both contributions are
important for an accurate description of the optical response of the investigated Al thin films.

CONCLUSIONS

A comprehensive optical model of thermally deposited Al thin films on soda-lime glass substrates was developed
using spectroscopic ellipsometry. By simultaneously considering the metallic Al layer, the native Al,O3 oxide layer,
and surface roughness, the proposed four-layer model accurately described the experimental data and enabled reliable
determination of optical constants and structural parameters. The results demonstrate that oxide formation and surface
morphology significantly influence the optical response of the films. The developed modeling approach offers an
effective framework for studying thickness-dependent optical properties of aluminum thin films and may be useful for
the design and optimization of Al-based photonic, plasmonic, and optoelectronic devices. One limitation of the present
study is that the structural parameters were obtained solely from spectroscopic ellipsometry modeling without
independent verification by complementary characterization techniques such as AFM, SEM, or profilometry. Future
investigations combining spectroscopic ellipsometry with additional surface characterization methods would provide
further validation of the extracted structural parameters and improve the robustness of the optical model.
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MOJEJIIOBAHHS ONITUYHUX TA IOBEPXHEBHUX BJACTUBOCTEM TOHKUAX AJIIOMIHIEBUX ILTIBOK 3A
JOMMOMOTI' OO CIHEKTPOCKOIIITYHOI EJIIICOMETPII
X.H. Axmagosa’?3, C.I. I:ka6apos!, M.A. Mycaeg?, L.®. IOcioosal, III.H. Aniesal*
Inemumym ¢hisuxu, Minicmepcmeo nayku ma oceimu Azepbaiioncancexoi Pecnybnixu, Baxy, AZ-1143, Azepbaiioncan
2 Asepbatioscancokuii ynieepcumem apximexmypu ma 6yoisnuymea, baxy, AZ-1073, Azepbationcan
3Azepbatioscancoxuti depacasnuii ynieepcumem nagpmu ma npomuciogocmi, baxy, AZ1010 Azepbatioscan

VY upoMy JOCHIIKEHHI TOHKI IUTIBKM anmoMiHito (Al), HaHeceH! Ha MiAKIAAKKA 3 HATPIEBO-KaIbLIHHOTO CKIIA, JOCITIIKYBAJIHCS 32
JIOTIOMOTOI0 CTIEKTPOCKOIIYHOI ENIIICOMETPIl 3 aKIIEHTOM Ha ONTHYHE MOMAETIOBAHHS Ta XapaKTepUCTUKU NoBepxHi. [LmiBku Oymm
BUTOTOBJICHI METOJOM TEPMIYHOIO OCa/UKCHHS B KOHTPOJIbOBAHMX YMOBaX Bakyymy. JIsi TOYHOrO Y3rOIKEHHS 3
EKCIIePUMEHTAIBHUMH eJIIICOMETPUYHIME JaHUMH OYJI0 pOo3po0iIeHO OaraTomapoBy OITHYHY MOJENb, 0 BKIoYae Al, mpupoganit
okcnp (Al:Os) Ta mapu mIOpCTKOCTI HOBEpXHi. AHaNi3 NPOBOAMBCA B Aiarna3oHi eHeprii ¢oroniB 0,5-6 eB min pizHEME KyTamu
naninnsa. J{ns mpeacTaBieHHs JieJeKTPUYHOI peakiii OKCHIHOrO Ta METaJeBOro MIapiB BIIIOBIIHO OyJIM 3acTOCOBaHI MoOJeNi
mucnepcii Komi Ta Jlopenua. IlopcTkicTh MOBepXHI MOJENIOBanacs 3a JONOMOTOI0 HaONMKeHHS e(EeKTHBHOTO CEepelIoBHINA.
OtpumaHi pe3ynbTaTH AEMOHCTPYIOTH, 110 MOpdooris moBepxHi Ta GopMyBaHHS OKCHIHOrO IIapy BimirparoTh 3HA4YHY POJb Y
BU3HAYCHHI ONTHYHOI MOBEOIHKM TOHKHX IUTIBOK Al. Byno BusiBieHo, mo Bapiaiii HIOPCTKOCTI MOBEpXHI Ta BIACTHBOCTEH
iHTepdeiicy BIUIMBAIOTh HA IOKa3HWK 3aJOMIICHHA Ta KoedilieHT 3racaHHs. Po3poOiieHa omTHYHA MOIENb TOKa3ania XOpOILY
BiJIIOBIAHICTh EKCIIEPUMEHTAIFHAM JIaHUM, IO HiATBEpIKYe ii HAmIWHICTh IUIA OMHCY CKIAJHMX TOHKOILTIBKOBHX cucTeM. Lli
pe3yNbTaTH MiKPECIIOI0Th BaXIUBICTh TOYHOTO ONTHYHOTO MOJENIOBAHHS JUIS IPOEKTYBAHHS Ta ONTHUMI3alil TOHKOILUIIBKOBUX
MatepiaJliB B iIlDKEHEPHUX 1 ONITOSNIEKTPOHHHX 3aCTOCYBaHHSX.

KurwuoBi cinoBa: cnexkmpockoniuna enincomempis;, ORMuYHa Mooeib, OleeKmpUdHi KOHCMAaHMu, MOHKI wapu
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Bulk metallic glasses (BMGs) are a type of solid material with amorphous atomic structures that exhibit favorable mechanical, thermal,
and functional properties. This study presents the attributes of the glass, examining first-principles details of the PdsoNiioCusoP21 bulk
metallic glass structure, its elastic properties, thermodynamics, and electronic—optical performance. Density functional theory
calculations were performed for a comparison with the amorphous atomic configuration and energy—volume relation through a third-
order Birch-Murnaghan equation of state. The very high bulk modulus of approximately 159 GPa and >6 pressure derivatives
demonstrated uniformity, resistance, and strong pressure strengthening. All three elastic moduli, Poisson’s ratio, and Pugh’s criterion
are constantly demonstrating ductile mechanical response dependent on shear transformation zone—mediated plasticity. The results of
the thermophysical examination show stable anharmonic lattice behavior, a Debye temperature of approximately 395 K, and favorable
thermal expansion, indicating good predictability of the thermomechanical response. Electronic studies revealed a very metallic phase
with low pseudogap around the Fermi level-—mainly the hybridization between transition metal d-states and phosphorus p-states into
a stable, amorphous phase. Optical spectra that contain a wide band, excellent reflectivity at low photon energies, and an isotropic
optical response are typical of metallic glasses. In conclusion, these results prove PdsoNiioCusoP21 as a highly mechanically stable
material for progress in various mechanical, optical, and energy applications in a lightweight frame.

Keywords: Bulk metallic glass; Density functional theory; Equation of state; Mechanical and thermophysical properties; Electronic
structure; Optical shielding materials

INTRODUCTION

Over the years, bulk metallic glasses received extensive scientific and technological interest owing to their unique
atomic structures and property mixes that are not achievable in traditional crystalline alloys [1]. In contrast to crystalline
metals, which possess long-range periodicity and dislocation-mediated plasticity, BMGs exhibit disordered atomic
arrangements with pronounced short- and medium-range order [2]. Structural disorder, which suppresses crystallization
and dislocation motion, leads to ultrahigh strength, large elastic limits, excellent corrosion resistance, and unique
electronic and optical responses [3].

Among the BMG systems, Pd-based alloys are most popular due to their excellent glass-forming capability, thermal
stability, and ductility, and represent a model system for understanding the structure—property relationships of metallic
glasses [4]. The PdssNiiCusoP21 alloy is a conventional Pd-based bulk metallic glass characterized by high atomic density,
powerful heteroatomic bonding, and a wide supercooled liquid region [5]. It is important that phosphorus is included to
stabilize the amorphous structure, as it provides chemical short-range order through energetically favorable Pd—P and Cu—
P bonds that frustrate long-range crystalline ordering [6-7].

These characteristics not only maximize glass-forming capability but also influence mechanical deformation
processes controlled by localized atomic reorganization (shear transformation zones), rather than lattice imperfections [8-
9]. Despite extensive experimental experience with Pd-based BMG, a single first-principles description that links atomic-
scale structure to mechanical, thermodynamic, electronic, and optical behavior is scarce [10-11].

Specifically, the joint influence of dense random packing, polyhedral short-range order, and electronic hybridization
on pressure resistance, ductility, thermal response, and optical loss is relevant to predictive materials design [12]. Density
functional theory provides a robust framework for addressing these questions by enabling atomistic modeling of
amorphous structures and the quantitative assessment of intrinsic properties. In this work, a comprehensive ab initio
characterization of PdssNiioCusoP2: in bulk metallic glass form is executed. Structural stability is checked through energy—
volume analysis and equation-of-state fitting, elastic constants and moduli are calculated to evaluate mechanical stiffness
and ductility [13-15].

Lattice behavior and thermal reliability are characterized by thermophysical properties, such as the Debye
temperature, Griineisen parameter, and thermal expansion [16-17]. Moreover, the electronic density of states, dielectric
response, optical conductivity, and related spectra are investigated to deduce metallic optical behavior and a broadband
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energy-dissipation mechanism. The aims of the study are to correlate atomic-scale structure with macroscopic properties
to acquire a comprehensive physical understanding of PdsoNiieCusoP2:1 and to demonstrate its potential for high-
performance multifunctional applications [18-20].

In this study, the first principles framework has been used to investigate the intrinsic structure—property relationships
of the PdsNiioCusoP21 bulk metallic glass through the atomic and electronic scales. In contrast, periodicity in crystalline
materials characterizes mechanical and optical behavior, but the multifunctional properties of metallic glasses are
determined by dense random packing, chemical short-range order, and disorder-broadened electronic states. The current
endeavor seeks to address this issue by linking amorphous atomic topology to elastic response, thermodynamic stability,
electronic structure, and broadband optical shielding in a unified density functional theory (DFT) scheme.

The focus is on the application of pressure resistance, shear-transformation-zone-mediated ductility, and electronic
hybridization together in isotropic optical absorption, reflectivity at low photon energies, and efficiency of
electromagnetic energy dissipation. On the basis of this integrated investigation, PdssNiioCusoP21 is shown to be a
mechanically robust and optically effective material, ready for next-generation structural, photothermal, and
electromagnetic shielding applications.

COMPUTATIONAL METHODOLOGY
All first-principles calculations were carried out within the framework of Density Functional Theory (DFT), where
the interacting many-electron problem is mapped onto an equivalent system of non-interacting electrons moving in an
effective potential. According to the Kohn—Sham formalism, the total ground-state energy of the system is expressed as
[21-22]:

E,[p(M]=T [p]+E,[p]+E,[p]+E.[p]. 0]

where T is the kinetic energy of non-interacting electrons, £, is the electron—ion interaction energy, £, is the Hartree
electrostatic energy, and E _ is the exchange—correlation functional accounting for many-body effects beyond classical

electrostatics.

The exchange—correlation energy was treated using the generalized gradient approximation (GGA) in the Perdew—
Burke—Ernzerhof (PBE) formulation, which provides an improved description of metallic bonding and pressure-
dependent properties compared to the local density approximation [23].

Since bulk metallic glasses lack long-range translational symmetry, sampling in the Brillouin zone must be balanced
against the need to capture the electronic structure and the computational cost. For this purpose, the Brillouin zone was
sampled according to the Monkhorst—Pack scheme to produce a uniform grid of k-points in reciprocal space by relation.
As the long-range translational symmetry in metallic glasses is nonexistent, the sampling for the Brillouin zone needs to
be considered for a high degree of precision to acquire the full electronic structure and computation time. We used the
Monkhorst—Pack scheme for Brillouin zone sampling in this study. This approach is aimed at ensuring a consistent grid
of k-points in reciprocal space, with a particular mathematical relation, to achieve maximum precision and computational
efficiency [24-25].

. 32 N —1-
kn]n2n3 = ZTb] (2)

i=1

where N; is the number of divisions along the reciprocal lattice Vectorgf ,andn; = 1,2,...,N;.

This approach ensures systematic and symmetry-consistent sampling of reciprocal space. In the case of the large
amorphous supercell used in this work, the electronic states are very localized in real space and reflect little dispersion in
reciprocal space. As a result, ['-point (1x1x1 Monkhorst—Pack) sampling was used, already proven adequate for metallic
glass systems with larger unit cells. Convergence analysis showed that the total energy, density of states near the Fermi
level and optical response functions of the data from increasing k-point density were little changed, providing evidence
for the accuracy of I'-point sampling in the current amorphous arrangement [26-27].

This approach reduces computational expense while keeping the computed electronic, elastic, and optical features
accurate. Furthermore, I'-point sampling is especially suitable for the evaluation of isotropic optical properties because it
can refrain from leading to an artificial directional bias in sparse but anisotropic k-point grids. Therefore, the application
of the Monkhorst—Pack k-space strategy provides a physically appropriate description of the disorder-broadened
electronic structure and hence the broadband optical shielding performance of PdssNiioCusoP21 [28-29].

Construction and Optimization of the Amorphous Structure:
The amorphous atomic configuration of PdssNiioCusoP21 was generated using a large periodic supercell with randomly
distributed atoms respecting the experimental stoichiometry. Structural relaxation was performed using a conjugate-

gradient algorithm until the Hellmann—Feynman forces on each atom were less than 1073 eV A "and the total energy
convergence reached 1076 eV [30]
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30 217"

Because bulk metallic glasses lack translational symmetry, I'-point sampling of the Brillouin zone was adopted, which is
sufficient for large amorphous supercells. The plane-wave kinetic-energy cutoff was chosen to ensure full convergence
of total energy, stress tensor, and elastic response [31].

Energy-Volume Relation and Equation of State:

To evaluate structural stability under compression, total energies were calculated for a series of uniformly
compressed and expanded volumes around equilibrium. The resulting energy—volume data were fitted using the third-
order Birch-Murnaghan equation of state (EOS) [32-33]:

5y = £, + 25 [[Kj _1} K(;{(Kj _1] {6_4@) ] o
16 ||\ v v

where E is the equilibrium energy, V; the equilibrium volume, B, the bulk modulus, and By its pressure derivative.
The corresponding pressure—volume relation is obtained as [34-35]

P(V)= 3K, [£j3 _[Kj3 1_M [£j3 -1 4

2|\ " 4 "

This EOS provides direct access to pressure-dependent structural and thermodynamic quantities and serves as the basis
for subsequent thermal analysis.

Elastic Constants and Mechanical Moduli:

The elastic stiffness constants C;; were obtained using the stress—strain method, in which small finite deformations were
applied to the optimized structure and the resulting stress response was computed. For an isotropic amorphous solid, the
bulk modulus B and shear modulus G were derived as [36-37]

B= C11+2C12 G= C11_C12+3C44 ) (5)
37 5
The Young’s modulus Eand Poisson’s ratio vwere then obtained from
9KG
= Q)
3K+G
oo 3K-2G @
203K +G)
The ductile or brittle nature of the metallic glass was assessed using Pugh’s ratio:
B . .
G >1.75 = ductile behavior ®)

Thermophysical Properties:
The sound velocities were calculated from the elastic moduli and density p as [38-39]

y = [2BHAC ndy = S )
1 t
3p P
Lz (10)
"3y Y

Using the Debye approximation, the Debye temperature was computed as [38-39]:

1/3
6, =i( 3n j v, (11)
ky \4nV

The average sound velocity is [38-39]
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where n is the number of atoms per unit cell, Vthe molar volume, hPlanck’s constant, and kzBoltzmann’s constant.
The Griineisen parameter y, describing lattice anharmonicity, was estimated as [38-39]:

_3aBV
CI/

(12)

where « is the volumetric thermal expansion coefficient and Cythe constant-volume heat capacity.

Electronic Structure Calculations:
The electronic band structure and density of states (DOS) were calculated from the converged Kohn—Sham eigenvalues.
The total DOS is defined as [40]:

D(E)=) 8(E~E,,) (13)

Partial densities of states (PDOS) were obtained by projecting the Kohn—Sham wavefunctions onto atomic orbitals,
allowing identification of orbital-resolved contributions and chemical hybridization effects.

Optical Properties:
The frequency-dependent complex dielectric function was calculated as [41-42]

e(w) = g/ (w) +ig,(w) (14)

The imaginary part was obtained from interband transitions:

47’

Limi2 % 20,8(E,, ~ E, ~ho)(u, +e,

ggﬁ(a))= q—0 q v,k

) (15)

u, ><uck +eg,

The real part was obtained using the Kramers—Kronig relation [43]. From the dielectric function, the refractive index
n(w)and extinction coefficient k(w) were calculated as [41-42]:

JVE +E +g

n(w) = 16
(@) 5 (16)
JE +E —¢
k(@) =——F—— a7
2
Reflectivity and absorption coefficient were obtained as [41-42]:
2
-1
R(w) = vE@) -1 (18)
Je(w) +1

() =2 ooy +e @y -6 )] (19)

The optical conductivity is given by [41-42]:

o(w) = m (20)
4r
and the electron energy loss function as [41-42]:
1
L(w)=Im| —— 2n
£(w)
RESULTS AND DISCUSSION

Structural Properties
Structural image of PdssNiioCusoP:1:
Figure 1 shows an atomistic view of the PdsNiioCusoP21 bulk metallic glass, demonstrating how multiple atomic
species can be densely packed in the absence of long-range crystalline order. The unstructured, yet densely packed atomic
arrangement is core to the outstanding mechanical and functional properties of metallic glasses. Indeed, these atoms fit
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together in complementary sizes and chemical affinities, so space fills well, while crystallization is frustrated, such that
alloys of this nature can be quenched into a glassy state as bulk objects.

Pd3sNijoCusoP2i(Bulk Metallic Glass)

Figure 1. The atomic packing model of PdssNiioCusoP21 bulk metallic glass

From an applied viewpoint, such atomic packing accounts for the high strength and hardness of Pd-based metallic
glasses. Since there is no periodic lattice, the usual dislocation motions associated with plastic deformation in crystals are
inhibited. Instead, deformation results from atomic reorganizations involving relatively small groups of atoms. The yield
strengths are thus very close to theoretical limits, thus attracting such glasses towards high-load structural components,
precision springs, and wear-resistant micro-mechanical parts. Metalloid atoms, such as phosphorus, are found to stabilize
amorphous structures, thereby improving functional performance. The chemistry of phosphorus also enhances chemical
short-range order, due to energetically favorable local environments around adjacent metal atoms that improve thermal
stability and reduce corrosion.

Biomedical implants, chemical sensors, and other components operate in harsh environments; therefore, they are
investigated in aggressive environments where mechanical strength and chemical stability are essential. The well-studied
local structures evident in the figure also support the good elastic and damping behavior of metallic glasses. At the atomic
scale, the distribution of free volume means that, under low stress, atomic reorganization can occur in real time, resulting
in high elastic limits and superior energy absorption. Such features could be more useful in vibration-damping devices,
precision actuators, and sporting goods that need to be resilient and fatigue-resistant.

Pd-based metallic glasses exhibit notable electronic and catalytic properties due to their dense, nonperiodic atomic
lattice. This lack of long-range order is responsible for many electronic states and active sites being spread across the
material. By itself, this may increase catalytic function compared to crystalline equivalents. This leads to such amorphous
alloy materials as potential candidates for hydrogen-related applications, electrocatalysis, and advanced functional
coatings [44].

Energy-Volume Curve:

Energy-Volume Curve: Birch-Murnaghan Fit
Bo = 158.7 GPa, Bo' = 6.21

—— Birch-Murnaghan fit (3rd order)
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Figure 2. Energy—volume curve obtained from density functional theory calculations with a third-order Birch—Murnaghan
equation-of-state fit

Total energy as a function of normalized volume (V/Vo) obtained from first principles (see Figure 2) was given with
a third-order Birch—-Murnaghan equation-of-state fit. The energy is connected to the minimum energy Eo, and this number
can be employed to determine state equilibrium. There is a clear minimum at V/Vo = 1.0, where the energy difference is
close to zero, which represents the equilibrium volume of the system, reflecting mechanical stability for working at
ambient conditions. On the other hand, energy increases upon compressing and expanding; it increased markedly but
asymmetrically.
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After compression, the energy rises dramatically to ~ +0.0038 eV at V/Vo = 0.92, and slightly less for expansion,
to ~ +0.0027 eV at V/Vo = 1.08. The quantitative difference indicates that, under compression, the material resists
volumetric decrease in strength more than volumetric increase, and that the energy—volume distribution around Vo shows
positive curvature. The corresponding solid curve reflects the third-order Birch—-Murnaghan fit, and it fits the discrete
DFT data points very nicely across the range of the volumes tested (0.90 < V/Vo < 1.10), with deviations far below 10*
eV. Hence, based on this fit, a bulk modulus Bo = 158.7 GPa, and pressure derivative Bo' = 6.21 is obtained. Bo represents
moderate-high uniform compressive resistance: it is stiffer than soft perovskites or molecular solids, but not as
incompressible as ultra-hard covalent materials. The value of Bo' is high, signaling that the material becomes highly
compressive and consequently harder with pressure.

These numbers are directly relevant to the application. The high bulk modulus and significant pressure stiffening
suggest that the materials should be appropriate for applications for mechanical robustness under moderate to at least high
pressures, such as pressure-resistant electronic and optical components, protective film, or to be modeled using non-
ambient means. Furthermore, the consistent single minimum and absence of any oddities in the energy volume curve
indicate the mechanical stability of the structure across the strain range of investigation, hence supporting the application
of the Birch-Murnaghan equation of state in the prediction of pressure-dependent elastic, structural, and thermodynamic
properties. Finally, the compressional behavior, mechanical stability, and utility of the material are all fully investigated
quantitatively and fully illustrated in figure 2 by means of first-principles calculations [45].

Table 1. Comparison of DFT-predicted and experimental [46-48] structural and mechanical parameters of the PdssNiioCusoP21 bulk
metallic glass, highlighting its amorphous nature, polyhedral short- and medium-range order, strong heteroatomic bonding, high
resistance to compression, and ductile mechanical behavior governed by shear transformation zone—mediated deformation

Parameter DFT value Experimental value [46-48] Unit / Description

Alloy composition Pd39NiieCuszoPa: Pd39NiioCuszoPa: Bulk metallic glass
Structural state Amorphous Amorphous No long-range order
Dominant local order Pd-, Cu-centered polyhedra Pd-, Cu-centered clusters Icosahedral-like motifs
Chemical short-range order Pd-P, Cu-P Pd-P, Cu-P Strong heteroatomic bonding
Medium-range order Polyhedral network Polyhedral network Cluster connectivity
Elastic constant (Ci1) 238.6 241.3 GPa

Elastic constant (Ci2) 118.9 121.6 GPa

Elastic constant (Ca4) 72.4 74.2 GPa

Bulk modulus (Bo) 158.7 159.1 GPa

Pressure derivative (Bo') 6.21 6.28 Dimensionless

Shear modulus (G) 72.1 74 GPa

Young’s modulus (E) 188.4 193.6 GPa

Poisson’s ratio (\nu) 0.31 0.3 Dimensionless

Pugh’s ratio (B/G) 2.2 2.15 Ductility indicator

Vickers hardness (Hv) 6.6 6.8 GPa

Mechanical nature Ductile Ductile (B/G > 1.75)

Packing characteristic Dense random packing Dense random packing High glass stability
Deformation mechanism STZ-dominated STZ-dominated Shear transformation zones

Table 1 shows the comparison between DFT-predicted and experimental estimated structures and mechanical
properties of the PdsoNiioCusoP21 bulk metallic glass (BMG). The very close agreement between theory and empirical
work for all of these parameters effectively justifies the computational procedure and its relevance to the real amorphous
alloy, since the real model remains the same. From a structural viewpoint, both DFT and experimental results validate the
amorphous substance of PdssNiioCusoP21 due to the lack of long-range periodic pattern. This structure is dominantly
governed by Pd— and Cu-centered polyhedral motifs referred to as icosahedral-like groups.

These motifs predominate the short-range order (SRO) and are interconnected via a polyhedral medium-range order
(MRO) network, demonstrated in both datasets. The significant agreement found for the strong chemical short-range
ordering of Pd—P and Cu-P is a manifestation of such strong heteroatomic bonding which inhibits crystallization and
contributes toward enhanced glass-forming properties and thermal properties. The DFT elastic constants of Ci1 = 238.6
GPa, Ci2 = 118.9 GPa, Cas = 72.4 GPa are found to be very similar (241.3, 121.6, 74.2 GPa respectively) with less than
~2 % deviations from the experimental ones. This consistency establishes that the isotropic elastic behaviour of the
amorphous atomic network is characteristic of metallic glasses.
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The high Cu indicates good resistance to uniaxial contraction, and the moderate Cas value indicates the shear
compliance is sufficiently high, which is necessary for the plastic deformation characteristics of glasses. The bulk modulus
obtained by DFT, Bo = 158.7 GPa, was similar to the experimental value of 159.1 GPa, providing the greatest resistance
to volume compression. This also provides quantitative confirmation that the mechanical rigidity of PdsoNiioCusoP21 is
comparable to that of a physically rigid high-pressure metallic glass. In addition, the pressure derivative of the bulk
modulus (Bo ' = 6.21 from DFT and 6.28 experimentally) shows significant pressure stiffening—the material becomes
more resistant to compression as pressure increases.

Such an aspect is found to be the case with amorphous metals that they are intimately associated with the short-
range repulsion of metals. Shear modulus (G = 72.1 GPa DFT; 74 GPa) and Young's modulus (E = 188.4 GPa DFT; 193.6
GPa) are also medium in stiffness and deformability terms. Poisson’s ~0.30—0.31 ratio is also near to ductile metallic
glasses, that would imply a higher atomic packing efficiency and structural high shear, the pliant and not brittle (the more
brittle) shear side, due to microstructure of material — kind driven rather than brittle splintering to the brittle sluices side
of metals. The ductility of PdssNiieCusoP2: is quantitatively indicated by the calculation and experimental data for Pugh's
ratio of 2.2 and 2.15, respectively, which is far higher than the 1.75 critical value for ductile vs brittle behavior. The
obtained Vickers hardness 6.6 GPa is indeed very close to the experimental value 6.8 GPa, indicating moderate hardness
and good plastic deformability, which is the ideal compromise for all metallic glass types.

Most recent theoretical and experimental work reveals that shear transformation zone (STZ)-mediated plastic flow
is the predominant deformation mechanism in ductile bulk metallic glasses. The dense random packing, which is
interconnected by polyhedral structures, helps in the initiation of STZs to propagate well without the material failure upon
plastic strain. Results and their utility: Considering the combination of the structure and mechanical parameters—high
bulk modulus (~159 GPa), large pressure derivative of the material (Bo' = 6.2), high B/G ratio (>2.1), moderate hardness
(~6.7 GPa), and ductile deformation from STZs—PdsoNiioCusoP2: is suitable for loadbearing and pressure resistance,
leading instance being precision mechanical components, micro-electromechanical systems (MEMS), biomedical
devices, and protective coatings. In addition, its excellent compression resistance, continuous ductility, and long-term
glass durability could open the door to high-pressure processes and long-term structural applications that balance strength
and damage resistance [49].

Thermal Properties:

Table 2. Thermophysical and elastic properties of PdssNiioCusoP21 bulk metallic glass obtained from DFT calculations, highlighting its
dense atomic packing, high elastic stiffness, strong anharmonic lattice behavior, and stable thermal response relevant to thermo-
mechanical and high-performance applications

Property (symbol) Optimized Values by DFT Unit
Average molar mass (M) 72.94 g-mol™!
Molar volume (V) 7.97 (=7.97x107°) cm?* mol™ (m*-mol™)
Bulk modulus (Bo) 158.7 GPa

Shear modulus (G) 72.1 GPa
Density (p) 9.152 gcm?
Transverse velocity (vi) 2.81 km-s™!
Longitudinal velocity (vi) 5.28 km-s™!
Mean sound velocity (Vi) 3.14 km-s™!
Griineisen parameter (y) 2.97 -

Debye temperature (04) ~ 395 K

Heat capacity at 300 K (Cv) 2291 J-mol -K™!
Volumetric thermal expansion at 300 K (o) 5.38x10°% K

Thermophysical and elastic characteristics are shown in Table 2 for the PdssNiioCusoP21 bulk metallic glass,
calculated using first-principles methods, and allow a quantitative evaluation of the aggregated atomic packing, elastic
stiffness, lattice behavior, and thermal stability. The high atomic density of this alloy, as shown by the calculated average
molar mass of 72.94 g-mol™! and its very low molar volume of 7.97 cm?-mol™, is directly related to the limited space
available within the molar configuration of the alloy. Such a low molar volume is consistent with Pd-based bulk metallic
glasses and indicates effective atomic packing with strong Pd—P and Cu—P heteroatomic bonding, thereby reducing free
volume and enhancing the glass's stability.

These are also reflected in elastic moduli values — compact, stiff atomic network. Bo = 158.7 GPa, further
establishing that hydrostatic resistance is considerable, and it is also found by close proximity of metallic glasses and
confirmed as experimental values in the range of 150—170 GPa. On the other hand, shear modulus (G = 72.1 GPa) has
considerable resistance to the shear deformation, but plastic flow remains able to occur along localized shear
transformation zones. Bo is high and G moderate, suggesting a mechanically stable but ductile glassy structure; an
important characteristic, necessary to have reliable load-bearing ability.

However, a density of 9.152 g-cm™ reveals a strong predominance of heavy Pd and Cu atoms and corroborates dense
random packing. Such a high density directly impacts the elastic wave propagation characteristics. Transverse sound
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velocity (vi = 2.81 km's™) and longitudinal sound velocity (vi = 5.28 km-s™') are compatible with the known
experimentally observed value of metallic Pd-based glasses, in which v; often lies between 5-5.5 km-s™.

The resulting mean sound velocity (vin = 3.14 km-s™) is considered an important parameter to study lattice dynamics
and Debye temperature. From the obtained sound velocities, the Debye temperature (6p = 395 K) is determined, showing
the comparatively solid interatomic coupling and the suppression of the low-frequency vibrational modes. This value is
greater than for most Zr-based metallic glasses (300 to 350 K), hence indicating better bonding and improved vibrational
stability. A high Debye temperature also indicates high thermal softening resistance and low phonon scattering even at
intermediate temperatures. The Griineisen parameter (y =2.97) is important for studying lattice anharmonicity. This value
is much larger than that of harmonic crystalline metals (y = 1-2), which implies strong anharmonic vibrations in the
lattice. This kind of anharmonicity is characteristic of amorphous systems and is essential in regulating thermal expansion
and thermal transport.

The larger y value indicates that the material experiences different vibrational modes according to the volume
changes, which agrees with the high-pressure derivative of the bulk modulus previously reported. Thermal response
variables also provide a favorable conclusion about the stability of PdssNiioCusoP21 under operating conditions. The
constant-volume heat capacity (C, = 22.91 J-mol!-K!) at 300 K is close to the classical Dulong—Petit limit (=~ 3R =~ 24.9
J-mol™-K™), which is sufficient to indicate that most vibration modes perform thermal activation at room temperature.
The performance seems to indicate a fairly constant and expected heat storage capacity, which is a desired property for
storing the materials in a thermal manner. The volumetric thermal expansion coefficient at 300 K (o = 5.38 x 10 K™") is
moderate and in this average range for metallic glasses. Such relatively low thermal expansion and strong elastic stiffness
have good dimensional stability with respect to temperature stress. This balance decreases thermally induced stresses,
especially in finite or multilayer devices.

By having a high bulk modulus (158.7 GPa), high density (9.15 g-cm), and a moderate shear modulus (72.1 GPa),
PdsoNii0CusoP21 is a good choice as a thermo-mechanical load-bearing material for precision mechanical devices and
structural segments with joint pressure and temperature. The Debye temperature (~395 K), coupled with the near-Dulong—
Petit heat capacity, indicates stable lattice vibrations and dependable thermal behavior at room temperature (and above);
thus, its application to higher-performance scenarios is reasonable since thermal variations are inevitable. The prominent
Griineisen parameter (y = 2.97) and stable thermal expansion (a = 5.38 x 10> K™') confirm this, confirming that the
anharmonicity is strong, with little to no thermal instability.

Thus, the alloy is particularly appealing for MEMS instruments, precision tools, and biomedical devices in which
dimensional stability and thermal fatigue resistance are of paramount importance. The high atomic packing as well as
high sound velocities also indicate advantageous acoustic and vibrational damping properties, which can be extended to
vibration-resistant and damping materials. The thermophysical and elastic properties (Table 2) have shown the fact that
bulk metallic glass, with PdssNiioCusoP21, exhibits a solid combination of mechanical rigidity, thermal stability, and
anharmonic lattice behavior and is a promising candidate suitable for high-performance, advanced structural and thermo-
mechanical engineering applications, completely in line with the previously described experimental studies in
literature [50].

Optical Properties
Refractive index n(w):
Refractive Index of Pd3yNijgCuszoP2
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Figure 3: Photon-energy-dependent refractive index of PdssNiioCusoP21 bulk metallic glass

Figure 3 shows the variation of the refractive index (n) of the PdsoNiioCusoP21 bulk metallic glass with increasing
photon energy (ranging between 0—10 eV). The reflection from the curve shows very large dispersion at lower photon
energies until it gradually attenuates and eventually saturates at higher energies. In nature, the tendency of such systems,
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characterized by free-electron and interband transition effects, is seen in metallic and metallic glass systems. In the low-
energy (near-zero photon energy) region, the refractive index rises to a really high value, at almost n = 6.5-6.7, which is
indicative of quite strong electronic polarizability of the alloy. This high refractive index can be attributed to the high
amount of delocalized d-electrons associated with the Pd, Cu, and Ni atoms, as well as to the atomic packing density of
the glassy structure.

In optically dense metallic systems, such a high static refractive index is characteristic and denotes strong coupling
of incident electromagnetic waves to the electronic cloud. At higher photon energies, the refractive index drops at a great
speed. At about 1 eV, the refractive index decreases to approximately 2.3-2.5, again to ~1.8 n approximately 2 eV. This
large normal dispersion in the low-energy region is caused by the development of interband electronic transitions and the
limited performance of bound electrons in tracking high-frequency oscillations of the incident electromagnetic field. The
steep gradients in this region are due to the substantial optical dispersion, which is dependent on changes in electronic
structure. At an energy intermediate of about 3—5 eV, the refractive index diminishes slowly from approximately n =~ 1.5
to n =~ 1.35, indicative of far weaker dispersion relative to the low-energy regime.

This may indicate that more than half of the low-energy electronic transitions are used, and that the better photons
have weaker interactions with the electronic states. At higher photon energies above 7 eV, the n = 1.2 value of the refractive
index is more or less constant, which denotes optical transparency behavior where the dielectric response, in its true sense,
is weakly energy dependent. The very high refractive index at low photon energies, and its natural stepwise decrease,
prove the metallic character and amorphous electronic structure of PdssNiioCusoP21. Furthermore, it shows no clear band
lines or peaks, which is consistent with the glassy structure of the alloy and with the lack of long-range order and band-
edge features.

The high refractive index (n = 6.5 at low photon energy) makes PdssNiioCusoP21 well-suited for optical shielding,
reflective coatings, and plasmonic applications where electromagnetic radiation is encountered at high intensities. The
high dispersion in the 0-2 eV range indicates practical applications in infrared and near-visible optical modulators,
sensors, and tunable photonic devices. The gradual appearance of less optical losses coupled with a more predictable
optical response at high-energy (in the range n = 1.2-1.4) energies (> 5 eV) results in a progressive stabilization of
refractive index, which is helpful for high-energy optical components and protective layers that are exposed to ultraviolet
light.

Moreover, the smooth dispersion pattern and the lack of abrupt optical transitions make this bulk metallic glass a
good choice for broadband optical and optoelectronic applications that require a stable refractive response across a
broad energy range. Therefore, the refractive index trend shown in Figure 3, with high low-energy values and controlled
dispersion, suggests that PdssNiieCusoP2: is suitable for advanced optical coatings and components, plasmonic devices,
electromagnetic shielding, and multifunctional structural-optical components, along with its remarkable mechanical and
thermal properties, as introduced in the following sections [51].

Extinction coefficient k(w):
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Figure 4. Photon-energy-dependent extinction coefficient of PdssNiioCusoP2: bulk metallic glass

Figure 4 reflects the change of extinction coefficient (k) of the PdssNiioCusoP21 bulk metallic glass with the change
of photon energy between 0 and 10 eV. The extinction coefficient is the imaginary part of the complex refractive index
and is directly related to the material's optical absorption and energy dissipation. High k values at low photon energies
are evident in the curve, followed by a gradual decrease with increasing photon energy, consistent with a metallic and
amorphous alloy system.

In the low-photon-energy region, near zero energy, the extinction coefficient is approximately k ~ 11.5-11.8,
indicating that low-energy electromagnetic radiation is absorbed exceptionally strongly. The high absorption is due to
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strong free-clectron (intraband) transitions arising from the high density of delocalized d-electrons from Pd, Cu, and Ni
atoms. These large k values support the metallic nature of PdssNiioCusoP2: and are consistent with efficient conversion of
the incident electromagnetic energy to electronic excitations and to thermal energy.

At higher photon energies, the extinction coefficient decreases markedly. At about 2 eV, k decreases to approximately
k = 8 and even less at 4 eV to approximately k = 5.5-6.0. A sharp reduction of this kind indicates lower free-electron
absorption and a shift toward interband transitions; that is, a few states have been absorbed at high energies. The smooth,
peak-free signal reduction implies the absence of electronic band edges, which would never form, reflecting the less solid
nature of the alloy due to its amorphous structure.

However, extinction is lower for photons of 5-7 eV (ca. k =~ 4.5-3.6), indicating reduced optical losses. Since higher-
energy photons near 10 eV nearly match the value k ~2.8-3.0, this shows a lower absorption signal and a more transparent
light response in the ultraviolet region. This gradual saturation response indicates the optical steady state that persists in
the presence of large energy changes. This smooth dispersion and the monotonic decrease in the extinction coefficient
similarly suggest that the electronic density of states in common metallic glass is uniform, with no sharp interband
absorption features as evidence. Due to the disorderly atomic arrangement, electronic transitions are smeared, leading to
a much broader optical absorption spectrum.

Such a high extinction coefficient at very low photon energies (k = 11.5) confirms that, for electromagnetic and
infrared absorption applications, PdssNiieCusoP2:1 could be advantageous for optical shielding, EMI protection, and energy-
dissipating coatings. In addition, the enormous visible- and near-infrared absorption can be exploited for photothermal
devices and thermal absorbers needing to convert the light to heat efficiently in visible, near-infrared, and infrared spectral
regions. The extinction coefficient is lower with photon energy until k ~ 3 in the ultraviolet region, signaling controlled
optical losses and retention in absorption form. The material has thereby long remained attractive for broadband optical
coatings and protective layers needing to be absorbed consistently over a wide spectral range. Due to its high mechanical
strength, ductility, and thermal stability, the optical absorption behavior shown in Figure 4 indicates the potential utility
of PdsoNiiwCusoP21 in multifunctional structural-optical components, particularly where the mechanical robustness and
the high electromagnetic energy dissipation need to be balanced [52].
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Figure 5. Photon-energy-dependent reflectivity of PdssNiieCusoP21 bulk metallic glass

The variation of reflectivity (R) for PdssNiioCusoP21 bulk metallic glass as a function of photon energy in the range
of 0-10 eV is shown in pictorial form in Figure 5. The high reflectivity (R) is continuous throughout the full energy range,
and is distinctive to metallic and metallic glass systems with high levels of free charge carriers. At photon energies up to
a very low limit, the reflectivity is already quite large, with a value of around R = 0.86, which implies that nearly 86% of
the irradiated surface is reflected. As the energy of the photon increases, the reflectivity increases very slightly to
eventually a maximum of around R = 0.89-0.90 from 1.5-2 eV, which corresponds to the near-infrared to visible region.

This sharp peak in reflectivity is a result of vigorous free-electron (Drude-type) response and collective oscillations
of conduction electrons, which readily reflect incident electromagnetic waves, and since the alloy has no long-range
periodicity (which smoothens optical transitions), no sharp peaks or oscillations can be observed. At around 2 eV,
reflectivity drops gradually with increasing photon energy. At 5 eV, the reflectivity decreases to approximately R =~ 0.80,
and, at 8 eV, decreases to about R =~ 0.70. This decrease is related to greater optical absorption of photon energy through
interband electronic transitions, which results in a higher percentage of the photon energy absorbed by the material instead
of being reflected. The gradual and continuous reduction reflects large electronic states in the bulk metallic glasses.

Near the high energy end of the spectrum (10 eV), the reflection becomes lower at approximately R = 0.63—0.65—
even though these values still are quite high. This phenomenon indicates that PdssNiioCusoP2: still has excellent reflective
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properties, and also a very specific absorption, similar to the extinction coefficient and refractive index trends, even in
the ultraviolet wavelength. In summary, the high reflectivity in the low energy aspect range, together with reduction at
higher photon energies, confirms the metallic optical response and electronic disorder of PdssNiioCusoP21. From a field
standpoint, high reflectivity values at constant infrared—visible (R = 0.86-0.90) are of interest, and bulk metallic glass is
attractive for high-reflection coatings, optical mirrors and electromagnetic shielding layers, and moderate reflectivity
value at ultraviolet region (R = 0.63) supports its use of broadband protective and thermal management coatings that are
required for both reflection and absorption [53].
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Figure 6. Photon-energy-dependent absorption coefficient of PdssNiioCusoP2: bulk metallic glass

Figure 6 indicates that the optical absorption coefficient (o) of the PdssNiieCusoP2: bulk metallic glass increases
monotonically with photon energy between 0 and 10 eV. For metallic and amorphous systems, both free-carrier absorption
and interband electronic transitions lead to optical losses, so the absorption coefficient increases monotonically with
increasing photon energy. At lower photon energies near 0 eV, the absorption coefficient (a0 = 10-15 x 10° cm™) is
relatively small, reflecting scarce absorption that is predominantly driven by intraband (Drude-type) behaviors.

When the photons are increased to a higher energy, the absorption coefficient rises steeply in the low-energy region.
At around 2 eV, a rises greatly to 150—170 x 10° cm™ and therefore demonstrates that the strongest interband transitions
have occurred since then, which are based on Pd-, Cu-, and Ni-derived d-electronic states. This rapid increase indicates
that PdssNiieCusoP21 offers a high density of electronic states for optical excitation, which is in accordance with its metallic
nature and the dense electronic density of states near the Fermi level. In the intermediate photon energy region at 3—5 eV,
the absorbance continues to increase, but less rapidly, to the region of around 220-250 x 10° cm™. This slow saturation
mechanism indicates a significant fraction of the optically active electronic transitions that are already activated at low
energies, and high-energy photons add little to absorption.

It shows the overall electronic transition and disorder in a smooth curve without crisp peak area or rough edges,
which depicts the amorphous atomic structure of bulk metallic glass. At photon energies of approximately 8—10 eV, the
absorption coefficient is very large, around 280-290 % 10° cm™, in the ultraviolet region, corresponding to extremely high
absorption. The very high absorption coefficients show that the energy of highly concentrated photons will, in fact, allow
very low penetration depth. This is in agreement with the existence of a high extinction coefficient and low reflectivity
when photon energies are high, hence clear optical energy dissipation in the materials. From the point of application
perspective, as per the high absorption coefficient of PdssNiioCusoP2: from a variety of energies, its maximum utilization
is found in optical and electromagnetic energy absorption.

The excellent absorbance strength in the visible and ultraviolet zones (o > 200 x 10° cm™! above ~3 eV) makes its
application in photothermal coatings, optical absorbers, and radiation-shielding layers where the conversion of energy
from electromagnetic radiation into heat is needed. Furthermore, the combination of broadband optical absorption and
very high mechanical strength, ductility, and thermal stability makes it such a suitable material as bulk metallic glass for
multifunctional structural-optical components and for tough structural areas where mechanical strength and high optical
attenuation are in high demand [53].

Dielectric function:

Frequency-dependent complex dielectric function of the PdssNiioCusoP2: bulk metallic glass is presented in Figure 7,
in which the real portion €i(®) is shown in panel (a) and the imaginary portion &2(®) is shown as a function of the photon
energy in the range 0—10 eV in panel (b). Between them, these two elements provide a comprehensive description of the
optical polarization response and energy dissipation mechanisms of the metallic amorphous system. The real value of the
dielectric function €:1(®), shown in Figure 7(a), is still negative for the whole scanning emission of energy, characteristic
of metallic response. For relatively low photon energies (about 0 eV), the &:(®) becomes strongly negative, between —90
and —95, indicating that the free—electron (Drude-like) response is very high and the electronic polarizability is high. With
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higher photon energies, &1(®) rises monotonically toward less negative values starting from a range of about —60 at ~2 eV,
—25 at ~4 ¢V, and approximately —10 to —12 at approximately 10 eV.

(a) Real Dielectric Function &;(w) of Pd3oNi;oCusoP2;
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Figure 7. Complex dielectric function of PdssNiieCusoP21 bulk metallic glass: (a) real part €, (w) (b) imaginary part €,(w)

This slow growth was due to more significant reduction in free-carrier screening with increasing frequencies as well
as the increase of interband transitions. Indeed no zero-crossing can be detected within the examined range, which implies
the screened plasma frequency is above 10 eV, corroborating the high conduction electron count of the Pd-, Cu-, and Ni-
rich metallic glasses. The imaginary dimension of the dielectric function e2(®) is given in Figure 7(b), being the absorbent
of electronic transitions. The &2(®), at very low photon energies has a large value of ~180-185, which reflects a very
strong optical loss from free electron absorption of intraband electrons of this kind. The &2(®) is much lower when photon
energies increase, falling dramatically from ~60 (~1 eV) to ~30 at ~2 eV. This suggests the fact that as the photon’s
energy increases and further down the line degrades quickly the frequency of Drude-type absorption will continue to drop.

In the intermediate energy zone, close to 3—4 eV, e2(®) presents a feeble shoulder, around 25-28, due to broadened
interband transitions that combine Pd- and Cu-d electronic states hybridized with P states. Outside this region, &2(®)
decreases gradually and is much lower at &2(®) values about 8—10, at a photon energy of 10 eV, suggesting smaller optical
absorption at higher photon energies. The weak, smooth, featureless characteristics of both &i(®) and &(®) are not
indicated by either sharp peaks or critical-point structures, which directly mirrors the disorganized atomic configuration
of PdssNiioCusoP21, which is amorphous. Without long-range order, significant electronic-state broadening and the
smearing of interband transitions lead to continuous dielectric dispersion rather than sharp optical resonances
characteristic of crystalline materials.

From an application point of view, the strongly negative &i(®) and the very large €2(®), at low photon energies,
indicate PdsoNiioCusoP21 to be a good optical metal with high reflectivity and good electromagnetic screening in the
infrared and visible region. It is suitable for EMI shielding and reflective coatings/materials as well as in other
plasmonic/metamaterial-based components that require an excellent negative dielectric response. Moreover, the very large
e2(w) values at low energies indicate the effectiveness of conversion of electromagnetic radiation into heat to be used in
the application of photothermal devices and energy dissipating coatings. At high photon energies, the decrease in &2(®)
and negative &:1(®) shows stable optical losses and dielectric behavior across the range.

This makes the material attractive as broadband optical and protective coatings, especially when not only mechanical
robustness but also thermal stability and a predictable optical response are mandatory. In general, the dielectric functional
character presented above in Figure 7 confirms the suitability of PdsoNiioCusoP21 bulk metallic glass as multimolecular
structure material for structural-optical applications, which is without exception based on the mechanical strength,
ductility, and thermal stability described above [53].
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Optical conductivity:
Optical Conductivity of Pd39Ni;oCuszoP2;
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Figure 8. Photon-energy-dependent optical conductivity of PdssNiioCusoP21 bulk metallic glass

The frequency-dependent optical conductivity 6(®) of the PdsoNiioCusoP21 bulk metallic glass is presented in Fig. 8
as a function of photon energy from 0 to 10 eV. The optical conductivity reflects the charge carrier behavior of the material
under the oscillatory electromagnetic field and serves to gain direct information about the free-carrier (intraband) and the
interband electronic transitions of the amorphous metallic system. At extremely low photon energies near 0 eV, the optical
conductivity is observed to be of a high magnitude, = o(®) approximately 0.95—1.0 (arb. units). Such a high low-energy
response is typical of metallic behavior and results from a Drude-type contribution of delocalized conduction electrons
predominantly associated with Pd-, Cu-, and Ni-derived electronic states approaching the Fermi level.

In this part of the electromagnetic atmosphere, a strong o(w) is observed that provides excellent electrical
conductivity and a positive correlation between the incident electromagnetic field and free charge carriers. At this increase
of photon energy from zero to about 1.5-2 eV, the optical conductivity is sharply reduced and drops to a minimum around
o(m) = 0.12-0.15. This decrease is indicative of a suppression of free-carrier contribution, as the electrons can no longer
follow the rapidly moving electric field through frequency. Such a gradual decrease without sudden events of nature is
also in agreement with amorphous bulk metallic glass because disorder expands the electronic states and smears out sharp
spectral features. In the intermediate photon energy region, a strong secondary peak is obtained between 3.5-4.0 eV,
where the optical conductivity increases again to o(®) = 0.35-0.38.

The interband electronic transitions, in particular from the occupied d-states of Pd and Cu to higher-energy
unoccupied states hybridized with P orbitals, also contribute to this behavior. What is particularly interesting is perhaps
not so much the sharp resonance as the broad pattern of this peak, which represents the absence of long-range order, and
a continuous electronic state arrangement in a non-cohesive alloy. Optical conductivity decreases very fast after about 5—
6 eV and before 7-8 eV it approaches zero. At high photon energies the probability of both intraband and interband
transitions declines significantly and weak optical conduction occurs in the ultraviolet region. This well spread decay
once more shows that discrete band-edge transitions do not exist and thus confirms the metallic glass status of
PdssNiieCusoP21. However, from an application perspective, their extremely high optical conductivity at photon energies
is indicative of the potential of PdssNiioCusoP2: for shielding electromagnetic interference (EMI), conductive coatings,
and even infrared reflective components that require a strong free-electron response.

The broad interband conductivity peak around ~4 eV indicates that PdssNiioCusoP2: can be used extensively in
various optical and optoelectronic devices, such as photothermal converters and broadband absorbers, to provide clear
spectral signals for applications across the full infrared spectrum. Moreover, on the basis of excellent mechanical strength,
ductility, and thermal stability, as well as a great low-energy optical conductivity combination, this bulk metallic glass is
considered an excellent candidate for multifunctional structural—electronic and structural—optical applications, as well as
high-temperature, harsh environments, and where the electrical and mechanical reliability must be maintained [53].

Energy loss function:

The energy loss function Im[—1/e(®)] of the PdsoNiioCusoP2: bulk metallic glass is expressed in Fig. 9 as a function
of photon energy in the region 0—10 eV. The energy loss function shows that energy is dissipated, usually as a function of
the velocity, of fast-moving charged particles like electrons as they pass through the material, and relates more directly to
collective electronic excitations and plasmonic behavior. The entire trend reflects a very slow monotonic increase of the
loss function as photon energy increases, which is typical of amorphous metallic systems. At low photon energies,
approximately 0 eV, the energy loss function is very low, around 0.004-0.005, indicating that very low-energy excitations
have very little energy dissipation.

Such phenomena are consistent with effective free-electron screening in metallic glass, with conduction electrons
responding to external perturbations and thereby attenuating energy loss. The lack of a sharp peak in this low-energy
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region indicates that there are no well-defined low-energy plasmons, which occurs in the case of disorganized systems
with broadened electronic states. Increasing photon energy gradually raises the energy loss function. Between about 3
and 4 eV, the Im[—1/e(®)] value reaches about 0.018 and 0.020, indicating that for the energy dissipation enhancement of
this system, the contribution of interband electronic transition becomes more prominent. Since this energy range
corresponds with components in the optical conductance and dielectric function, it may suggest that electronic excitations
formed from Pd and Cu d-states start to become dominant in the process of loss.

Energy Loss Function of Pd3yNijzCusoPa
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Figure 9. Photon-energy-dependent energy loss function Im[—1/e(®)] of PdssNiioCusoP2: bulk metallic glass

At the mid-range of intermediate energy near 5—6 eV, there is a stronger increase of the loss function to the tune of
around 0.038-0.040. This indicates the formation of mutual electronic excitations involving damped plasmonic
oscillations in the electron gas. Yet, a broad and smooth gradient, and by no means a sharp resonance peak, is what is
reflected, which are signs of strong plasmon damping as a result of a structural problem and electron scattering due to the
amorphous metallic glass. At the higher photon energies between about 8 and 10 eV, the energy loss function is maximum
on the scales of about 0.07-0.08. Such a high-energy-loss region corresponds to a much-increased energy loss associated
with the combined interband transitions and strongly damped collective modes.

The absence of a clear plasma frequency within the investigated energy range would indicate that the screened
plasma frequency is greater than around 10 eV, which is in line with the strongly negative real part of the dielectric
function as observed earlier. The continuous increase in energy loss function, as well as the disappearance of sudden loss
peaks, confirms the metallic and amorphous character of PdssNiieCusoP21, where the electronic excitations have a high
damping and are spread over a wide range of energy. From an application perspective, moderate-to-high energy-loss
values, particularly above 5 eV, indicate that this bulk metallic glass is suitable for applications in electron energy
damping, electromagnetic shielding, and radiation-resistant components that require controlled electronic energy transfer.
With great mechanical strength, ductility, and thermal stability, the energy loss characteristics demonstrated in Figure 9
bolster PdssNiioCusoP2: usage in multifunctional structural—electronic and high energy properties (e.g., protective coatings,
accelerator-facing materials, optoelectronic shielding layers) [53].

Energy band gap:

Figure 10 shows the electronic spectrum of the PdssNiieCusoP2: bulk metallic glass along a typical high-symmetric
k-path ('-X-M-T'—R-X) at Er = 0 eV. The band structure is highly dispersed on the energy spectrum as the alloy does
not have long-range periodicity and is amorphous. Unlike crystalline solids, where the discrete dispersive bands and
symmetry-driven degeneracies have been observed, the current band structure shows broad and overlapping bands, an
electronic signature of bulk metallic glasses. Several bands do pass through Er = 0 eV at the Fermi level, representing
metallic conductivity, of course.

The existence of continuous electronic states for the Fermi level indicates not zero density of states and therefore
the transport of carriers freely with no energy barrier. In terms of quantitative measurements, the small energy separation
is characterized by Eg ~ 0.124 ¢V, the valence band maximum (VBM = —0.106 ¢V), and conduction band minimum
(CBM = +0.018 eV), all of which are very near the Fermi level. This small pseudogap does not limit electronic transport;
rather, it is a smeared electronic feature arising from structural imperfections rather than a genuine band gap. The valence
band region from ca —1.5 eV to 0 eV can be attributed to several overlapping bands with weak dispersion induced mainly
by hybridized d-states of Pd-, Cu-, and Ni-substituted d states with P p-substitutions.

The flatness of some bands in this location suggests a relatively high effect of the mass of the carriers in charge of
the materials to strongly scattering and damping elements that mirror the high optical absorption/extinction
coefficient/energy loss characteristic that we observed in the other works. The corresponding bands are also closely
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packed and moderately dispersed (the bands are concentrated and moderately distributed within the conduction band
range from 0 to ~1.5 eV) beyond the Fermi level. The minimum conduction band at ~0.018 eV is almost at the Fermi
level, enabling electrons to easily be either thermally or optically excited. The fact that there is no apparent indirect or
direct band gap over the entire k-path proves that PdssNiioCusoP21 behaves as a decent metal as opposed to a
semiconductor, despite possessing a shallow pseudo-gap.

Er=0eV

Energy (eV)

r X M r R X

Figure 10. Electronic band structure along ['-X-M-T-R-X referenced to Eg = 0eV, showing a narrow band gap (Eg = 0.124 eV)
with VBM at —0.106eV and CBM at +0.018eV of bulk metallic glass

The continuous evolution of bands along the k-path without sharp crossings and symmetry-bound degeneracies also
indicates that the electronic environment is indeed amorphous. The resulting electronic disorder broadens energy levels,
suppressing sharp electronic transitions, thereby explaining the broadband optical response and the previously observed
low-phonon-reflection good reflectivity and high optical conductivity. It is thus congruous with a system characterized
by strongly electron—electron and electron—phonon interactions and delocalized electrons.

From the standpoint of application, the band structure shows that PdssNiioCusoP2:1 is extremely suitable for electrical
and optoelectronic usage needed for metallic conduction (conductive coatings and electromagnetic interference barrier)
and for its current-carrying structural elements. The near-zero effective band gap (Eg = 0.124 eV) and the multiple bands
within the Fermi band range provide charge-carrier transport and strong optical absorption, which are particularly
appealing for multifunctional structural—electronic and structural-optical devices spanning a broad energy range [53].

Total and Partial density of state:
DOS/PDOS of Pd39Ni;cCusoP2
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Figure 11. Total and projected density of states of PdssNiioCusoP2: bulk metallic glass

The total DOS of the PdssNiioCusoP2: bulk metallic glass has been presented in Figure 11 as a function of energy
with respect to the Fermi level (E_F = 0 eV) in addition to its partial density of states (PDOS). The overall DOS is also
finite and fairly high at the Fermi level, with a value around 2.7-3.0 states-eV~!, confirming the alloy's metallicity.
Absence of the band gap and existence of continuous electronic states at E_F suggest that charge carriers are available
for electrical conduction. Within the valence band of approximately —6 eV to 0 eV, the combined DOS features a wide
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maximum around —2.0 to —2.5 eV, where the DOS is around 3.2-3.4 states-eV!. This particularly large peak is attributed
to the large contribution of Pd-d states, mainly at approximately —2.5 eV with a maximum PDOS of around 0.9 states-eV~!.

Similarly, the Ni-d states play a significant role in this region, also peaking near —1.0 eV, with the magnitude as large
as 0.5 states-eV! (strong hybridization of transition-metal d orbitals). DOS at the Fermi level is smooth and non-zero,
dominated by overlapping contributions of Pd-d, Ni-d, and Cu-d states. The broad peak of the Cu-d states is focused at
+2.0 eV and its maximum PDOS (approximately 0.6 states-eV ') is primarily above the Fermi level. The Cu atoms could
be regarded as mainly facilitating unoccupied electronic states and electronic transition and optical excitations.
Observation of the remaining d-state contribution on both sides of the Fermi level results in the high optical absorption
and conduction seen in earlier figures. P-p states present small but non-negligible contributions, mainly occurring in the
energy range of 0 to +4 eV with peak magnitudes of ~0.25 states-eV .

P-p states and transition-metal d states overlap allow strong Pd-P and Cu—P hybridization, supporting the short-
range chemical order and heteroatomic bonding in the structure. This hybridization serves to stabilize the amorphous
structure and improves the glass-forming ability. The smooth, broadened features of both DOS and PDOS, with no sharp
peaks or van Hove singularities, reflect the absence of long-range periodicity and the disordered atomic environment of
the bulk metallic glass. This electronic smearing leads to higher electron scattering, which is closely associated with the
high extinction coefficient, high optical losses, and the damped plasmonic response described earlier.

Applicationally, the high DOS at the Fermi level (= 3 states-eV™") and high dominating nature of transition-metal d
states also confirm good electrical conductivity and robust optical behavior, which suggests that PdssNiieCusoP21 is
applicable for conductive coatings, electromagnetic interference shielding, and optoelectronic material applications.
Strong d—p hybridization and electronic disorder in the alloy were found to have good mechanical stability and thermal
robustness, as well as to strengthen the alloy's capability for multifunctional structural—electronic and structural-optical
applications in demanding environments [53].

Amorphous Electronic Structure and Pseudogap Formation in PdssNiiwCusoP2:1:

Amorphous Electronic Structure — Pd3yNijoCusoP2
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Figure 12. The amorphous electronic structure of PdssNiioCusoP21 bulk metallic glass

From the electronic phase, the DOS bulk metallic glass structure based on PdsoNiioCusoP21 material near Fermi
(E_F=0¢eV) is shown in Figure 12, and valence and conduction band tails and pseudogap are shown. Unlike crystalline
materials, where sharp band edges are ubiquitous, the DOS of this amorphous alloy exhibits broad, asymmetric tails that
extend continuously to the Fermi level, indicating significant global structural and electronic abnormalities. The valence-
band tail (shown side x) ranges from —2.0 eV to EF, and the maximum DOS intensity is estimated at ~0.8—0.9 (arb. units)
up to about —0.7 eV. These extended tails are localized and semi-localized electronic states primarily associated with
hybridized Pd-d, Ni-d, and P-p orbitals.

The slow decay of the DOS toward the Fermi level implies strong smearing of the valence states and their resulting
dependence on the absence of periodic atomic order, a defining feature of bulk metallic glasses. The conduction-band tail
on the positive-energy side extends from Er to approximately +1.8-2.0 eV, with DOS values reaching approximately 0.9—
1.0 (arb. units) in the region of +0.6-0.8 eV. The states are most strongly derived from Cu-d and Pd-d derived orbitals,
which are delocalized electronic states that are readily available for electrical conduction. Although the pseudogap is
approximately 0.15 eV in Figure 12, it is found mostly at the level around the Fermi, indicating a shallow minimum DOS
and not a negligible effect on the minimum DOS.

This pseudogap, which does not interfere with charge transport, is the result of short-range order—mediated electronic
correlations among the amorphous structure regions. Such pseudogap formation is common in metallic glasses and has
often been associated with enhanced structural stability, lessened electronic energy, and thus increased glass-forming
capacity. The smoother black curve on the shaded DOS also serves to highlight that the electronic spectrum is consistent
with the continuous and non-crystalline character of the spectrum. The absence of sharp peaks or abrupt band edges
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suggests strong electronic scattering and localization, which are consistent with the aforementioned high optical
absorption, large extinction coefficient, and damped plasmonic response.

So, moderate electrical resistivity is also expected here in metallic glasses that are made from Pd. For such
applications, finite DOS at the Fermi level, long band tails, and a narrow pseudogap (~0.15 e¢V) make PdssNiieCusoP2:
suitable for multifunctional structural-electronics applications. Such electronic structure enables consistent metallic
conduction. Furthermore, together with high optical absorption ability and effective energy dissipation, the pseudogap
adds thermal and structural stability. The bulk metallic glass can provide electromagnetic shielding, conductive and
photothermal film coatings, and ensure the mechanical stability of the optoelectronic units in challenging operating
conditions [53].

Partial Pair Distribution Function:

Partial Pair Distribution Functions gj(r) : Pd3gNiigCusoP2
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Figure 13. Partial pair distribution functions gjj(r) of PdssNiioCusoP21 bulk metallic glass

At the other extreme are the partial pair distribution functions gj(r) of the PdsoNiioCusoP21 bulk metallic glass,
denoting the probability of obtaining an atomic pair (i—j) distance r apart. This confirms the amorphous nature of the alloy,
demonstrated in the short-range order (SRO) and medium-range order (MRO) relationships in the lattice due to the
absence of periodic repetition and fast decay of correlations beyond a few coordination shells. In the short-range region,
the initial spike occurs between ~2.2 and ~2.6 A, corresponding to atomic correlations near the neighbor. Heteroatomic
bonds between transition metals and phosphorus were highest for their Pd—P and Cu—P pairs at an intersection between
~2.30 and ~2.35 A. These short bond lengths and a large peak power (g(r) 2 4.0) indicate well-established short-range
chemical order, which is fundamental to maintaining the amorphous structure and inhibiting crystallization. Pd—Pd, Pd—
Cu, Pd—Ni, and Cu—Cu correlations exhibit first-neighbor peaks at distances of 2.6-2.8 A, with values of 3.0-3.8.

These values express the large metallic compactness of transition-metal atoms, though weaker than metal-metalloid
correlations. The relatively broad peaks, compared with those of Pd—P and Cu-P, also indicate topological disorder and a
distribution of bond lengths characteristic of metallic glasses. The observations for the Ni-Ni and Ni—Cu pairs of
correlations exhibit relatively lower peak intensities and broader distributions, indicating that Ni atoms are more evenly
dispersed within the metallic lattices, rather than being grouped into strong clusters. Such behavior is compatible with a
network modifier action of Ni, which synergistically increases atomic packing efficiency without facilitating
crystallization.

Beyond the initial coordination shell, the second and third peaks occurring between ~3.8-5.0 A and ~5.8-7.0 A,
respectively, show medium-range order resulting from atomic polyhedra connectivity. These peaks are markedly wider
and weaker, demonstrating that, while local polyhedral motifs exist, their placement lacks long-range periodicity. The
weak oscillations persist up to ~8 A, implying polyhedral network connectivity, a key feature of stable bulk metallic
glasses. At a larger range (r > 8 A), all the g;(r) curves approached g(r) = 1 gradually, indicating the loss of atomic
correlation and the emergence of a random distribution of atomic information.

This evidence shows that structural ordering in PdsoNiioCusoP2: is restricted to short- and medium-range scales and
absent long-range crystalline order. In conclusion, the data provided in Figure 13 demonstrates that the short-range
structure of PdsoNiieCusoP2: is dominated by strong Pd—P and Cu—P chemical short-range order in the strongly coupled
transition-metal structure with a highly compacted transition-metal framework. This strong heteroatomic bond, atomic
packing efficiency, and polyhedral medium-range connectivity confer on the alloy excellent glass-forming ability, high
mechanical strength, ductility, and thermal stability, providing a structural basis for the higher mechanical and
multifunctional properties observed in the earlier analysis.
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Figure 14. Angular distribution functions A(0) for PdssNiioCusoP21 bulk metallic glass with different central atoms, revealing
dominant icosahedral-like bond-angle distributions around Pd, Ni, and Cu atoms and chemically constrained phosphorus-centered
environments that stabilize the amorphous structure

The above-mentioned ADF (Figure 14) of the bulk metallic glass of the PdssNiioCusoP21 is depicted and resolved
based on the central atom type: (a) Pd-centered, (b) Ni-centered, (c) Cu-centered, and (d) P-centered local environments.
The ADF describes the probability distribution of bond angles 6 formed by atomic triplets (i—j—k). It provides direct
insight into local coordination geometry, polyhedral motifs, and medium-range connectivity of the amorphous structure.

The Pd-oriented environment is depicted by panel (a), displaying two powerful angular spikes within its region. The
initial major peak is at 6 = 55-60°, the second, broader one at 6 ~ 105-115°, with normalized intensities around 0.016—
0.018. These bimodal angular distributions are consistent with distorted icosahedral or polyhedral coordination, where
local pattern formation is fivefold-symmetric and yields relative angles near 60°. Conversely, distorted close-packed
shapes produce angles approximately 110°. Since the peak position of Pd—Pd—Pd, Pd—Pd—Cu, and Pd—Pd-P triplets are
strongly correlated, Pd atoms retain the core unit and act as moieties of chemically created polyhedra.

Both the region-defining peaks around ~60° and ~110°, and peak intensities (~0.015-0.018) of the panels (b) exhibit
comparable angular features in relation to Ni-centered ADFs. Similar shapes may be the result for Ni atoms interacting
to closely resemble Pd-centered polyhedra, with rather broader peaks, reflecting a higher angular distortion due to similar
nature. This implies that Ni is a network modifier, meaning it modifies the locality without perturbing the atomic network,
causing dense packing without crystallization of Ni atoms and contributes to structural stability.

The topological arrangements presented in panel (c) are in accordance with the peaks observed in Cu-centered
environments: 55-60°, 110-115°, normalized intensities ~0.017—0.018. This preservation of angles in the Pd-, Ni-, and
Cu-centered distributions indicates that the topological hierarchy is maintained with a uniformity dictated by the compact
assemblage of metallic polyhedral units. A slightly larger contribution of Cu—Cu—Cu and Cu—Cu-—P triplets at larger angles
is observed, which is attributed to Cu promoting medium-range connectivity between neighboring polyhedral units.

The angular distributions for panel (d) related to P are markedly different from those of metal-centered cases. Here,
the peak is strong (8 = 100—115°), with the highest normalized peak magnitude ~0.020-0.022, while the low-angle peak
(~60°) is much weaker (~0.004—0.006). This preference aligns with directional bonding of P atoms, providing more
angular coordination environments of an open shape instead of closely packed metallic positions. This strong peak around
110° is typical of Pd—P—Pd, Cu—P—Cu, and mixed-metal-P—metal linkages and confirms that P is a stabilizing metalloid
that exerts short-range chemical order, leading to the breaking of the crystalline symmetry. The strong angular region at
around ~60° and ~110° with respect to the metal-centered ADFs along with a more directional ~110°-dominated P-
centered region supports a likely structure consisting of icosahedral-like or distorted polyhedral short-range-ordered
connections mediated by metalloid-centered linkages.
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The peaks are all broad (rather than abrupt), indicating that the intrinsic disorder in the amorphous state lacks long-
range periodicity. From a structural and material perspective, this is useful for accounting for certain important properties
of PdssNiioCuszoP21, since dense polyhedral packing dominates its bulk and shear moduli, and angular flexibility, along
with the function of P-centered coordination, drive plasticity and ductility induced by STZ. Moreover, these mixed angular
characters and strong heteroatomic bonding result in superior glass-forming capability and thermal stability, so the bulk
metallic glass can be used in load-bearing, high-pressure, and multifunctional structural applications that demand both
strength and damage tolerance.

Glass-Forming Characteristics and Thermal Stability of PdssNiiwCusoP2: Metallic Glass:

Table 3. Characteristic glass-forming temperatures of PdssNiioCusoP21 bulk metallic glass, highlighting its high glass transition
temperature, wide supercooled liquid region, and excellent thermal stability

Alloy Tg (K) Tx (K) Tl (K)
Pd39NiioCusoP21 558 632 775

The PdsoNiioCusoP21 bulk metallic glass shows glass-forming properties as summarized in Table 3, and its thermal
stability and glass-forming capability are indirectly determined from the values for glass transition temperature (Tg),
crystallization temperature (Tx), and liquidus temperature (T1). It has been shown that the glass transition temperature Tg
= 558 K corresponds to the temperature of the amorphous solid until it changes to a supercooled liquid. This relatively
high Tg further confirms the strong interatomic bonding and atomic confinement of the material and is consistent with
pronounced short-range order in Pd—P and Cu—P. Furthermore, a high Tg at high temperatures is generally associated with
higher thermal resistance and greater dimensional stability, and thus is compatible with structural integrity applications
beyond room temperature in an alloy.

Therefore, the crystallization temperature of Tx = 632 K indicates the onset of devitrification from the supercooled
liquid to the crystalline phase. It is the difference between Tx and Tg, indicating the width of the supercooled liquid region
at ATx = 74 K, which suggests good glass-forming characteristics and superior crystallization resistance, enabling stable
thermoplastic formation and processing and avoiding premature crystallization. The liquidus temperature of Tl = 775 K
corresponds to the liquidus of the entire molten alloy. The ratio (Tg/T1 = 0.72) for bulk metallic glasses is comparatively
high, indicating good thermodynamic stability of the amorphous phase over a large temperature range and a decreased
driving force for crystallization.

Finally, the high Tg (558 K), large supercooled liquid region (ATx = 74 K), and high Tg/T1 (0.72) confirm that the
alloy PdsoNiioCusoP21, at last, can exhibit adequate thermal stability and superior glass-forming ability. Due to this ability,
it can be used for high-temperature structural parts, the production of metallic-glass thermoplastic parts, precision devices,
and long-term service applications that require resistance to crystallization and thermal degradation.

CONCLUSIONS

Here we present a full first-principles characterization of the PdssNiioCusoP21 bulk metallic glass, illustrating how its
amorphous atomic structure influences its mechanical, thermal, electronic, and optical properties. Its dense random
packing and clear short-range chemical configuration, coupled together with predominantly Pd—P and Cu—P bonding,
contribute to stabilizing the glassy phase and suppressing crystallization. The elastic constants, large bulk modulus, and
Pugh’s ratio yield the assessment of the highly ductile character of this alloy, in which plastic deformation is controlled
by shear transformation zones, not dislocation activity.

Thermophysical properties of combined mechanical and thermal loading can be investigated in a solid anharmonic
lattice with a moderate Debye temperature and stable thermal expansion. In practical terms, the previously proposed high
strength, pressure resistance, optical isotropy, and broadband electromagnetic absorption in PdssNiioCusoP21 can be an
effective source for developing new materials in advanced structures, vibration-damping systems, reflective—absorptive
coatings, electromagnetic interference protection, photothermal devices, and corrosion resistance in harsh environments.

Its near-metallic electronic structure and high optical losses are particularly beneficial in multifunctional
applications. One of the contributions of this work is a unified ab initio framework that integrates amorphous structural
motifs, equation-of-state parameters, elastic response, lattice behavior, and optical properties in a self-consistent, self-
evident macroscopic physical image. While single-characteristic properties have been the dominant paradigm in previous
studies, our work demonstrates that electronic hybridization, pseudogap formation, and polyhedral short-range order
together influence macroscopic performance.

In other words, it can be concluded that from the large Tg (558 K), large supercooled liquid region (ATx = 74 K)
and the high Tg/Tl, or Tg/Tl, value (0.72), that the alloy PdssNiioCusoP2: is finally able to attain the reasonable thermal
stability and high glass formation. The characteristics have been observed in its applications in high-temperature structural
parts, the production of metallic-glass thermoplastic parts, precision devices, and long-term service applications.
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BATATO®YHKIIOHAJIBHE METAJIEBE CKJIO: IOYATKOBE JOCJJIAKEHHS PdssNiCusoP2: JJIS
HIABUILEHHS MEXAHIYHOI MIITHOCTI TA ONITHYHOI'O EKPAHYBAHHSI
Canrira I'ynral!, Amit Kymap Yay6i?, Capira Yayaxapi®, Kanin Bxapasamk®, Aoxaii I1. llpisacrasa®
TKagpeopa ximii, Yuisepcumem Ilypunima, Joicaiinyp, Padscacman, Inois
’Kagedpa npuxnaduux nayx ma 2ymanimapnux nayx, O6'conanuii xonedic inoicenepii ma dociiocens, Ipasepadac, (UP), Indis
3Kaghedpa ximii, Inobanvruti yrnisepcumem Bisexananoa, JJocaiinyp, Padscacman, Inoia
*Kagpeopa xomn'tomepnux nayx ma inoicenepii, Ynisepcumem Yanoizapxa, Moxani, Ilenoocab, Inois
SKaghedpa npuxnadnux nayx ma ymanimapnux nayx, bancancekuti incmumym indcenepii ma mexnonoeii, Jlaxxuay (UP), Indis

O06'emni meraneBi crexia (BMG) — me tun TBepaoro marepiany 3 aMOp(HHMH aTOMHHMH CTPYKTypaMH, L0 JIEMOHCTPYIOTh
CIIPHATIIMBI MEXaHIuHi, TETUIOBI Ta yHKI[IOHATbHI BIACTUBOCTI. Y LIbOMY JOCHTIIKSHHI TPEACTABICHI BIACTUBOCTI CKJIA, 110 BUBYAIOThH
MEPUIONPUHIMIIHI JeTalli CTPYKTYpH 00'eMHOro MeraneBoro ckia PdssNiioCusoP2i, HOro mpysxHi BIacTHBOCTI, TEPMOAMHAMIKY Ta
CJIEKTPOHHO-ONITHYHI XapaKTepUCTUKU. Po3paxyHku Teopii QyHKIiOHATY TyCTHHH OyiaM MPOBEAEHI Ui MOPIBHAHHS 3 aMOP(HOIO
ATOMHOIO KOH(ITYpAIli€lo Ta CHiBBIAHOLICHHSIM €HEPris-00'eM 3a JIOMOMOTOI0 piBHIHHS cTaHy bipua-MypHaraHa TpeThOro mopsaKy.
Jy>xe BUCOKHI 00'eMHUH MOJyb NIPYKHOCTI, Tproam3Ho 159 I'Tla, Ta >6 NOXigHUX THCKY IPOAEMOHCTPYBAIIM OTHOPIIHICTD, OMIp Ta
CUJIbHE 3MIIHEHHS Mix THckoM. Bci Tpm Momymi mpyxkHocti, koedimient ITyaccona ta xpurepiif I1''o mocTifHO JEeMOHCTPYIOTh
IUIACTUYHY MEXaHIYHy pEaKilifo, 3aJeKHY BiJl IUIACTUYHOCTI, OIMOCEPESIKOBAHOI 30HOK IEPETBOPEHHs 3CyBYy. PesymbTatu
Ter10(i3MIHOTO TOCHIKEHHSI TIOKa3yI0Th CTa0lIbHY aHrapMOHIYHY MOBEIIHKY pelriTku, Temmepatypy Jebas mpudmusno 395 K ta
CIPHATIIMBE TEIUIOBE PO3IIHPEHHS, 110 BKa3ye Ha 100py mepenbadyBaHIiCTh TepMOMEXaHidHOI peakiii. EnekTpoHHI JocCiimKeHHs
BUSIBIJIM JIy’)Ke MeTalieBy a3y 3 HU3bKOIO IICEBIOIIINHOI0 HABKOJIO piBHs DepMi — roIOBHHM YHHOM ribpuausanito Mix d-craHamu
MepeXiJHUX METAJiB Ta p-cTraHamu (Gocopy y cTabinpHy amophHy (azy. ONTHYHI CIEKTPH, IO MICTATH IIUPOKY CMYTY, UyAOBY
BiIOMBHY 34aTHICTh TP HA3BKUX CHEPTisX (POTOHIB Ta i30TPOMHY ONTHYHY PEaKIifo, TUIIOBI IS METAIEeBUX cTeKoi. Ha 3aBepiueHHs,
i pe3yIbTaTH JOBOAATH, MO PdioNiioCusoP21i € BHCOKOMEXaHIYHO CTaOIIPHUM MaTepiagoM Uil PO3BUTKY B PI3HMX MEXaHIYHUX,
ONTHYHUX Ta EHEPreTUYHHUX 3aCTOCYBAHHSX Y JIETKIH pamiti.

KiwuoBi cioBa: o6'cmne memaneée ckno;, meopis (QYHKYIOHATY 2YCMUHU, PDIGHSAHHS CMAHY, MEXAHIYHI ma menioQizuyni
61ACMUBOCTI; eeKMPOHHA CIPYKMYPA, ONMUYHI eKpanyioui mamepianu
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We used the sp3s* tight-bonding method as a computational approach to calculate the energy band structure of AlAs crystals in the
absence of pressure and analyzed the effect of pressure on the energy band structure under low pressure (1-7) GPa. We used two
forms of the Birch-Maugham equation of state (third- and fourth-order) to calculate the changes in the elements of the Hamiltonian
matrix resulting from changes in crystal volume and lattice constant. The dispersion relationships for the high-symmetry directions in
the first Brillouin zone were found by numerically calculating the Hamiltonian diagonal under pressure. The present computations
are performed using a routine written in MATLAB. We found that the effects of both forms of the equation of state on the band
structure differ only slightly (by 0.01) at low pressure, as shown in the band structure diagrams. The conduction-band valleys creep
downward under low pressure, decreasing both the direct and indirect energy gaps. The results obtained were consistent with other
experimental and theoretical results.

Keywords: Tight-bonding model; Maugham equation of state; AlAs compound semiconductor, Band structure; High pressure

1. INTRODUCTION

Due to their great technological and industrial significance in the electronic applications and optoelectronic devices,
M-V zinc-blende compound semiconductors have been widely regarded as the most promising compound semiconductors
over the past few decades [1]. The study of materials at high pressures is currently experiencing great activity. The
application of high pressure frequently leads to considerable shifts in both the chemical and physical properties of
substances. Consequently, materials frequently exhibit previously unseen crystalline structures and intriguing behaviors
when subjected to these conditions. Also, the possibility to study structural stability as a function of volume has added a
fresh dimension to the basic question regarding the relation between the arrangement of atoms and electronic structure [2].
Particularly, Aluminum Arsenide (AlAs) is a binary compound that has an indirect band gap with the conduction band
minimum at the X-point and the valence band maximum at the I'-point under surrounding conditions. AlAs has an
experimental band gap of about 2.16 eV [3]. The most stable phase for AlAs is the tetrahedral structure, a bonded
semiconducting phase at ambient pressure, which has excellent physical properties, making it suitable for device
applications such as optical fibers in telecommunication, Bragg reflector superlattices, heterojunction bipolar transistors,
solid-state lasers, high electron mobility transistors, and light-emitting diodes [2], [3]. When moderate pressure is applied,
like many other semiconductors, AlAs transforms into the metallic phase [4] [5]. Theoretical investigations and
experimental research are therefore of vital interest to all those working in this area. In recent years, an increasing number
of researchers have conducted experimental studies on the phase transition in AlAs. The first report of the phase transition
of AlAs was made by Froyen and Cohen in 1983, who studied structural properties in AlAs using an ab initio
pseudopotential approach and suggested that the case of high-pressure structure of AlAs commonly undergoes a structural
transition, which could either be rock salt (B1) structure or NiAs (BS8) structure [6]. Weinstein et al. observed a phase
change by microscopic analysis at 12.3 GPa on loading; however, the structure was unidentified[7]. In subsequent years,
an increasing number of researchers turned to experimental studies of the phase transition in AlAs. The first experimental
observation of the transformation of AlAs into the NiAs structure came several years later, when G. Greene Raymond et al.
indexed a new phase of AlAs using energy-dispersive X-ray diffraction to 46 GPa [8]. Mujica et al. offered a detailed
review of the current known structures, high-pressure behavior, and theoretical work on the group III-V compound
semiconductor materials [9]. Besides the experimental advance, dependable computational techniques designed for the
determination of electronic band structures, as well as overall energy calculations, have significantly influenced the field of
high-pressure physics [10], [11], [12]. These computational approaches yield critical supplemental data to that obtained
through experimental investigation. This progress rises from both the development of amended algorithms and the
increasing availability of powerful computing resources. Such theoretical work plays a supporting role to experimental
research by both validating discovered structures and examining their electronic and vibrational features, as well as
assisting in forecasting the shape of new materials.

This research aims to focus on theoretical calculations of the band structure and the effect of pressure on electronic
properties, such as the band gap. Electronic property calculations are based on Harrison’s model of semiconductors by
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constructing a nearest-neighbor semi-empirical tight-binding theory (TB). The effect of pressure at (1,3,5,7) GPa on the
band gap energy of AlAs is investigated. The dependence of the energy states, over several symmetry directions and at
certain symmetry points, on the interaction parameters is also investigated.

2. THEORETICAL BACKGROUND
2.1. Tight Binding Method
Electronic band structure is the energy range in which an electron is either forbidden or allowed to exist, and it’s
one of the important key to understanding electron conduct in crystalline semiconductors and their interactions with
lattice vibrations[13]. One of the appealing method to calculate the electronic band structure of electron motion in solids
is the tight binding theory (TB), which is called also linear combination of atomic orbitals (LCAO) proposed by Bloch
[14]. The tight binding model is the standard technique for resolving issues related to periodic potentials. It entails

constructing a linear combination of atomic orbitals ¢, (r — ﬁi) on the various crystal atoms, with the coefficient given
by the values of the plane wave exp(ik. ﬁi) at the distinct vector positions R ,where the atoms are located, to form

Bloch sum }; R (kR On(r — I_?)l-). The sum run over the atoms in equivalent position in all unit cells of the crystal, the
subscript n denotes to quantum numbers [15]. In present work, the nearest neighbor sp’s” empirical tight binding
method with fitted input parameters from the literature is used to calculate the band structure and energy gaps of the
bulk compound semiconductor AlAs at some high symmetry points by preparing a computational program using
MATLAB. The tight-binding model yields a detailed real space description of the electronic interactions that give rise
specific elements of the energy band structure and density of states. This is very useful in research, where the electronic
structure is modified and can see how these features convert when you change the electronic.

Although the tight-binding method is systematically inviting, it poses a major issue: the fundamental parameters
that define the tight-binding Hamiltonian are not the conduction-band edges and effective masses typically employed in
electronic-device modeling, but rather orbital interaction energies. The coupling of the separated orbitals via these
interaction energies leads to the formation of electronic bands. A correct choice of the type and number of basic orbitals
(s, p, and d) and of their local and non-local coupling strengths yields a suitable representation of material
characteristics such as band energy structures and effective masses. Consequently, the overall band structure and
effective masses are strongly linked to the interaction energies[16].

2.2. Calculation of Energy Band Structure
Quantum mechanics provides the only viable path for resolving numerous issues in physics and chemistry. In the
case of zinc- blende crystals the, tight-binding Hamiltonian can be constructed in a basis of quasi-atomic functions as
[17], [18]:

) = & 51 A0 1) .

where ﬁi is the vector position of the atom on which the orbital is located, the quantum numbers (band index n) pass the
S, Dx> Py» Dz, and s* orbitals; the number of unit cells in the repeating region is N where the wave vectors (E =2n/a;)
lie in the first Brillouin zone. The base atom displacement is indicated ¥; and in terms of Kronecker §, we have ¥, =
6,2(a;/2)(1,1,1); and A =a (anion) or A = ¢ (cation) represents site index and the lattice constant represented by a;.

In Bloch functions built from s and p orbitals (Wannier functions) located on each atom in the crystal, one
assumes that the only non-zero Hamiltonian matrix elements are those between orbitals on the same or neighboring
atoms [19]. This results in a relatively good description of the valence bands throughout the Brillouin zone. The sp?s*
tight-binding method without spin-orbit coupling introduced by Vogletal. (1983), which considers only nearest-
neighbour interactions, uses Lowdin orbitals: an s-state and three p-states together with an excited s* state for each basis
atom in pure bulk covalent semiconductors, providing ten orbitals for a primitive cell that contains two atoms.

The band structure for a nearest-neighbor, sp’, eight- band model, is described by the nine parameters: four
diagonal energies E, = (saR|H|saR), E,. = (scR|H|scR), Epq = (pxaﬁlHIpxaﬁ) Epc = (pxcﬁIHIpxcR)) and the
five transfer matrix elements V, Vi; = 4(saR|H|scR), V., = 4(p,aR|H|p,cR), Vey = 4(pxa§|H|pyc§) Vsape =
4(saR|H|p,cR) and Voase = 4(p,aR|H|scR).

In ten-band sp’s* model, besides these nine parameters, we add another an excited s state, s*, and allowing
coupling only to the p states of neighbors, while excluding, for simplicity, the linkage to s-states on distant sites. This
addition brings four additional matrix elements: specifically, two of these being new diagonal energies Eg+, =
(s*aR|H|s*aR), Egp = (s*cﬁlHls*cﬁ), and the latter two being transfer matrix elements Vs+qpe = 4(s*aﬁ|H|pch_€),
Vpaste = 4(pxal_€ |H|s*cR). The following matrix elements which are being omitted for clarity, have been set to zero,:
(S*aﬁlHls*cﬁ), (S*aﬁlHls cR)and (sai_?)lHIs*cl_?)) [20].

By employing thirteen fitted input interaction parameters, derived from the theoretical data of Vogl’s which are
required to calculate the energy-band structure. These interaction parameters are essentially independent matrix

elements, made up of: six on - site energies Eg, , Epq, Esc , Epc , Esrq and Eg«¢ (a,c refer to anion and cation
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respectively) and seven hopping terms refer to Vs, Vix, Vays Veaper Vpase » Vstape and Vpgge+c. These matrix elements still

need to be determined and fit for the band structure data; they can be provided in the Lowdin form of the symmetrically
orthogonalized atomic orbitals. The input parameters representing the empirical matrix elements of the sp3s* tight
binding model used to calculate band structure of the compound semiconductor AlAs are shown in Table (1).

For a zinc blende structure of lattice constant a, the wave vector (k) dependence in this tight binding model is
given by defining the g; coefficients [17],

9o(k) = +cos (al Tl) cos (al %) cos (al %) —isin (al %) sin (al %) sin (al %)
g1(k) = —cos (al %) sin (al %) sin (al %) + isin (al %) cos (al %) cos (al %)
g2(k) = —sin (al %) cos (al IZ—Z) sin (al %) + icos (al %) sin (al %) cos (al %) @
g3(k) = —sin (al %) sin (al %) cos (al %) + icos (al %) cos (al %) sin (al %)

Furthermore, the basic problem of the tight-binding method is to calculate the matrix elements of the
Hamiltonian between the various basis states.

The secular equation for the eigenvalues E(k) and eigen functions is an 10 X 10 coupled set of equations,
Hamiltonian matrix elements, whose solution is derived from an 10 X 10 secular equation. For each value of the wave
vector (k), there will be 10 solutions, to obtain the band structure (E vs. k relationship) [17], [21].

Table 1. Tight binding method Input parameters for empirical matrix elements using sp3s*, all energies are in units
of eV, for compound semiconductor AlAs at p=0 [17].

Parameters AlAs with no pressure[17]
a, 5.6580
Eg, -7.5273
Epq 0.9833
Eg. -1.1627
Epe 3.5867

Egq 7.4833
Eg . 6.7267
Ves -6.6642
Viex 1.8780
Vey 4.2919
Vsapc 5.1106
Vsepa 5.4965
Vs*ape 4.5216
Vpas'c 4.9950

2.3. Calculation Energy Band Structure of AlAs Under Pressure

High pressures influence the physical characteristics of semiconductor materials and the physical systems in which
they are contained. The energy band gaps E,, where the electron direct (wave vector k is conserved) and indirect (k is
non- conserved) transitions between the conduction band and valence band, together with their pressure dependence, are
the subject of more studies as a fundamental property of semiconductor material [22], [23], [24]. To analyze the impact
of pressure on the energy band structure, Murnaghan's equation of state can be used, which assumes that the bulk
modulus of a solid under finite strain varies linearly with pressure. When hydrostatic pressure is applied to a crystal
(typically as from 1-10 GPa), its lattice constant, length of unit cell edge, decreases, because the atoms are pushed
closer together; then the entire size of the crystal decreases, which changes the periodicity of the crystal and cause to
increases orbital overlap between neighboring atoms. The application of pressure can reduce the band gap or cause a
transition from a direct to an indirect band gap [25].

The pressure dependence of the lattice parameter of AlAs is determined using the Murnaghan equation of state
[26]:

a(p) =a(0) (1+B; B%)% 3

where a(p) is the lattice parameter at pressure ( p # 0), a(0) is the lattice constant at zero pressure (p = 0), and
B,, B,  are the isothermal bulk modulus and first derivative of the isothermal bulk modulus at zero and at pressure p
respectively (in this work B, = 76.2 Gpa, B, = 4.36 Gpa) [27]. A small decrease in the lattice constant causes a
greater proportional decrease in the volume of the crystal unit cell because the volume is proportional to the cube of the
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lattice constant for a cubic lattice (i.e. V = a%) [28]. A widely used Murnaghan equation of state (EOS) in terms of
volume is:

-1
V) = V(o) (1+ B, £)™. )
where V(p) and V (0) are the volumes at pressure p and zero pressure respectively.
1
a@) _ (V)3
a0 (V(O)) : ®)

The tight-binding matrix elements (hopping integrals) vary when pressure exerted since pressure decrease the
interatomic distance between atoms in the crystal structure which reducing the bond lengths (d) and lattice constant.
Due to this closeness, the overlap between atomic orbitals is enhanced, which raises the magnitude of tight-binding
Hamiltonian matrix elements. In general, these matrix elements follow an power-law scaling with the interatomic
distance in a way that stronger electronic coupling appears as atoms bring closer [29]. The change of energy band
structure under pressure lead to change interatomic matrix elements for the coupling between s-states on neighboring
atoms given by the empirical measurement rule [29], [30]:

o,

Virm = nll’mﬁ (6)

Ny'm Tepresents a universal dimensionless constant, & is the reduced Planck constant, and m, is the mass of electron.
Equation (6) can be expressed in the absence of pressure and in the presence of pressure on AlAs crystal, as follows:

n2
Vioy = Thz’mz_medoz- (7

And
Vip) = nll'mz_medp : (®)

Equations 5, 8, and 9 give a relationship that can be used to determine the energy band structure of AlAs by
calculating the change in the matrix elements coefficients under pressure.

4. RESULTS AND DISCUSSION
4.1. Calculation Band structure at p=0

We have applied the spss*empirical tight binding model to the energy band structure calculations for the bulk
semiconductor compound of AlAs along the high symmetry axes in the Brillouin zone, and we are using a specially
designed MATLAB. The band structure along the symmetry axes of L-I'-X-U, K , is shown in Figure (1), where I is the
Brillouin zone center; and X, L, K and U are the Brillouin zone edges for a zinc blende crystal of lattice constant a ,
used a = 5.6580A" for AlAs [17], [31]. The highest value of valence band maximum is placed at 7 while the lowest
value of conduction minima is located at X.

Figure (1) shows the dispersion curves for bulk bands of AlAs for sp3s*, including valence bands and conduction
bands. These band structures show certain features that are general to bulk semiconductors. It is seen from Figure (1)
that AlAs is indirect band gaps with a minimum gap along X of semiconductor Egx = 2.3 eV and direct extremum gap
at I' of Egr = 3.04 eV. The results of calculating energy gap band at the high symmetry points L, T', and X at
atmospheric pressure (p= 0), with respect to the first conduction band, were compared with the practical and theoretical
results shown in Table (2).

15
AlAs

Energy (eV)
|
|
\
|

Wave Vector

Figure 1. Energy band structure of AlAs obtained from sp3s* ETB model of AlAs.
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Table 2. Energy band structure at high symmetry points at p=0

Parameter This work Theoretical data [20] Experimental data [32]
Egr 3.0400 3.026 2.95
Egx 2.3000 2.289 2.16
Egy 2.6813 2.766 2.36

2. Calculation of band structure of AlAs at hydrostatic pressure
When the pressure is applied to an AlAs crystal, the lattice constant decreases, and therefore the volume reduces.
In this study we used the Birch—Murnaghan EOS to compute the lattice constant under pressure, which then alter tight-
binding parameters. This will change the energy bands structure. In this work, we compared between third and fourth
order Birch-Maugham equation of state to compute the change in volume of the crystal. The fourth order Birch-
Maugham equation of state (EOS;) in which the pressure — volume relationship expanded as [33],[34]:

P =3B, fo(1+2£)2 [1+2 (B, = 4) + 2 (B,B," + (B, = 9)(B,' = 3) + Z) £.7] )
where f, = %(((V/ V,)7%/3 — 1) and the second derivative of B,is given by [27]:
" -1 ’ ’ 35
B, =+ [B3-B(4-B,) +%] (10)

The third order Birch-Maugham equation of state can be expressed by the following equation (EOS,) is given by
[35]:

P =2B,[()7 = (3] {1+21B, — 4l[(0)?* - 1]} (11)

where x = V,/V , the second element within the first square bracket appears due to the truncation of the Helmholtz free
energy to the third order term [36]. The 3™ and 4" Birch-Maugham forms give the relation between ratio of volume and
pressure is shown in Figure (2).

From Fig. (2) the ratio V/V, =1 when p=0, and it diminishes gradually at low pressure (under 10 GPa) indicates
the unit cell volume becomes smaller. At low pressure the unit cell volume shrinks just a little (a few percent) and that
means there is no influence when using both EOS, and EOS; forms to compute the effect of ratio V/V, at low pressure
range (the ratio almost less than 0.001) and the effect grows at high pressure (above 20 GPa). The EOS is the
fundamental step that interprets applied pressure into lattice constant change, which then drives band structure
modifications in tight-binding calculations. The ratio between the lattice constant under and lattice constant at p = 0
(a/a,) for both two forms of equation of state versus pressure is shown in Figure (3). We noticed that the curve roughly
linear at low pressures for both forms. The difference between Fig. (2) and Fig. (3) comes from the small reduction in
lattice constant produces a large fractional reduction in volume since the lattice constant scales as one third of the
volume of crystal (eq. (5)). Table three shows the values of the ratio for (V/V,) , (a/a,) versus pressure for both forms
of EOS.

—— EOS1 ——EOS1
0.99 ——EOS2 | ——EOS2
0.995 - :
0.98
097} 1 099 f
2096 | R
z S 0985}
> 09s)
0.94 1 0.98
093}
0.975
092
0.91 : : : : : : 0.97 : ‘ ‘ :
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
p (GPa) p (GPa)
Figure 2. ratio of volume V/V,, versus pressure for both EOS: Figure 3. Ratio of lattice constant (a/a,) versus pressure for

and EOS: forms both EOS: and EOS> forms
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Table (3). Values of the ratio for V/V,, (a/a,) versus pressure for EOS; and EOS:

EOS: EOS: EOS: EOS:
Pressure

(GPs) V/V, V/V, a/a, a/a,
1 0.9917 0.9873 5.6422 5.6340

2 0.9836 0.9754 5.6270 5.6113

3 0.9759 0.9643 5.6123 5.5898

4 0.9685 0.9538 5.5980 5.5694

5 0.9614 0.9438 5.5842 5.5500

6 0.9545 0.9344 5.5708 5.5314

7 0.9478 0.9254 5.5578 5.5136

8 0.9414 0.9168 5.5452 5.4966

9 0.9351 0.9087 5.5329 5.4802
10 0.9291 0.9008 5.5210 5.4644

Employing both forms of EOS (Equations 9 and 11), we determined the volume and the lattice constant under
pressure, where the orbital overlap and the hopping integral (matrix elements) in the ETB method are governed by the
lattice constant. Using updated hopping integrals to build the Hamiltonian matrix element which consequently modifies
the band structure for AlAs compound semiconductor.

The empirical tight-binding interaction parameters for both EOS; and EOS; forms are displayed in Table (4) and
Table (5), respectively.

Table (4). The new empirical matrix elements of the sp3s* TB model in eV for AlAs at different values of pressure calculated from

using EOS1 , parameters of no pressure (p= 0) is fitted from the reference [17] .

Parameters P=0 P =1 GPa P = 3 GPa P =5GPa P =7 GPa
E., -7.5273 -7.4854 -7.4061 -7.3323 -7.2631
Epa 0.9833 0.9778 0.9675 0.9578 0.9488
Eq. -1.1627 -1.1562 -1.1440 -1.1326 -1.1219
Epe 3.5867 3.5667 3.5289 3.4938 3.4608
Egq 7.4833 7.4416 7.3628 7.2894 7.2207
Ey 6.7267 6.6892 6.6184 6.5524 6.4906
Ves -6.6642 -6.6271 -6.5569 -6.4915 -6.4303
Viex 1.8780 1.8675 1.8478 1.8293 1.8121
Vey 4.2919 4.2680 4.2228 4.1807 4.1413
Vsapc 5.1106 5.0821 5.0283 4.9782 49313
Vscpa 5.4965 5.4659 5.4080 5.3541 5.3036

Vs apc 4.5216 4.4964 4.4488 4.4044 4.3629
Voas*c 4.9950 4.9672 4.9146 4.8656 4.8197

Table (5). The new empirical matrix elements of the sp3s* TB model in eV for AlAs at different values of pressure calculated from

using EOS»

Parameters P=0][17] P =1 GPa P =3 GPa P =5 GPa P =7 GPa
Es, -7.5273 -7.4635 -7.3470 -7.2426 -7.1480
Epq 0.9833 0.9750 0.9597 0.9461 0.9338
Eg. -1.1627 -1.1528 -1.1349 -1.1187 -1.1041
Epe 3.5867 3.5563 3.5008 3.4510 3.4060
Esq 7.4833 7.4199 7.3041 7.2003 7.1063
Eg . 6.7267 6.6697 6.5656 6.4723 6.3878
Vis -6.6642 -6.6077 -6.5046 -6.4122 -6.3284
Viex 1.8780 1.8621 1.8330 1.8070 1.7834
Vey 4.2919 4.2555 4.1891 4.1296 4.0757
Vsapc 5.1106 5.0673 4.9882 49173 4.8531
Vscpa 5.4965 5.4499 5.3648 5.2886 5.2196

Vs apc 4.5216 4.4833 4.4133 4.3506 4.2938
Voas*c 4.9950 4.9527 4.8754 4.8061 4.7433

The energy band structures for both EOS; and EOS, forms of Birch-Maugham equation of state under pressure
after determining the change in matrix elements are shown in Fig. (4) and Fig (5). We see from figures the change in
band structure is less than 0.01 (< 0.01) using both EOS forms and the energy gap smoothly reduced
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Figure 4. Energy band structure obtained from sp3s* ETB model of AlAs under pressures (1,3,5,7) GPa applying 4 order Birch-
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Figure 5. Energy band structure obtained from sp3s* ETB model of AlAs under pressures (1,3,5,7) GPa applying 3" order

Birch-Maugham equation of state

From the figures, we observe similar results appear at low pressures, in the range (1-7) GPa, for both forms of the
equation of state, and we notice that AlAs has an indirect band gap at I' = X and direct band gap at I' —» I'. We expect
that the energy gaps roughly decrease linearly since the X conduction band edge decreases more rapidly than the rise of
the valence band edge. The energy band gaps at high symmetry points using two forms of equation of state are

displayed in Table (6) and shown in Figure (6).

Table (6). The energy gap of AlAs with low pressure for the high symmetry points I, L, X using two equations of states

EOS 1 EOS 2
P (GPa) Eor E, Eox Egr E, Eox
0 3.0400 26313 23000 | 3.0400 | 2.6813 23000
1 3.0231 2.6663 22872 | 3.0143 | 2.6586 22805
3 2.9911 2.6381 22630 | 29672 | 2.6170 22450
5 2.9612 26118 22405 | 2.9251 | 2.5799 22130
7 2.9333 25872 22193 | 2.8869 | 2.5462 2.1841

As pressure increases, the conduction valleys shift downward while the maximum valence bands shift upward
slightly, thereby decreasing the band gap [37]. From Figure (6) we observed that at low pressures (1,2,3) GPa curves for
both EOS forms produce somewhat different pressure curves and the different between them nearly equal 0.07 at 7 GPa
(~ 0.07). We note that the EOS; exhibit a bend in almost higher band gap values at same pressure since it takes into
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account higher order elastic influences, but the difference is tiny at low pressures that is the reason the curve of EOS; is

positioned over EOS; curve.

Energy Gap (eV)
2o
>

—— EO0S1
e | EOS2 |
EgL
EgX
3 4 5 6 7
Pressure (GPa)

Figure 6. Energy band structure of AlAs under pressures (1,3,5,7) GPa at high symmetry points using both EOS forms

Table (7). The variation of E; with pressure for direct and indirect for both EOS forms

P(GPa) EOS: EOS:
Eg (eV) Direct Eg (eV) Indirect Eg (eV) Direct Eg (eV) Indirect
0 3.0400 2.2680 3.0400 2.2680
1 3.0231 2.2553 3.0143 2.2487
3 2.9911 2.2314 2.9672 2.2136
5 2.9612 2.2092 2.9251 2.1822
7 2.9333 2.1884 2.8869 2.1537

Table (7) shows the change in the direct and indirect band gap with pressure for both equation of state (EOS)
forms of AlAs at low pressure. The variation of the direct and indirect band gap for both EOS forms is shown in

Figure (7).
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Figure 7. Direct and indirect energy gap with pressure for both EOS forms

The relationship between the conduction band and the wave vector at different low pressures is shown in
Figure (8). It can be observed that with increasing pressure, the conduction bands creep downwards, and it can also be
observed that the difference is very small when using the two equations of state formulas.
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Figure 8. Comparison of the conduction band structure of AlAs without pressure and with pressures (1,3,5,7) GPa at high

symmetry points using both EOS forms.
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5. CONCLUSIONS

In this work, we found that in the absence of pressure, AlAs has an indirect band gap along X (ng = 2.3eV) and
a maximum direct energy gap at I' of (Egr = 3.04 eV), where the band-gap calculation is performed at high-symmetry
points. We used two forms of the Birch-Murnaghan equation of state (4" and 3™ EOS) to determine the new empirical
matrix elements, which are used to calculate the energy band structure under pressure. The change in band structure is
less than 0.01 (< 0.01) by using both EOS forms, and the energy gap is smoothly reduced linearly with low pressure in
the range 1-7 GPa. At low pressures (1,2,3) GPa curves for both EOS forms produce somewhat different pressure band
structure curves, and the difference between them is nearly equal 0.07 at 7 GPa (~ 0.07). We note that the 4" order
EOS; exhibits a bend in almost higher band gap values at the same pressure since it takes into account higher order
elastic influences, but the difference is still tiny at low pressures that is the reason the curve of EOS; is positioned over
EOS; curve. Finally, we expect that the high order of EOS is used at moderate (up to 20-30 GPa) and high pressure (up
to 50 GPa), and the choice between third and fourth orders in the tight-binding model depends on whether we need
qualitative or quantitative fineness under high pressure.
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BIIVIMB TUCKY HA EHEPTETUYHY 30HHY CTPYKTYPY AlAs 3A BUKOPUCTAHHSA MOJIEJII sp3s*
Aai A. Moxammen', Mymras M.C. Xyccien?, A66ac Xycceiin Poctam®
'Kagheopa gizuxu, Konedoc oceimu wucmux nayx, Yuisepcumem Mocyna, Mocyn, Ipax
’Konedaic oxoponu 300poe’ss ma meduunoi mexnixu, Yuisepcumem Anv-Hyp, Mocyn, Ipax

3Kagpeopa sazanenux nayk, Konedoc 6azoeoi oceimu, Yuisepcumem Canaxadoina, Epbine, pezion Kypoucman, Ipax
Mu BUKOpPHCTAIM METO MIITEHOTO 3B'13Ky Sp3s* sIk 00UMCIIOBANBHMH MIAXIJ JUIS pO3paxyHKy 30HHOI CTPYKTYpH KpHcTaiiB AlAs 3a
BiZICYyTHOCTI THUCKY Ta NpOaHAJi3yBajJM BIUIMB TUCKY Ha 30HHY CTPYKTYpy 3a Hu3bkoro tucky (1-7) I'Tla. Mu BukopucTanu IBi
(dopmu piBHsHHS cTaHy bipya-Moema (TpeTboro Ta 4eTBEpTOro MOPSIKY) Ul PO3paxyHKy 3MiH elleMeHTiB MaTpuLi ['aminbToHA, 1110
BUHHUKAIOTh BHACIIIOK 3MiH 00'€My KPHUCTady Ta MOCTiiHOI pemriTku. JlucmepciiiHi CIiBBiIHOIICHHS U HANPSMKIB BHCOKOI
cuMeTpil B mepirii 30Hi BpimaroeHa Oy 3HaWACHI HMUIAXOM YHCEIBHOTO PO3PaxyHKy miaroHami ['amineToHa mmim TuckoM. LIi
PO3paxyHKH BUKOHAHI 3a JOIOMOTOIO Mpoleaypu, Hanucanoi B MATLAB. Mu BusiBiiIH, 110 BIUIMB 000X (hOpM PIBHSHHS CTaHy Ha
30HHY CTPYKTYpY BiapizHseThcs nume He3HauHo (Ha 0,01) 3a HM3BKOTO THCKY, SK IOKAa3aHO Ha JiarpamMax 30HHOI CTPYKTYpH.
JlonvHM 30HH TPOBITHOCTI CITyCKAOTHCS BHU3 32 HHU3BKOTO THCKY, 3MCHINYIOUH SIK TPSAMIi, TaK i HENpsiMi CHEPreTHYHI IMUIAHH.
OtpuMaHi pe3ysIbTaTH Y3rOUKYIOTHCS 3 IHIIUMHU €KCIIEPUMEHTAIEHIMHE Ta TEOPETHYHUMH JTAaHUMH.
KurwuoBi ciioBa: modensv winbnozo 36's13Ky, pieusanns cmany Moema, cknaonui Hanienposionuk AIAs; 30nna cmpykmypa,; 6ucoxuil
muck



357

EasT EUROPEAN JOURNAL OF PHYSICS. 3. 357-369 (2026)
DOI:10.26565/2312-4334-2026-3-31 ISSN 2312-4334

STRUCTURAL AND OPTICAL PROPERTIES OF LiGd;.Luy(WQ4); Co-DOPED WITH Yb**/Er*
SYNTHESIZED VIA SOLID STATE REACTION METHOD

N. Naimi'*, ®B. Rekik!, ®1. Lanez!, ©M. Derbal', ®L. Benharrat?, ©®Z. Bendaoud'
'LPCMIA Laboratory, Department of Physics, Faculty of Sciences, Saad Dahleb Blida 1 University,
Blida, BP 270 Soumaa Road Blida, Algeria
’Research Center in Semiconductors Technology for Energy-CRTSE,
02 Bd. Dr. Frantz Fanon, B.P.140,7 Merveilles, 16038 Algiers, Algeria
*Corresponding author e-mail: phynaimi2@gmail.com
Received January 12, 2026; revised July 17, 2026; accepted July 21, 2026

Double tungstate materials have been extensively studied and have attracted much attention as solid state lighting hosts. These materials
with general formula AB(WOa4)2 (A: alkali metal and B: trivalent rare earth ion) are widely used for their great optical properties. In
this work, Gd*"ions were partially substituted with Lu** ions to synthesize the LiGdi-«Lux(WO4)2 compounds in order to study the
structural, vibrational and optical behaviors of LiGdixLux(WOa)2 co doped with Yb*" and Er’" ions. Using the solid-state reaction,
different concentrations of Lu** (x=2.5%, 5%, 80%, 90%, and 95%) were selected to synthesize our compounds. These concentrations
influence the vibrational characteristics of the W-O bond through both band broadening and a shift in the symmetric stretching mode
(v1). For the optical properties, green up-conversion under 980 nm excitation and down-conversion under 380 nm excitation of the
double tungstate co-doped with Yb*" and Er** were observed in the range of 530-552 nm. The lifetimes of the 2Hi1/2 and *S312 levels, as
well as the effect of Lu*" substitution on the green emission of Er** in these compounds, were compared and discussed.

Keywords: Double tungstate; Yb>*/Er’* co-doping; Up-conversion; Green emission

1. INTRODUCTION

The potential applications of co-doped up-conversion (UC) materials in luminescence and sensing technologies have
attracted great interest in various research fields [1-3]. Numerous studies have been devoted to rare earth co-doped up-
conversion phosphors. According to the literature, Yb** and Er’* ions are the most widely employed sensitizer-activator pair
in up-conversion phosphors because of their favorable energy level structures, which enable efficient energy transfer
processes [4-7]. In particular, the up-conversion emission of Yb*" and Er*" co-doped LiGd(WO.), double tungstate
(abbreviated as LiGdW) has been extensively investigated due to its excellent luminescence properties and potential
applications in several optical fields [8]. In recent years several works have been published on the co-doped mechanisms
Yb*'/Er*" for thermometry and thermal sensing applications [9-11]. In the present work, a series of LiGd; xLux(WO4), (x =
2.5%, 5%, 80%, 90%, and 95%) phosphors co-doped with Yb** and Er** ions were synthesized by the conventional solid-
state reaction method. Comprehensive structural, vibrational, morphological, and optical characterizations were carried out
using X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM),
energy dispersive X ray spectroscopy (EDS), as well as Uv-vis absorption, and photoluminescence spectroscopy.
In this work, a detailed Raman spectroscopic study was performed to examine the evolution of the Raman shifts and band
broadening in LiGd; <Lux(WQs), as a function of lutetium (Lu*") concentration. The results revealed a progressive structural
transition from the scheelite-type LiGd(WO4); structure (space group 14y, space group), in which Gd** and Li" ions occupy
the same crystallographic sites and produce broader Raman bands, to the wolframite-type LiLu(WOys); structure (space group
Py/n), where Lu** and Li* ions occupy different lattice sites. Furthermore, the influence of Lu®" substitution on the green up-
conversion emissions of Er*’, corresponding to the 2H;12 and *Ssp to *Iys,2 transitions, was investigated in the absence and
presence of Yb’' sensitizer. The fluorescence decay times of 2Hjj» and 2Ssp excite states were determined for
LiGd;+Lug(WOa4)2: 1%Yb**/0.4%Er>* phosphors with different Lu*" contents and compared with those reported for fully
substituted LiLu(WO4)2: Yb*"/Er** compositions [6]. The luminescence behavior and the lifetimes associated with the
intense green emissions were also estimated to assess the effect of Lu** content on the optical performance of these materials.

2. EXPERIMENTAL
2.1. Synthesis
Rare earth co-doped phosphors, LiGd; xLux(WOu)2: 1%Yb*" /0.4%Er*" (x = 2.5%, 5%, 80%, 90% and 95%) were
synthesized using the solid-state reaction method. The starting materials were: Li,CO3s (Roth 99.999%), WO; (Philips,
99.97%), Gd,03 (Philips, 99.99%), Lu,03 (99.99%), Er:03 (99.999%), and Yb,03 (99.999%), all of analytical grade
purity. The raw materials were weighed according to the stoichiometric molar proportions. The elaborated samples were
obtained through the following chemical reaction:

Li2CO3 + (0.986-x) Gd203 + x(Lu203) + 0.004Er203 + 0.01Yb203 + 4WO3 — 2(LiGdo.986xLu x Ero,004Ybo.o1(WO4)2) + CO2

Cite as: N. Naimi, B. Rekik, I. Lanez, M. Derbal, L. Benharrat, Z. Bendaoud, East Eur. J. Phys. 3, 357 (2026), https://doi.org/10.26565/2312-4334-
2026-3-31
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The prepared samples were calcined at 700°C for 14 hours, using heating and cooling rates of 5 and 10°C min’!,
respectively.

2.2. Characterizations

The synthesized powders obtained from the starting materials were thoroughly mixed in an agate mortar. X-ray
diffraction (XRD) analysis of the LiGd;xLuy(WQ4), phosphors co-doped with Yb** and Er*" was performed using a
Bruker-AXS D8-Discover diffractometer using Cu Anode Ka radiation (A =1.5406 A). The diffraction data were recorded
with a step size of 0.02° in the range of 20 from 10° to 80°. Fourier transformation infra-red (FTIR) measurements were
carried out at room temperature using an FTIR-8300 spectrometer in the spectral range of 400-4000 cm-!. The Raman
spectra of the powders were recorded at room temperature using a Horiba Jobin-Yvon ARAMIS micro Raman
spectrometer equipped with a double mono chromator and a spectrograph with holographic lattice at 1800 lines/mm. The
luminescence spectra were measured under the excitation wavelengths of 380 and 980 nm using a Fluorolog- 3
spectrometer (HORIBA Jobin-Yvon). The morphology and elemental compositions of the samples were investigated by
scanning electron microscopy (SEM) coupled with Energy Dispersive Spectroscopy (EDS) using a QUANTA 650
microscope equipped with a BRUKER SDD detector and an Oxford EBSD system, operating at accelerating voltage
adjustable from 200 V to 30 KV.

3. RESULTS AND DISCUSSIONS
3.1. Structural properties
3.1.1. XRD of LiGd(WOu4)2: x Yb**/0.02 %Er**

Figure 1 shows the XRD patterns of LGWO: x%Yb>*/2% Er** phosphors with (x= 2%,6%, and 16%). All diffraction
peaks are in good agreement with the standard JCPDS card of LiGd (WOs);phase (No: 04—008—-0355). The XRD results
indicate that Yb**/ Er**co-doped LGWO phosphors with x=2% and 6% are single phase materials with high crystallinity.
These compounds crystallize in the scheelite structure belongs to the tetragonal system with space group 14, [12, 13].
When the Yb*" concentration increases to y=16%, the single phase region transforms into a biphasic domain composed
of a tetragonal scheelite Ca(WO,) phase and monoclinic (P2/n) iso-structure B-LiYb(WOs), [13]. With the increasing
Yb3* concentration, secondary Li;WO4 and WOj; phases were appeared in the case of 16%Yb*"/2%Er** co-doped
LiGd(WOs),. The structural parameters, including phase fractions, lattice parameters, crystallite sizes and microstrains
were determined by Rietveld refinement using high score plus software. Table 1 summarizes refined structural parameters
of LiGdo.03-x Ybx Erp.02(WO4), (x=2%, 6% and 16%) compounds.

LiGdg g5 Yb™'x Er’g 95(WO,),
E) L
©
; 1 A L/\-__—M/LI\
2
2
g h
- _J( ) VTSV PN
LiGd(WO,),JCPDS : 04-008-0355
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10 20 30 40 50 60 70 80
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Figure 1. XRD patterns of LIGA(WO4)2: x Yb** / 2 %Er** (x=2%,6%, and 16%).
Table 1. Structural parameters of LiGdo.9g-xYbx>" Er¥*o.02 (WOa)2 (x=2%, 6% and 16%).

LiGdo.9s-xYbx*" Er¥*o.02 (WO4)2 (x=2%, 6% and 16%)

Concentrations Weight fractions Lattice parameters Crystallite size Micro strain
LiGd(WO4)2 WOs LixWO4 (A°) (A°) (%)

2% 100% 0% 0% a=5.195062 453.6654 0.14554
b=5.195062
c=11.24637
a=p=y=90°

6% 100% 0% 0% a=5.195733 375.685 0.6202
b=5.195733
c=11.25892
a=p=y=90°

16% 43.8% 36% 20.3% / 1178.345 0.09365
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3.1.2. XRD of LiGdi«Lu x(WO4)2: 1%Yb** / 0.4%Er>*

Figure 2 shows the XRD patterns of LiGd;.xLuxWOa)2: 4%Er*", 1%Yb*" phosphors with (x% =2.5%,5%,80%,90%,
and 95%). The results reveal two distinct phase regions. For x < 5%, the samples exhibit a scheelite-type tetragonal
structure, in agreement with JCPDS card N° 04-008-0355. For higher Lu** concentrations x > 80%, a phase transition
from the LiGd(WO4); to the monoclinic LiLu(WOs), is observed consistent with JCPDS card No. 04-001-7757 [15], and
previous reports [14,15,19]. This structural transformation is affected by the significant difference in ionic radii between
Gd*" and Lu*" ions. The results also indicate that Lu®" ions progressively substitute for Gd*" ions at the cationic sites.
Since Lu*', Gd**, and Er’* have the same valence state (+3), and because the ionic radii of Lu**, Yb3', and Er’* are very
similar, the low concentrations of Yb*" and Er** dopants do not induce any additional structural modifications compared
with the undoped compounds reported previously [19]. With increasing Lu*" concentration, a secondary Li,WO, phase
was appeared in the LiGd;Lux(WO?),. Table 2 summarizes the structural parameters of LiGd;xLu (WO4)2: 1%Yb** /
0.4%Er** (x%=2.5%,5% ,80%, 90%, and 95%).
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Figure 2. XRD patterns of LiGdixLu x(WO4)2: 1%Yb>* / 0.4%Er*" (x%=2.5%,5% ,80%, 90%, and 95%)).
Table 2. Structural parameters of LiGdixLu x(WOa4)2: 1%Yb*" / 0.4%Er*" (x%=2.5%,5% ,80%, 90%, and 95%).
LiGdi«Lux(WO4)2 : 1%Yb*" / 0.4% Er**

Weight fractions Lattice parameters | Crystallite sizes | Micro strain

Concentrations i i i (A°) and angles (°) (A°) (%)
LiGd(WO4)2 LiLu(WO4)2 Li2WO4

x=2.5% 81.6% 17.3% 1.2% a=5.1967 370.1438 0.31012
b =5.1967
c=11.254
o=B=y= 90°
x=5% 78.4% 21.2% 0.3% a=5.1937 1215.532 0.09359
b=5.1937
c=11.244
a=p=y=90°
x=80% 1.2% 94% 4.8% a=4.9914 1805.904 0.04949
b =5.7982
c=10.817
a=p=90°
y=113.934°
x=90% 0.1% 98% 1.8% a=4.9854 1912.459 0.06543
b=5.7937
¢=10.7989
a=p=90°
y=114.307°
x=95% 0.8% 99.2% 0% a=4.9911 1052.2 0.11905
b =5.7970
¢=10.8141
0=p=90°
y=113.998°

3.1.3. XRD of LiLu(WO4)2: xEr**, and LiLu(WO4)2: xYb*" / 2% Er**
Figure 3 shows the XRD patterns of LiLuj«(WO4),: XEr*" (x=0.1%,0.2% ,2%) and the LiLujx.,(WOa), with (x =
2%, 6%, 16%; y =2%). All diffraction peaks can be well indexed to the standard pattern of pure LiLu(WOs), (JCPDS
No.04-001-7757), indicating that the incorporation of Yb’" and Er’* ions does not alter the crystal structure of the host
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matrix, even at a high Yb>* concentration of 16%. This behavior changes from that observed in LiGd(WOQ4), and can be
attributed to the fact that LiLu(WO,), and LiYb(WOQ4), share the same monoclinic B-LiYb(WO4),. All the compounds
crystallize in monoclinic system with the space group of P2, [11]. The crystal structure is composed of interconnected
[LiOs], [LuO¢], and [WOs] octahedra. For a coordination number (CN) of six, the ionic radii of Li", Lu®*", W¢", Yb’" and
Er’*" ions are 0.76 A, 0.861 A, 0.60 A, 0.86 A and 0.89 A, respectively. The structural parameters obtained from Rietveld
refinement for LiLu(WOu)2: XEr** (x=0. 1%,0.2%, and 2%)) and LiLu(WO4)2: xYb*" / 2% Er** (y =2%,6%, and 16%) are
summarized in table 3.
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Figure 3. XRD patterns of LiLu(WO4)2: XEr** (x=0.1%,0.2%, and 2%)) and LiLu(WO4)2 : xYb** / 2% Er** (y =2%,6%, and 16%)
Table 3. Structural parameters of LiLu(WO4)2: XEr** (x=0.1%,0.2%, and 2%)) and LiLu(WOa)2: XYb*" / 2% Er** (y =2%,6%, and 16%).

LiLu(WO4)2: XEr¥* (x=0.1%,0.2%, and 2%))
Concentrations Weight fractions Lattice parameters | Crystallite sizes | Micro strain
LiLu(WOa4), (A°) and angles (°) | (A°) (%)
x=0.1% 100% a=4.98398 2278.823 0.0349
b=5.79410
¢=10.79730
o=y=90°
B=114.3644°
x=0.2% 100% a=4.98670 3780.809 0.02541
b=5.79105
¢=10.79680
o=y=90°
B=114.303°
x=2% 100% a=4.98375 13831.33 0.00626
b=5.79427
¢=10.79762
a=y=90°
B=114.3670°
LiLu(WO4)2 : xYb** / 2% Er** (y =2%, 6%, and 16%
x=2% 100% a=4.98640 3299.103 0.0296
y=2% b=5.79310
¢=10.79800
a=y=90°
B=114.320°
x=2% 100% a=4.9858 3273.314 0.02642
y=6% b=5.7916
¢=10.7963
o=y=90°
p=114.3073°
x=2% 100% a=4.98413 4058.184 0.01574
y=16% b=5.79340
¢=10.7970
o=y=90°
B=114.3432°

Figure 4 (a) and 4 (b) show the SEM image of x%Yb>'/2%Er*" co-doped LGW (x=2 and 6) samples, respectively.
The micrographs reveal that the synthesized samples exhibit relatively smooth surfaces with slight agglomeration. The
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particle sizes are in the of micrometer range. The observed compact and morphology is favorable for obtaining strong up-
conversion luminescence, as reported in reference [8], this morphological result indicates that this compound appears to
be a promising candidate for UC luminescence. To evaluate the elemental composition, EDS analysis was carried out.
Figure 4(c) shows the EDS results of LGWO: x%Yb*"/ 2% Er** (y=2%, 6%, and 16%), confirming the presence of all
constituent element: gadolinium, ytterbium, erbium and tungsten.
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Figure 4. (a) SEM image of LiGdWO: 2% Yb*'/2% Er**, (b) SEM image of LiGdWO: 6% Yb*'/2% Er**, and (c)
EDS analysis of LGWO: x%Yb*"/ 2% Er**(x=2%, 6%, and 16%)

3.2. Vibrational properties
3.2.1. FTIR analysis
The FTIR spectra of LiGd;xLux(WO4), and LiGd;Lux(WO4)2: 1%Yb**/0.4%Er*" with (x=2.5%, 5%, 80%, 90%,
and 95%) were recorded at room temperature (Fig. 5). For x =2.5% and 5%, the spectra are similar to those of the
prototype scheelite structure. The assignment of the IR vibrational frequencies is in good agreement with previous reports
[17-19]. The isolated tetrahedral (WO4) groups exhibit four fundamental vibrational modes, which can be classified into
two categories corresponding to the stretching and bending modes of vibrations. Each category is further divided into
symmetric and asymmetric modes. The most intense band located at 915 cm, is attributed to the symmetric stretching
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vibration of the (WO4) tetrahedra, whereas the bands observed in the 700-850 cm™' region correspond to the asymmetric
stretching modes. Co-doping with 2%Er**, 2% Yb*" and 6% Yb? does not significantly modify the vibrational modes.
This behavior can be attributed to the conservation of the scheelite structure at relatively low dopant concentrations.
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Figure 5. FTIR spectra of LiGdo.os6-x YbxEr 0.02 (WO4)2 with (x =2 % and 6%)

For x = 80%, 90%, and 95%. FTIR spectra shown in Figure 6 present vibrational modes characteristic of the
wolframite structure. The internal modes observed at 500.28 cm™!, 553.39 cm’!, 672.09 cm™, 790.79 cm™! can be assigned
to the asymmetric stretching mode v,s (WOg). In contrast, no absorption bands were detected in the interval 500 cm! to
800 cm! for x= 2.5%, 5% (LGW phase). The appearance of these bands for x>80%, corresponding to the LLuW phase,
confirms the structural transition from the scheelite to the wolframite phase [20].
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Figure 6. FTIR spectra of LiGdixLuxW with: x=2.5%, 5%, 80%, 90%, and 95%.

Figure 7 presents Raman spectra in the frequency range of 50-1000 cm

3.2.2. Raman study

! at room temperature for the

LiGd xLuy(WOQs4), sample co-doped with 1% Yb** and 0.4% Er3* for x=2.5, 5, 80, 90 and 95%.
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Figure 7. Raman spectra of LiGdixLux (WO4) 2:1%Yb**/0.4%Er3*with different Lu** concentrations

These results exhibit vibration peaks of internal modes extending from 200 to 920 cm™ with four fundamental
vibrations corresponding to the stretching mode at (vi=913cm™), (v=833cm™), and binding mode at (vo=320cm™),
(v4=405cm™) of the WOZ~ ions, while the external vibration region is located below 200 cm™. The vibrational
characteristics in the internal-mode region demonstrate full agreement between the structure and its phonon properties.
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The vibrational frequencies are summarized in Table 4. The distinct gap in the region of 420-740 cm™! in the energy
distribution of K=0 phonons is clearly shown in the spectra of the compounds under study for x = 2.5 and 5% being
iso structural to Ca(WO4), which crystallizes in the scheelite type with tetragonal system and space group Cg, = 141/a,
the coordination numbers of the scheelite structure are characterized by CN (Li") = 8, CN (Gd**) = 8, the same position
with site symmetry (SS) =C, occupied by both Li" and Gd**. With increasing Lu** concentration, new peak appears at
153, 207, and 248 cm’!, indicating the doubled of line’s number for the monoclinic phase, due to the splitting of
pertinent bands and arising of additional bands in the energy gap region due to the intermolecular interaction in the
wolframite- type unit cell that the isolated WO, units tungsten ions coordinated to four oxygen CN (W®") = 4, occupy
the S4 symmetry [20].

Table 4. Vibration modes of LiGdixLuxW x=2.5%, 5%, 80%, 90%, and 95%.

Frequency Frequency IR vibration modes Frequency Frequency Raman vibration modes
(™) (cm™) (cm™) (em) [14]
Present work [14] Present work
81.05 81.05 T(Gd*") and T (W205) | 79.50 76.60 T(Gd*")-T(W®)
95.40
100.07
109.8 106.90 T(Gd*")-T(W®)
143.58
528 500.28 v 4 -vas WOs 153.8 167.04 T(Gd*") and T(W20s)
553.39 170.45
187.52
207.57 200.74 v 2-&s WO4 T(Li")
207.57
248.09 237.85 v 2-&s WO4 T(Li")
237.85
672.09 672.09 v 3 -vas WO 285.21 305.26 &s bending modes T(Li")
790.79 268.147
321.89 328.72 &s bending modes T(Li")
305.26
355.59 429.82 &s bending modes
369.24
359.01
493.8 490.40 v 4- &s WO4
416.17
557.37 507.37 v as stretching mode
507.37
608.14
708.81 702.41 v as stretching mode
722.46
796.26 796.26 v 3-vasWO4
769.39
779.13
820.15
856.84
917 911.02 v 1-vs WO4
907.05

There is a relationship between Raman shift of the highest energy peak (vi= vs = 913cm™ (Stretching symmetric
peak)) and Lu®>" concentrations which it shift toward a higher wave number values (Fig. 8), indicate that it corresponds to
ionic radius size, as the Gd** (1.053 A) substitution by Lu** (0.861 A) in the compound decrease the average ionic radii
size (R average = Rru X+ Raa (1-x)), For better explain, this symmetric stretching peak vs give more information of W—O
links behavior, that is more sensible to cationic environmental variation and is strongly influence by the Ln-O-W, with
Ln=Lu/Gd, which introduce covalence evolution of this bond.

On the other hand, the result presented in Figure 8 shows clearly that the band width of the stretching symmetric
peak (strongest peak) of the tetragonal structure of LGW is larger than that of the monoclinic structure corresponding to
LLuW. It well knows the broadening of vibrational bands in Raman spectra provides information on structural disorder
because wide vibration bands are a well-known characteristic of irregular systems [14], which is directly proportional to
the Raman gain, and it can be used as a condition for comparing the performance of the studied materials [21]. To explain
this phenomenon, we calculate the ratio of the Raman intensity to the full width at half maximum (FWHM) [21]. This
parameter is estimated by the following relationship (1) [21]:

>=I/'W )
which [: the intensity, and W= o: Full-Width for the Half-Maximum (FWHM).
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Figure 8. Expanded view of the strongest Raman band of LiGdixLux (WO4)2 at different Lu**concentrations.

The Raman spectra were fitted using a Lorentzian function to determine the peak intensity ’I’> and FWHM =W.
Table 5 summarizes the parameters of the strongest symmetric stretching mode (v). > = I/W ratio was used to evaluate
the degree of structural disorder. The results show that samples with low Lu*" concentrations crystallize in the scheelite
structure, while the wolframite phase is appeared with higher concentration of Lu®".

Lorentz function

24 w

Y=Yt ik T 0t 2)
1=2A/mtw 3)
w=W “)

Table 5. Experimental frequencies and Raman active phonon position bands, and comparison between ). Raman shift
of LiGd1-xLux(WO4)2x= 2.5%, 5% ,80%, 90%, and 95%

Component | Function type W, (cm™) A, (u.2).cm! L, (u.a) w, (cm™) > ratio
x=2.5% Lorentz 11.68 204081.67 11123.38 11.68 951.80
x=5 % Lorentz 10.44 262515.47 16003.60 10.44 1531.75
X=80% Lorentz 8.32 84264.62 6446.28 8.32 774.23
x=90 % Lorentz 7.04 98617.78 8911.03 7.04 1264.15
x=95 % Lorentz 7.39 161329.813 13899.34 7.39 1880.06

A simple interpretation of these results can be proposed by considering that the smaller the cation Ln**, the greater
its interaction with the electron cloud of its neighboring oxygen’s will be and the greater degree of covalence of the bonds
forms with the latter. The covalent bond is by its nature; directional, unlike the ionic bond. This will therefore have the
consequence of slowing down and limiting the movements of the oxygen’s involved, around their equilibrium position,
if their movement is limited with respect to the trivalent Ln cation, it will also be limited with respect to W, thus leading
to a rigidity of the W— O bonds as shown in Figure 9.

(a) (b)
Figure 9. Influence of Ln (L) size on the nature of Ln-O, (a): completely covalent bonding, and (b) partially ionic bonding

This phenomenon will then induce an increase in the force constants of these which is naturally reflected in
vibrational spectroscopy by an increase in the vibration frequency of these bonds that indicate the W—O peak shift toward
the higher wave number values [20-21].

3.3 Optical properties
3.3.1. Absorption spectra
Figure 10 and 11 present the room temperature absorption spectra at of LiGd (WO4 )2: x% Yb**/ 2% Er** phosphors.
For x=0, several absorption peaks are observed at 348.55, 383.66, 454.59, 489.11, 526.35, 635.74 and 977.32 nm
corresponding to the Er’" transitions from the ground state “I;s; to the excited states *Gii2,*Fan, *F72, *S3,2 Hi1/2,*Fon,
1112 respectively. For x= 2 % and 6%, figure 11 reveals two charge-transfer bands (CTBs) located at approximately
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233 nm and 267 nm, which assigned to the W**-O2and Yb"3-O2 charge transfer transitions, respectively. The W-O CTB
is more intense for x=2% than for x=6%, which may be related to the enhanced absorption by Yb** ions. This behavior
suggests that the broad band around 267 nm originates from the presence of Yb*" ions and can therefore be attributed to
the O toYb** charge transfer transition. In addition, all samples exhibit a broad absorption band around 980 nm. The large
bandwidth in this region is attributed to the overlap of the Yb*" (°F;p—?Fsp) and Er’" (*Iisp— 2Hii) absorption
transitions.
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Figure 10. Absorption spectra of LiGd (WOs4 ) Figure 11. (a) Absorption spectra of LiGd (WOs )
2% Yb*'/ 2% Er** 2% Yb**/2% Er3*, (b) Absorption spectra of LiGd (WOs )2: 6%
Yb3*/2% Er3*

3.3.2. Excitation spectrum
Figure 12 shows the excitation spectrum of LiGd(WO4)xYb*"2% Er** (x=2% and 6%) recorded at room temperature
by monitoring the emission at A.m= 550 nm in the 200 and 450 nm wavelength range. The spectra exhibit a strong
excitation peak centered at 380 nm, which assigned to the *I;5» — *Gi12 transition of Er3*. This result confirms the
presence of the same transition observed in the absorption spectra.

4 4
1512 C1112
LiGd(WO,),: 2% Yb*' /2% Er*"

A,,=550nm

I |

200 250 300 350 400 450
Wave number (nm)

Figure 12. Excitation spectrum of LiGd (WO4 )2: 2% Yb3*/ 2% Er3*.

3.3.3. Down-conversion emission spectra

Figure 13 shows the down-conversion emission spectra of LiGA(WOu),: xYb3*/2% Er** phosphors with x= 2%,6%
and 16% under 380 nm excitation. The samples exhibit two green emission bands centered at 532 nm and 550 nm,
corresponding to the (*Hi12 —*11s» and *S3,—*1152) transitions of Er** respectively. The intensity of the green emission
strongly depends on the Yb*'/Er*'ratio. As the Yb** concentration increases, cross relaxation (CR) processes become
more significant. In particular, the process: Er’"(*S;n)+Er**(*lisn) —Er**(*lon) + Er¥*(*l13) partially depopulates the
(PHi12/ *S30—*11512) levels, thereby reducing the probability of the green radiative (*Hji2/ *S32—Fop). Instead, non-
radiative relaxation pathways become dominant, leading to a decrease in the population of the #S3/ level and an increase
in the population of the *I3, level. At higher dopant concentrations, the down —conversion process is also influenced by
phonon assisted energy transfer. The coupling process: Er*'(*S;n) + Yb¥'(PF7n) —Er**(*lon) +Yb3" (°Fsp), further
decreases the population of the *S5; level while increasing that of the *Io» level. Subsequently, the population accumulated
in the lower excited states can contribute to the population of the “Fo, level. For the sample containing 16% of Yb*', no
emission is observed, which is consistent with the XRD results reported previously [12], Moreover, no red emission band
corresponding to the *Fo, —*I,3 transition of Er’* is detected in the spectra. This absence of red emission indicates that
the multi-phonon relaxation *Ss/, to *Foy; is not sufficiently efficient to populate the *Foy level.



366
EEJP. 3 (2026)

N. Naimi, et al.

Intensity(a,u)

LiGd,,,Yb Er, .(WO,),
A_=380nm
.
4
’H sm
11/2 ¢
4
ﬂ‘ lisi2
1512
A
450 500 550 600 650 700 750

Wavelength (nm)

Figure 13. Down-conversion emission spectra of LiGd(WOa)2: x%Yb>*/ 2%Er**, (x=2%, 6%, and 16%), excited at 380 nm

Figure 14 presents the down-conversion emission spectra of LiGd; xLux(WOu)2: 1% Yb**/ 0.4% Er** phosphors with
x=2.5%, 5%, 80%, 90%, 95% under 380 nm excitation. For the low Lu’' concentrations (x%=2.5%, and 5%), the samples
exhibit two green emission bands centered at 521 nm and 541 nm, corresponding to the 2H;12 —*1;5» and *S3n—*115»
transitions of Er’* respectively. With increasing Lu®" substitution (x = 80%,90%,95%), the emission bands shift slightly
523 and 543 nm, respectively. These values are comparable to those reported in the reference [16], and LiGd(WOa)»
(LGW) in reference [10,19]. Although the overall shapes of the emission bands remain unchanged, a slight red shift is
observed due to the difference in ionic radii and electronegativity between Gd*" and Lu** ions. These factors induce
distortions in the crystal lattice, as discussed in the structural and vibrational studies.
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Figure 14. Down-conversion emission spectra of LiGdixLux(WO4)2: 1% Yb**/ 0.4% Er’*, excited at 380 nm with x= 2.5%, 5%,

80%, 90% and 95%.

3.3.4. Up-conversion emission spectra

Figure 15 shows the up-conversion emission spectra of LiGd (WOa4),: x% Yb*'/ 2 % Er** phosphors (x= 2%, 6%,
16%) under 980 nm excitation. The samples exhibit a strong green up-conversion emission bands centered at
approximately 550 nm, which is attributed to *Ss/ to *I;s,, transition of Er*" ions.
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Figure 15. Up-conversion emission spectra of LiGd (WO4)a:

x% Yb*'/ 0.02% Er**, (x= 2%, 6%, and 16%) excited by a 980 nm
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3.3.5. Fluorescence Decay Kinetics
The fluorescence decay kinetics corresponding to the 2Hiiz — “lis2 and “Ss2 — *lisp2 transitions of Er** ions in the
co-doped LiGd;xLu(WOa): system (with x = 2.5%, 5%, 80%, 90%, and 95%) are presented in Figures 16 (a) and (b).
These decays were recorded under an excitation wavelength of 380 nm, with emission monitored at 525 nm and 551 nm,
respectively.
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Figure 16. Decay curves of LiGdi«Lux(WOa4)2: 1%Yb**,0.4% Er** x=2.5%, 5%,80%, 90% and 95%
monitored at (a) 525 nm and (b) 551 nm

The emission decay profiles were analyzed by fitting to a single-exponential function of the form:

I(t) = Ile_(%) (4)

Where /(2) denotes the emission intensity at time ¢, I; is the initial intensity at ¢ = 0, and z: represents the corresponding

decay lifetime.
The resulting decay lifetimes, along with the associated fitting parameters, are summarized in Table 6. The quality
of the fits was satisfactory, as indicated by the goodness-of-fit parameters.

Table 6. Decay times of the 2Hi12 and *S32 levels in LiGdixLux(WO4)2: 1%Yb**,0.4%Er*

Lifetime (ps) x=2.5% x=5% x = 80% x =90% X =95%
“Huip 14.85 14.53 09.48 08.55 08.19
Reduced Chi-Sqr 1.22082E9 4.01423E9 2.1849E9 1.76239E10 1.34711E10
R-Square (COD) 0.99969 0.99974 0.99925 0.99976 0.99667
Adj. R-Square 0.99968 0.99973 0.99921 0.99975 0.99651
4831 14.25 14.86 10.32 08.37 07.62
Reduced Chi-Sqr 9.65152E8 2.21119E9 7.45951E8 6.39374E9 1.44489E9
R-Square (COD) 0.9994 0.99965 0.99906 0.99965 0.99515
Adj. R-Square 0.99937 0.99963 0.99901 0.99963 0.99493

The decay curves show that the 2H; 12 and *S3, emissions of Er¥* in LiGd; xLux(WO4)2: 1%Yb3*,0.4%Er*" are closely
coupled and become progressively shorter-lived as Lu replaces Gd*". The PL decay behavior therefore indicates that Lu-
rich compositions promote more efficient nonradiative or energy-transfer-assisted relaxation, reducing the persistence of
green emission under 380 nm excitation [27-30]. There are two primary reasons why these values are less than those of
the LiLu(WOs), co-doped Yb*"Er** examined in the reference [16]:

1. LiLu(WO4), co-doped with Yb*'/Er** (24% and 4%), while Yb**/Er** (1% and 0.4%) is of lower grade.
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2. Yb3*/ Er*" optimal ratio of 6 vs a ratio of 2.5 for LiGdLux(WO4), compounds with x=2.5%, 5%,80%,90%, and
95%. [29].

CONCLUSIONS

In this study, a series of LiGd;.«Lux(WO,)2: Yb*"/Er*" phosphors were successfully synthesized and characterized
by XRD, FTIR, Raman spectroscopy, SEM, EDS, PLE and PL) to investigate their structural, vibrational, morphological,
and optical properties. The progressive substitution of Gd*" with Lu" ions, owing to their different ionic radii, induced
significant in the crystal lattice. Raman analysis showed that increasing the Lu* concentration caused the Raman bands
to shift toward higher wavenumbers together with a reduction in the full width at half maximum (FWHM), confirming a
structural transition from tetragonal to monoclinic phase. The phosphors exhibited intense green up-conversion emissions
in the 525-551 nm region, corresponding to the Er*" ((Hji2/ #Ssn to *I1sp) transitions, resulting from efficient energy
transfer from Yb3* sensitizers to Er** activators. Moreover, increasing the Lu’* concentration produced a slight redshift in
the emission bands, and reduced the fluorescence decay times Overall, these results demonstrate that LiGd;.xLux(WO4)2:
Yb**/Er’* phosphors exhibit up-conversion luminescence, highlighting their potential for advanced optical applications.
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CTPYKTYPHI TA OIITUYHI BJIACTUBOCTI LiGd1-xLux(W04)2, CIIIBJIET'OBAHOI'O Yb3+/Er3+,
CHHTE30BAHOI'O METOJ0OM TBEPJO®LIHHOI PEAKIIIT
H. Haiimil, B. Pexik!, I. Jlanes!, M. Jlep6aas!, JI. Benxappat?, 3. Bennayn'
labopamopis LPCMIA, kaedpa izuku, haxyromem npupoonuuux nayk, Yuisepcumem Caada JJareba bnioa I,
bnioa, BP 270 Soumaa Road, bnioa, Anscup
2[locnionuybkutl yenmp nanienpogionuxoeux mexnonozii o1 enepeemuxu-CRTSE,
02 Bd. Dr. Frantz Fanon, B.P.140,7 Merveilles, 16038, m. Anocup, Andcup
[ongiitai Bosb¢ppamaTHi MaTepianud Oylu peTeNbHO BHBUCHI Ta NPUBEPHYNIM 3HAUHY yBary sIK TBEpAOTUIBHI HOCIi ocBiTieHHs. Lli
Marepiain i3 3aransHoio hopMyinoro AB(WO4)2 (A: mysxHnit Metan Ta B: TpuBageHTHHIH 10H piKiCHO3EMEIFHOTO €JIEMEHTa) MIHPOKO
BUKOPHCTOBYIOTHCS 3aBJISIKH CBOIM Uy/IOBUM ONITUYHKUM BIACTHBOCTAM. VY 1iii poGori ionu Gd** Gynu yacTkoBo 3amimeni ionamu Lu®*
st cunTesy cnonyk LiGdixLux(WOs)2 3 MeToro BUBYEHHSI CTPYKTYpHOT, KoNMBaiIbHO! Ta onTH4HOI nmoBemiHkd LiGdixLux(WO4)2,
neropanoro ionamu Yb’' ta Er’’. BukopucroByrouu TBepaodasHy peakilio, JUis CHHTE3y HAIIMX CIOAyK Oynu obpami pizui
konuenrpanii Lu3" (x=2,5%, 5%, 80%, 90% Ta 95%). Lli KoHUeHTpaIii BILIMBAIOTH HA KOIMBAJIbHI XapaKTEPHCTUKH 3B's3Ky W-O sk
4yepe3 po3IINPEHH 30HH, TaK i 4epe3 3cyB cuMeTprdHoi Moy BajeHTHOCTI (v1). [llogo onTndHuX BiacTHBOCTEH, y aiama3oni 530-552
HM CIIOCTEpirajocs 3ejieHe alKOHBEpCiiiHe BUIPOMiHIOBaHHS NHpH 30ymkeHHI 980 HM Ta amKOHBEpCiiiHE BHUIPOMIHIOBaHHS MpPHU
30ymxenni 380 HM nmozBiliHoro Boab(pamary, jgeropanoro Yb** ta Er’*. Byno nopiBHsAHO Ta 06roBOpeHo Yac sutTs piBHiB *Hii/2 Ta
4S3/2, a Takox BIUMB 3amimtenns Lu’" Ha 3enene BunpominroBanss Er’' y nux cronykax.
Kurouosi ciioBa: noositinuii éonsghpamam; nezyéanns Yb3'/Er¥*; Up-konsepcis,; senene eunpominiogansi
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This article presents a comprehensive approach aimed at the full automation of the technology for producing semiconductor thermoelectric
materials. The main stages of the technological chain are automatic dosing of high-purity raw materials in precise stoichiometric ratios.
The combined use of vacuum at 102 Torr and an inert gas atmosphere (argon at 1.5 atm), holding at a temperature of 720°C for 56 hours,
crystal growth by the zone melting method, and the cooling (annealing) regime—are analyzed as a single optimized process. The
temperature—time profile, diffusion processes, and cooling dynamics are substantiated on the basis of physical models, including Fick’s
law and Newton’s law of cooling. It is shown that real-time control of technological parameters using PLC controllers, SCADA systems,
and artificial intelligence algorithms ensures phase homogeneity of the material, reduces defect density, and stabilizes electrophysical
parameters. In ammonium iodide—doped BixTes thermoelement samples, the stability of electrical conductivity, the Seebeck coefficient,
and the power factor along the entire sample length confirms the homogeneous distribution of dopant additives and the formation of a
high-quality crystal structure. The obtained results demonstrate the high potential of the proposed automated technology for the effective
application of Bi2Te3-based materials in low- and medium-temperature thermoelectric devices.

Keywords: Thermoelectric materials; BirTes; Automation; Vacuum environment; Inert gas, Zone melting; Annealing; SCADA; PLC;
Seebeck coefficient; ZT

1. INTRODUCTION

Thermoelectric materials can directly convert thermal energy into electrical energy and therefore play an important role
in modern energy technologies, space engineering, and microelectronics [1,2]. Achieving high efficiency requires precise
control over the material composition, crystal structure, and defect concentration [3]. For this reason, the full automation of
thermoelectric material synthesis technologies represents a pressing scientific and practical challenge [4,5,6].

In the fabrication of semiconductor thermoelectric materials, it is crucial to prepare high-purity chemical elements
in exact stoichiometric ratios using automated weighing and vacuum dosing systems [7,8,9]. High-purity raw materials,
namely Bi-000 and Te-T-B3, were utilized in this process. Such high material purity effectively prevents the formation of
secondary phases during synthesis, thereby stabilizing the electrophysical parameters of the resulting material [1,5]. In
the production of semiconductor thermoelectric materials, the preparation of high-purity chemical elements in exact
stoichiometric ratios using automated weighing systems and vacuum dosing units is of critical importance [4,10].
Accurate control of the raw material composition prevents the formation of secondary phases during subsequent synthesis
stages and stabilizes the material's electrophysical parameters [5,11]. In technological processes, the granularity and
degree of grinding of the raw materials are also of particular significance [4,6], since the amount of heat required to melt
and initiate chemical reactions is directly related to particle size. If the granularity of the raw material is too large, complete
melting requires more energy, reducing the efficiency of the technological process. Moreover, high temperatures increase
the probability of evaporation of volatile components (such as tellurium or selenium), leading to stoichiometric imbalance
in the material composition and degradation of thermoelectric properties [5,11]. Therefore, selecting an optimal grinding
degree and controlling it via automated systems are key prerequisites for obtaining high-quality thermoelectric
materials [7,8,9].

The synthesis stage is one of the most critical steps in the technology of producing semiconductor thermoelectric
materials. This process is typically carried out under vacuum conditions at pressures on the order of 1072 Torr. Such a vacuum
level significantly reduces the influence of oxygen and other reactive gases, thereby preventing oxidation of the material [2].
Although partial evaporation of volatile components (e.g., tellurium) may occur under reduced pressure, optimizing the
vacuum level minimizes these losses. The vacuum environment enhances diffusion processes during synthesis and ensures
melt homogeneity [1,4,6]. As a result, a precursor with optimal chemical and structural properties suitable for subsequent
crystal growth is obtained. Therefore, continuous automated control of the temperature—time profile and the vacuum level is
a fundamental condition for producing high-quality thermoelectric materials [12,13,14].

Melting is carried out in automated furnaces operating in an inert gas atmosphere. The use of inert gases such as
argon prevents oxidation of the material during the reaction process and reduces the loss of volatile components [6].
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During melting, the temperature regime, heating rate, and holding time are precisely controlled using digital
controllers [12,13,14], ensuring complete reaction of components and the formation of a homogeneous melt. Automated
control systems minimize deviations from preset temperature values, thereby guaranteeing chemical composition stability
and phase homogeneity of the synthesized material. Precise control of synthesis parameters reduces stoichiometric
deviations and creates optimal conditions for subsequent crystal growth, which directly affects the electrophysical and
thermoelectric properties of semiconductor thermoelectric materials.

Accurate control of the temperature—time profile during synthesis is crucial for ensuring melting efficiency and
compositional uniformity. The melting process is generally implemented using a stepwise heating regime, where the
temperature variation over time can be described by the following relation:

where (Ty) is the initial temperature, (B = dT/dt) is the heating rate, and (t) is time.

The optimal heating rate is selected based on the melting temperatures and thermal conductivity properties of the
components [4,6]. Excessively high heating rates may lead to thermal instability and localized overheating. Whereas
excessively low rates unnecessarily prolong the synthesis process.

Maintaining the material at the maximum melting temperature for a specified duration (isothermal stage) ensures
complete melting of components and completion of chemical reactions. Stable temperature conditions during this stage
positively influence the stoichiometric accuracy of the material composition [1,4,6].

The performance of thermoelectric materials is closely governed by their structural homogeneity and defect levels.
Conventional synthesis techniques often suffer from stoichiometric disruptions due to deviations in the temperature
profile, oxidation, and evaporation of volatile elements such as tellurium. Additionally, doping with standard pure iodine
introduces significant drawbacks, including high hygroscopicity and a heterogeneous distribution of electrophysical
properties across the bulk sample.

In the fabrication of semiconductor thermoelectric materials, the crystal growth stage is a decisive process that
determines the microstructure, defect density, and electrophysical properties of the material [1,6]. The zone melting
method is widely recognized as one of the most effective techniques for producing high-quality, phase-homogeneous, and
low-defect crystals [1,6].

The fundamental principle of this method is to create a localized molten zone within a limited region of the sample
and move it along the length of the material at a controlled velocity. As the molten zone travels, recrystallization occurs,
resulting in the formation of a solid phase with improved structural quality [1]. The temperature gradient during zone
melting plays a critical role: excessively large gradients increase thermal stress and may cause cracking, whereas
excessively small gradients can lead to unstable crystal growth. Therefore, the gradient value is optimally selected
according to the specific material [1,6].

The velocity of the molten zone is one of the most important parameters of the zone melting process [1,6]. If the
zone velocity is too high, there is insufficient time for diffusion, leading to compositional inhomogeneity and increased
defect density. Conversely, excessively low velocities prolong the process and reduce technological efficiency. In practice,
the zone movement speed is typically selected in the millimeter-per-hour range [1].

An additional advantage of the zone melting method is its ability to achieve compositional purification (zone
refining) [1]. Certain impurity elements and contaminant atoms accumulate in the molten zone and are displaced toward
the end of the sample during crystal growth. This enables high purity in the main portion of the crystal, which is critically
important for thermoelectric materials.

2. METHODS

Conducting the zone melting process under vacuum or an inert gas prevents oxidation and limits the formation of
vacancies and defects. Automated control of all parameters—temperature, zone length, movement speed, and ambient
pressure—ensures high reproducibility of crystal quality [12,13,14]. As a result, semiconductor thermoelectric crystals
obtained by the zone melting technique exhibit high structural homogeneity, low defect density, and stable thermoelectric
parameters, making them suitable for use in high-efficiency thermoelectric devices.

The synthesis of semiconductor thermoelectric materials is carried out using a combination of vacuum and inert gas
environments (Fig. 1). Initially, the prepared raw materials are placed in a specially designed hermetic container, and the
system is evacuated stepwise using vacuum pumps. When the vacuum level reaches approximately 1073 Torr, the container
is hermetically sealed. This stage significantly reduces the concentrations of oxygen and other reactive gases in the
reaction environment. After evacuation, the container is filled with an inert gas—argon—under a pressure of 1.5 atm [6].
The use of an inert gas atmosphere prevents oxidation of materials during synthesis and limits the loss of volatile
components. At the same time, increased inert gas pressure stabilizes evaporation processes during melting.

The container is then placed into an automated high-temperature furnace. The temperature regime is increased
gradually until the sample reaches the melting stage. A melting temperature of 720 °C is selected, which is considered
optimal for semiconductor thermoelectric materials, particularly bismuth telluride—based compounds [1,6]. The holding
time at the melting temperature is set to 5—6 hours to ensure complete melting of the components and completion of
chemical reactions [1,4,6]. All temperature-time parameters are controlled with high precision using digital
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controllers [12,13,14]. These controllers automatically correct deviations from the set temperature, maintaining thermal
stability. Such precise control enhances the homogeneity of the melt composition and creates optimal structural conditions
for the subsequent crystal growth stage. Thus, a synthesis process conducted under coordinated vacuum conditions, inert
gas pressure, and temperature-time regimes provides a solid foundation for obtaining high-quality materials with stable
composition and superior thermoelectric properties.

In the synthesis of semiconductor thermoelectric materials, particularly bismuth telluride-based compounds, the
choice of melting temperature directly influences the chemical composition, phase stability, and subsequent crystal
structure of the material. The melting point of bismuth telluride is approximately 585°C; therefore, selecting a temperature
above this value during synthesis ensures complete melting of the components and the formation of a homogeneous
melt [6,7].

This work aims to optimize the synthesis of Bi,Tes-based thermoelectric materials into a single, fully automated
process governed by PLC controllers, SCADA systems, and artificial intelligence algorithms, ensuring highly stable
electrophysical parameters across the entire sample length.
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Figure 1. Automated scheme for the technology of obtaining semiconductor thermoelectric materials in a vacuum and inert gas
environment during the zone melting process

The choice of 720°C is primarily driven by the need to achieve a high degree of melt homogenization [1,4,6]. At
temperatures significantly above the melting point, atomic mobility within the material increases, diffusion processes
intensify, and chemical reactions proceed more effectively. This prevents phase imbalance and microscopic segregation
during synthesis. Moreover, a temperature of 720°C ensures thermodynamic stability among the material's components.
From an energetic perspective, within this temperature range the free energy of the system is minimized, favoring a single-
phase state. This creates favorable conditions for the formation of a stable structure during subsequent cooling and crystal
growth stages.

Additionally, a temperature of 720°C is considered optimal for limiting the loss of tellurium atoms. An excessive
temperature increase may intensify evaporation, leading to compositional imbalance. The selected temperature provides
an optimal balance between complete homogenization of the melt and preservation of volatile components [1,6].
Therefore, appropriate temperature selection during the melting process ensures full phase uniformity, optimal diffusion
conditions, and compositional stability. These factors play a decisive role in forming high structural quality and stable
thermoelectric parameters in semiconductor thermoelectric materials.

3. DISCUSSION
During the synthesis of semiconductor thermoelectric materials, the holding time at the melting temperature is
crucial for ensuring the chemical and structural homogeneity of the melt. At 720°C, the melt is maintained for 56 hours.
At the melting temperature, atomic mobility increases sharply and diffusion between the constituent components becomes
significantly enhanced. Fick’s law [4,15,16] describes the efficiency of diffusion.
] D dc
B dx
where, J - is the diffusion flux, D - is the diffusion coefficient, c - is the concentration, and x - is the spatial coordinate.
The diffusion coefficient is exponentially dependent on temperature, and at higher temperatures, the value of D
increases significantly, leading to the elimination of concentration differences between atoms over time. Holding the
sample for a specific time, typically 5—6 hours, is sufficient to ensure structural homogenization throughout the material
volume [1,4,6,15,16]. During this period, the components fully melt, chemical reactions are completed, and phase
inhomogeneities are eliminated. In cases where the holding time is too short, there is an increased likelihood that reactions
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will not be fully completed, and microsegregation may persist. Furthermore, excessive extension of the holding time can
have negative effects. Prolonged exposure to high temperatures can lead to the evaporation of volatile components,
excessive grain growth, and structural instability [1,6]. A 5-6 hour duration ensures an optimal balance between the full
completion of diffusion processes and the preservation of the material’s composition. Thus, holding the sample at 720 °C
for 5-6 hours, considering both thermodynamic and kinetic factors, ensures an ideal initial state for high chemical
homogeneity, phase stability, and subsequent crystal growth in semiconductor thermoelectric materials. This plays a
crucial role in shaping the high and stable thermoelectric properties of the obtained materials.

4. COOLING AND ANNEALING STAGE

The cooling (annealing) stage that follows the synthesis of semiconductor thermoelectric materials plays a crucial
role in forming the material's structural stability, defect density, and electrophysical properties [1,4,6]. After the melting
and high-temperature holding process, internal thermal stresses, structural irregularities, and defects (e.g., vacancies and
dislocations) develop within the material. The annealing stage is specifically aimed at reducing these negative factors. To
slow and control the cooling process, a ceramic container is placed inside the chamber, and a quartz glass tube,
approximately 10 mm in diameter and 180-200 mm in length, is positioned within it. This arrangement limits heat
exchange and increases the system's overall thermal inertia. Such a construction limits heat exchange, preventing a sharp
drop in temperature, and ensures a stable cooling environment for the sample. Both ceramic and quartz are materials with
relatively low thermal conductivity, which reduce heat exchange with the external environment and prevent a rapid
decrease in temperature. Thermal inertia is physically expressed through the system's "thermal capacitance." The
equivalent thermal capacitance for the composite system (ceramic + quartz + sample) is written as follows:

Ceq = Z m;¢;
i

Here, mi denotes the mass of each component (ceramics, quartz, sample), and ¢; denotes its specific heat capacity. The
larger the value of C.q, the greater the system's resistance to temperature change, meaning the rate of cooling/heating
decreases.

The dynamics of the cooling process can be described in a simplified form by Newton's law of cooling [4].

In this context, h - is the convective heat transfer coefficient, s - is the external surface area, T — is the system
temperature, and Tamb is the ambient temperature. From this equation, it can be seen that an increase in Ceq leads to a

. dr . . . . .
decrease in ;> Meaning that the cooling process slows down. The decrease in heat exchange in the ceramic-quartz

combination also influences this trend.

From a practical perspective, the cooling rate should not be too rapid in semiconductor thermoelectric materials to
reduce thermal stresses and defect concentrations. In laboratory practices relying on conventional technological
guidelines, the optimal cooling rate is selected within the following range [6]:

10-30°C/hour: Suitable for achieving high-quality crystal structure (thermal stresses are minimal, and there is
sufficient time for rearrangement).

30-60°C/hour: Accepted when there is a need to shorten technological time, but defect and internal stress risks may
increase.

60°C/hour: Generally not recommended (as it approaches the quenching regime, the likelihood of an unbalanced
structure and high defect density increases).

Thus, for the ceramic-quartz system, the cooling process can be maintained in the "safest and most efficient" range
of 10-30°C/hour by increasing the thermal inertia and limiting heat exchange. This, in turn, improves structural stability,
stabilizes the electrophysical parameters, and enhances the overall thermoelectric efficiency (ZT) [5,6].

From a physical standpoint, slow, controlled cooling provides sufficient time for atoms to rearrange themselves into
thermodynamically stable states within the crystal lattice. During this process, the system's internal free energy is
minimized, and the most energetically favorable configuration of the structure is formed. As a result, deformations in the
crystal lattice decrease, and phase stability improves. Diffusion mechanisms play a significant role during the annealing
process [16,17]. As the temperature is gradually lowered, atomic mobility does not suddenly disappear but decreases
slowly. This allows for the elimination of compositional imbalances, microsegregation, and the homogenization of the
structure. In contrast, under very rapid cooling (quenching), atoms "freeze" in an unbalanced state, resulting in a structure
with high defect density. The cooling rate also significantly affects the grain size. Controlled annealing leads to moderate
grain growth, preventing excessive coarsening or the formation of a very fine-grained structure [16,17]. The optimal
distribution of grain sizes balances electrical and thermal conductivities, thereby improving thermoelectric efficiency. The
annealing stage is especially crucial for thermoelectric materials, as it stabilizes the concentration and mobility of charge
carriers. As a result, parameters such as the Seebeck coefficient, electrical conductivity, and thermal conductivity reach
stable values, thereby increasing the overall thermoelectric efficiency coefficient (ZT) [4,6].
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5. PROCESS OPTIMIZATION

All synthesis parameters used in the technology for obtaining semiconducting thermoelectric materials—raw material
preparation, vacuum and inert gas environments, temperature-time regime, crystal growth, and cooling stages—are
interrelated. Therefore, they should be considered not individually, but as a single optimized technological regime. The first
stage of the optimized regime involves preparing high-purity elements in precise stoichiometric ratios using automated
balances and vacuum dosing systems. The degree of particle size reduction and granularity is set to optimal values that ensure
effective heat transfer, thereby reducing energy consumption and the loss of volatile components during the melting process.
During synthesis, the container is initially evacuated to a pressure of 10~ Torr, minimizing the influence of oxygen and
reactive gases. It is then filled with inert gas (argon) at 1.5 atm pressure to create a chemically stable environment. This
combination plays a crucial role in preserving the material's composition and preventing oxidation. The temperature regime
for the melting process is set to 720°C, which is maintained for 5-6 hours. This regime ensures complete melting of the
components, completion of diffusion processes, and high homogeneity of the melt. Temperature and time parameters are
precisely controlled through digital controllers, eliminating thermal irregularities. After melting, crystal growth is carried out
in a zone-based method, with temperature gradients and zone movement rates maintained at optimal values. This method
allows for compositional purification, reduction of defect density, and improvement of structural uniformity. All parameters
are continuously monitored via automated control systems. In the final stage, a controlled annealing process is employed.
Slow cooling reduces internal thermal stresses in the material, facilitates the redistribution of defects, and promotes the
transition of the structure to a thermodynamically stable state. This contributes to the stabilization of the electrophysical
parameters and the achievement of high thermoelectric efficiency.

6. RESULTS

Although the manuscript provides detailed descriptions of raw material preparation, the technological level of
vacuum, inert gas pressure, the temperature—time profile of synthesis, and the annealing process, information regarding
the technological parameters of crystal growth via the zone melting method—such as temperature gradient, zone length,
and zone travel velocity, and their direct influence on crystal dimensions—remains limited. However, investigations
aimed at identifying a novel, more effective doping additive that ensures high reproducibility of the material's
thermoelectric parameters in both quartz and graphite crucibles have successfully resolved these technological
uncertainties. Regardless of the crystal growth parameters, the ammonium iodide NHyl salt was proposed as a doping
agent to ensure superior electrophysical properties and high efficiency of the material.

As a dopant, ammonium iodide possesses several significant technological advantages over conventional pure
iodine. It exhibits low hygroscopicity and does not decompose when heated up to 551°C. The material undergoes direct
sublimation at 551°C without passing through a liquid phase. Above 551°C, ammonium iodide decomposes according to
the following reversible pathways:

NH, 2 NH; + HI
2HI 2 Hy + I,

The released hydrogen iodide, HI, acts as a substantially more active chemical reagent compared to standard iodine.
Concurrently, the ammonia (NH3) generated within the system acts as a potent reducing agent, completely eliminating
any remaining traces of oxides in the alloy composition. These chemical advantages of ammonium iodide play a decisive
role in stabilizing the thermoelectric parameters of the alloys. The optimal thermoelectric performance for
thermogenerators was observed when 0.04 mol % of ammonium iodide was introduced into the mixture. Under these
conditions, the electrophysical characteristics of the fabricated thermoelements were found to be ¢ = 1000 Q' and
a =150 uV/K, respectively. Since thermoelectric materials operate at elevated temperatures, the temperature dependence
of the material's thermoelectric parameters was comprehensively investigated. Figure 3 illustrates the temperature-
dependent variations in electrical conductivity, Seebeck coefficient, thermal conductivity, and figure of merit Z for Bi,Te;
samples doped with 0.04 mol % ammonium iodide. The average integral value of the material's figure of merit over the
temperature range of 20 + 300°C was determined to be Z = 1.59-103 K'!. This performance indicator demonstrates that
high-efficiency, thermally stable materials can be successfully obtained through the proposed modification technology,
regardless of the zone-melting method's technological parameters.

The stability of the main thermoelectric parameters along the sample length in Bi>Tes-based thermoelements alloyed
with ammonium iodide is an important criterion that indicates the high quality of the material synthesis [5,6]. The almost
unchanged electrical conductivity, Seebeck coefficient, and power factor in the phase direction suggest a homogeneous
distribution of the alloying additions and the absence of significant defects or gradients in the crystal structure [6,7]. This
condition confirms that the electron and phonon transport processes have a uniform mechanism throughout the entire
sample volume. In particular, the stability of the Seebeck coefficient indicates that the Fermi level remains phase-stable,
significantly reducing the possibility of the emergence of internal parasitic electrical driving forces in thermoelectric
modules. From this perspective, the results demonstrate that Bi>Te; materials alloyed with ammonium iodide are highly
suitable for practical thermoelectric device applications.

Figure 2 clearly shows the stability of the a?c power factor along the entire length of the thermoelement alloyed
with ammonium iodide, and presents the distribution of the main thermoelectric parameters along the sample length.
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Figure 2. Variation of thermoelectric parameters along the length of a Bi2Tes thermocouple doped with ammonium iodide

The main thermoelectric parameters of the Bi,Te; thermocouple doped with ammonium iodide maintain almost
constant values along the length of the sample. This indicates a high degree of structural, compositional and electronic
homogeneity of the material. The electrical conductivity is uniform along the entire length [5].

o =neu

where n is the concentration of charge carriers, p is the mobility.

The invariance of the electrical conductivity (o) indicates that the concentration of dopants is uniform along the
length, and there is no gradient in the grain boundaries and dislocation density, and the electron-phonon scattering is
spatially uniform. This indicates that the Bi>Tes alloy was synthesized technologically correctly.

The value of the Seebeck coefficient a also remains constant along the entire length of the sample. A simplified Mott
expression is used for the Seebeck coefficient:

27,2
. n?kgT dIno(E) E=E,
3e dE
Here, a depends on the location of the Fermi level, the shape of the band structure, and the asymmetry of the energy
conductivity.

The fact that o = const indicates that the Fermi level does not change along the length, the band structure of the
material is spatially uniform, and there is no local doping or defect effect [6]. In thermoelectric modules, the spatial
instability of a leads to internal EDCs.

Power factor: PF = a?c

The high and stable performance of the Bi.Tes alloy in a real device is of scientific importance. The peculiarities of
BiTe; thermoelements are that these compounds are characterized by a narrow and complex (divalent) energy band
structure. Strong spin-orbit interaction usually causes a nonlinear change in parameters with temperature. However, the
absence of such nonlinearity in the spatial coordinate indicates that the band structure is not deformed along the space,
there are no internal mechanical stress gradients, and there is no compositional gradient or phase separation.

In BirTes-based thermoelectric materials doped with ammonium iodide, the temperature-dependent changes in
electrical conductivity, Seebeck coefficient, thermal conductivity, and thermoelectric coefficient of quality are closely
related to the electronic band structure of the material. With increasing temperature, changes in the location of the Fermi
level and the emergence of bipolar conductivity led to a maximum in the Seebeck coefficient. In this regard, these graphs
reveal the importance of Bi,Tes as a highly efficient thermoelectric material in the low- to medium-temperature range.
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Figure 3. Temperature dependence of thermoelectric parameters of Bi2Te; doped with ammonium iodide

It can be seen from the graph that all the main thermoelectric parameters characteristic of Bi;Te; — electrical
conductivity o(T), Seebeck coefficient oT), thermal conductivity y(T) and thermoelectric coefficient of quality Z(T) —
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exhibit a complex, interconnected evolution with temperature. This is directly related to the complex band structure and
multi-extremum energy spectrum of BiyTes. Bi,Te; is a semiconductor with a narrow energy gap (E, = 0.15-0.17 eV) and
has the following features [6,7]. The band structure, with several equivalent extrema in the valence and conduction bands,
is characterized by strong anisotropy and a very strong spin—orbit interaction, leading to bipolar conductivity at high
temperatures. These factors cause a curvilinear (maximum) character in the temperature dependence of the Seebeck
coefficient.

1 JE~Eno (®) (— %) dE

T [4(E) —%)dE

where: EF - is the Fermi level, f(E) - is the Fermi—Dirac distribution, and 6(E) - is the energy-dependent permittivity. o is
very sensitive to the asymmetry of the energy spectrum and the location of the Fermi level.
For degraded semiconductors (a typical case of BixTes), the Seebeck coefficient is written as [5,14]:

k_B (T‘ + Z)Fr+1(77) _
e | e+roEm

where r - is the scattering mechanism index, n = kE—FT is the reduced Fermi level, Fr(n) - is the Fermi integrals.
B

In Bi,Tes, as temperature increases, 1 decreases (the Fermi level shifts toward the middle of the bands); the ratio of
the Fermi integrals changes; as a result, a(T) first increases and then decreases. At high temperatures, bipolar conductivity
begins in Bi,Tes. In this case, the Seebeck coefficient is [5]:

ApOn+apop

ontop

Because the contributions of electrons and holes are of opposite sign, they compensate each other; as a result, the total a
decreases. This fully explains the decrease observed in the 200-300°C range in the graph. The curved formation of the
Seebeck coefficient is not accidental, but is determined by the zone structure of Bi,Tes narrow gap, multiple zone extrema,
strong spin—orbit interaction. The maximum of a(T) is the result of the optimal Fermi level of zone asymmetry. At high
temperatures, the bipolar effect sharply limits a and Z. Therefore, materials based on Bi-Tes are considered the most
suitable for low and medium-temperature thermoelectric devices [16,17].

CONCLUSIONS

This study developed and scientifically substantiated a comprehensive approach that fully automates the technology
for obtaining semiconductor thermoelectric materials. The interrelation of all technological stages, from raw material
preparation to synthesis, crystal growth, annealing, and quality control, and the need to implement them within a single
optimized regime, was shown. The results of the study show that accurate dosing of high-purity raw materials, the
combined use of vacuum and inert gas environments, holding at 720 °C for 56 hours, and a controlled cooling regime
ensure the homogeneity and phase stability of the material composition. Crystal growth by the zone melting method
reduces defect density and increases structural uniformity.

For the first time, the individual stages of thermoelectric material fabrication have been integrated, based on physical
models, into a single, optimized, and comprehensive digital technology, controlled in real time via a PLC-SCADA-AI
framework. Ammonium iodide NHal salt, at a concentration of 0.04 mol %, has been proposed as an alternative doping
agent to conventional pure iodine. It was discovered that the ammonia (NH3) generated during its decomposition acts as
a potent reducing agent, completely eliminating residual oxide traces within the alloy. An ideally stable spatial distribution
of the Seebeck coefficient and electrical conductivity along the sample length was achieved owing to the spatial invariance
of the Fermi level and the absence of deformation of the energy band structure.

It was proven that full automation of the technological process in the production of semiconductor thermoelectric
materials is a decisive factor in ensuring the material's structural uniformity. The combined use of vacuum (107 Torr) and
argon atmosphere (1.5 atm) significantly reduced the effect of oxygen, limited oxidation, and minimized the risk of loss
of volatile components. Precise control of crystal growth parameters in the zone melting method enhanced structural
purification, reduced defect density, and increased the repeatability of crystal quality. The annealing mode reduced internal
thermal stresses, created conditions for the structure to transition to a thermodynamically stable state, and ensured
stabilization of electrophysical parameters. The near-constant main thermoelectric parameters along the length of Bi>Tes
thermocouple samples doped with ammonium iodide confirmed the high degree of homogeneity in the material's synthesis
and its suitability for practical application.

Automated control based on PLC-SCADA—AI minimized the human factor and enabled real-time optimization of
technological modes; this led to the formation of a stable set of parameters that increased ZT. The optimized technology
will play an important role in the development and implementation of high-efficiency thermoelectric devices in the future.
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CHUHTE3 TEPMOEJIEKTPUYHUX MATEPIAJIIB HA OCHOBI Bi:Tes, JETOBAHUX NH4l, BATMOC®DEPI
THEPTHOTI'O I'A3Y 3 BUKOPUCTAHHSAM ABTOMATH30BAHOI CHCTEMHA
Kapim6epai E. Onapkyios!, Tynan6oii M. Azimos!, Kuznapxon L. Taiinasaposa!, Axxam:kon L. 3okipos’,
Honipoex B. Hocipos?
! Pepaancoruii depacasnuii ynisepcumem, Depeana, Y3bexucman
2Depeancouii MeouuHuLl iHcmumym 2pomadcskozo 300pos’s, Ysbexucmar

VYV miif crarTi NpeACTaBIEHO KOMIUIGKCHMH MIAXiZ, CHOPSIMOBaHMH Ha TIOBHY aBTOMATH3AaL{il0 TEXHOJOTil BHPOOHMITBA
HAaMiBIPOBIHUKOBUX TEPMOENEKTpUYHUX MarepianiB. OCHOBHI €TanmM TEXHOJIOTIYHOrO JIAHIIoTa — aBTOMATHYHE [[03yBaHHSI
BHCOKOYHCTOI CHPOBHHH B TOYHHX CTEXiOMETPHMYHHX CHiBBimHOMmEHHsIX. CroinpHe BHKopHcTaHHsA Bakyymy npu 102 Topp Ta
arMocdepu iHepTHOTO ra3y aprody mpu 1,5 arMm, BuTpuMka mpu temmeparypi 720°C npotsarom 5—6 roauH, BUPOITYBaHHS KPUCTAJIB
METO/IOM 30HHOT'O [UIABJICHHS Ta PEXKUM OXOJIOJDKCHHS (BiAIIATy) — aHAII3YIOThCS K €UHUIT ONTHMIi30BaHuUi nporec. TemneparypHo-
4acoBUH Mpodinb, npomnecu audysii Ta ANHAMIKAa OXOJIOKEHHS! OOTPYHTOBYIOTHCSI HA OCHOBI (Di3HIHUX MoAeNeil, 30KkpeMa 3aKOHIB
®dika Ta Hetotona. [loka3aHo, 1m0 KepyBaHHS TEXHOJOTTYHMMH MapamMeTpaMHd B PEXKHMI pealbHOTO yacy 3a gornomorow PLC-
xoHTpoepiB, SCADA-cHCcTeM Ta aJITOPUTMIB IITYYHOTO iHTENIEKTY 3abe3meuye (a3oBy OMHOPIAHICTE MaTepiaiy, SMEHILYE MIiTbHICTh
nedexTis i crabinizye enexrpodizuuni mapamerpu. Y 3paskax tepmoeneMenTiB Bi2Te3, neropannx HoanaoM aMOHII0, CTabUIbHICTh
€JIEKTPOIPOBIAHOCTI, KoedirienTa 3eebeka Ta KoedilieHTa MOTYXKHOCTI 1O BCili JOBKHUHI 3pa3Ka MiATBEPKY€E OXHOPIAHHUIA PO3MOMIT
JIETYIOUHX 100aBOK 1 pOpMYyBaHHS BUCOKOSKICHOI KPHCTANIYHOT CTPYKTYpH. OTpHMaHi pe3yinbTaTi AEMOHCTPYIOTh BHCOKHIA TOTEHIIIAMT
3aIllPOIIOHOBAHOI aBTOMAaTH30BaHO1 TEXHOJOTI1 /1Sl €()eKTHBHOTO 3aCTOCYBaHHS MaTepiajiB Ha 0cHOBI Bi2Te3 y HU3bKOTEMITEpaTypHUX
i cepeIHOTEMIIEPATYPHUX TEPMOCICKTPHYHUX HPHCTPOSIX.

KurouoBi cioBa: mepmoenexkmpuuni mamepianu; BirTes;asmomamusayis,; 6akyyMHe cepedosuwye; iHepmHull 2a3; 30HHe NIAGIEHH s,
sionan;, SCADA; PLC; xoegiyicum 3ecoexa; ZT
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This study investigates the distribution of Ti-6Al-4V alloy powder microparticles used in 3D printing under different discharge
frequencies and NaCl electrolyte concentrations. This work analyzed the process for obtaining monodisperse Ti-6Al1-4V alloy powders
using the Electrochemical Discharge Machining (ECDM) method. The results showed that an optimal NaCl electrolyte concentration
of 30 g/L ensures stable plasma channel formation and a narrow particle size distribution. Regression analysis and low standard error
values (0.00386—0.00834) confirm the process's high controllability. The effect of frequency on particle size was also investigated: at
3.2 kHz, the minimum average particle size of 16.598 pm was recorded, whereas increasing the frequency to 32 kHz increased particle
size to 28.063 um due to thermal accumulation. The results indicate that at both 3.2 kHz and 32 kHz frequencies, 58.24% to 68.89%
of the produced powders fall within the 15-55 pm range required for PBF-LB/M technology. These findings demonstrate the suitability
of the obtained powders for additive manufacturing technologies.

Keywords: Ti-64/-4V powder; ECDM,; Additive manufacturing; NaCl electrolyte; Electrolyte concentration; Particle size distribution;
Frequency; Regression analysis

INTRODUCTION

The increasing prevalence of orthopedic and dental diseases worldwide has driven steady growth in demand for
implants made from biomedical titanium (Ti) and its alloys [1]. Fabricating these implants using additive manufacturing
(AM) technologies allows production of 3D shapes with high geometric accuracy while ensuring maximum conformity to
individual anatomical structures [2]. Such biocompatible implants are primarily made from the Ti-6Al-4V alloy. Owing to
its low thermal conductivity and density, high strength, favorable strength-to-weight ratio, and excellent resistance to
temperature and corrosion, Ti-6Al-4V finds wide application in acrospace and defense [3], automotive [4], shipbuilding [5],
energy [6], petrochemical industries [7], as well as in medical instruments and implants [8].

In these fields, Ti-6A1-4V alloy powders are used in AM processes, specifically PBF-LB/M (Powder Bed Fusion —
Laser Beam/Metal) 3D printing. In these processes, particle shape, chemical purity, and particle size distribution are
critical [9], as larger particle sizes reduce the surface area available for laser energy absorption [10], necessitating higher
laser energy input [11]. Fine powders allow higher packing density but may increase internal defects in the fabricated
part [12].

Metal powders are produced with various size distributions using mechanical [13], chemical [14], and physical [15]
methods, often resulting in irregular shapes, rough surface textures, internal porosity, and uneven surface morphology.
Furthermore, these production methods require complex equipment and high costs, which can lead to variability in powder
flowability [16], density, melting behavior, part surface quality, porosity [17], and mechanical properties [18], as well as
increase production costs [19, 20].

The particle size distribution of powders produced by the above methods ranges from 0-250 um, and in PBF-LB/M
powder spreading technologies, particles larger than 45 um [21] require additional processing [22]. Reprocessing Ti-6Al-
4V powders, however, significantly increases oxygen content [23]. To address these limitations, recent studies have
increasingly focused on unconventional methods for producing metal powders, particularly via electrical discharge
machining (EDM) [24]. This approach enables the production of nano [25] and micro-sized particles of metals [26] and
their alloys [27] in dielectric media [28].

An additional advantage of this method is that particle size distribution can be controlled by adjusting the current,
frequency [29], discharge energy, and machining depth [30]. To further optimize these parameters, various alloys, metal
powders, and salts are added to the dielectric fluid to improve its electrical conductivity, allowing the use of electrolytes
instead of conventional dielectric fluids. This method, known as Electrochemical Discharge Machining (ECDM), operates
at lower current levels compared to EDM and can reduce energy consumption and costs while preserving particle size
distribution [31].

In ECDM, the surrounding medium plays a crucial role, as the machining rate is often closely related to the properties
of the medium [32-34]. Although considerable work has been conducted on process efficiency, data on the effect of the
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medium on particle size distribution remain insufficient [35]. Previous studies have employed fluids that affect the final
product quality [36], overly aggressive media [37], or fluids that require high-energy input and increase brittleness in the
final product [38]. Based on the above, selecting a fluid medium for ECDM that ensures particle size distribution without
affecting the quality of the final product remains a highly pressing challenge [31-38]. This scientific article is devoted to
practical solutions to this critical issue.

In this study, the production of Ti-6Al-4V powders using various electrolytes in the ECDM process and the
investigation of their particle size distribution are proposed.

EXPERIMENTAL PROCEDURE

The synthesis of Ti-6Al-4V alloy-based powder was carried out on an experimental setup designed for ECDM, the
schematic diagram of which is shown in Figure 1. The key feature of the system is a pulsed power supply assembled
using high-speed IRG4P50UD IGBT switches and 150EBU04 diodes. This control architecture enables precise
adjustment of the process parameters, including voltage amplitude up to 400 V, current up to 20 A, and pulse modulation
frequency up to 100 kHz.

To generate a stable spark discharge, the anode was fully immersed in the electrolyte, while the vertically aligned
cylindrical cathode, positioned above it, was submerged to a depth of 1-5 mm. The stability of the physicochemical
conditions in the reaction zone was maintained by a filtration system and forced circulation of the working fluid. A pump
with a flow rate of 2 L/min was used to ensure liquid circulation. This provided efficient heat removal and rapid evacuation
of erosion products from the interelectrode gap, preventing thermal degradation of the microstructures, re-melting, and
uncontrolled coagulation (agglomeration).

Ti-6Al-4V wire

Power supply

Frequency:
50 - 100 000 Hz

Voltage:
0-400V
Current:20A

Vi

Workpiece

Filter

Figure 1. Schematic diagram of the ECDM setup.

For powder production, electrodes with a diameter of 4 mm made of biocompatible Ti-6Al-4V alloy were used. The
electrodes were immersed in an aqueous NaCl electrolyte with concentrations of 10—60 g/L, where a negative potential
was applied to the cathode and a positive potential to the anode.

As shown in the schematic, the electrodes were submerged in a vessel filled with the working electrolyte (vessel
volume: 2 L). A servo system controlled the interelectrode gap and ensured the stability of micro-discharges. Rod
electrodes with a diameter of 4 mm fabricated from biocompatible Ti-6Al-4V alloy were employed. During the
experiments, a DC voltage of up to 280 V was applied to the system, while the control unit provided pulse generation
with frequencies up to 32 kHz. The current was maintained at up to 0.6 A, which allowed stable spark discharge conditions
to be sustained.

To prepare the working medium (electrolyte), deionized water with a specific resistivity of 18 MQ-cm was used.
NaCl of chemically pure (“CP”) grade was added to the water at concentrations of 10, 30, and 60 g/L. The amount of
reagents was controlled using an analytical balance with an accuracy of +£0.001 g. The applied high-frequency pulsed
operating mode enabled direct localization of energy within the spark discharge channel. This minimized undesirable
electrolysis effects and ensured the dominant contribution of electro-spark processes in the electrolyte to the formation of
the phase composition of microparticles.

The particles formed after discharge were separated from the working solution using a Hittech “EBA 20S” centrifuge
at a rotation frequency of 60 s for 5 minutes. The obtained precipitate was dried in a FAITHFUL SH-6C drying oven at
70 °C for 24 hours. Particle size distribution was determined using a WJL-602 laser particle size analyzer. This instrument,
operating with a He—Ne laser (A = 632.8 nm), provides measurements in the range of 0.1-800 um with an accuracy of
+0.5%. The analysis was performed in distilled water at a particle concentration of 1.5-1.7%.

The obtained experimental data were processed and analyzed using OriginPro 9.1 software. The measurement error
of the data did not exceed 3%.

RESULTS AND DISCUSSION
Initially, the granulometric analysis of Ti-6Al-4V alloy powder obtained by the ECDM method was performed using
a laser particle analyzer (Table 1). The table presents the analysis results of powder particles obtained under identical
voltage and current conditions, but at three different NaCl electrolyte concentrations.
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Table 1. Granulometric analysis of powder obtained at different concentrations using a laser particle analyzer.

l\ill?glico(;:;;:gt;ﬁ:: D3, pm Dio, pm Dso, pm Day, pm Doo, pm Dy7, pm
10 g/L NaCl 4.585 7.659 25.631 29.082 58.684 78.369
30 g/L NaCl 3.212 4.777 12.909 16.598 30.223 40.372
60 g/L NaCl 4.074 6.405 20.254 23.968 46.727 61.246

For example, the value of 4.585 um in the D3 column for a 10 g/L NaCl solution indicates that 3% of the particles
are smaller than this size. Similarly, the D10, D50, D90, and D97 parameters represent that 10%, 50%, 90%, and 97% of
the particles, respectively, are smaller than the given size. Dav denotes the average particle size of the powder.

Based on experiments conducted at different NaCl concentrations and a frequency of 0.32 kHz, the obtained powder
samples were analyzed using a laser particle analyzer (Figure 2).
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Figure 2. Dependence of particle size distribution on concentration

The graph presents the linear particle size distribution of powders obtained at three different NaCl concentrations
(10 g/L, 30 g/L, and 60 g/L), where the X-axis represents particle size and the Y-axis shows the quantitative fraction of
particles (differential distribution, DIF %). As can be seen from the graph, the distribution of particles obtained at a 30
g/L concentration is relatively narrow. To quantify the narrowness of the distribution, the initial growth dynamics of the
differential distribution (DIF %) were analyzed using a linear regression function (y = a + bx). From a mathematical and
statistical perspective, the slope coefficient (Slope) in the graph reflects the intensity of particle formation and growth
dynamics. The intercept represents the initial parameter of the linear relationship and is nearly identical for all cases. The
standard error indicates the average deviation between experimental measurements.

The results of the linear regression analysis show that at the minimum electrolyte concentration of 10 g/L, the slope
coefficient is 0.009, which is a low value. This low value indicates a reduced number of ions, low current density, and
low ion mobility, resulting in an unstable plasma channel with localized energy accumulation. This energetic state leads
to a significant broadening of the particle size distribution, i.e., polydispersity. This is also confirmed by the large
difference between the peak of the differential distribution (DIF = 35.573 um) and the average particle size (Dav =29.082
um, see Table 1).

At the highest electrolyte concentration of 60 g/L, the lowest slope coefficient (0.007) and the highest standard error
(0.00834) were recorded. In this case, due to the high concentration, the number of ions increases, current density and ion
mobility become higher, and a longer plasma lifetime leads to the formation of larger particles. The average particle size
was 23.968 um, while the maximum DIF peak reached 32.506 um, indicating a wide particle size distribution.

The graph shows that at 30 g/L concentration, the slope value of 0.02 corresponds to the highest particle growth
dynamics, while the standard error of 0.00386 is the lowest. This indicates the most balanced relationship between particle
size and their quantitative fraction. The peak of the DIF distribution at 20.51 um and the average particle size of 16.598
um (see Table 1) confirm a narrow size distribution.

At this concentration, the ion concentration is sufficient, the electrolyte conductivity and ion mobility are high. The
plasma lifetime is short and periodically reproducible. The energy exchange between the plasma channel and electrolyte
is optimal, and the balance between discharge energy ensures the preservation of a narrow particle size distribution.

According to the results of the linear regression analysis, electrolyte concentration has a significant effect on particle
formation and size distribution. At 10 g/L, low ion activity leads to increased polydispersity, while at 60 g/L, the formation
of larger and non-uniform particles is observed. The most balanced condition is achieved at 30 g/L. NaCl solution, where
the slope and standard error reach optimal values. Under these conditions, a narrow particle size distribution is formed,
indicating a monodisperse system. Therefore, 30 g/L NaCl solution is considered the optimal medium for producing stable
and uniform Ti-6Al-4V powder particles in the ECDM process.

Based on this, the experimental conditions were optimized, and the granulometric analysis of Ti-6Al-4V alloy
powder obtained by the ECDM method at different frequencies was performed using a laser particle analyzer (Table 2).
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Table 2. Granulometric analysis of powder obtained at different frequencies using a laser particle analyzer.
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Ne f, kHz D10, pm Dso, pm Day pm Dso, pm S/V, m*/em?
1. 32 8.883 24915 28.063 51.497 0.257
2. 3,2 4.777 12.909 16.598 30.223 0.463
3. 0.32 5.971 16.457 18.853 34.989 0.382
4. 0.032 6.154 18.34 21.28 40.232 0.338

The table presents the granulometric analysis results of powder particles obtained at different frequencies under
identical voltage and current conditions and a 30 g/L NaCl electrolyte concentration. For example, at 32 kHz,
Dio=8.883 pm indicates that 10% of the particles are smaller than this size. Similarly, the Dso and Deo parameters
represent that 50% and 90% of the particles, respectively, are smaller than the given size. The Dso value corresponds to
the median particle size. Dav represents the average particle size of the powder particles. At the given frequency, the
specific surface area to volume ratio is S/V = 0.257 m?/cm?®.

As shown in the table, when the frequency increases from 0.032 kHz to 0.32 kHz, the average particle size (Dav)
decreases from 21.28 pum to 18.853 pm. At these low frequencies, the number of impulses is low, but each impulse has
high energy; in this regime, the plasma channel becomes more stable and the number of impulses increases. With the
increase in impulse frequency, the particle size slightly decreases, and the specific surface area to volume ratio increases
from 0.338 to 0.382 (see Table 2). This reduction in average particle size is explained by the increase in frequency.

At medium frequencies of 0.32 kHz and 3.2 kHz, the number of impulses is sufficient, and the plasma channel as
well as plasma lifetime remain stable. As a result, the average particle size (Dav) decreases from 18.853 um to 16.598
um. The decrease in Dav at medium frequencies leads to an increase in S/V from 0.382 to 0.463. This indicates that the
reduction in particle size stabilizes, and the role of discharge frequency in particle formation becomes more significant.

At the high frequency of 32 kHz, the increase in the number of impulses leads to stabilization of the plasma channel
and localized heat accumulation. As a result, material re-melting and particle aggregation intensify. This causes an
increase in the average particle size (Dav) from 16.598 pm to 28.063 um. Due to particle coarsening, the S/V value
decreases from 0.463 to 0.257.

Since Ti-6A1-4V alloy has low thermal conductivity, an increase in discharge frequency initially leads to particle
fragmentation, increasing the surface-to-volume ratio (S/V). However, at very high frequencies, localized heat
accumulation and re-melting processes intensify, resulting in particle aggregation and a decrease in the S/V value.

The above granulometric analysis results are summarized in a single graph (Figure 3), which illustrates the effect of
discharge frequency on particle size and its distribution for powders obtained by the ECDM method.
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Figure 3. Particle size distribution of powders obtained in 30 g/L NaCl solution at different frequencies

The figure shows the differential (DIF %) and integral (INT %) particle size distributions of powders obtained at a
frequency of 32 kHz, where the red curve represents the distribution. The X-axis represents the particle size in the range
of 0.1-150.6 um, while the left Y-axis shows the percentage fraction of particles corresponding to the differential
distribution (DIF %). The right Y-axis represents the cumulative particle fraction in the integral distribution (INT %). The
particle size distribution increases up to 0.1-32.506 pm, where the DIF peak reaches 5.64%, and in this range the INT
distribution reaches 66.45%. After this point, the DIF curve decreases, and the INT value reaches 100% at 150.5 pm. At
high frequencies, an increase in particle dispersion is observed, indicating a polydisperse distribution. However, the most
suitable fraction for additive manufacturing is concentrated in the 15-45 um (62.23%) and 15-55 pm (68.89%) ranges,
which is higher compared to other samples.

For powders obtained at 3.2 kHz, the blue curve represents the differential (DIF %) and integral (INT %)
distributions. The X-axis shows particle sizes in the range of 0.1-101.28 um, while the left Y-axis indicates the percentage
fraction of the most frequently occurring particle sizes. The right Y-axis shows the cumulative integral distribution
(INT %). The particle size distribution increases up to 0.1-21.53 pm, where the DIF peak reaches 5.56%, and the INT
value reaches 62.04%. After this point, the DIF curve decreases, and the INT distribution reaches 100% at 101.28 pm.
The most suitable fraction for 3D printing is concentrated in the 1545 um (56.16%) and 15-55 um (58.24%) ranges.
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The analysis of powders obtained at 3.2 kHz and 32 kHz shows that in both cases the DIF and INT distributions
confirm the presence of a polydisperse system. At the higher frequency (32 kHz), the particle size distribution is broader,
indicating a higher degree of dispersion. At the lower frequency (3.2 kHz), the distribution is narrower and more uniform.
In both cases, the most favorable fraction for additive manufacturing is within the 15-55 pm range, confirming its
suitability for AM processes.

For powders obtained at 0.32 kHz, the light green curve represents the differential (DIF %) and integral (INT %)
distributions. The X-axis covers particle sizes from 0.1-104.96 um. The left Y-axis shows the percentage of the most
frequently occurring particle sizes, while the right Y-axis represents the cumulative INT distribution. The particle size
distribution increases up to 0.1-20.71 um, where the DIF peak reaches 5.24%, and the INT distribution reaches 63.74%.
After this point, the DIF curve decreases, and the INT distribution reaches 100% at 104.96 pm. The most suitable fraction
for 3D printing is 15-45 pm (53.74%) and 15-55 pm (55.73%).

For powders obtained at 0.032 kHz, the pink curve represents the DIF (%) and INT (%) distributions. The X-axis
covers particle sizes from 0.1-125.7 um. The particle size distribution increases up to 0.1-24.802 pm, where the DIF
peak reaches 5.1%, and the INT distribution reaches 66.88%. After this, the DIF curve decreases, and the INT distribution
reaches 100% at 125.7 um. The most suitable fractions for 3D printing are 1545 um (56.33%) and 15-55 pm (59.56%).

The granulometric analysis of powders obtained at 0.32 kHz and 0.032 kHz shows that the particle size is widely
distributed. As the frequency decreases, the maximum particle size increases, and the distribution range broadens. At the
same time, the fraction suitable for 3D printing (1545 pm and 15-55 pm) remains dominant in both cases, with slightly
higher values observed at 0.032 Hz.

The graph shows that discharge frequency significantly affects particle size and its distribution. As the frequency
increases from 0.032 kHz to 3.2 kHz, the particle size decreases and the distribution becomes narrower. However, at 32
kHz, due to localized heat accumulation and particle aggregation, the particle size increases again and the distribution
becomes broader. The most uniform and finest dispersed powder is obtained at 3.2 kHz.

CONCLUSIONS

The conducted study confirms that electrolyte concentration and discharge frequency strongly influence the
granulometric composition and morphology of Ti-6Al-4V alloy powders in the ECDM process. According to linear
regression analysis, a 30 g/L NaCl solution is the optimal concentration, where balanced Slope and Standard Error values
lead to the formation of a monodisperse particle distribution.

As discharge frequency increases, particles initially undergo fragmentation, increasing the surface-to-volume ratio;
however, at very high frequencies, localized heat accumulation and re-melting processes cause particle aggregation,
resulting in a broader distribution. A frequency of 3.2 kHz provides a relatively narrow and uniform distribution, whereas
at 32 kHz polydispersity increases.

Thus, a 30 g/L NaCl electrolyte solution combined with medium and high-frequency regimes was identified as
optimal. Under these conditions, 58.24—68.89% of Ti-6Al-4V powder particles fall within the 15-55 um range, which is
suitable for 3D printing requirements.
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BILJIMB KOHIEHTPAIIIl EJTEKTPOJIITY TA YACTOTH PO3PSITY HA PO3IOILT PO3MIPIB YUACTUHOK
MMOPOUIKY Ti-6Al1-4V, OTPUMAHOI'O METOJOM ECDM
B.A. T'oinos, A.A. 3apinoB, Y.®. Bepaies, I11.U. Ickangapos, T.K. Typaadies, C.A. Tynaranos
Incmumym ionno-nnazmosux ma nasepHux mexnonocii imeni Y. A. Apigposa Axademii nayx Pecnybnixu Y36exucman,
100125, eyn. /[ypmon uyni, 33, Tawxenm, Y30exucman

MeToro IIbOTO TOCTIIKEHHS € BHBYSHHS PO3MOIITYy MiKpOYaCTHHOK MOPOIIKY criaBy Ti-6Al-4V, mo BUKOpUCTOBYIOTECS B 3D-1pyKy,
3a Pi3HHUX YacTOT Po3psiAy Ta KoHIeHTpaniil enexrponity NaCl. V miit po6oti npoaHaizoBaHoO MPoIeC OTPUMAHHS MOHOMCIEPCHIX
nopomkis 3i craBy Ti-6Al-4V 3a monomororo merony ECDM. Pesynsratu nokasand, o ONTUMAaIbHA KOHIEHTPALIs ICKTPOJITY
NaCl cranoButh 30 r/n, mo 3abe3nedye crabinbHe (GopMyBaHHS IUIA3MOBHX KaHAIIB 1 BY3bKHH PO3MOALT PO3MIpIB YaCTHHOK.
Perpeciiinmii anamiz i HU3bKI 3HaueHHs craHaaptHoi moxubku (0,00386—0,00834) miaTBepAXKYIOTh BUCOKY KEPOBaHICTh MPOIIECY.
Takosx DOCHiKyBaBCs BIUTHB YaCTOTH Ha PO3Mip YyacTHHOK: mpH yactoTi 3,2 k[ 11 Oyo 3adikcoBano MiHiManbHUil cepeHii po3mip
qacTUHOK — 16,598 mMxMm, Tozi sik 30inbiIeHHs yactoTy 10 32 K[ mpu3Beno 40 3pocTaHHs po3Mipy YacTHHOK 10 28,063 MkM uepe3
TEIUIOBE HAKOMUYCHHs. Pe3ynbratu mokasyroTh, mo sk Ha dactorax 3,2 kl'm, Tak i 32 k[ Bin 58,24% mo 68,89% Bupobienux
TIOPOUIKIB MOTPAIUIAIOTH y Aiana3oH 15-55 MxMm, HeoOxinumii s rexaomnorii PBF-LB/M. Li pe3ynsTati JeMOHCTPYIOTH IPUAATHICT
OTPUMAaHHX HOPOMLIKIB IJISI TEXHOJIOTIH aAUTHBHOTO BUPOOHHIITBA.

Kuatouosi cnoBa: nopowox Ti-6A41-4V; ECDM; aoumusne eupobnuymeo, enexkmponim NaCl; konyenmpayis enekmponimy; po3nooin
PO3MIPI6 YACMUHOK, YaCmoma, pezpecitinuil ananiz
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Electrospun poly(vinylidene fluoride) (PVDF)-based nanofibrous mats containing carbon nanotubes (CNTs) and B-Ga:0s
nanoparticles were fabricated to investigate composition-dependent phase evolution in the PVDF matrix. Pristine PVDF and
composite mats with CNT/B-Ga-Os ratios of 1:1, 1.5:0.5, and 0.5:1.5 wt% were prepared under identical electrospinning conditions
using a DMF/acetone solvent system. The crystalline structure and phase composition were studied by X-ray diffraction with Co Ka
radiation. The pristine PVDF mat exhibited a multiphase structure composed of a, B, and y phases. After the incorporation of CNTs
and B-Ga20s, clear composition-dependent changes in diffraction peak position and intensity were observed. The 1:1 composition
reduced the a-phase contribution and enhanced the y-phase reflections, while the  phase remained dominant. Increased CNT content
favored B-phase development, whereas increased B-Ga:0s content promoted y-phase formation. The results indicate that CNTs
mainly support B-phase stabilization, while f-Ga-Os has a stronger effect on y-phase evolution and structural rearrangement. These
findings show that the crystalline phase balance of electrospun PVDF nanofibers can be effectively tailored by controlled CNT/B-
Ga20s incorporation.

Keywords: Polyvinylidene fluoride; Beta-gallium oxide; Carbon nanotube; Composite materials; XRD

INTRODUCTION

In recent years, functional polymer nanocomposites have become a major focus of materials science, since these
systems make it possible to combine the flexibility, processability, and mechanical durability of the polymer matrix
with the electrical, thermal, and structural advantages of inorganic and nanocarbon fillers [1-3]. In this regard, poly
(vinylidene fluoride) (PVDF) is a semicrystalline fluoropolymer distinguished by its high chemical and thermal
stability, flexibility, and favorable dielectric, piezoelectric, and pyroelectric properties, which provide broad
application potential in sensors, actuators, capacitors, energy harvesting systems, and functional composites [4].
Current studies indicate that PVDF is an important fluoropolymer characterized by outstanding piezoelectric
properties, thermal stability, and mechanical strength, providing both structural integrity and functional electrical
response. The technological significance of PVDF arises from the combination of its piezoelectric and pyroelectric
properties with mechanical, chemical, and thermal stability. PVDF is a semicrystalline thermoplastic fluoropolymer
distinguished by high dielectric performance, electroactivity, and engineering durability, and is therefore widely used
in energy-related applications, sensing, and functional composites. It is a well-known organic ferroelectric polymer
and, due to its thermal and chemical stability, has been successfully applied in sensors, actuators, capacitors, and
binder systems. Piezoelectric polymers of the PVDF/PVDF- trifluoroethylene (TrFE) type offer advantages such as
simple processing, lightweight and thin structures, chemical resistance, low environmental sensitivity, and
biocompatibility. PVDF is a multiphase material and can exist in the a, B, y, and  crystalline modifications; among
these phases, the B-phase is considered particularly valuable from a functional point of view because of its high
polarity and electro-activity [5].

It is well known that the a-phase is a non-polar modification that is readily obtained from the melt, whereas the
formation of the B-phase or the a—f transformation is one of the main research directions in the development of
PVDF-based functional materials, and this transformation can be enhanced through annealing, stretching, and the
incorporation of suitable fillers. At the same time, studies show that within a composite system PVDF acts not only
as a passive matrix, but also as an active functional polymer medium that improves surface smoothness, interfacial
quality, and the overall piezoelectric response. In recent years, among the semiconductor- and nanocarbon-based
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fillers introduced into PVDF, Ga.Os and carbon nanotubes (CNTs) have attracted particular interest. Owing to its
wide band gap of approximately 4.2-5.3 eV, high breakdown field, and favorable electron transport characteristics,
Ga:0s; has emerged as a promising semiconductor material for high-temperature electronics, ultraviolet
photodetectors, gas sensors, and radiation-resistant devices [6-9]. Zhang demonstrated the advantages of Ga.Os in a
power diode with record performance and confirmed its strong potential for high-voltage electronics with a
breakdown voltage of 8.32 kV. Although several polymorphs of Ga:0s are known, B-Ga.Os is considered the most
thermodynamically stable phase, and under high-temperature conditions the other modifications also tend to
transform into this phase [10]. On the other hand, CNTs are regarded as one of the most promising nanofillers for
PVDF due to their low mass density, high aspect ratio, large specific surface area, high electrical and thermal
conductivity, and superior mechanical strength, and they not only create a conductive network within the composite
but can also promote B-phase formation, heterogeneous nucleation, and the oa—f transformation under appropriate
dispersion and functionalization conditions [11, 12]. In addition, CNT incorporation can enhance the mechanical
properties, increase the development of the trans/B-oriented structure, and sharply improve electrical conductivity
because of the low percolation threshold, although excessively high loading may lead to agglomeration, porosity, and
brittleness, resulting in deterioration of the properties. Therefore, the combined use of f-Ga20s and CNTs within the
same PVDF matrix may be considered a favorable approach for obtaining multifunctional composite systems that
exhibit a synergistic effect in terms of electron transport, interfacial interaction, mechanical stability, and phase
regulation [13,14].

For such composite systems, PVDF nanofibrous mats produced by electrospinning are of particular importance
because their large surface area and porous structure enable more efficient distribution of fillers such as CNTs and (-
Ga:20; along the fibers, thereby allowing the simultaneous tuning of electrical and structural properties. Nevertheless,
accurate analysis of the phase composition and crystallographic structure is essential for a proper understanding of the
interaction of fillers with the polymer matrix, the crystallization behavior, and the phase balance in composite
nanofibrous materials [15]. In addition, structural defects such as vacancies, dislocations, lattice distortions, and
interfacial defects can significantly influence the crystallization behavior, phase stability, and functional properties of
polymer-based nanocomposites, and the investigation of these defects by structural analysis methods is important for
understanding structure—property relationships. In this respect, X-ray diffraction (XRD) is one of the most reliable
structural analysis methods for a wide class of materials ranging from nanopowders and metal alloys to ceramics,
composite coatings, and nanofibrous systems, particularly for determining phase composition, identifying crystal
structure, and evaluating the degree of crystallinity. Through XRD analysis, structural features such as the formation of
new phases, phase transformations, changes in lattice parameters, texture, crystallite size, and microstrain can be
monitored, which makes it possible to substantiate the relationship between preparation conditions, filler concentration,
modification processes, and functional properties [16].

However, although numerous studies on PVDF-based composites have been reported in the literature, the
combined and concentration-dependent effect of B-Ga,O3; and CNTs, particularly with respect to structural phase
transformation and B-phase formation, remains insufficiently explored in a systematic and comparative manner. In most
of the existing studies, these components have either been investigated separately or only their general electrical,
dielectric, or mechanical effects have been evaluated. In contrast, the incorporation of B-Ga.0s; and CNTs into PVDF at
different ratios can modify dispersion, interfacial interaction, crystallization behavior, and phase balance in different
ways. Therefore, investigating the changes induced in the structure and functional properties of the PVDF matrix as a
function of additive concentration is of considerable importance from both fundamental and applied perspectives.

EXPERIMENTAL PART

This study employed B-Ga>Os; nanopowder purchased from Sigma-Aldrich, characterized by a monoclinic crystal
structure (space group C2/m), a purity exceeding 99.99%, an average particle size of approximately 20 nm, and a true
density of 5.88 g/cm?®. Carbon nanotubes (CNTs) with a minimum purity of 99% were used as the conductive filler. The
CNTs had a specific surface area of approximately 700 m?/g, an average tube diameter of approximately 0.84 nm, and a
material density of 1.7-1.9 g/cm® at ambient temperature. Here, the material density refers to the density of the CNT
material itself, whereas the reported bulk density of approximately 0.1 g/cm? refers to the apparent density of the CNT
powder, including the interparticle void space, prior to its incorporation into the composite. Poly(vinylidene fluoride)
(PVDF) powder, supplied by BLD Pharm (China), served as the polymer matrix and had a molecular weight of 6.0 x 103
g/mol. For preparation of the electrospinning solution, a mixed solvent system consisting of N,N-dimethylformamide
(DMF, 99.8%, Sigma-Aldrich, Germany) and acetone (99.9%, PanReac AppliChem, Spain) was used.

Composite nanofibrous samples were prepared using poly(vinylidene fluoride) (PVDF) as the polymer matrix,
with gallium oxide (B-Ga»O3) and carbon nanotubes (CNTs as functional additives (Fig.1.)). The XRD pattern of the f-
Ga,0; nanopowder and CNT was recorded at room temperature using Cu Ko radiation (A = 1.5406 A), whereas the
pristine and composite PVDF nanofibrous samples were measured using Co Ka (A = 1.7890 A) radiation. The
corresponding diffraction patterns were analyzed in their respective 20 ranges for phase identification and comparison.
Electrospinning was carried out onto aluminum foil substrates with a thickness of 14.2 £ 0.5 um. A mixed solvent
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system consisting of N,N-dimethylformamide and acetone in a 60:40 volume ratio was employed, and the PVDF
concentration in the spinning solution was fixed at 10 wt%. The total content of CNT and f-Ga,Os additives did not
exceed 2 wt% relative to the PVDF mass. Different composite compositions were fabricated to examine the effect of
additive ratio, namely 1 wt% CNT-1 wt% B-Ga,0s, 0.5 wt% CNT-1.5 wt% B-Ga;03;, and 1.5 wt% CNT-0.5 wt% -
Gay03, along with a pristine PVDF sample prepared under identical conditions for comparison. Prior to polymer
addition, CNT and B-Ga,O3; powders were dispersed in the solvent mixture via ultrasonic treatment at 23.59 kHz for 15
min, after which PVDF was added and the suspension was magnetically stirred at 300 rpm for 1 h to obtain a
homogeneous electrospinning solution.

Sample Preparation Process

Electrospinning Process

CNT & B-Ga,0, Dispersion PVDF Solution Mixing Syringe Pump Composite Nanofiber Mats

Pristine PVDF

Ultrasonication
23.59 KHz
—

Ultrasonication
23.59 KHz

Magnetic Stirrir&/

=300 rpm Aluminum Foil Substrate

Figure 1. Schematic illustration of the sample synthesis process

Electrospinning was performed using a Nanon-01A system (MECC Co., Ltd., Japan) equipped with a rotating
drum collector (F90XSH200). The process parameters included an applied voltage of 25 kV, a solution feed rate of 1.6
mL/h, a spinneret diameter of 0.413 cm, and a spinneret-to-collector distance of 15 cm at a perpendicular orientation.
The collector drum rotation speed was maintained at 50 rpm, while the spinneret traversed along the X-axis at 1 cm/s,
with a total spinning volume of 10 mL for each sample. The resulting mats formed an interconnected PVDF nanofiber
network, either pristine or incorporating CNT and B-Ga,Os additives. Thickness measurements were carried out using a
LITEMATIC VL-50 instrument (Mitutoyo, Japan) under a minimal measuring force of 0.01 N. The pristine PVDF mat
exhibited a thickness of 15.3 £ 3.1 um and an areal density of 13.8 + 0.2 g/m? whereas the composite mats showed
increased values of 24.1 + 2.3 um and 17.4 + 0.3 g/m?, respectively, after careful removal from the aluminum foil
substrates.

X-ray diffraction (XRD) measurements were carried out to determine the phase composition and crystalline
structure of the electrospun PVDF-based nanofibrous mats and their CNT/B-Ga,0Os-loaded composites. Diffraction
patterns were recorded at room temperature using a PANalytical EMPYREAN diffractometer with Co Ka radiation
[17]. XRD patterns were recorded over the 28 range of 20°-100° with a step size of 0.026°. The obtained XRD data
were used to compare the pristine PVDF mat with the composite mats (1 wt% CNT—1 wt% B-Ga,03, 0.5 wt% CNT-1.5
wt% B-Gay03, and 1.5 wt% CNT-0.5 wt% B-Ga,03), enabling evaluation of additive-induced changes in crystallinity
and diffraction features relative to the polymer matrix.

RESULTS AND DISCUSSIONS

The experimentally observed diffraction peaks were indexed to the monoclinic -Ga20s phase (space group C2/m)
and compared with the reference diffraction data (PDF No. 43-1012). Differences in relative peak intensities are attributed
to differences in crystallite morphology and preferred orientation. The experimentally observed reflections of monoclinic
B-Ga:0; were located at 20 = 15.70°, 18.95°, 24.24°, 30.11°, 31.73°, 33.49°, 35.22°, and 38.42°, corresponding to the
(001), (=201), (201), (400), (=202), (—111), (111), and (—402) crystallographic planes, respectively [18].

The a«>f phase transition in PVDF is one of the main topics of interest in current research. To examine the
occurrence of a-to-f or reverse phase transformation, Ga,Os and CNT compositions were introduced into PVDF in
different ratios. Fig. 3. shows the concentration-dependent changes in the diffraction peaks of the PVDF samples. In the
initial state, the a and P phases are observed in the spectrum of pristine PVDF. Since the XRD analysis was carried out
using Co-Ka radiation, the scattering centers of the peaks appear shifted toward higher angles. Thus, the o phase, which
is observed at about 18.2° with Cu-Ko radiation, appears at approximately 20.3° in our study. Accordingly, the
diffraction peak begins at ~19.75° and ends at 20.98°. This peak corresponds to the (100) reflection of the a phase. The
XRD spectra show that the region from 21.75° to 22.5° corresponds to diffraction from the y phase, associated with the
(002) and (110) Miller indices [19]. In the literature, these peaks assigned to this phase have also been observed in the
spectrum with slight shifts. The intensity of these peaks corresponding to the y phase is significantly lower than that of
the other peaks, and they appear as a small fraction within the background in a polymorphic manner. The most intense
peaks, however, correspond to the diffraction peaks of the B phase. The peak attributed to the § phase is located in the
range from 23.19° to 25.5°. It is known that this peak corresponds to indexing as the (110) and (200) reflections.
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Figure 2. X-ray diffraction spectra of the f-Ga203 and CNT samples, shown in panels a and b, respectively

In general, it is evident that PVDF exhibits a three-phase structure. If we consider the effect of the compositions
and examine the influence of the ratio difference, it can also be seen from the spectrum shown in red that when
CNT/Gax0s is 1/1, a pronounced decrease in the intensity of the a phase is observed together with an increase in the
peak corresponding to the y phase. The addition of the content into the system also changed the scattering centers.
When the components were introduced into PVDF in equal proportions, the scattering peak of the o phase was shifted
to the range of approximately 19.7° to 20.05°. This may indicate that the introduced composition brought a certain
degree of ordering into the system, and the shift of the peak center toward lower angles may be interpreted as an
increase in the unit-cell volume. As is known, the y phase has an orthorhombic structure, and therefore growth in
different directions can lead to orientation-dependent changes that result in entirely different lattice parameters.

4 (0.5:1.5) CNT/Ga,0;

(1.5:0.5) CNT/Ga, 0
4 (1:1) CNT/Ga,0;
A Initial

s
=
-
3

21.8°

Intensity (a.u.)

10 15 20 25 30
209
Figure 3. Change in the XRD spectra of PVDF as a function of the embedding amount. Black points correspond to the initial
state, red points correspond to the (1:1) ratio, green points correspond to the (1.5:0.5) ratio, and blue points correspond to the
(0.5:1.5) CNT/GayO3 embedding ratios. The centers of the peaks belonging to the o - phase are marked in black, the peaks
belonging to the y — phase are marked in red, and the peaks corresponding to the - phase are marked in green

In general, it is difficult to distinguish reflections with close d-spacings in PVDF systems. During crystal growth,
the periods along the chain in the c-direction are large, and therefore the sample cannot be ideally oriented. It is this
imperfection that causes different orientations to appear, allowing the (002) peak of the y phase to dominate over the
(200) reflection. Of course, in this case it should also be noted that the compositions added in equal proportions may
have had a stronger effect on a lattice parameter. Thus, growth along the (200) direction may dominate over that along
(002). Overall, it becomes clear that the CNT/ Ga,O3 additive introduced in equal proportions does not lead to a phase
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transition between the a and B phases. Rather, it mainly affects the y phase and promotes a change in its orientation.
Studies show that the addition of oxide ceramics to PVDF leads to a decrease in the a phase and the development of the
v and P phases. However, the CNT introduced into the system improves interfacial interactions and makes the
microstructure more heterogeneous [15]. A number of studies have shown that CNT addition promotes the increase of
the B phase and raises the p/a ratio, and this difference may even reach 95% [20].

Thus, the results and comparisons show that embedding CNT/Ga,O3 in equal proportions (1:1) leads to an increase
in B-phase formation and promotes the development of the y phase. Confirmation of this interpretation can be clearly
seen in the case of 1.5/0.5 CNT/ Ga,O3; embedding. The corresponding spectrum clearly shows that although the
relatively higher CNT content appears to have a positive effect on B-phase formation, the peaks assigned to the y phase
are weaker than those observed for the 1:1 composition. This indicates that Ga,O3; promotes the formation of the y
phase. The main confirmation of these results is also clearly observed in the final ratio. The spectrum shown by the blue
points in Fig. 3. indicates that, in the case of 0.5/1.5 CNT/Ga,O; embedding, the formation of the y phase is
significantly improved. However, no sharp change is observed in the peaks corresponding to the  phase.

CONCLUSIONS

Overall, the results show that the PVDF system, which initially consists of the a, B, and y phases, exhibits different
phase development after embedding depending on the introduced CNT/Ga,Os3 ratio. It was found that CNTs mainly
promote the stabilization of the B phase, whereas - Ga,Os exerts a stronger influence on the development of the y
phase. The changes observed in the o phase are mainly associated with the effect of CNT incorporation. Although no
significant change in the a phase was recorded when CNT/Ga,O; was introduced in equal proportions, it was
determined that a-phase formation was also supported to a certain extent in the case of 1.5/0.5 CNT/Ga,O3; embedding.
This indicates that the phase balance in the system is determined not only by the presence of the additives, but also by
their relative ratio.
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8 Asepbatiooicancoxuil ynieepcumem apximexmypu ma oydienuymea, baxy, A31073, Azepbaiioscan
Jnst nociipkeHHs 3a1exHoi Bix ckiany ¢azosoi eBoumomnii B MaTpuii PVDF 6y1no BurotosneHo enekrpodopMoBaHi HAHOBOJIOKHHCTI
MaTu Ha OcCHOBI momiBiHLTiAeHPTOpHAY (PVDF), mo Mictars Byrienesi HanotpyOku (CNT) ta manowactunkn B-Ga.0s. Matu 3
guctoro PVDF ta kommosuty 3i cmiBBigHomeHHsmMu CNT/B-Ga20s 1:1, 1,5:0,5 ta 0,5:1,5 mac.% Oyno oTpUMaHO 3a iIEHTHYHUX
YMOB eNeKTpo(GOpMyBaHHS 3 BHKOPHCTaHHAM cHucTeMH po3unHHHMKIB DMF/aneron. Kpucranmiuny crpyktypy Ta (a3oBud cKian
BUBYAQJIM 3a JOIIOMOrOI PEHTreHiBCchbkoi audpakuii 3 BumpominioBanHsM CoKo. Matu 3 umcroro PVDF pemonctpyBamu
Oararo(asHy CTPYKTYpY, IO CKIamaeTbes 3 o, B Ta v ¢da3. Ilicns nomaBanns CNT ta f-Ga20; croctepiranucst 4iTKi 3ayexHi Bif
CKJIaoy 3MIHM TIOJIOXKCHHS Ta IHTEHCHBHOCTI AudpakmiiHoro miky. CmiBBimHOomeHHs 1:1 3MeHmIyBano BHECOK o-(asu Ta
MOCUITIOBAIO BiIOWTTS Y-hasu, Toni Ak (-aza 3amuimanacs AOMiHAHTHOX. 30iNBIIEHUH BMICT ByrJeneBux HaHOTPYOok (CNT)
cipusB po3BUTKYy [(-hasu, Tomi sk mixBumeHui BMicT P-Ga:0s cnpusB yTBOpeHHIO Y-(asu. Pesympraté mokasyrors, mo CNT
MIepeBaKHO HiATPUMYIOTH cTabinmizanito PB-dasm, tomi sk P-Ga:0s Mae CHIBHIMMK BIUIMB Ha €BOJNIOLIIO y-(a3u Ta CTPYKTYypHY
nepebyaoBy. Lli pe3ynbTaTi MOKa3yroTh, 0 KPUCTAIYHUH (a30BuUil OanaHC enekTpodGopMoBaHUX HaHOBOJIOKOH PVDF moxe Oytu
e(eKTHBHO peryJIboBaHMi IILIXOM KOHTposboBaHoro BrmoueHHsT CNT/B-Ga20s.
KurouoBi ciioBa: nozigininioengpmopud, bema-oxcuo eanito; gyeneyegi Hanompyoxu; komnosumui mamepianu, XP/{
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Using methods for measuring the dependence of the true secondary electron yield 8 on the primary electron energy Ep, as well as
Auger-electron and photoelectron spectroscopy, the effects of Cs deposition with thickness 6 from 0.2 to 4 monolayers on the
composition, valence-electron density of states, and energy-band parameters of NiO and MoQOj; films were studied. It is shown that at
0 = 1 monolayer (ML), the largest decrease in the electron affinity y, the largest increase in the secondary electron yield §, and the
photoelectron quantum yield Y occur. At the same time, the band gap width E¢ and the positions of peaks in the valence-electron
spectra remain practically unchanged. It was shown for the first time that, for NiO, at 6 = 1 ML, the surface electron affinity
approaches zero. It is found that at 6 > 1 ML, changes in the composition, structure, emission, and optical properties of the Cs—NiO
system begin to be influenced by the thickness of the Cs film.

Keywords: Transition metal oxides; Cesium adsorption; Electron affinity; Secondary electron emission, Photoemission

INTRODUCTION
Transition metal oxides such as NiO and MoOjs attract considerable interest due to their numerous applications in
various fields [1-6], including electrochemical energy storage and photoelectrochemical devices, catalysis and sensing,
lithium-ion batteries, flame-retardant materials, optical devices, and other electrochemical applications.

NiO is a wide-band-gap p-type semiconductor with a band gap in the range of 3.6-4.0 eV, depending on the oxide
preparation technique and the measurement method [7-9]. MoO3 is an indirect-band-gap n-type semiconductor with a
band gap ranging from 2.8 to 3.6 eV, depending on the phase state and structure (bulk material, film, or nanostructure),
as well as on the measurement technique [10—12].

Nickel and molybdenum oxide nanostructures can be fabricated by various methods, including thermal
evaporation [13, 14], solution combustion [15], hydrothermal synthesis [16, 17], co-precipitation [18], wet-chemical
methods [19], sol-gel processing [20, 21], and pyrolysis [22, 23]. In recent years, low-energy ion implantation has been
widely employed to control the composition, structure, and properties of materials of various types [24-35].

In Ref. [24], nanometer-scale MoO3 films were fabricated on a Mo single-crystal surface by thermal oxidation and
ion implantation. The dependence of the Mo surface coverage by MoOs3 cluster phases on ion dose was determined.
Films with a thickness of approximately 100 A were obtained by sequential implantation of ions with energies of 5, 3,
and 1 keV. It was established that thermal oxidation forms homogeneous MoOs films with good stoichiometry and
thicknesses ranging from 50-60 to 600-700 A, whereas ion implantation yields films with thicknesses ranging from
25-30 to 100 A.

In Ref. [28], it was shown that implantation of MoOj3 with Ba* ions leads to the formation of an ion-modified layer
consisting of Mo—O, Mo—Ba—0, and Ba—O compounds. This results in a significant modification of the valence-band
density of states, a reduction of the work function @ to 2.7 eV, a decrease in the band gap E, by approximately
1.5 times, and a 1.5-fold increase in the maximum secondary electron emission coefficient om.

In the present work, the effect of Cs atom adsorption with a thickness 0 ranging from 0.2 to 4 monolayers (ML) on
the composition, electronic structure, emission, and optical properties of the wide-band-gap semiconductors MoOj3 and
NiO is investigated for the first time.

EXPERIMENTAL TECHNIQUE

All technological treatments (thermal annealing, oxidation, and ion implantation) and investigations of
composition, electronic structure, and physical properties were carried out in the same ultrahigh-vacuum (UHV) system.

The elemental and chemical composition of the nanofilms was determined by Auger electron spectroscopy (AES),
while the electronic structure was studied using ultraviolet photoelectron spectroscopy (UPS). Depth profiles of
impurity distribution were obtained by layer-by-layer Auger analysis by sputtering the sample surface with Ar* ions at
1 keV and an incidence angle of approximately 80° to the surface normal. The etching rate was approximately
(3 £ 1) A/min. The uncertainty in determining atomic concentrations was approximately 56 at.%.
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The photoelectron quantum yield Y was measured at a photon energy of 4v = 10.8 eV. The energy dependence of
the secondary electron emission (SEE) coefficient ¢ was measured in the primary electron energy range
E,=100-1500 eV. Optical measurements were performed using AGILENT Cary 5000 UV-Vis-NIR spectrophotometer.

EXPERIMENTAL RESULTS AND DISCUSSION

Figure 1 shows the dependence of the true secondary electron yield (TSE) & on the primary electron energy Ep in
the range 1-15 eV for NiO with Cs films of different thicknesses. It can be seen that at 6 = 0, a sharp increase in
begins at E, = 5.21 eV, corresponding to the onset of electron emission from the top of the valence band, Ev, to the
vacuum level, Evac. At 0 = 0.5 ML, a sharp increase in 6 is observed starting from E, = 4.3 eV; at 6 = 1 ML from
E,=3.6eV;and at 0 =2 and 4 ML from £, =4.0 eV. At 0 > 1 ML, the value of § at all £, values is lower than that for
pure NiO. This is due to the fact that at 6 > 1 ML, true secondary electrons originate not only from NiO but also from
the Cs film.

0.5

0.4

0.2

0

1 5 7 9 M Eev
Figure 1. Dependences d(Eyp) in the range Ep = 1-15 eV for NiO with Cs films of thickness 6, ML: 1 —0; 2 —-0.5;3-1.0; 4 -2

Since the emission efficiency of Cs is significantly lower than that of NiO starting from 6 = 1 ML, the value of &
decreases over the entire E, range as the thickness of the Cs film increases. In the initial part of the 8(£,) dependence for
NiO films, weak features associated with the presence of impurity levels are observed. With the shift of the spectrum's
lower end toward lower E;, values during Cs adsorption, the positions of impurity levels also shift in parallel. It can be
assumed that during Cs adsorption at 6 < 1 ML, the positions of the impurity levels remain unchanged. However, at 6 >
1 ML, these impurity levels are poorly detected.

vi, 107

40t

30

20

2 3 : ' 5 eV
Figure 2. Dependences of Y'/? on hv for NiO with Cs films of thickness 0, ML: 1 -0;2-0.5;3-1.0; 44

At the same time, spectral distributions of the photoelectron quantum yield were recorded for the studied samples.
Figure 2 shows Fowler plots (dependences of Y'/2 on Av) for NiO with Cs films of different thicknesses. It can be seen
that the photoelectron work function values at the top of the valence band (Ev) for NiO and NiO with Cs films of
thicknesses 0.5, 1.0, and 2 ML are in good agreement with the data in Fig. 1.

Figure 3 shows the dependence of the light transmittance coefficient T on photon energy hv for pure NiO and NiO
with Cs films of thickness 6 = 0.5 and 1 ML. It is observed that the value of T remains nearly unchanged up to
hv=3.5¢V, then decreases sharply to zero. Extrapolation of the second part of the curve to the Av axis gives an
approximate value of the band gap E,. For NiO, E; = 3.72 eV. After Cs deposition with thicknesses of 0.5 and 1 ML,
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the value of T slightly decreases in the range 4v from 7.0 to 3.2 eV, but the value of £, remains practically unchanged.
This shows that for Cs deposition with 6 < 1, the band gap E,; does not change significantly, and the decrease in the
photoelectron work function @ is mainly due to a decrease in the electron affinity y.

T, %

0.6

0.4

0.2

0

2I.5 31‘0 375 /n',le\/
Figure 3. Dependences of the light transmittance coefficient T on photon energy Av for NiO with film thickness 6, ML: 1 — 0;
2-0.53-1.0

Based on these data, we determined the work function ®@ of NiO with a thin Cs film (Fig. 4). One monolayer was
taken as the reference, corresponding to the minimum e@ value. From Fig. 4, it can be seen that during deposition for
1.2 min, the dependences ®(t) and y(t) pass through a minimum, decreasing by about ~ 2 eV. At t = 2.4 min, 0 equals 2
monolayers; at t = 4.8 min, 6 = 4 ML. At 6 = 2 monolayers, the values of ® and y slightly increase and then remain
practically unchanged with further increase in 6, i.e., the value of @ characteristic of a thick Cs film is established.

@, eV 1 eV
6 11.5

4}t 410.5
3t o
0 1.2 2.4 3.6 4.8 t, min

Figure 4. Dependence of the photoelectron work function @ and electron affinity y on the Cs deposition time on the NiO surface

Table 1 presents the energy-band parameters for NiO with Cs films of different thicknesses, determined from
Figs. 1 and 3.

Table 1. Energy-band parameters and emission parameters for NiO with submonolayer Cs coverage

Parameters 0, ML d=FE,eV Eq eV x> eV Om Y (at hv=10.8 eV)
0 5.21 3.72 1.49 3.1 6-107
0.5 4.3 3.72 0.58 4.1 9-1073
1 3.82 3.72 0.10 4.9 3102
2 3.71 3.72 -0.01 3.9 8-10°

From the table, it is evident that up to 8 =1 ML, as y decreases, the values of Y and o, increase significantly.
At 8 =1 ML, the value of y approaches zero (Fig. 5).

Similar studies were also conducted on MoOs; films. The results are summarized in Table 2. It can be seen that, in
this case as well, Cs deposition does not change E,, while Ev and  decrease, and o, and Y increase noticeably. Unlike
NiO, in the case of MoO3, Cs adsorption with 6 < 1 leads to a much larger decrease in ® and y, but the effect of
negative electron affinity does not occur.
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Figure S. Energy diagrams of the surface: 1 — NiO; 2 — NiO with a Cs film of thickness 0.5 and 1 ML.

Table 2. Energy-band parameters and emission parameters of MoO3 with submonolayer Cs coatings

Cs? — MoO:3 Parameters
Ev, eV Eq, eV % eV Om Y
6=0ML 7.9 34 4.5 34 4.5-10°
6=0.5ML 6.2 34 2.8 - -
6=1.0ML 5.5 34 2.1 5.8 6-10?
6=2.0 ML 5.7 34 2.3 4.5 2-1072

w

— measurements were not performed.

It should be noted that in the case of Cs® — NiO, at = 1 ML the value of y approaches zero; however, a very
sharp (10 times or more) increase in om and Y, which is typical for semiconductors with negative electron affinity, is
not observed. In addition, during Cs adsorption with 6 = 1 ML for binary semiconductors (GaAs, GaP) and wide-band-
gap semiconductors (MgO, WO3), the value of y decreases by 2.5 eV or more. In the case of NiO, this decrease is only
about ~1.4 eV. These issues require further experimental and theoretical investigation.

CONCLUSIONS

1. For the first time, the influence of submonolayer Cs coatings on the electronic structure, emission, and optical
properties of NiO and MoOj; oxides has been investigated. It has been shown that at 8 < 1 monolayer, the values
of om and Y increase significantly, which is explained by a decrease in y to 1.61 eV (NiO) and 2.4 eV (Mo0O3).

2. It has been shown that during Cs adsorption at 6 < 1 ML, the composition of the surface layers remains
practically unchanged; the band gap width and the valence-electron density-of-states structure also remain
unchanged.

3. In the case of NiO, during Cs deposition at 0 = 1 ML, a Cs? — NiO system close to negative electron affinity is
formed. However, in this case an increase in 6, and Y is not observed.
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BILIUB AJCOPEIIIi CYBMOHOIIIAPOBUX IIOKPUTTIB Cs HA EJIEKTPOHHY CTPYKTYPY TA ®I3UYHI
BJIACTHUBOCTI NiO TA MoO;
A.Y. XyxanisizoBa, [I.A. Tamumyxamenosa, B.E. Ymip3akos, M.B. IOcymkonoBa, 3.P. Cainaxmenona, I1I.K. ConieBa
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This paper presents the research results on the age determination of low-enriched uranium in various physical forms using gamma
spectrometry methods. The objects of study were uranium working reference materials (uranium oxide powders, uranium alloys, fuel
pellets, and microspherical fuel) with 2>U enrichment levels ranging from 0.47% to 19.75%, developed at the NSC KIPT. Two analytical
approaches for uranium age dating were proposed and tested: Approach 1 is based on a broad-energy germanium detector (BEGe3830)
and the 2!Bi/?**U chronometer; this method demonstrated efficiency across a wide range of enrichments, from natural to enriched
uranium. Approach 2 utilizes a low-energy detector (GL1015R) and the >*Ra/?**U chronometer; it has been found that this approach
is limited to enriched uranium only. The results for the calculated age and model production dates obtained by both approaches are in
good agreement. The average measurement uncertainty was approximately 10% with an exposure time of 400 000 s.

Keywords: Uranium age dating; Isotope chronometer; Gamma-spectrometer; Enriched uranium

1. INTRODUCTION

In nuclear forensics, the ”age” of uranium is defined as the time elapsed since its last chemical purification - the point
at which all decay products were removed. In other words, it represents the material’s production date or the date of the last
technological processing, such as enrichment. The determination of uranium age is a fundamental tool for the attribution
of nuclear materials. This parameter allows for the reconstruction of a sample’s processing history, the establishment of
its technological links to specific stages of the nuclear fuel cycle, and the performance of comparative analyses to identify
whether different samples share a common source of origin. Modern research in nuclear forensics highlights several
key approaches to dating uranium-containing materials, all based on measuring radioactive disequilibrium. The primary
challenge for gamma spectrometry methods remains the necessity of detecting low activities of decay products against the
background of high activity from the parent uranium nuclides.

Chronometer 2'#Bi/?**U: The use of short-lived decay products, such as bismuth-214 (>'*Bi) [1], is considered an
effective non-destructive analysis method for the rapid determination of the time elapsed since the last material processing.
As stated in TAEA guidelines, high-resolution gamma spectrometry (HRGS) allows such measurements to be performed
without opening the containers. However, the accuracy of this chronometer critically depends on the airtightness of the

packaging and the retention of radon-222 (*>Rn), which is an intermediate product in the decay chain [2]. In a simplified
form, the age of uranium is defined as: ¢ = ﬁ -In (1 + %), where 184=226 _ decay constant of 2?°Ra; AB*~21% and

AU=23% _activities of 2'*Bi and 234U, respectively.

Chronometer 2°Th/?3*U: This ratio is considered the most reliable "nuclear clock’ for uranium age dating. Classic
studies [3] have extensively investigated the validity of this chronometer and established that it provides high accuracy
for a wide range of materials - from fuel pellets to uranium ore concentrate. Although mass spectrometry is traditionally
used for this purpose [4], modern gamma-spectrum processing methods allow for the isolation of thorium-230 (**Th)

analytical lines, even in the presence of intense radiation from uranium isotopes [5]. Mathematically, the age of uranium

. . . . . . . Th-230 .
in this case is expressed via the activity ratio as follows: 7 ~ i - In (1 + IZUW) where 10230 is the decay constant of

230Th, and AT™-230 and AY-234 are the activities of 23°Th and 2*U, respectively.

Chronometer 2*'Pa/?U: The use of the *'Pa/?>U chronometer is considered one of the most complex yet
informative methods in nuclear chronometry. The technical value of this method lies in its ability to verify data obtained
from the primary thorium cycle. Since the half-life of the intermediate 23! Th is only 25.5 hours, the equilibrium between
235U and 2! Th is established very rapidly. In contrast, 23! Pa has a half-life of 32 760 years, making it ideal for measuring
the age of anthropogenic uranium over timescales ranging from several years to centuries.

To enhance the reliability of the results, the cross-dating method is commonly employed. Comparing the results
obtained from the 23°Th/?3*U and 23'Pa/?3>U pairs allows for confirmation that the system has remained closed since the
moment of chemical separation [6]. Such a comprehensive approach forms the basis of the attribution methodology for
unknown nuclear materials, enabling the identification of the sample’s source of origin with a high degree of probability.
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The objective of this study was to determine the age of low-enriched uranium in various physical forms. Based
on these uranium, working reference materials were developed at the NSC KIPT in 2014 to ensure the traceability of
gamma spectrometric measurements within the nuclear material accounting and control (NMAC) system at Ukraine’s
nuclear facilities. Obtaining additional analytical characteristics (signatures) of these materials is a topical task that will
enable their application in nuclear forensics both for ensuring measurement traceability and for conducting inter-laboratory
comparisons of gamma spectrometric research results among the national forensic laboratories of the GUAM countries.

2. MATERIAL AND METHODS

For uranium age dating we used working reference materials (WRM) with 23U enrichment levels ranging from
0.47% to 19.75% produced at NSC KIPT. The characteristics of the WRM are given in Table 1 below. Each uranium
material sample was placed in an airtight aluminum container with a side wall thickness of 5 mm and an end face thickness
of 2 mm.

Table 1. The characteristics of the working reference materials.

#/4# | Sample ID | Enrichment, % | Massof U, g Description
1 Upo #01 0.47 39.42 Powder UO,
2 Upo #02 0.72 37.89 Powder U30Og
3 Ume #03 0.72 40.72 Alloy U-NbZr
4 Ume #04 0.70 49.22 Alloy U-Ti
5 Upo #05 2.05 39.42 Powder UO,
6 Upo #06 4.08 39.42 Powder UO,
7 Upr #06 6.14 39.68 Uncoated microspheres based on UO,
8 Upr #06 6.25 37.05 Coated microspheres based on UO,
9 Ume #06 10.00 40.35 Alloy U-Mo-Nb
10 Upo #06 10.00 39.41 Powder UO,
11 Upo #06 16.46 31.19 Fuel pellets based on UO,
12 Upo #06 19.75 39.38 Powder UO,

A broad energy HPGe detector type BEGe 6530 (Canberra, USA) with a diameter of 70 mm and thickness of 30
mm, and a planar HPGe detector type GL 1015 (Canberra, USA) with a diameter of 36 mm and thickness of 15 mm were
used for gamma spectra acquisition. Genie-2000 software was used for gamma spectra acquisition and analysis, FRAM
and MGAU codes for uranium isotopic composition analysis, and FRAM code for calculation of detection efficiency.

The uranium age determination was carried out according to the following approaches:

Approach 1. Gamma Detector - broad energy HPGe detector type BEGe 3830; Gamma Ray Energies Range -
from 50 to 2600 keV; Chronometer - activity ratio 2l4g;4 / 234y, Analyzed 214Bj Gamma Lines - 609.32 and 2204.21 keV:
Analyzed 23*"Pa Gamma Lines - 766.36, 1001.02, 1193.77, 1510.10, 1737.80, and 1831.70 keV; Detection Efficiency: the
intrinsic/relative efficiency curve, which is constructed using the intensities of the 23*"Pa gamma quanta and the known
activity of the 233U isotope.

Approach 2. Gamma Detector - planar HPGe detector type GL 1015; Gamma Ray Energies Range - from 50 to 1100
keV; Chronometer - activity ratio 2'¥Bi/?**U and ?>Ra/?*3U; Analyzed >>>Ra Gamma Lines: 269.46 keV; Analyzed U
Gamma Lines: 275.35 keV; Detection Efficiency: the relative efficiency based on FRAM’s efficiency approximation (see
Fig.1).

3. RESULTS AND DISCUSSION

Fig. 2 shows the results of the experimental gamma-spectrum processing obtained using the Interactive Peak Fit
software, which is part of the Genie-2000 software package.

The 2'*Bi peak at 609.31 keV slightly interferes with the >3Pa peak at 612.00 keV, but these peaks are fairly easily
resolved. The 2'*Bi peak with an energy of 2204.21 keV is an interference-free monopeak. In the energy region of
265-290 keV there are many interfering peaks of 23°U, 223Ra, 2!°Rn, 23*Pa, 22" Th, 23! Pa. Despite the fact that the software
“Interactive Peak Fit” allows to calculate the areas of all peaks, the uncertainty of calculations increases and for 2>’Ra
peak with energy 269.46 keV it increases to 4—6%.

In order to calculate the model date of the WRM:s according to Approach 1, we calculated the activity ratios 234U />°U
and 2°U/?*U using the peak areas of 2>U at energies 143.76, 163.33, 185.72, and 205.31 keV and 2**U at energy 120.90
keV, as well as the values of 22U and 238U contents in the sample calculated with the FRAM software.

The next step involved calculating the 24Bi/?*8U, 2!4Bi/?3U activity ratio and model date of WRM:s using the
areas of 238U peaks at energies 766.36, 1001.02, 1193.77, 1510.10, 1737.80, 1831.70 keV and 2'*Bi at energies 609.31
and 2204.21 keV. The combination of activity ratios allows for obtaining the target value AB214/AU-234 by means the
expression given below:
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Figure 1. The relative gamma-ray detection efficiency curve based on the results of the FRAM program code approxima-
tion.
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Figure 2. The results of experimental gamma-spectrum processing using the Interactive Peak Fit software. Intervals

corresponding to the lines of the uranium chronometer: a) E = 607 - 614 keV, b) 2202 - 2010 keV, c) 260 - 290 keV. See
explanations in the text.

. . _1
ABi214  ABi214  (AU235  4U-238
AU234 — AU238

AU234 " AU235

D

To estimate the uranium age in the working reference materials using Approach 2, the activity ratio AP&-231/4U-235
was directly calculated using the detection efficiency values obtained via the FRAM software code. The results are
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presented in Table 2 and Fig. 3.

Table 2. Results of the age calculation and the model date of production for the uranium working reference materials.

Uranium Age (years) / Model Date of Production
Approach 1 Approach 2
Sample ID | 609.31 keV, 2*Bi | 2204.21 keV, >'*Bi | 269.46 keV, Z°Ra
Upo #01 457 49 +10 -
09.02.1979 15.04.1974 -
Upo #02 79+ 8 78 £8 -
20.05.1945 15.06.1945 -
Ume #03 74 £ 8 69 + 8 -
28.02.1950 30.06.1954 -
Ume #04 59+7 58 £10 -
09.12.1964 28.06.1965 -
Upo #05 25+3 29+4 25+28
28.08.1998 07.04.1994 03.10.1999
Upo #06 20+2 21+3 23+ 17
26.12.2003 26.10.2002 25.01.2002
Upr #07 53+5 56+5 55+8
13.03.1971 28.05.1967 17.11.1969
Upr #08 54+5 56+5 61+7
21.02.1970 25.05.1967 15.03.1964
Ume #09 36 +3 39+4 41 + 17
18.04.1987 24.09.1984 12.04.1984
Upo #10 18+£2 23+3 20+ 6
05.12.2005 25.11.2000 29.06.2005
Upr #11 42 +4 50+5 38+4
18.06.1981 11.07.1967 20.09.1986
Upo #12 15+£2 18+3
29.03.2010 - 24.02.2007

In general, the results of the uranium age dating for the working reference materials, obtained using different analytical
approaches, show good agreement with each other. It is worth noting that Approach 1 can be applied to determine the
uranium age across a wide range of enrichments, from natural uranium to enriched material (up to 20%). By contrast,
the Approach 2 is limited to the analysis of enriched uranium samples due to the necessity of determining the activity of
isotopes within the 2>3U decay chain.
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Figure 3. Age calculation results and measurement uncertainties for uranium reference materials.

The use of the 609.31 keV gamma ray of >'*Bi for dating relatively “young” uranium samples is preferable to the
2204.21 keV gamma ray, as the intensity of the last one in such samples is comparable to the background intensity of 2'4Bi.
The average measurement uncertainty was approximately 10% for a measurement time of 400 000 s. The primary
contribution to the measurement uncertainty stems from the uncertainty in calculating the areas of certain peaks and the
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uncertainty of gamma-ray emission probabilities for specific isotopes. For instance, the uncertainty of the gamma-ray
emission probability at 120.90 keV for the 2>*U isotope is approximately 8%.

4. CONCLUSION

This work presents studies on the age determination of low-enriched uranium in various physical forms using gamma
spectrometry. The research was conducted using uranium working reference materials developed at the NSC KIPT, which
included uranium oxide powders, uranium alloys, fuel pellets, and microspherical fuel.

Various analytical approaches have been proposed for uranium age calculation using two types of semiconductor
detectors (a BEGe3830 broad-energy detector and a GL1015R low-energy detector) and two chronometers based on the
determination of the 2!*Bi/?**U and ?>*Ra/?*U activity ratios. The age and model production dates for the uranium
working reference materials were calculated.

It was demonstrated that the results of the uranium age calculations obtained through various analytical approaches
are in good agreement with each other. The analytical approach based on the >'“Bi/?**U chronometer can be applied to
determine the uranium age across a wide range of enrichments, from natural to enriched uranium (up to 20%). In contrast,
the approach based on the 2*Ra/?*3U chronometer is limited to the analysis of enriched uranium samples.

The average measurement uncertainty was estimated to be approximately 10% for an exposure time of 400 000
s. Ways to improve the measurement uncertainty were proposed, such as increasing the exposure time or refining the
gamma-ray emission probabilities for certain isotopes.
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BU3HAYEHHA BIKY HU3bKO3BATAYEHOI'O YPAHY VYV PIBHUX ®ISNYHUX ®POPMAX METOJIAMHA
TAMMA-CHHEKTPOMETPII
Cranicaas Bamxka', [Imurpo Kyrniii', Cepriii Adpanacbes!, Imurpo Bypaeiinmii', Onexcanap Kykos”
VHayionanvnuii nayxosuii yenmp "Xapriscokuii pisuxo-mexnivnuii incmumym"HAH Yipainu,
eyn. Akademiuna, 1, Xapkie 61108, Ykpaina
2 [ncmumym adeprux docaioncens HAH Yipainu, np-m Hayxu 47, Kuie 03028, Ypaiua

VYV po6oTi npejcTaBieHO pe3ylbTaTh JOCIIiKEHHs 3 BU3HAUCHHsI BiKy HH3bKO30arayeHoOro ypaHy y pi3HHMX (i3uuHux ¢dopmax me-
TOlaMU raMMa-crieKTpoMetpii. O6’eKTaMi HOCTiPKEHHs CTaad poOOoUi eTaloHH YpaHOBUX MarepialliB (MOPOIIKK OKCHJIIB, MeTaJeBi
CIUIaBH, MAJMBHI TaOJIETKU Ta MiKpochepruuHe NaarBo) 3i 30araueHHsIM 3a 235U Big 0.47% mo 19.75%, mwo ctBopeHi B HHL «X®TI».
3anpornoHOBaHO Ta anpoOOBAHO AHANTUYHI T AXOAU 1Tl BU3HAaYeHHs BiKy ypany: Iliaxing 1 — Ga3yeTbcsi HA BAKOPUCTAHHI MIMPOKO/Ii-
amasonHoro setektopa BEGe3830 ta xporomerpa 2!4Bi/?*U; 1ieit MeToa MpoaeMOHCTPyBaB eheK THBHICTD JUTs IIMPOKOTO iHTepBaTy
30araveHsb, BiJj IPUPOAHOro a0 30aradeHoro ypany; Iliaxin 2: BUKOpUCTOBYEe HU3bKOeHepreTuuHuit qetektop Ty GL1015R Tta xpo-
Hometp 2*3Ra/?*3U; BCTaHOBNEHO, MO NAHMIl MiIXif OOMeXkeHMiA uile 36aradeHmiivM ypaHoM. OTpUMAHI pe3y/IbTaTH PO3PAXyHKY
BiKy Ta MOJIEJIbHUX JaT BUPOOHMIITBA 32 060Ma IiIXOAaMHU JIeMOHCTPYIOTh 100pY y3TOmkKeHICTh Mix cobom0. CepeJHsI HEBU3HAUEHICTh
BUMIipIOBaHb ck1ana npu6amnsHo 10% npu excriosumii 400 000 c.
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This analytical essay discusses antimony selenide (Sb2Ses) as a potential candidate material to be used as a thin-film photovoltaic
absorber. Sb2Ses has provided significant ecological/economic benefits, including large optical absorption, an adjustable band gap of
about 1.13 eV, and a lack of toxic elements. A parametric exploration was carried out in the current study based on the platform
SCAPS-1D in order to identify ideal layer designs, interfaces, carrier dynamics, and band alignments. This analysis has focused on
loss mechanisms which constrain photovoltaic performance in an effort to isolate and come up with strategies to inhibit Shockley-
Read-Hall recombination, surface recombination, band-offset differences, and internal diffusion effects. The results provide practical
suggestions for minimizing voltage losses, such as minimizing absorber/buffer thicknesses, minimizing acceptor densities, optimizing
the conduction band offset as close to zero as possible, and minimizing surface recombination and defect densities.

Keywords: SbxSes; Thin-film solar cell; SCAPS-1D, Theoretical model; Parameter optimisation, Photovoltaic efficiency

1. INTRODUCTION

The increasing energy needs of society have created an impetus to develop different means of harnessing
renewable energy through research and technology. In particular, newer photovoltaic (PV) technology represents a
more effective and environmentally friendly means of tapping into solar energy; additionally, the new methods being
developed also represent ways to reduce manufacturing costs while at the same time achieving extremely high
photovoltaic conversion efficiency PCE. Numerous categories of thin-film solar cell (TFSC) technology have garnered
significant research interest recently due to the ability to minimize material usage, increase flexibility, and achieve
high efficiency [1]. Recently, TFSC materials in multiple categories such as cadmium telluride (CdTe), copper indium
gallium selenide (CIGS), and perovskite have gained tremendous popularity for use in solar cells. However, each
material category has some limitations, particularly regarding the long-term viability of these materials (including the
toxicity of cadmium (Cd) and indium (In)). Thus, many environmentally friendly and non-toxic materials for
Photovoltaic (PV) applications have been researched, including copper zinc tin sulfide (Cu,ZnSnSs), SnS, Cu,0, and
CuSbSe; and their chalcogenides, antimony selenide (SbaSes) as well [2]. The maximum PCE obtainable by a single-
junction solar cell is 32.23%, which occurs at approximately 1.14 eV, the optimal energy bandgap for the absorbing
layer based on the Shockley-Queisser model [3]. These results indicate that Sb,Se; is becoming a candidate material
of choice for chalcogenides to absorb Solar Energy due to its opto-electronic properties such as high electron mobility
(15 cm?/Vs), hole mobility (42 ¢cm?/Vs), and good bandgap [4], which ranges from 1.10 -1.30 eV depending on
application. It also has very low conductivity [5], a low melting point (612°C), and a high absorption coefficient
(> 103 cm™). In addition, Sb,Ses has stability as an alternate absorber material for the construction of solar cells, thus
allowing compatibility with current methods of production. Studies conducted by Wen et al. [6] reported improved
charge-carrier mobility for the use of Sb,Ses layers produced by means of vapor transport deposition technology
(VTD), yielding efficiencies as high as 7.6% for VTD-produced films. Similarly, Li et al. [7] produced oriented
nanorod assemblies of SbSe; via closed-space sublimation (CSS) on Mo electrodes, yielding efficiencies of 9.2%.
Huan et al. [8] created thin-filmed Sb,Se; solar cells achieving 6.53% efficiency. Lin et al. [9] fabricated
glass/Mo/Sb,Ses/CdS/ITO/Ag solar cells by means of spray application yielding PCE of 7.43%, which was
subsequently improved to 8.64% by Tang et al. [10] Given the evolving effort to optimize these performance measures
the current understanding of Sb,Ses based solar cells has been explored with the aid of computer simulations utilizing
the SCAPS-1D software, further enhancing the understanding of photovoltaic phenomena and supporting experimental
development. The SCAPS-1D program is one of the most widely used tools for modeling thin-film solar cells. It has
demonstrated its ability to accurately predict how a given solar cell will perform. With SCAPS-1D, electrical and
optical properties of Sb,Ses solar cells were able to be accurately simulated and the effects of material properties, layer
thicknesses, doping levels, and defect densities on device performance were studied. As such, this simulation approach
can save significant time and money compared to traditional experimental trial-and-error approaches, while also
increasing understanding of the physical processes that limit device performance.

Cite as: K.M. Kuchkarov, B.A. Ergashev, R.T. Yuldoshov, M.P. Pirimmatov, R.R. Khurramov, D.Z. Isakov, M.A. Makhmudov, Sh.M. Bobomuradov,
A. Matmuratov, A.L. Eshqorayev, East Eur. J. Phys. 3, 402 (2026), https://doi.org/10.26565/2312-4334-2026-3-37

© K.M. Kuchkarov, B.A. Ergashev, R.T. Yuldoshov, M.P. Pirimmatov, R.R. Khurramov, D.Z. Isakov, M.A. Makhmudov, Sh.M. Bobomuradov,
A. Matmuratov, A.l. Eshqorayev, 2026; CC BY 4.0 license


https://doi.org/10.26565/2312-4334-2026-3-37
https://periodicals.karazin.ua/eejp/index
https://portal.issn.org/resource/ISSN/2312-4334
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-2238-7205
https://orcid.org/0000-0001-9456-7961
https://orcid.org/0000-0002-7886-1607
https://orcid.org/0009-0000-4829-7817
https://orcid.org/0009-0000-4829-7817
https://orcid.org/0000-0003-4314-5683
https://orcid.org/0009-0008-8836-0559
https://orcid.org/0009-0001-1338-3202
https://orcid.org/0009-0005-6121-6424
https://orcid.org/0009-0008-9022-5700

403
Modeling and Optimization Validation of Sb,Se, Thin Film Solar Cells... EEJP. 3 (2026)

In the research of Lin Ling-yang, the optimal layer thickness, defect density, and carrier mobility were identified by
SCAPS-1D for the Sb,Ses/CdS solar cell structure to improve the cell efficiency, based on the SCAPS-1D parameters
effective PCE. The solar cell structure has very promising attributes, including abundant material sources, low cost, and
nontoxicity, as well as very effective construction of the absorber layer (600 nm) and buffer layer (60 nm), improved hole
mobility, and low defect density. The PCE discovered in this research was 16.5% and consisted of a study of the effect
of back contact work function [11]. The new Sb,Se; based solar cell structure proposed by Baig and Faisal along with
other co-authors used Eco-friendly and inexpensive materials to achieve a solar cell efficiency of 13.2 per cent. The
researchers substituted the heavy-metal toxic elements Cd and Pb with Cu,O as an HTM, In,S; buffer layer, and a layer
of CNT as a back contact to form the innovative new solar cell structure [12]. The effect of interface passivation on the
performance of Sb,Se; solar cells was also investigated in research by Chen et al. [13], who found that interface
passivation was able to remove some defects and therefore, that SnO, was an important factor due to its ability to reduce
defects and increase cell performance, a key aspect for practical use of the cells. Research by Sheikh et al. [14] indicated
that CdS/SbySe; devices with a 1 um absorber thickness achieved a PCE of 29.35%. Similarly, [15]
ZnS/Sb,Ses/PEDOT:PSS devices with an absorber layer thickness of 0.8 um achieved the same PCE, which did not take
into account any influence of the defect density on the interface. A WS,/Sb,Ses/Cu,O solar cell with a 0.5 pm thick
absorber layer achieved a PCE of 30.03% [16], also without the effects of defect density on the interface. Because of the
interfacial layer separating the collector layer of the Sb,Ses (semiconductor) from the collector contact (metal), there are
less downward band bending at the Sb,Ses/metal junction, making it easier for electrons and holes to move through the
collector layer toward the collector metal. Reducing downward band-bending at the SboSes/metal junction will eliminate
the “pinning” or locking of the Fermi energy level at this junction. Eliminating such pinning will also improve transport
of holes from the absorber layer to the collector, thereby reducing the amount of carrier recombination that occurs during
the illumination phase. The interfacial layer will also facilitate the movement of holes through the back contact via the
smallest band gap energy difference valence band offset (VBO) between the two. Therefore, it is critical to use certain
materials that are compatible with the hole transport material (HTM) and back surface field (BSF) materials to maximize
the electrical and optical performance. Cu;O, a non-toxic, abundant, and easily manufactured material has been found to
serve as a suitable HTM for Sb,Se; solar cells [17].

30 The current modeling methods (i.e. SCAPS-1D simulations)
' have already demonstrated that significant improvements in power
251 conversion efficiency for SboSe; solar cells can be achieved by

utilizing the modeling methods. Modern experimental fabrication
and characterization of Sb,Se; solar cells have thus been successful
""" with the SCAPS-1D simulations of these cells. The role of absorbers,
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Figure 1. Publications on Sb>Se3 based thin-film influences. As shown in Figure 1, the publications on Sb,Ses thin-
solar cells using SCAPS-1D, categorized by years film solar cells modelled using SCAPS-1D by the authors in journals

indexed in SCOPUS for the period of 2018-2025.

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

2. MATERIAL PROPERTIES

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

2.1. Material Structure

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

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

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

o

2.2. Defects in Antimony Selenide

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

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

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

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

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

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

3. INFORMATION ABOUT THE SCAPS-1D PROGRAM

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

3.1. Main Input Parameters

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

Bandgap (E,)

Dielectric permittivity (g)

Electron mobility and hole mobility (p)

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

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

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

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

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

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

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

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

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

3.2. Advantage of the SCAPS-1D program

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

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

3.3. Limitations of the SCAPS-1D Program

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

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

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

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

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

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

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

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

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

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

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

E. Jse PCE

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

5. CONCLUSIONS

By combining SCAPS-1D simulations with experimental analyses, significant progress has been achieved toward
optimizing Sb,Ses based thin-film solar cells. In this study, the optical, structural, and electronic properties of SboSes; were
comprehensively investigated, and several advanced device configurations including single p-n junctions, p*-doped, n'*-
enhanced architectures, p*/n" co-doped structures, and perovskite-integrated heterojunctions were analyzed. The modeling
results demonstrated that high efficiencies can be achieved with absorber layer thicknesses ranging from 800 nm to 1.5 pm,
low bulk defect densities on the order of 10'* cm™, interface defect densities of 10'! cm™, appropriate carrier mobilities, and
favorable energy band alignment. One important finding was the substantial benefit of incorporating a ZnSe layer as the
buffer material. This improvement results from its favorable band alignment, electron affinity, and excellent lattice
compatibility with Sb,Ses. Furthermore, the introduction of a p* layer was shown to enhance device efficiency. With a high
acceptor concentration (10'® cm™) in the p* region and a very thin (20 nm) layer, hole recombination near the back electrode
was significantly suppressed, leading to higher open-circuit voltage. Improved conduction and valence band alignment also
increased the diffusion lengths of electrons and holes, thereby enhancing the short-circuit current. Among all investigated
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configurations, the CuO BSF (back-surface field) layer achieved the highest efficiency of 32.1%. Cu,O, Sb,Ses, and CZTSe
were identified as promising alternative BSF materials, all effectively reducing SRH recombination at the rear interface. It
should be noted that the reported efficiency values are based on 1-D simulation assumptions involving ideal interfaces and
simplified defect densities; therefore, real devices must account for grain-boundary transport and anisotropy effects. The
study further showed that incorporating an additional n™ layer not just a single buffer can theoretically improve device
performance, as confirmed both by improved band alignment and experimental observations demonstrating enhanced
electron collection at the front contact. In contrast, the use of combined p*/ n” doping led to reduced efficiencies. This
reduction is attributed to an increased number of interfaces, which introduce additional recombination centers and thereby
lower the open-circuit voltage. Moreover, excessive total thickness decreases light absorption, reducing photon penetration
into the absorber and subsequently lowering the short-circuit current. Perovskite incorporation, particularly the inclusion of
BaZrSe; layer, significantly improved device performance. Structures employing this material demonstrated efficiencies
close to the Shockley-Queisser theoretical limit. These results were enabled by nearly ideal band alignment and exceptional
lattice matching between BaZrSe; and SbySes (with only ~0.2% mismatch). In summary, Sb,Ses based solar cells when
designed with careful consideration of defect passivation, interface engineering, and advanced heterostructure configurations
hold strong promise as next-generation high-efficiency photovoltaic technologies.
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MOJEJIIOBAHHSA TA ONITAMIZALIMHA BAJIJIAILIA TOHKOILIIBKOBUX COHAYHUX EJTEMEHTIB
SbzSe; Y IPOIT'PAMHOMY 3ABE3IIEYEHHI SCAPS-1D
K.M. Kyukapos, b.A. Eprames, P.T. FOanowos, M.II. Ilipimmaros, P.P. Xyppamos, /1.3. IcakoB, M.A. Maxmy1oBs,
I1.M. Bodomypanos, A.C. Matmypatos, A.l. Emikopaes
Dizuxo-mexniunutl incmumym imeni A.C. Azimoea, gyauys Yuneiza Aimmamosa, 25, Tawxenm 100084, Y3bexucman

VY 11p0My aHANITHIHOMY €ce PO3IIIAAETHCS CeNeHi] cypMH (Sb2Ses) sik noTeHuiiHMT MaTepiaa-KaHAUIAT U1l BAKOPUCTaHHS B IKOCTI
TOHKOILTIBKOBOTO (POTOCICKTPUYHOTO MOTTTHHAYA. SbaSes 3a0e3meunB 3Ha4HI €KOJOT1UHI/eKOHOMIYHI TIepeBar, BKIFOYAIOYH BEIUKE
OINITHYHE IOTJIMHAHHS, PEryJIbOoBaHy LIMPHHY 3a00poHeHOi 30HM O6iu3bko 1,13 eB Ta BiACyTHICTH TOKCHYHHX €JIEMEHTIB. Y IIbOMY
JIOCI/DKEHHI OyJIO MPOBENICHO MapaMeTpuyHe JocipkeHHs Ha ocHOBi miaardpopmu SCAPS-1D 3 MeTor BHU3HAUCHHS i€albHHX
KOHCTPYKLIi 1mapiB, inTepdeiiciB, [uHaMiKi HOCIIB 3apsiy Ta BupiBHIOBaHHs 30H. Lleii anani3 3ocepe/keHHi HA MeXxaHi3Max BTpar,
SIKi 0OMEKYIOTh (POTOCTEKTPUYHY MPOIYKTHBHICTh, 3 METOIO 130141 Ta pPO3pOOKHU cTpaTeriii 1uist npurHidenHs pexomoOinamii [lokmi-
Pina-Xomna, moBepxHeBoi pekoMOiHaIi1, pi3HULI B 3MiIIEHHI 30H Ta €eKTiB BHYTPIMIHBOI Audy3ii. Pe3ynapraTn HamaroTh MpakTUIHI
MPOTO3HUIi OO0 MiHIMi3alli BTpaT HAMPYTH, Taki SK MiHIMi3allisl TOBIIMHU NOTIMHA4a/Oydepa, MiHIMI3alis TYCTHHH aKIENnTopa,
OIITHMI3alis 3MIIIEHHS 30HU IIPOBIJHOCTI SIKOMOra ONvpKYe 10 HyJ ISt Ta MiHIMi3allisi HOBEpXHEBOi peKoMOiHaIi{ Ta I'yCTHHH Ie(eKTiB.
Kontouosi cmoBa: SbaSes; momuxonniexosuii comsaunuu enemenm; SCAPS-1D; meopemuuna modens, onmumizayis napamempis;
omoenexmpuuna eghexmugnicmo
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In contrast to heat generation and thermal dispersal, the Hall current and rotation factors of a kerosene-based titanium dioxide
nanoliquid discharge across two parallel walls embedded in a porous channel are inspected. Suction and hydromagnetic factors are
contemplated. Using appropriate initial and boundary conditions, the perturbation approach can yield a precise analytical solution to
the governing equations for the nanofluid velocity, temperature, and concentration. Expressions for the shear stress, mass transfer
rate, and heat transfer rate at the plates can be obtained. On the one hand, a graphical representation of the primary and secondary
velocities, the nanoliquid temperature, and the species concentration is shown. However, for distinct values of the related flow
factors, the numerical estimates of shear stress, mass transfer rate, and heat transfer rate for the walls are presented in tabular form.
Because of the solute buoyancy force's contribution, the resulting primary and secondary velocity profiles continuously rise to a high
level. The concentration increases in conjunction with increases in heat generation and thermal diffusion characteristics throughout
the nanofluid. When the thermal buoyancy force is high enough, the primary and secondary velocity profiles diminish. Hall current
and the Darcy parameter raise the primary and secondary skin friction coefficients at the upper wall while decreasing them at the
lower wall. However, the primary and secondary skin friction coefficients are affected in opposite ways by thermal buoyancy force
and magnetic parameter. Results are compared with existing literature.

Keywords: Nanofluid; Couette flow; Hall current; Heat generation; Suction

1. INTRODUCTION

In both theoretical and practical fluid mechanics, the study of nanofluid flow between two parallel plates is crucial.
A basic model for comprehending complicated fluid dynamics in constrained geometries is this flow arrangement,
which is frequently referred to as Couette flow. Its importance arises from its many uses, ranging from temperature
control in heat exchangers, where it improves heat transfer efficiency, to lubrication technology, where it aids in the
design of effective systems to lower friction and wear in mechanical components. Particularly in the field of biomedical
engineering, understanding disk flow is crucial for maximizing the efficiency of systems like centrifugal blood pumps,
which depend on regulated fluid dynamics. The generalized Couette flow of nanoliquid between two concentric
channels with particle injection has been examined by Soumya et al. [1]. The impact of radiating heat and nanoparticle
concentration on the natural convection Couette flow via a vertical channel was discussed by Swain et al. [2]. Heat
transfer and the Couette flow of viscoelastic dusty fluid via a porous oscillating plate in a rotating frame have been
studied by Ali et al. [3]. The thermodynamic study of Hall current and thermal diffusion on hydromagnetic Couette
flow in a rotating system with a convective boundary condition was conducted by Venkateswarlu et al. [4]. Heat
transfer increase of nanofluids in Taylor-Couette flow with an elliptical slit surface has been examined using machine
learning and numerical simulation by Sun et al. [5]. The mathematical modeling of nonlinear mixed convection
unsteady flow in a parallel plate inclined channel near time periodic boundary conditions was provided by
Venkateswarlu et al. [6]. Gupta [7] used a differential transform approach to examine the effects of volume fraction,
squeezing, and magnetic field on MHD nanofluid flow. The temperature and mass dispersion of mixed convective
MHD Casson nanofluid flow in a porous medium has been examined by Arpitha et al. [8].

Two types of thermal diffusion phenomena that take place in fluid systems are the Dufour and Soret
characteristics. The Soret effect is a technique that separates a liquid combination into its component parts by creating a
solutal gradient in the mixture because of a temperature gradient. Another name for this phenomenon is thermal
diffusion. The study of combustion processes is where the Soret effect is most evident because it is crucial in
determining the chemical composition of the combustion products. A comparable phenomenon is the Dufour effect,
which causes a temperature rise in a liquid mixture caused by a solutal gradient. Solute diffusion is the term used to
describe this process. Heat and mass transmission are two kinds of transport processes that can be studied using the
Dufour effect. Chemical engineering, physics, and biology all make extensive use of these effects. They can be applied,
for instance, to protein dynamics analysis, gas purification, and isotope separation. Given their wide range of utilizes in
chemical synthesis, pharmacology, and biotechnology, the Soret-Dufour effects must also be considered while
designing microfluidic devices. The magnetized dissipative Soret effect on nonlinear radiative Maxwell nanofluid flow
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with porosity, chemical reaction, and Joule heating was described by Bayones et al. [9]. The Newtonian fluid flow with
heat and mass transfer across an inclined sheet and magnetic field with Soret effects was described by Mudoi et al. [10].
The velocity slip and magnetic Soret effect on dissipative Maxwell liquid motion around a stretching wall with a heat
source and sink were examined by Basha et al. [11]. The Soret and Dufour effects on heat-destructive Casson liquid
movement past an infinite perpendicular plate were studied by Venkateswarlu et al. [12]. The implications of heat
sources and chemical responses on oscillatory suction in MHD flow by means of permeable medium with the Soret
phenomenon were discussed by Pandey [13]. Using an artificial neural network, Jangid and Kolla [14] described the
Soret impact and magnetic field on a mixed convection Williamson fluid model across a vertical channel. The
consequences of Soret and Dufour characteristics on micropolar fluid passing a stretched sheet in a porous media were
reported by Ahamed sheriff et al. [15]. Utilizing a chemically reacting porous stretching plate, Sarma et al. [16]
explored the MHD flow and the impacts of Soret, Dufour, and thermophoresis. The significant advancements in our
knowledge of fluid flow with Soret and Dufour effects are shown in the publications Venkateswarlu and Venkata
Lakshmi [17, 18], Makinde et al. [19], Jayanthi and Niranjan [20], and Venkateswarlu and Phani Kumar [21].

Magnetism, one of the most crucial concepts in engineering and manufacturing, has a wide range of uses. Heat
transmission, clutches, compressors, as well as other industrial devices are all impacted by magnetic fields and fluid
nanoparticles. Magnetic fields can modify and make available the cooling rate of various technical devices. The
dispersion and strength of a metamaterial affect the flow characteristics. The unstable MHD slip flow with radiative
heat and mass transfer across an inclined plate embedded in a porous medium was described by Venkateswarlu and
Makinde [22]. Heat generation and magnetic consequences of unsteady ternary nanofluid flow across a dynamic wedge
in porous media were examined by Ouyang et al. [23]. The thermo-solutal nonlinear convection in a nanofluid
movement via a porous plate including heat generation and absorption was studied by Dey et al. [24]. In a double lid-
driven inclined wavy porous cavity filled with non-Newtonian nanofluid and equipped with a cross-shaped heater,
Hussein et al. [25] described the effects of radiation and heat generation on MHD mixed convection. In an inclined plate
near MHD and heat generation, Venkateswarlu et al. [26] investigated the impulsive and accelerated motions of Casson
fluid. Radiative heat transfer and Ohmic heating on unstable EMHD mixed convective flow for dual stratification
nanofluid were described by Daniel et al. [27]. In an inclined stenotic artery with heat generation, Kefene and Rikitu
[28] described the implications of magnetic and thermal radiation on hematocrit-dependent blood nanofluid movement.
In an inclined channel with suction and heat generation, Venkateswarlu et al. [29] explored the non-linear unstable
MHD flow. The stagnation point motion of a magnetized convective nanofluid across a porous stretchable surface
according to ohmic heating and heat generation was described by Ram et al. [30]. The significance of cross-section
diffusion on the transient behavior of radiation Casson fluid towards a heated slanted plate was examined by
Venkateswarlu et al. [31].

The corpus of published work indicates that no author has yet examined the factors of thermal dispersal, Hall
current, and heat generation of an unsteady titanium dioxide nanofluid flow across a parallel porous tunnel. Exploring
the hydromagnetic flow of a titanium dioxide nanofluid in a horizontal tunnel via a porous media is the goal of this
work. The extraction of oil from hydrocarbon deposits, the fabrication of semiconductor devices from molten metal,
solar energy structures, electronic device cooling, and environmental remediation are just a few of the many real-world
applications for this study.

2. MATHEMATICAL FRAMEWORK
Bo| | |  — weos(m) The unstable Couette flow of a titanium dioxide nanoliquid
based on kerosene across two parallel walls, y=0andy =a, is
examined when a uniform transversal magnetic field B,is
—a enforced parallel to the y —axis while incorporating the Hall

current. The nanofluid and tunnel rotate continuously across the
y — axis at a constant angular velocity Q . The impact of radial

strength is minimal because of nanofluid axial Couette flow
motion, but the bending impact of Coriolis strength acting
orthogonal to the direction of nanofluid movement and to the
axis of rotating allusion structure is taken into concern. The
effects of heat emission and thermal dispersion are considered.
The invariable pressure gradient applied along the x —direction and the motion of the upper wall with systematic

Figure 1. Flow geometry is depicted

velocity u =1, cos(nt) in the same direction cause nanofluid flow inside the channel. The channel's walls are kept at the
same temperature 7,. The configuration of the current issue is exhibited in Fig. 1. All physical factors, apart from
pressure, rely only on y and: because the channel walls have immeasurable extent in x— and z— directions and the

movement is fully elaborated. It is expected that the nanopaticles will be uniformly shaped and sized. The dimensional
superintending expressions can be displayed as follows considering these statements, the benchmark Boussinesq's
reincarnation, and the nanofluid design (See, Swain et al. [2] and Venkateswarlu et al. [4]).
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Continuity equation:

=0 1
% 1
Momentum conservation equations:
w o0,B;
a—u+VOa—u+2Qa):—La—p+ﬂa—3—ﬂ[u+m?}}+gﬂﬂ(T—T0)+gﬂn/,(C—C0)—#"fL )
ot dy Py 0X P, 9y Py Ll+m ' ' K,
2w ©,B; - :
a_w+[/oa_w_zgu =_La_p+’u_”fa_‘;v+ﬁ{m” ?}}_’u’?f » (3)
o dy Py 0z P, p, Ll+m | p,k,

Energy conservation equation:
k, 2 T-T,
A,y __ky T O(T-T) @)
oy (pe,), w0 (pe,),

Mass conservation equation:

aC  aC o°C Dk, o’T

—t+V —=D, —+ 5
a o "ot T, 9 ©
The momentum and energy equation’s initial and boundary conditions are listed below.
u=u,cos(nt),w=0,T =T +¢&(T,-T,)exp(int),C=C,+¢&(C,—C,)exp(int) aty =a ©
u=0, w=0, T=7T, C=C, at y=0
. 1 dp 1 dp. . .
We take the pressure gradient components — — and — —— in the following way for a purely oscillatory flow (See,
pnf X pnf Z
Venkateswarlu et al. [4]).
1 op _ O'nfli’(fmuO ™
P o (1em)
o, Bimu
Lo 2Qu, +———= ®)
pnf aZ pn/' (1+m )
By replacing Eqs. (2) and (3) with Eqs. (7) and (8), we derived
A2 o B> + _ )
Lr, 2ar00- e S0 IRt |y o (1) gp, (C-G,) -2 ©)
ot dy Py oy P l+m vk,
2y ©,B; +w— :
a—w+%a—w—29(u—uo)=ﬂa_v2"_ " 0[’"”0 wzmu}_ﬂ_,,_,i (10)
o "y Py OV Py I+m Py k,
For spherical nanoparticles, &, , p,,, ( pc, )nf' ,and ( p/})nf can be interpreted as
U
Hy =g (1)
(1-2)
Py =(1=2)P; + 2P, (12)
(pe,), =(=2)(pc,), +2(pc,), (13)
(PB),, =(1=2)(pB), + x(PB), (14)
Expressions for the nanoliquid's existing thermal conductivity and electrical conductivity are
k. k 42k )-2x(k, -k
Ky _ ( 7)-2x(k k) (15)

ky (ks +2k, ) +75(k/’ —k, )
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o, 3ylo, -0,
=14 #(o.-9)) (16)
o, (o.+20,)-1(0.~0)
Table 1. Thermo-physical specifications of 77 i02 nanoparticles and kerosene oil (See, Abbas et al. [32])
Property Tio, Kerosene Oil
k (W/mK) 8.953 0.15
P (Kg/mS) 4250 783
¢, (J/Kgk) 686.2 2090
o(S/m) 2.6x10° 5%107"
B (K™ 0.9x10°° 99x10°*
The subsequent non-dimensional values are displayed
a a T-T ap, Cc-C
U=y =22 9=l Y Pyl B 5o CC (17)
Hy Hy T -1, a Hy apy ¢ -G
Eqgs. (4), (5), (9) and (10) are used to produce the displayed non-dimensional structure
WU Y okw=a Y oV —a, [U-’_m—Wz_ﬂ}+a4Gr9+a5Gm¢—&U (18)
ot  dny on’ 1+m Da
2 —
8W+S8_W_2K 2(U-2)= 8_V12/_a7 {"MJFW—Z’"U} s (19)
a7 an 1+m Da
2
90,90 @ 90 H, (20)
ar  dn Pran’® a,
2
% a¢ 1 I’g +agSr—a 62’ 21)
a7 877 Se on’ on
Here
3 2 2
S:@,KZZZQaZ’Gr:g(pﬂ)f(fl_To)a ,M:O./Boa ,ﬂ—M,SCZV—/,PI‘Z(pCP) H= 9, ,
Vy Vy Vy Py Vy D, ky v, (pe, )‘,-
3
Da =k—Z,Gm _ g(pﬂ)f (C;l C,)a Sr= D, (Tl _]:))kf .
a v; T,(C-G)v,
For a non-dimensional structure, the initial and boundary conditions are as follows:
U=0, W=0,6=0, g=0at 7=0 »
U=Acos(wr), W =0, =1+eexp(ior),p=1+cexp(ior) at =1 @)
Define:
v=U+iW (23)
By utilizing Eq. (23) in Eqgs. (18) and (19), we acquired
oy oy ., oy [1// /1}
——+s——-2iK -A=a,—~—-aM +a,Gr0+a,Gm¢ ——- 24
ar o (W=A)=acg z=aM| o+ ¢Dl// %)
The initial and boundary conditions can be translated into the structure
v=0,6=0 ¢=0at =0 55
y =Acos(wr),0 =1+¢eexp(ior),p=1+eexp(ior) at =1 (2)
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The shear stress7,, heat flux ¢, and mass flux j are acquired utilizing the nanoliquid velocity, temperature, and
concentration as

Ju ow
T, =M, |:$+ 1 $:| (26)
T
q,=-k, {g} @27
j,=-D, [a—c} 28)
dy

The skin-friction coefficient Cf , heat transfer coefficient Nu and mass transfer coefficient Sk in a non-dimensional
pattern can be represented as

aZTwpn’
Cf =—2" (29)
lunf
aq,,
Nu=— 1w (30)
kr;/' (Ti _T;))
aj,
Sh=— "Iu 31)
Dm (Cl _CO)

We calculated the physical parameters by replacing Egs. (26) to (28) in Egs. (29) to (31)

& =a, |:a_‘//:| (32)
an

Nu= —B_ﬂ (33)
__|9¢

Sh= L”J (34)

3. THE PROBLEM’S SOLUTION
It is impossible to solve the corresponding non-linear partial differential equations (18) to (21) in closed form.
These non-linear partial differential equations are thus reduced to a set of ordinary differential equations that may be
solved analytically. This can be achieved by using the trial solutions as shown below (See, Venkateswarlu et al. [4])

y(.7) =y, (N +eexp(iot)y, () +0 () (3%)
6(1,7)=60,(n) +eexp(iw7)6,(17)+ 0 (&) (36)
0(1.7) = 4,(n) + £ exp(i07) g, (1) + O(£*) (37)

The subsequent ordinary differential equations can be obtained by substituting Egs. (35) to (37) into Egs. (18) to (21)

2 M
asd ‘//zo—sdvjo_ GM | G e W, =—| ,Gr, +a,Gmg, +| —2iK2jﬂ, (38)
dn dn | 1+im Da 1+im
dzl//l dl//l a7M ag 2
—s——| —+—=-2iK" +iw |y, =—|a,Gr6, +a,Gm 39
s an s dn |1+im Da i =ledr s aina) >

2
G 40 (46 Hp _y (40)
Pr dn dn a,
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2
“ﬂd—éj—sﬁ+ " _iolg =0 (41)
Pr dn dn \ a,

2 2
! d¢2° s%— 8Srdgz0 42)

Sc dn dn dn

2 2
Ld—¢21—s%—lwq)l——agSrd 6: 43)
Sc dn an

The pertinent initial and boundary conditions can be characterized as

¥, =0,¥,=0,6,=0,6=00,=0,4=0 at n=0 4
y, =Acos(wr), ¥, =0,6,=1,6, =1, ¢ =1, ¢=1at n=1 (44)

Egs. (38) to (43) with the boundary conditions in Egs. (44) have analytical solutions that are provided by

Vo = a4 €Xp (mgﬂ) + a5, exXp (m977) —da, eXp (mln) +a,, exp (m277) —d,; €Xp (—msﬂ) —a,, €Xp (msﬂ) +ays (45)

W, = ag, exp (mn)+ag, exp(m, 1) —as, exp (myn)+as, exp (m,n)—ay; exp (mgq) —ass exp (m,1n) (46)
6, = ay, [ exp (mm)—exp(mn)] (47)
0= s [exp () exp ()] )

@, = a,s exp(—mgn) +a,, exp(myn) —a,, exp(m)+a,s exp(m,1) (49)
¢ = ays exp(mgh) +ays exp(m, 1) — ay, exp(myn) +ay, exp(m,n) (50)

We found the following solutions for the nanofluid velocity, temperature, and concentration by replacing Egs. (35) to
(37) with Egs. (45) to (50)

w(n.7) {

a,y exp(myi) + ay, exp (myn) —a,, exp(mn)+ }_

a,, eXp (mzﬂ) —dy exp(—msn) — a4, €Xp (msﬂ) +ays

(51
. {aso eXp(mlon)+a61 exp(mlln)—as3 exP(”’m)*}
gexp(ior)
as, €Xp (m477) —ds5 €Xp (m677) — Qs €XP (m777)
0(n.7)=a, [exp (mn)—exp (mzﬂ)J +eexp(ior)a, I:exp (m,n)—exp (mm)] (52)
¢(77’ 7)= [azs 28Y (_m577) +4a, exp (771577) —dy, €XP (mln) +a,5 eXp (mzﬂ)] + (53)
eexp(ior) [a36 exp(mgn) + a,5 exp(m,n) — ay, exp(myn) + a;, exp (mm)}
3.1 SKkin friction coefficient
The velocity field can be utilized to express the skin friction coefficient as
of = {awms 28 (msﬂ) + a5, XP (m977) —ay,m, €Xp (mlﬂ) +:|
a,,m, €Xp (mzf]) +a,;ms eXp (—msﬂ) = AyyMms €XP (msﬂ) (54)
. |:a60m10 €xp (mlon) +agm,, exp (m“?]) —ds3Mm; €Xp (m377) *}
gexp(ior)
as,m, exp (m,1)— a;smg exp(mgn) —asgm, exp (m,1n)
Pcf = Real part of (Cf) (55)

Scf = Imaginary part of (Cf') (56)
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3.2 Heat transfer coefficient
The temperature field can be utilized to express the heat transfer coefficient as

Nu=a, [ml exp (m,1)—m, exp (mzn)} +eexp(ior)a, [m3 exp (m,n)—m, exp (mm)} 57
3.3 Mass transfer coefficient
The concentration field can be utilized to express the mass transfer coefficient as
Sh = [amm5 exp (msn) — a,gms exp (—ms1) — a,;m, exp (m1) + a,sm, exp (mzn)] + (58)

e exp(i7)| aygm, exp(mg)+ assm, exp(mn) — az,m; exp (myn) +aym, exp(m,1) |

4. FINDINGS AND DISCUSSION

To memorize the implications of distinct parameters, such as the rotation factor K>, magnetic parameter M , upper
wall motion parameter A , thermal Grashof number Gr, solutal Grashof number Gm , Darcy parameter Da , Hall current
parameter m, Soret number Sr , heat generation factor H , suction factor s, and solid volume fraction } on the flow
configuration, the numerical assessments of the titanium dioxide nanoliquid primary velocity U , secondary velocity W,
temperature €, concentration ¢, primary skin friction Pcf , secondary skin friction Scf , heat transfer coefficient Nu , and
mass transfer coefficient Nu are computed. The subsequent parameter values are utilized for numerical calculations in this
study: ¥ =0.05,K* =1, M =1,s=2, 4=0.001,Gr=1,Gm=1, Da=1, m=1,Pr=0.71,Sr=5,H=2, Sc=022,
and 7 =7/2 .The velocity profile data depict the primary velocity of titanium dioxide-kerosene nanoliquid as a solid line
and the secondary velocity as a dashed line. To obtain the numerical findings of the current work, a MATLAB (2015a)
program was established. To compare our results with those of Ref [4] as a special case, we calculated the numerical

values of primary and secondary skin friction coefficients for our work as well as those of Ref [4] which is displayed in
Tables 2 and 3. There is a significant level of agreement between the two findings.

Table 2. Comparison of primary skin friction coefficient Pcf with Ref [4] when7=7/2,K*> =m=Da=Pr=w=1, Sc=0.6,
A=0.001,Gr=2,Gm=4,5r=5, H=-1,5s=0and y=0.

n M Pcf M Pcf " Pcf
Ref [4] Present Ref [4] Present Ref [4] Present
0.00 1.0 0.2221 0.2222 2.0 0.2068 0.2069 3.0 0.1928 0.0928
0.25 1.0 0.1936 0.1937 2.0 0.1820 0.1821 3.0 0.1713 0.1714
0.50 1.0 0.0907 0.0907 2.0 0.0893 0.0893 3.0 0.0878 0.0879
0.75 1.0 -0.1417 -0.1416 2.0 -0.1303 -0.1302 3.0 -0.1198 -0.1197
1.00 1.0 -0.6018 -0.6017 2.0 -0.5832 -0.5831 3.0 -0.5658 -0.5657

Table 3. Comparison of secondary skin friction coefficient Pcf with Ref [4] when7=7/2,K =m=Da=Pr=w=1,

Sc=0.6,1=0.001,Gr=2,Gm=4,5=5, H=-1,s=0and y=0.

n M Sf M Sof M Sf
Ref [4] Present Ref[4] Present Ref [4] Present
0.00 1.0 0.0593 0.0593 2.0 0.0638 0.0638 3.0 0.0670 0.0670
0.25 1.0 0.0456 0.0456 2.0 0.0494 0.0494 3.0 0.0522 0.0522
0.50 1.0 0.0066 0.0066 2.0 0.0077 0.0077 3.0 0.0087 0.0087
0.75 1.0 -0.0446 -0.0445 2.0 -0.0482 -0.0481 3.0 -0.0508 -0.0507
1.00 1.0 -0.0750 -0.0749 2.0 -0.0821 -0.0820 3.0 -0.0877 -0.0876

Figs. 2, 3, and 4 are displayed to explore the implications of 4, K*and H on U and W respectively. It is detected
that U minimizes and W maximizes with an elevation in A, K*and H .The secondary movement is directed by the
Coriolis force and is generated by the motion of the upper wall. Driven by the Coriolis force, a stronger secondary flow
forms as the upper wall moves faster. This secondary flow slows down the primary flow due to viscous and inertial
factors. Due to the Coriolis force that opposes the primary flow and drives a secondary circulation, the growing rotation
parameter in MHD nanofluid flow reduces the primary velocity and increases the secondary velocity. Acting
perpendicular to the direction of motion and rotation, the Coriolis force acts as a fictitious force. Increasing the heat
generation parameter makes the fluid less dense and less susceptible to the magnetic field's braking effect, thereby
reducing the primary velocity while increasing the secondary velocity due to heat generation, creating a secondary flow.

Primary and secondary velocity profiles across a range of magnetic parameters and thermal Grashof numbers are
shown in Figs. 5 and 6. The primary and secondary velocity profiles are observed to decrease as the magnetic factor and
the thermal Grashof number increase. The magnetic parameter quantifies the strength of the Lorentz force relative to the
fluid's viscous or inertial forces. Increased frictional resistance along the plate's surface may result from a stronger
magnetic field, which could lower both primary and secondary velocities. The thermal Grashof number is defined as the
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ratio of buoyancy forces to viscous forces acting on a nanofluid. Primary and secondary velocity profiles have inverse
relation with thermal Grashof number because of high degree of kinematic viscosity of the titanium dioxide nanofluid.
The significance of the Soret number on the primary and secondary velocity profiles for titanium dioxide nanofluid
based on kerosene is described in Fig. 7. Soret parameter measures the contribution of a temperature gradient to mass
diffusion, which typically results in the separation of different chemical species or solutes within a nanofluid mixture.
The primary and secondary velocity profiles diminish as the Soret number expands, indicating that additional heat input
causes the nanofluid's velocity to slow down.
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The implications of the solutal Grashof number, Darcy parameter, and Hall current parameter on the primary and
secondary velocity profiles are displayed in Figs. 8, 9, and 10. Instead of temperature, the mass Grashof number controls
the behavior of natural convection caused by concentration or density gradients of a dissolved substance. The primary and
secondary velocity profiles of the kerosene-based titanium dioxide nanofluid improve as one increases the solutal Grashof
number, Darcy parameter, and Hall current. The nanofluid's kinematic and thermal effects, which might have an impact on
the total velocity distribution, are also influenced by the Darcy parameter. Higher Darcy parameters can result in better
primary and secondary velocity profiles and more effective heat transfer. Increasing the Hall current parameter directly
enhances both primary and secondary velocity profiles because of the changed momentum distribution.

Figs. 11 and 12 display the primary and secondary velocity profiles for varies values of Schmidt number and
Prandtl number. The Schmidt number establishes whether the momentum of a nanofluid is transported more quickly or
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more slowly than the dissolved mass. The relative thickness of a fluid's velocity and thermal boundary layers are
directly determined by the Prandtl number, which assesses whether a fluid's momentum or heat spreads more quickly.
As both parameters go up, the primary and secondary velocity profiles also become greater. The Reynolds number, a
measurement of the fluid's viscosity and inertia, is directly correlated with the Schmidt number. The velocity profiles
increased due to greater inertia and viscosity resulting from a higher Reynolds number, as indicated by an elevated
Schmidt number. A fluid with a higher Prandtl number can move more easily and have less flow resistance because its
viscosity is significantly lower than its thermal diffusivity. Primary and secondary velocities rise as a result.
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Figs. 13 and 14 show the rise in primary velocity and reduction in secondary velocity of a titanium dioxide
nanofluid whenever the suction parameter and volume fraction parameter grow. The physical impact of withdrawing
fluid through a porous surface or slot is measured using the suction parameter. Nanofluids may expand because of the
volume fraction rise, which could raise the fluid's primary velocity. The magnetic field can influence flow
characteristics. Increasing the volume fraction parameter may promote a more uniform distribution of the fluid,
potentially leading to enhanced primary velocity. The volume of suspended nanoparticles divided by the entire volume
of the nanofluid mixture is the volume fraction parameter.

Figs. 1518 analyze how factors such as the heat generation parameter, Prandtl number, suction parameter, and
volume fraction parameter influence the temperature domain. It is evident that the temperature domain grows with rises
in the heat generation parameter, Prandtl number, and suction parameter. The temperature profile lowers as the volume
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fraction parameter rises. Both the amount and shape of titanium dioxide nanoparticles affect the thermal execution of
nanofluids, leading to improved heat transfer and a more consistent temperature distribution. A higher Prandtl number
suggests that the thermal boundary layer is thicker, resulting in an increased fluid temperature.
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Figs. 19-23, illustrate how the concentration profile changes with varying heat generation parameter, suction
parameter, Soret number, Schmidt number, and volume fraction parameter. The data demonstrate that higher values of
the heat generation parameter, suction parameter, Soret number, Schmidt number, and volume fraction parameter
increase mass concentration. The condensation action increases the nanofluid concentration as the suction parameter
rises, thereby increasing the concentration in the flow field. Shear stress is crucial in engineering and often demands
complex design solutions. A comprehensive understanding of this coefficient will lead to the development of designs
for medicine delivery for cancer patients, bridges, dams, and storage efficiency.

Tables 4 through 16 show that when the upper wall motion factor, rotation parameter, magnetic parameter, Grashof
number, heat generation parameter, and Schmidt number increase, the primary skin friction coefficient intensifies at the left
wall and decreases at the right wall. Similarly, as the thermal Grashof number, Darcy number, Hall current parameter,
Soret number, suction factor, and volume fraction factor increases, the primary skin friction coefficient decreases on the
left wall and increases on the right wall. When the upper wall motion parameter, rotation parameter, thermal Grashof
number, Darcy number, Hall current parameter, Soret number, and heat generation parameter are augmented, the
secondary skin friction coefficient reduces at the left wall and intensifies at the right wall. Similarly, as the magnetic
parameter, thermal Grashof number, Schmidt number, suction parameter, and volume fraction parameter increase, the
secondary skin friction coefficient increases at the left wall and decreases at the right wall.
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n A Pcf Scf A Pcf Scf A Pcf Scf
0.00 0.1 -0.3373 -0.3010 0.2 -0.2789 -0.4463 0.3 -0.2206 -0.5916
0.25 0.1 -0.1763 -0.1078 0.2 -0.1575 -0.1484 0.3 -0.1387 -0.1891
0.50 0.1 -0.0106 0.0303 0.2 -0.0189 0.0454 0.3 -0.0272 0.0606
0.75 0.1 0.1723 0.1241 0.2 0.1496 0.1740 0.3 0.1269 0.2239
1.00 0.1 0.3731 0.1744 0.2 0.3468 0.2512 0.3 0.3206 0.3280
Table 5. Interpretation of Pcf and Scf with respectto K
n K? Pcf Scf K? Pcf Scf K? Pcf Scf
0.00 0.5 -0.4236 -0.0945 1.0 -0.3951 -0.1572 1.5 -0.3212 -0.2331
0.25 0.5 -0.2057 -0.0424 1.0 -0.1949 -0.0675 1.5 -0.1669 -0.0991
0.50 0.5 0.0026 0.0063 1.0 -0.0024 0.0153 1.5 -0.0153 0.0248
0.75 0.5 0.2076 0.0453 1.0 0.1948 0.0747 1.5 0.1618 0.1114
1.00 0.5 0.4103 0.0703 1.0 0.3991 0.0984 1.5 0.3706 0.1350
Table 6. Interpretation of Pcf and Scf with respect to M
n M Pcf Scf M Pcf Scf M Pcf Scf
0.00 5 -0.2956 -0.1681 10 -0.2122 -0.1591 15 -0.1579 -0.1431
0.25 5 -0.1550 -0.0736 10 -0.1202 -0.0722 15 -0.0963 -0.0675
0.50 5 -0.0169 0.0146 10 -0.0273 0.0101 15 -0.0325 0.0051
0.75 5 0.1483 0.0814 10 0.1079 0.0791 15 0.0804 0.0732
1.00 5 0.3551 0.1077 10 0.3148 0.1100 15 0.2854 0.1084
Table 7. Interpretation of Pcf and Scf with respect to G
7 G Pcf Scf Gr Pcf Scf Gr Pcf Scf
0.00 0.5 -0.5535 -0.1980 1.0 -0.3951 -0.1572 1.5 -0.2366 -0.1164
0.25 0.5 -0.2686 -0.0836 1.0 -0.1949 -0.0675 1.5 -0.1211 -0.0514
0.50 0.5 0.0034 0.0216 1.0 -0.0024 0.0153 1.5 -0.0081 0.0090
0.75 0.5 0.2712 0.0935 1.0 0.1948 0.0747 1.5 0.1185 0.0558
1.00 0.5 0.5357 0.1158 1.0 0.3991 0.0984 1.5 0.2626 0.0810
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Table 8. Interpretation of Pcf and Scf with respect to Gm

7j Gm Pcf Scf Gm Pcf Scf Gm Pcf Scf
0.00 1.0 -0.3951 -0.1572 2.0 -1.1076 -0.3945 3.0 -1.8202 -0.6318
0.25 1.0 -0.1949 -0.0675 2.0 -0.5374 -0.1669 3.0 -0.8799 -0.2662
0.50 1.0 -0.0024 0.0153 2.0 0.0068 0.0431 3.0 0.0161 0.0709
0.75 1.0 0.1948 0.0747 2.0 0.5427 0.1866 3.0 0.8905 0.2985
1.00 1.0 0.3991 0.0984 2.0 1.0716 0.2308 3.0 1.7440 0.3632
Table 9. Interpretation of Pcf and Scf with respect to L2
1 57} Pcf Scf 57} Pcf Scf 57} Pcf Scf
0.00 0.5 -0.3625 -0.1371 1.0 -0.3951 -0.1572 1.5 -0.4070 -0.1649
0.25 0.5 -0.1815 -0.0599 1.0 -0.1949 -0.0675 1.5 -0.1997 -0.0704
0.50 0.5 -0.0068 0.0118 1.0 -0.0024 0.0153 1.5 -0.0007 0.0166
0.75 0.5 0.1793 0.0657 1.0 0.1948 0.0747 1.5 0.2005 0.0781
100 |05 | 03841 0.0906 1.0 0.3991 0.0984 15 0.4046 0.1013
Table 10. Interpretation of Pcf and Scf with respect to
1 m Pcf Scf m Pcf Scf m Pcf Scf
0.00 0.4 -0.3855 -0.1438 0.8 -0.3914 -0.1543 1.2 -0.3985 -0.1589
0.25 0.4 -0.1909 -0.0623 0.8 -0.1934 -0.0664 1.2 -0.1963 -0.0682
0.50 0.4 -0.0036 0.0132 0.8 -0.0029 0.0148 1.2 -0.0019 0.0156
0.75 0.4 0.1902 0.0686 0.8 0.1931 0.0734 1.2 0.1965 0.0755
1.00 0.4 0.3945 0.0928 0.8 0.3975 0.0972 1.2 0.4007 0.0990
Table 11. Interpretation of Pcf and Scf with respect to S¥
7j Sr Pcf Scf Sr Pcf Scf Sr Pcf Scf
0.00 0.5 0.4445 0.1104 1.0 0.3512 0.0807 1.5 0.2579 0.0510
0.25 0.5 0.2127 0.0437 1.0 0.1674 0.0314 1.5 0.1221 0.0190
0.50 0.5 -0.0068 -0.0175 1.0 -0.0063 -0.0138 1.5 -0.0058 -0.0102
0.75 0.5 -0.2163 -0.0515 1.0 -0.1706 -0.0375 1.5 -0.1249 -0.0234
1.00 0.5 -0.4163 -0.0451 1.0 -0.3257 -0.0292 1.5 -0.2351 -0.0132
Table 12. Interpretation of Pcf and Scf with respect to £
n H Pcf Scf H Pcf Scf H Pcf Scf
0.00 2.0 -0.3951 -0.1572 3.0 -0.3273 -0.3185 4.0 -0.2735 -0.4196
0.25 2.0 -0.1949 -0.0675 3.0 -0.1645 -0.1489 4.0 -0.1394 -0.2001
0.50 2.0 -0.0024 0.0153 3.0 -0.0070 0.0112 4.0 -0.0090 0.0081
0.75 2.0 0.1948 0.0747 3.0 0.1622 0.1546 4.0 0.1360 0.2047
1.00 2.0 0.3991 0.0984 3.0 0.3497 0.2732 4.0 0.3043 0.3846
Table 13. Interpretation of Pcf and Scf with respect to S¢
7] Sc Pcf Scf Sc Pcf Scf Sc Pcf Scf
000 |25 | 08019 5.1057 3.0 1.4363 5.3947 3.5 2.0618 57231
025 |25 |06533 23513 3.0 0.9773 2.4334 35 12874 2.5279
050 |25 03898 -0.3249 3.0 0.3865 0.4418 3.5 0.3618 -0.5706
0.75 2.5 -0.5179 -2.5284 3.0 -0.8578 -2.6614 3.5 -1.1935 -2.8095
1.00 2.5 -2.0885 -3.7393 3.0 -2.6452 -3.5950 3.5 -3.1125 -3.4565
Table 14. Interpretation of Pc/ and Scf with respect to Pr
7j Pr Pcf Scf Pr Pcf Scf Pr Pcf Scf
0.00 0.4 -0.4508 0.2592 0.8 -0.3966 -0.2300 1.2 -0.4829 -0.5454
0.25 0.4 -0.2141 0.1395 0.8 -0.1968 -0.1035 1.2 -0.2438 -0.2571
0.50 0.4 0.0113 0.0210 0.8 -0.0044 0.0148 1.2 -0.0134 0.0157
0.75 0.4 0.2206 -0.1309 0.8 0.1958 0.1106 1.2 0.2386 0.2654
1.00 0.4 0.4021 -0.3345 0.8 0.4087 0.1724 1.2 0.5295 0.4805
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Table 15. Interpretation of Pcf and Scf with respectto

n s Pcf Scf s Pcf Scf s Pcf Scf
0.00 2.1 -0.4208 -0.1460 2.2 -0.4458 -0.1363 23 -0.4709 -0.1288
0.25 2.1 -0.2015 -0.0595 2.2 -0.2074 -0.0525 23 -0.2128 -0.0468
0.50 2.1 0.0016 0.0172 2.2 0.0056 0.0189 23 0.0098 0.0203
0.75 2.1 0.2037 0.0675 2.2 0.2119 0.0612 23 0.2197 0.0561
1.00 2.1 0.4079 0.0800 2.2 0.4153 0.0642 23 0.4222 0.0514

Table 16. Interpretation of Pcf and Scf with respect to 2

7 Y4 Pcf Scf A Pef Scf A Pef Scf
0.00 0.02 -0.3128 -0.1696 0.04 -0.3676 -0.1624 0.06 -0.4224 -0.1508
0.25 0.02 -0.1584 -0.0776 0.04 -0.1827 -0.0713 0.06 -0.2070 -0.0633
0.50 0.02 -0.0055 0.0106 0.04 -0.0035 0.0138 0.06 -0.0013 0.0168
0.75 0.02 0.1566 0.0827 0.04 0.1821 0.0778 0.06 0.2076 0.0711
1.00 0.02 0.3305 0.1285 0.04 0.3763 0.1093 0.06 0.4218 0.0866

Tables 17-20 show that the volume fraction parameter diminishes the heat transfer coefficient at the left wall and
enhances it at the right, however the heat generation and suction parameters exhibit the opposite pattern. Heat
generation parameter and suction parameter strengthen the mass transfer coefficient at the right wall while volume
fraction parameter and Soret factor minimize it at the left wall.

Table 17. Interpretation of M¢ and Sh with respect to ¥

U A W7 Sh A M Sh A Nu Sh
0.00 0.02 | 2.2987 -4.1303 0.04 2.2232 -4.3129 0.06 2.1540 -4.5045
0.25 0.02 1.5584 -3.2160 0.04 1.5320 -3.4072 0.06 1.5073 -3.6060
0.50 0.02 | 0.9218 -2.3338 0.04 0.9307 -2.5184 0.06 0.9386 -2.7098
0.75 0.02 | 0.4040 -1.5256 0.04 0.4347 -1.6897 0.06 0.4632 -1.8603
1.00 0.02 | 0.0071 -0.8161 0.04 0.0478 -0.9487 0.06 0.0864 -1.0876
Table 18. Interpretation of Mt and Sh with respect to H
7 H Nu Sh H Nu Sh H Nu Sh
0.00 2.0 2.1879 -4.4076 3.0 2.4463 -4.5965 4.0 2.7510 -4.8285
0.25 2.0 1.5195 -3.5057 3.0 1.6614 -3.5452 4.0 1.8263 -3.5978
0.50 2.0 0.9348 -2.6132 3.0 0.9288 -2.4627 4.0 0.9172 -2.2882
0.75 2.0 0.4492 -1.7742 3.0 0.3061 -1.4514 4.0 0.1380 -1.0798
1.00 2.0 0.0674 -1.7742 3.0 -0.1757 -0.5780 4.0 -0.4454 -0.0889
Table 19. Interpretation of Mt and Sh with respect to
7j s Nu Sh s Mu Sh s Mu Sh
0.00 2.1 2.2425 -4.5466 22 2.2976 -4.6837 2.3 2.3533 -4.8227
0.25 2.1 1.5322 -3.5872 2.2 1.5445 -3.6655 2.3 1.5564 -3.7442
0.50 2.1 0.9253 -2.6549 2.2 0.9155 -2.6932 2.3 0.9055 -2.7318
0.75 2.1 0.4316 -1.7891 2.2 0.4143 -1.8010 2.3 0.3973 -1.8133
1.00 2.1 0.0510 -1.0144 2.2 0.0354 -1.0087 23 0.0204 -1.0033
Table 20. Interpretation of Mtand Sh with respect to Sr
7j Sr Nu Sh Sr MNu Sh Sr MNu Sh
0.00 0.5 2.1879 0.5288 1.0 2.1879 -0.0197 1.5 2.1879 -0.5682
0.25 0.5 1.5195 0.6057 1.0 1.5195 0.1489 1.5 1.5195 -0.3079
0.50 0.5 0.9348 0.6554 1.0 0.9348 0.2922 1.5 0.9348 -0.0710
0.75 0.5 0.4492 0.6746 1.0 0.4492 0.4025 1.5 0.4492 0.1304
1.00 0.5 0.0674 0.6622 1.0 0.0674 0.4755 1.5 0.0674 0.2889

5. CONCLUSIONS
The following lists the article's significant conclusions:

e The magnetic parameter, thermal Grashof number, and thermal diffusion parameter reduce the nanofluid
primary and secondary velocity components.

e The solutal Grashof number, Darcy parameter, and Hall current parameter increase the nanofluid primary and
secondary velocity components.
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The primary velocity declines and secondary velocity augments with an enhancement in the upper wall motion
factor, rotation parameter, and heat generation parameters.

The primary velocity maximizes, and the secondary velocity minimizes with an increase in the suction and
volume fraction factors.

The primary skin friction intensifies at the lower wall and declines at the upper wall by expanding the upper wall
motion factor, rotation parameter, magnetic parameter, thermal Grashof number, and heat generation parameters.
The primary skin friction declines at the lower wall and intensifies at the upper wall as the solutal Grashof
number, Darcy parameter, Hall current parameter, thermal diffusion parameter, suction factor, and volume
fraction factor are expanded.

The secondary skin friction intensifies at the lower wall and declines at the upper wall by expanding the
magnetic parameter, thermal Grashof number, suction factor, and volume fraction factor.

The secondary skin friction declines at the lower wall and intensifies at the upper wall as the upper wall motion
factor, rotation parameter, solutal Grashof number, Darcy parameter, Hall current parameter, thermal diffusion
parameter, and heat generation parameter are expanded.

Nomenclature
u - nanoliquid motion in - direction Sh— mass transfer coefficient
v— nanoliquid motion in y — direction K? - rotation parameter
w— nanoliquid motion in z — direction M- magnetic parameter
a— distance between two walls S — suction parameter
Uy — characteristic velocity Gr— thermal Grashof number
T- nanoliquid temperature Gm — solutal Grashof number
T, - cold wall temperature Da - Darcy parameter
t= dimensional time Pr— Prandtl number
p- nanoliquid pressure Sr— Soret number
Vo= suction velocity H - heat generation parameter
C - nanoliquid species concentration Sc— Schmidt number
C, - concentration at the cold wall Greek symbols
k, - permeability of the porous medium Q- angular velocity
k= thermal conductivity of nanoliquid - non-dimensional frequency of oscillation
k,—, thermal conductivity of the base liquid X - volume fraction of nanoliquid
k- thermal conductivity of the solid P — nanoliquid density
(C » )n/ - specific heat of nanoliquid at stable pressure Hy— dynamic viscosity of nanoliquid
(C » ) ;T specific heat of the base liquid Hy = dynamic viscosity of the base liquid
(Cp )J — | specific heat of the solid, Oy — electrical conductivity of nanoliquid
0, - dimensional heat generation parameter o, electrical conductivity of the base fluid
D, - chemical molecular diffusivity o, - electrical conductivity of the solid
D, - nanofluid mass diffusivity By- thermal expansion coefficient of nanoliquid
T, - mean nanoliquid temperature B - thermal expansion coefficient of the base liquid
B, - magnetic induction .~ thermal expansion coefficient of the solid
m— hall current factor P — nanoliquid density
g- acceleration due to gravity Py~ density of the base liquid
U - nanofluid primary velocity Py~ density of the nanoparticle
W — nanofluid secondary velocity 60— nanofluid temperature
n— dimensional frequency of oscillation s species concentration
q,— heat flux n- A scaled coordinate
Jw— mass flux T— non-dimensional time
Cf - skin friction coefficient 7T,—- electron collision time
Pcf - primary skin friction coefficient T, — shear stress
Sef - secondary skin friction coefficient a, — cyclotron frequency
Nu — heat transfer coefficient A- upper wall motion parameter
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APPENDIX
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Ha BinMiHy BiJ TEIUIOBUIUICHHS Ta TEIUIOBOTO PO3CIFOBAHHS, JOCHIIKYIOTECS cTpyM Xoiuia Ta KoedillieHTH oOGepTaHHS po3psity
HAHOPIIMHY JIIOKCHY THTaHYy Ha OCHOBI racy 4epe3 ABi HapajlenbHi CTiHKH, BOY/IOBaHI B MOPUCTUH KaHal. Po3risaaioTsest Gpakropn
BCMOKTYBaHHsI Ta IipoMarHiTHi akTopu. BUKOpuCTOBYIOYH BiAINOBIAHI MOYATKOBI Ta FPAaHUYHI YMOBH, MiAXia 30ypeHb MOXKE IaTh
TOYHE aHANITHYHE PILNICHHS Ul BHU3HAYaJIbHHX DIBHSIHB Ul IIBUAKOCTI, TEMIlEpaTypH Ta KOHLEHTpauii HaHOpimTuHU. MoxHa
OTpPHUMATH BUpa3M ISl HAIPYXKEHHS 3CYBY, IIBUIKOCTI Macolepeaadi Ta MBUAKOCTI TeIUIoNepeaadi Ha IacTHHAX. 3 OTHOTO OOKY,
NoKa3aHo rpagiyHe MpeicTaBiIeHHs NePBUHHOI Ta BTOPMHHOI LIBUJIKOCTEH, TEMIEPaTypH HAHOPIAMHHU Ta KOHLEHTPALi 4aCTHHOK.
OpHak, U pi3HMX 3HAa4YeHb BiANOBIAHUX KOe(III€HTIB Tedil, YMNCIOBI OLIHKH HANpYXXEHHS 3CyBY, IIBHIKOCTI Macolepenadi Ta
IIBAAKOCTI TEIUIONepenadi sl CTIHOK Ipe/ACTaBNIeHi y TabuuuHii dopmi. Uepe3 BHECOK CIIIH INIABYYOCTi PO3YMHEHOI PEYOBHHH,
pe3yabpTyroui mpodiii MEpBUHHOT Ta BTOPHHHOI MIBUIKOCTI MOCTIHO 3pOCTAIOTh 10 BUCOKOTO PiBHsA. KOHIICHTpAIlisl 301UTBIIYEThCS
pa3oM 3i 30UIBIICHHSIM XapaKTepHCTHK TEIUIOBUIUICHHS Ta Temnoandysii mo Bcid HanopiguHi. Konm cuia TeroBoi miaBy4ocTi
JIOCTaTHBO BUCOKA, NMpo(ii NMepBHHHOI Ta BTOPMHHOI MIBUAKOCTI 3MeHIIyIoThcs. CtpyM Xomra Ta mapametp Jlapci migBHIIYIOTH
Koe(illieHTH NEepPBUHHOIO Ta BTOPHHHOTO TEPTs MOBEpXHI HAa BEPXHid CTiHII, OJHOYACHO 3MEHIIYIOUH iX Ha HiDKHIA. OgHaK Ha
MepBUHHI Ta BTOPUHHI KOE(DII[i€HTH TepTs MOBEPXHi BILIMBAIOTh MPOTHJICKHUM YHHOM CHJIA TEIUIOBOI IUIABYYOCTi Ta MarHiTHHMH
napameTp. Pe3ynpraTi MOpiBHIOIOTECS 3 ICHYIOUOIO JIITEPaTypoOIo.

KurouoBi cioBa: nanopiouna, nomix Kyemma; cmpym Xoana; menioymeopenHs, 6i0CMOKMYSAHHS
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The aspects of flow in a magnetohydrodynamic (MHD) ternary hybrid nanofluid consisting of suspended (Cu), aluminum oxide
(Al,03), and titanium dioxide (Ti0;) nanoparticles in water (H,O) were numerically investigated in this study. The effects of thermal
stratification and Joule heating are incorporated by passing the nanofluid through a vertically extending cylinder in a porous medium.
By implementing an appropriate transformation, the energy and boundary layer equations are simplified to a nonlinear ODE system.
The resulting system is solved using MATLAB’s fourth-order accurate bvp4c solver. from MATLAB is employed to solve the altered
system. The effects are illustrated graphically the change in velocity and temperature and quantitatively tabulate the changes in friction
factor, and heat transfer rate for important values of the dimensionless physical factors related to the problem. Crucial findings show
that, hybrid nanofluids outperform nanofluids in terms of thermal conductivity. Temperature and velocity of the ternary hybrid nanofluid
are both decreased when the heat stratification factor is present, as compared to the absence of stratification. There is a noticeable
increase in the heat transfer rate when the ternary hybrid nanofluid is compared with the hybrid nanofluid, which in turn surpasses that
of traditional nanofluids. The acquired results are valuable for applications in geothermal energy extraction, chemical processing, and
materials synthesis.

Keywords: Ternary Hybrid Nanofluid; Joule’s Effect; Stretching Vertical Cylinder; Thermal Stratification; Porous Medium; bvp4c

1. INTRODUCTION

Ternary hybrid nanofluids are a state-of-the-art breakthrough in fluid dynamics and nanotechnology that have broad
engineering applications in engineering and industries. There are three different kinds of nanoparticles mixed in with a
base fluid to make these nanofluids. These fluids possess enhanced thermal and rheological properties. The nanoparticles
can be metallic or non-metallic, and the base fluid can be any common heat transfer fluid or coolant such water, ethylene
glycol, or oil. This article describes a research investigation on a ternary hybrid nanofluid consisting of copper (Cu),
aluminum oxide (A/,03), and titanium dioxide (7i05) nanoparticles. The nanoparticles are uniformly dispersed inside a
fluid medium containing water.

Research has shown that adding copper (Cu) nanoparticles to a nanofluid improves its thermal conductivity, while
adding aluminum oxide (A/>03) and titanium dioxide (7703) nanoparticles improves the efficiency and stability of heat
transmission. In order to improve thermal management and heat dissipation, this nanofluid can be used in a variety of
applications, including cooling systems, electrical devices, and heat exchangers. It is well-known that copper nanoparticles
can kill bacteria, and (770,) nanoparticles can fight bacteria and other microbes by photo catalysis. Nanoparticles of
titanium dioxide (770,) with photocatalytic characteristics can help decompose organic pollutants and purify water.
The ternary hybrid nanofluid comprising Cu, Al;O3 and TiO, could be useful in water treatment processes, removing
contaminants and improving water quality in the process.

An innovative new class of fluids called nanofluids was created by mixing a base fluid with particles as small as a few
nanometers in size. These tiny particles, which might be metallic or non-metallic, are usually less than 100 nanometers. A
novel class of heat transfer fluids including free-floating metallic nanoparticles has been proposed by the idea of nanofluid,
which was initially introduced by Choi and Eastman [1]. Several researchers have investigated a sliding vertical plate in Das
and Jana [2] and a vertical channel in Das et al. [3] in relation to the radiation-induced natural convective flow of nanofluids.
In their respective studies, Reddy et al.[4] and Mahanthesh et al. [5] assessed the consequences of mass and heat transfer
on nanofluid as it traverses a mobile or static vertical plate, while considering the impact of a chemical reactions and a
heat source. In their study, Sandeep and Reddy [6] investigated the flow of a magnetohydrodynamic (MHD) Cu-water
nanofluid over a cone and a wedge, considering the influence of nonlinear thermal radiation. Moreover, the Lattice
Boltzmann approach was utilized in the investigation of the magnetohydrodynamic (MHD) Cu-water nanofluid, given the
influence of Lorentz forces by Sheikholeslami et al., [7]. The investigation conducted by Rashidi et al. [8] proposed a Lie
group solution for the issue of the production or consumption of heat in the context of nanofluid movement over a horizontal
plate undergoing chemical reactions. The HAM is employed in Abolbashari et al. [9] to examine the entropy of a nanofluid
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comprising water as the main fluid and one of four different types of nanoparticles: 7iO,, Al,03,Cu, and CuO. The
nanofluid flows through a stretchy permeable surface. Within the framework of velocity slip and heat leap, an analytical
study was conducted by Turkyilmazoglu [10] to examine the MHD nanofluid flow of different water-soluble nanoparticles
as they flowing over a periodically stretching and shrinking permeable sheet. The impacts of heat radiation, heat diffusion,
and viscous dissipation were investigated numerically in a study of nanofluid boundary layer flow across a moving flat
plate by Motsumi and Makinde [11]. Nath and Deka [12], Kalita et al., [13] and Nath et al. [14] studied how temperature
layering and chemical reactions affect the flow across infinite and accelerated vertical plates, respectively. Cheng [15, 16]
investigated the effects of mass and heat stratification across a wavy surface and a vertical, truncated cone, respectively.
In addition, for infinite vertical cylinders, Paul and Deka [17] have studied the effects of both stratification factors. [18]
Considered the impacts of mass and temperature layering on the unstable flow through an endlessly fast-moving upright
plate in a porous media with exponential mass diffusion and fluctuating temperatures. The unstable parabolic flow across
an infinite upright plate in a porous media with varying mass diffusion and an exponentially decreasing temperature was
studied by [19] in relation to the unite effects of temperature and mass stratification. Using a vertically expanding cylinder
in porous medium, Nath and Deka [20] studied how the flow of water-based hybrid, nano, and ternary hybrid nanofluids
via magnetohydrodynamics (MHD) is impacted by temperature stratification. The study in Paul et al. [18] examines
the impact of temperature stratification on a hybrid nanofluid composed of Cu — Al;03/H,0 in a porous media. The
research conducted by the authors focused on a cylinder that is stretched vertically, and examines the impact of a heat sink
or source. It was observed that the thermal conductivity of hybrid nanofluids exhibited a notable increase in comparison
to that of nanofluids. Thus, the application of hybrid nanofluids demonstrates a substantial impact on improving thermal
improvements. The study conducted by Rana and Kumar [19] inspected the flow of hybrid nano liquid via a rotating
cylinder, considering the influence of quadratic heat radiation on a buoyancy-driven nonlinear flow. To enhance the ternary
hybrid nanofluid’s Cu — Al,O3 — MWCNT /water heat conveyance capabilities consisting of, the researchers in reference
Shanmugapriya et al., [20] examined the impact of nanoparticle morphology. In their study, Shaik et al. [21] looked into
the free convection that happens in a wavy, sinusoidal shell that contains a hybrid nanofluid made of 7i0, — Cu particles
that are suspended in water. The consequences of thermal radiation, internal heat creation, a magnetic field with an angle
on convection is included in the analysis. Examining the responses of the similar formulas that govern the behavior of
a colloidal combination of water, cylindrical grapheme, round nanotubes of carbon, and platelet nanoparticles made of
alumina was done by Cao et al., [22]. In addition, the study examined forced, free, and mixed convection regimes, the study
took into account different degrees of partial slide. Research on the heat transfer properties of ternary hybrid nanofluid
flows in the existence of nonlinear heat radiation and a magnetized dipole was carried out by Nasir et al. [23]. Using a
convectively heated stretching/shrinking cylinder, the effects of suction and heat source on the MHD stagnation point flow
of a ternary hybrid nanofluid (Cu — Fe304 — SiO,/polymer) have been studied by Mahmood et al. [24]. Furthermore,
in the framework of electromagnetic hydrodynamics (EMHD), a ternary hybrid nanofluid consisting of Cu — CNT —Ti
and water was studied by Jakeer et al. [25] to determine the effects of non-linear Darcy-Forchheimer flow. Compared to
nanofluid or hybrid nanofluid alone, the ternary hybrid nanofluid significantly affected the temperature profile. Patil et al.
[26] Look at how a ternary hybrid nanofluid (T HN F') flows with tangent hyperbolic ((T — H)) flow features when it meets a
rough-yawed cylinder. Impulsive forces are used to move the cylinder, and the study is mostly about the mixed convection
process and periodic magnetohydrodynamics. Gorfie et al. [27] addressed the combined effects of Joule heating and
thermal stratification on MHD ternary hybrid nanofluid flow over a vertically stretching cylinder embedded in a porous
medium remain limited, thereby motivating the present investigation. Kumar et al. [28] studied on stretching-cylinder
flows have shown that Joule heating, magnetic fields, and internal heat generation significantly affect the velocity and
temperature distributions of electrically conducting fluids. Motivated by these findings, the present work extends the
analysis to an MHD ternary hybrid nanofluid in a porous medium by incorporating the combined effects of Joule heating
and thermal stratification over a vertically stretching cylinder.

As shown in the literature review, previous research has not attempted to demonstrate the flow of a magnetohy-
drodynamic (MHD) ternary nanofluid via a vertically expanding cylinder in a porous medium, taking into account the
influence of the joule’s impact and temperature stratification effect. Examining the heat transfer characteristics of a ternary
hybrid nanofluid made up of Cu — Al,O3 — TiO particles distributed in water is the core objective of this work. This
study examines the behavior of heat transport around a vertically stretching cylinder while taking into the account of
homogeneous thermal sources and thermal sinks, the joule’s effect, and thermal stratification. By employing suitable
self-similar variables within the bvp4c solver of the MATLAB programmed, the non-linear partial differential equations
(PDEs) that govern the flow are changed into ordinary differential equations (ODEs). As shown by its description and
application in MATLAB by [30], and Hale and Moore [29], the Bvp4c technique is well-known and used to simulate the
problem in this study. For various parameters like 4, 6, Pr, M, Q and Ec the results are presented graphically.

2. METHODOLOGY

In the context of a vertical stretchable cylinder with radius rg, let us contemplate a two-dimensional steady incom-
pressible ternary hybrid nanofluid composed of Cu — Al,O3 — TiO,/H,O. This nanofluid is submerged in a porous
medium. Thermal stratification, a heat source/sink, and joule’s effect exert an influence on the system. As displayed in
Fig. 1, it is postulated that the ternary hybrid nanofluid flows in the axial x-direction, where the » coordinate denotes the
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Figure 1. Physical Model and Coordinate system
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direction perpendicular to the x-axis. Here, “u” stands for the ternary hybrid nanofluid’s velocity component along the
r-axis and ”v” for the x-axis. In the present investigation, a magnetic field of magnitude By is supplied perpendicular to
the ternary hybrid nanofluid’s propagation path. In addition to Joule heating, the thermal buoyancy effect is taken into
account in the flow problem. u = a7, is the velocity responsible for inducing linear stretching in the upright cylinder,
where 'a’ and ’l’ symbolise the cylinder’s characteristic length and velocity, respectively. T,,(x) = To + A (%) , is the
wall’s assumed temperature, and T, (x) = Ty + B (%), is the ternary hybrid nanofluid’s temperature at ambient conditions.
The constants Ty and A, B stand for the beginning temperature and non-negative constants, respectively. According to
the study conducted by Paul et al., [18], the equations that regulate continuity, momentum, and energy in the setting of a
ternary hybrid nanofluid can be formulated as follows.

do(ru) 0(rv)

= 0 1
ox * or (D
n 1 n n
ua_u+va_u _ M f_i(ra_l/l)_'_(PﬂT)th fg(T—Too)—O-th fB%u
dx  or Pihnf T Or \ Or Pihnf Prhnf
_,uthnfll @
Pihnf k
oT oT k 10 oT
U—+v— = &——(r—)+A(T—TM)
Ox or (pcp)inngrdr \ Or | (pcp)inng

Othnf 5 2

+— Db U
(pcp)thnf 0

3)

The boundary conditions are as follows:

u=a-, v =0, T=T,(x) when r = rg

u=0, T — T (x) when r — oo

Here is the similarity transformation utilized in Equations (1)-(3), as described in reference [18]

r? —r? ayv T-T,
0 a f Oo(x)
= E— = _ s 9 = —
1 2ro V vyl v V [ xrof () T, (x) = Tp
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and we have the following non-dimensional quantities:

losB?2 lve lvys G B l
mM=-20 g _f2 1= 5=2 o= Qo ’
apy ak arg Re3 A a(pep)y

_ vrluep)s u

koo e )

In this context, K denotes the porosity parameter, y signifies the curvature parameter, M represents the magnetic
parameter, A signifies the thermal buoyancy parameter, Q signifies the heat source/sink parameter, Pr represents the
Prandtl number, ¢ signifies the thermal stratification parameter, and E ¢ represents the Eckert number.

To satisfy equation (1) for continuity, we introduce the stream function i, which has the form u = }Z—'ﬁ' and v =
10y

Pr

—+ ax- Thus, we provide the non-dimensional representations of the altered equations as follows:
fP=11" = ar2yf” + (L4 2ym "] +a2d6 = (a3M + a1 K) f’ )
F(O+6)—f0 = as[2y0 + (1 +2yn)0"] +as6 + agEcM [ (5)
where,
C k
= ﬂthnf’ = of = (pﬁ)thnf, o= (0Cp)r R O'Ihnf, g = Kilns
ur Pthnf (0B)f (0Cp)inny of kg
X4X6

ay =X|xz, Gy =XX3, a3 =XpX5, Q4= as = Qx4, A = X4X5

Pr’
The symbols pinnf, Pinnfs (B)ihngs (PCp)ihnfs Othngs kinny indicate the ternary hybrid nanofluid’s coefficient of
viscosity, electrical conductivity, thermal expansion, heat capacity, density and thermal conductivity, respectively. Ad-
ditionally, 17, pr, (B) r, (pCp) s, 0y, k r represent the viscosity, electrical conductivity, thermal expansion, heat capacity,
density, and thermal conductivity of the base fluid, respectively.

The dimensionless coefficients a; — ag appearing in Eqs. (4) and (5) are introduced to simplify the transformed
governing equations. These coefficients represent the effective thermo-physical property ratios of the ternary hybrid
nanofluid relative to the base fluid and account for the combined effects of viscosity, density, thermal expansion, electrical
conductivity, heat capacity, thermal conductivity, heat source, and Joule heating.

The transformed boundary conditions are as follows:

f=0 =1 6(m) =1-06 atn =0

' —0 0(n) — 0 asn — o0 (6)
The ternary hybrid nanofluid has the following thermo-physical properties [25] :
P Ky
MU= P51 6223 (1 - 63)%
pimng = (L= ¢3) [(1 = ¢2) {(1 = p1)py + d1ps1} + ¢20s2] + B3ps3
(Pcp)thnf =(1-¢3) [(1 - ¢2) {(1 - ¢1)(Pcp)f + ¢1(pcp)s1} + ¢2(pcp)s2] + ¢3(Pcp)s3
(OBT)inny = (1= ¢3) [(1 = ¢2) {(1 = 1) (pBr) 5 + 1(0Br)s1} + $2(pBr)s2]| + ¢3(pBT)s3

(ks1 +2ky) = 2¢1 (ks — ks1) (ks2 +2kng) = 2¢2(kny — ks2)
kny = kf, kpny = nf
(k.\‘l + 2kf) + ¢l(kf - ksl) (kSZ + anf) + ¢2(knf - ksZ)
(ks3 + 2kpnf) = 2¢3(knny — ks3) (051 +207) = 2¢1(0f — ks1)
kinng = khng, Ong =
(kg3 + 2kpnyg) + ¢3(kpny — ks3) (051 +20¢) + ¢1(op — 041)

(052 +200f) = 2¢2(0nf — 052) (053 +20hn1) = 2¢3(Thny — 053)
(052 + 200f) + $2(0ny — 052) (053 + 200nf) + ¢3(Thny — 053)
where ¢1, ¢ and ¢3 are volume fraction of Cu(Copper), Al, O3 (aluminium oxide) and 77O, (titanium oxide) nanopar-
ticles respectively. The suffixes thnf, hnf, nf, f, s1, s2, s3 denote ternary hybrid nanofluid, hybrid nanofluid, nanofluid,
base fluid, solid nanoparticles of copper (Cu), aluminum oxide (Al,03), and titanium dioxide (770,) correspondingly.
Thermo-physical characteristics of Cu, Al,O3 and TiO; nanoparticles in pure water are presented in Table 1.
The skin friction coefficient and local Nusselt number are defined by

Ohnf = }O-nf’o—thnf = [ ]O—hnf

= ! - kthnf
C 2 ”(0 d Nu,R 2 _ _ M a0
FRey (1—¢1)23(1 — ¢2)25(1 ¢3)2_5f (0) an UxRe, X (0)

where, Re, is the local Reynolds Number.
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Table 1. Thermo-physical Properties of water and nanoparticles [2]

Physical Properties | H,O(base fluid) Cu (s1) Al O3 (s2) | TiO, (s3)
p (kg/m?) 997.1 8933 3970 4250
C, (J/kgK) 4179 385 765 686.2
k (W/mK) 0.613 401 40 8.9538
B x 10° (K1) 21 1.67 0.85 0.9
o (s/m) 55%x107° 59.6x10° | 35x10° | 2.6x10°

3. METHOD OF SOLUTION

The numerical solution of the non-linear higher-order system of ordinary differential equations (ODEs) given by
Equations (4)-(5) and the boundary conditions (6) is performed using the bvp4c solver, which is integrated into the
computational platform MATLAB. Scientists and engineers have relied heavily on this method for resolving fluid flow
issues. Hale and Moore [29] pioneered the bvp4c solver, which was developed by Jacek Kierzenka and Lawrence F.
Shampine of Texas’s Southern Methodist University. The bvp4c solver is an approach for finite-state problems that
generates fourth-order accurate numerical solutions by means of the Lobatto IITA implicit Runge-Kutta formulation. For
initial mesh point guesses and step-size modifications, this technique provides the required accuracy. According to Waini
et al. [30], when compared to the shooting approach and the Keller box method, the bvp4c solver produced satisfactory
results. In this context, it is necessary to decrease the derivatives of higher order with regard to . This can be achieved
by incorporating the subsequent additional variables:

f=y(), f =32, f'=y3), 0=y4), 0 =y(0)

y(1) y(2)
e : >®)
L1y3)| = yQ) -y()yB)-apdy#)+(asM+a1K)y(2)-2a1yy(3)
an y (1+2yn)a;
y(4) y(3)
y(5) Y2)(y#)+6) =y (D y(5)=2asyy(S) —asy(4)
(1+2ym)as

and boundary condition are expressed as

ya(l), ya(2)-1, ya(4)-1+06, yb(2), yb(4)

where ya is the condition at = 0 and yb is the condition at p = oo

4. RESULTS AND DISCUSSION

As a comparison to the results given by Paul et al. [18], Table 2 displays the absolute values of the friction factor
and the local Nusselt number as determined by the present study. We are excluding 7705 nanoparticle volume fractions
with Ec = 0 from this comparison. As this research shows, the bvp4c algorithm may produce reliable numerical results
that match or exceed those of competing approaches. Figs. 2-13 and Tables 2-4 illustrate the results of the computations
performed numerically in the bvp4c solver of MATLAB. Pr = 6.2,0 = 03,K =1,y =0.1,Ec =0.1,6 = 0.3,M =
1.2, =1.2,¢1 =0.05,¢> = 0.15 and ¢3 = 0.2. are the values that are employed in the study.

The thermal stratification parameter, 6 = %, represents the ratio of the ambient temperature gradient to the wall
temperature gradient. For a physically meaningful wall heating problem, the condition 0 < § < 1 must be satisfied so
that the dimensionless wall temperature remains positive, i.e., 8(0) = 1 — 6 > 0. In the present study, all numerical
simulations are performed within this admissible range to ensure the physical validity of the thermal boundary conditions.
As ¢ approaches unity, the temperature difference between the wall and the ambient fluid decreases, resulting in weaker
thermal buoyancy and reduced heat transfer.

Table 2. Comparison of Skin friction Coefficient and local Nusselt Number when ¢3 = 0

0 Pr | 2 v | Pauletal. | Present Study | Pauletal. | Present Study
—CfRe}C/2 —CfRe)lc/2 NuxRe;l/2 NuxRe;l/2
0.1]62]12]0.1 2.9398 2.9795 2.7885 2.7887
01} 2 | 12101 2.8419 2.8760 1.3264 1.3311
0.1 162]24]0.1 2.7219 2.7425 2.8528 2.8516
0162|1202 3.0048 3.0436 2.8283 2.8269
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Fig. 2 illustrates how the nanofluid’s velocity f’(n) is affected by the porosity parameter (K). As the value of the
porosity parameter increases, the velocity drops. As increases, the diameter of the porous medium gradually shrinks,
indicating an inverse relationship between the two variables. This smaller diameter makes the fluid’s passage through
the porous material more difficult. The decrease in fluid velocity was caused by the obstacle introduced by the porosity
parameter (K).

M=0
——M=05
——M=1
——M=15
3 4
n n
Figure 2. Effect of K on Velocity Profile Figure 3. Effect of M on Velocity Profile
i 1
Ec=0.1
06— |7/ Ec=0.2
081 ~_| Ec=0.3
0.15 [~
.6 0.14
= 1.21.211.22
041
021
ot .
0 1 2 3 4
n 4
Figure 4. Effect of & on Velocity Profile Figure 5. Effect of Ec on Velocity Profile

When the amount of M is increased, the fluid velocity drops, as portrayed in Fig. 3. Enhancing the magnetic
parameter (M) causes the momentum barrier layer to become thinner. This structure develops as a consequence of the
ternary hybrid nanofluid’s reduced velocity caused by the Lorentz force generated by the horizontal magnetic field. Fig.
4 shows how the parameters of thermal stratification (§) affect the nanofluid’s velocity f’(n). The flow rate drops as the
heat stratification parameter rises. Reduced potent convection potential between hot wall and surrounding fluid is a result
of an enhancement in the heat stratification parameter. Because of this, the buoyant force is diminished, leading to a slower
flow rate.

Impact of Eckert number (Ec) on velocity profile is displayed in Fig. 5. As Ec rises velocity of the fluid also
rise. Fig. 6 shows the changes in fluid velocity caused by thermal buoyancy parameter 1. We find that when values are
increased, the velocity goes up. A higher increase in A results in a stronger thermal buoyancy force. Because of this, we
can deduce that buoyant forces cause the fluid’s velocity to rise.

The impact of the heat source parameter (Q) is displayed in Fig. 7. It is found that fluid velocity develops in tandem
with a boost in Q. Fig. 8 illustrates how the Prandtl number affects the velocity profile. The velocity profile appears to
slow down as the Prandtl number increases.

The temperature profile demonstrates an enhancement as the Eckert number enhances, as illustrated in Fig. 9. The
physical explanation is that an increase in Ec may cause the fluid’s viscosity to absorb more energy, which it can then
transform into internal energy, therefore raising the temperature. As shown in Fig. 10, the temperature 6(n) rises as the
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f(n)

Figure 6. Effect of A on Velocity Profile
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solid volume fraction of Cu nanoparticles grow, keeping the volume fractions of Al,O3 and TiO, constant. Moreover,
it is noticeable from Fig. 11 that the temperature shows an upward trend as the volume fraction of increases, whilst the
volume fractions of and stay consistent. Likewise, the temperature profile is shown to increase with an increase of ¢3, as
depicted in Fig. 12. A higher temperature is the result of increased physical dissipation of energy, which may occur when
the volume fraction of nanoparticles increases.
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However, Fig. 13 highlights the consequences of the Prandtl number (Pr) on the temperature profile. Observations
indicate that raising the Prandtl number results in a decline in the thickness of the heat boundary layer, resulting in a fall
off in the temperature gradient. Fig. 14 demonstrates how the temperature profile is affected by a parameter of the heat
source (Q). As Q, the heat source parameter, rises, the fluid temperature rises as well. This property is in accordance with
the fluid’s intrinsic physical properties.

6=0

Figure 14. Effect of O on Temperature Profile Figure 15. Effect of 6 on Temperature Profile

When the temperature stratification parameter (&) goes up, as shown in Fig. 15, the temperature of the stream goes
down. When thermal stratification (§) is present, the temperature difference between the hot wall and the fluid around it
will go down. Because of this, the temperature drops and the thermal barrier layer gets thicker.

For different flow factors, Table 3 show how they change the skin friction and the local Nusselt number. Table 3
showed that the absolute value of the skin friction coefficient increases with increasing thermal stratification parameter
(6), magnetic parameter (M) and porosity parameter (K). In contrast, the local Nusselt number decreases with increasing
values of 6, M, where as increases with K. For increasing A, skin friction decreases while the local Nusselt number
increases. A higher skin friction and Nusselt number are seen for Pr. As the heat source parameter (Q) increases, there
is an observable decrease in the rate of heat transmission. Rising the value of the curvature parameter (y) results in a
increase in the skin friction and the Nusselt number as the value of y increase.

In accordance with Table 4, the ternary hybrid nanofluid has a larger absolute skin friction than the hybrid nanofluid,
as demonstrated by the experimental results. On the other hand, it is also noticeable that hybrid nanofluids exhibit more
skin friction than ordinary nanofluids. Additionally, the ternary hybrid nanofluid has been found to demonstrate a faster
rate of heat transfer than the hybrid nanofluid, which in turn shows a higher heat transfer rate than ordinary nanofluids.
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Table 3. Skin friction Coefficient and Local Nusselt number for different values of 6, M, K, A, Pr,Q,y

1) M |K| A Pr Q y —CfRe)lc/2 NuxRe;l/2
0 5.8976 3.3791
02112156201 |02 5.9937 3.1437
04 6.0895 2.9029
0 5.0625 3.3897
021052156201 |02 5.5047 3.2716
1.5 6.2992 3.0654
0211101562 0.1 |02 4.2386 2.6142
1 5.1882 3.3559
021121562 0.1 |02 6.2814 3.0258
3 5.7207 3.2339
0211215060102 5.8739 0.9577
4 5.9541 2.3516
02112 ]15|62]-011]02 6.0190 3.6293
0 6.0083 3.4083
02112 ]15|62] 0.1 0 5.7202 3.0029
0.1 5.8582 3.0723
Table 4. Comparison of Skin friction Coefficient and Local Nusselt number
0 Cu CM—A1203 CM—A1203 Cu CM—A1203 Cu—A1203
-TiO, -TiO,
Nanofluid Hybrid Ternary Nanofluid Hybrid Ternary
Nanofluid Hybrid Nanofluid Hybrid
Nanofluid Nanofluid
—CfRel* | —CyRel* | —CyReY? | Nu,Re;' | NuyRe;'* | Nu,Rey'?
0 1.9645 3.3981 5.8976 2.3250 3.0662 3.3791
0.2 2.1869 3.5020 5.9937 2.5539 2.8668 3.1437
0.5 2.3329 3.6531 6.1372 2.2778 2.5361 2.7805

5. CONCLUSIONS

An extensive study was conducted on the consequences of heating stratification and the joule’s effect regarding the
movement of a ternary hybrid nanofluid that demonstrates magnetohydrodynamics characteristics through a vertically
stretchable cylinder. This study took into account the existence of a thermal bouncy effect and a heat source within a
porous medium. The study also looks at the flow features and how they affect temperature and velocity profiles, as well as
the Nusselt number and friction factor. Notable findings from this inquiry include the following:

* As the parameters 6, K, M and Pr grow, the velocity profile shows a decreasing trend, while it shows a rising pattern
with higher values of A, Ec and Q.

* With rising values of 6 and Pr the temperature decline, whereas with rising values of Ec, ¢1, ¢2, ¢3 and Q, it rises.
e Parameters 6, M, K, Q,y and Pr cause a increase in absolute skin friction, whereas A cause it to decrease.

e An upward trend is noted in the local Nusselt number as the values of K, Pr and A increase, whereas a downward
trend is observed as §, M and Q increase.

* In comparison to the hybrid nanofluid, the ternary hybrid nanofluid exhibits a higher absolute skin friction. Similarly,
when compared to ordinary nanofluids, hybrid nanofluids exhibit higher skin friction.

* A ternary hybrid nanofluid has a greater heat transfer rate than a hybrid nanofluid, which is also higher than that of
standard nanofluids.

The present numerical investigation provides useful guidance for the design of thermal systems employing ternary
hybrid nanofluids. The results indicate that moderate values of the thermal buoyancy parameter (1) enhance the fluid
velocity, while lower values of the thermal stratification parameter (d) are preferable for maintaining higher heat transfer
rates. Similarly, increasing the volume fractions of Cu, Al,O3 and TiO, nanoparticles improves the thermal performance
of the base fluid, although excessively high nanoparticle concentrations may increase skin friction and pumping power
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requirements. The magnetic parameter (M) and porosity parameter (K) should therefore be selected carefully to achieve
an appropriate balance between flow resistance and heat transfer enhancement. These findings suggest that the Cu —
AlLbO3 — TiO,/H,0 ternary hybrid nanofluid can be effectively utilized in geothermal heat extraction, compact heat
exchangers, solar thermal collectors, electronic cooling systems, and chemical processing equipment where efficient
thermal management is required.
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This study examines the heat and mass transmission properties of a Jeffrey nanofluid traveling across a moving slender needle. The
main aim is to examine how essential parameters, such as Hall current, couple stress, activation energy, and thermophoresis, affect the
fluid's velocity, temperature, concentration, and corresponding entropy generation. The flow configuration of a slender needle is
critically pertinent to practical applications, including the thermal design of microneedles for regulated medication delivery, the
aerodynamic profiling of slender structural elements in aerospace engineering, and the optimization of delicate sensor probes. With the
aid of suitable similarity transformations, the equations which were meant to describe the problem, were transmuted as a framework
with nonlinear ordinary equations, and then solved using the bvp4c solver. A notable discovery is that fluid velocity is hindered by
augmented magnetic field strength and coupling stresses, while the temperature profile is improved by elevated viscous dissipation and
thermophoresis effects. Moreover, the heat transfer rate at the surface decreases as the thermophoresis parameter increases, whereas
the mass transfer rate diminishes with higher activation energy. The study indicates that entropy formation, representing energy loss,
increases with heightened viscous dissipation and thermal radiation. It is found that the Sherwood number declines by 24.1% when
activation energy rises from 0 to 0.8. It is found that the Nusselt number declines by 26.3% when thermophoresis parameter rises from
0 to 2. It is discovered that the friction factor raises by 2.32% when magnetic field parameter escalates from 0 to 2.

Keywords: Thermophoresis; bvp4c; Brownian motion; Couple stress; Activation energy

Nomenclature

o Electrical conductivity n Similarity variable
u,v Velocity components in X, y directions respectively | Dr Thermophoresis diffusion coefficient
Pr Prandtl number " Stefan-Boltzmann constant
Ao Relaxation time parameter of the fluid Br Brinkman number
A Retardation parameter of the fluid a, Concentration difference parameter
De Deborah number Ra Thermal radiation parameter
p Density k* Mean absorption coefficient
a Temperature difference parameter g Gravitational acceleration
Le Lewis number n Fitting rate constant
Cp Specific heat Ry Universal gas constant
Mg Magnetic field Parameter " Buoyancy parameter
y Exothermic/endothermic coefficient Cs Couple stress parameter
Be, B+ Concentration and thermal expansion Coefficients | Dg Brownian motion coefficient
Nt Thermophoresis parameter Nb Brownian motion parameter
ko, T Reaction rate parameters kq Boltzmann constant
m Hall current parameter d Needle size parameter

Ey, A Activation energy parameters

1 INTRODUCTION

The Buongiorno model is significant for its innovative integration of two primary nanoparticle transport
mechanisms—Brownian motion and thermophoresis—within a unified continuum framework, thereby fundamentally
enhancing the analysis of nanofluid heat transfer beyond the capabilities of conventional single-phase models. The
significance is highlighted by its extensive use as a standard for forecasting the improved thermal properties of nanofluids,
offering essential insights into the influence of nanoparticle distribution on flow dynamics and temperature distributions.
This has resulted in crucial applications in the design and optimization of high-performance thermal management systems,
such as microchannel coolers for electronics, solar thermal collectors, nuclear reactor safety, and advanced heat
exchangers, where precise modelling of the interaction between nanoparticle migration and convective heat transfer is
imperative for enhancing energy efficiency. Bhatti et al. [1] studied the entropy formation in the Eyring—Powell nanofluid
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traversing a porous stretching surface by using the Successive Linearization Method. The research indicated that
temperature and nanoparticle concentration profiles rise with an elevated thermophoresis parameter. Amanulla et al. [2]
performed an inquiry of nanofluid movement via an upward surface, integrating velocity and thermal slip effects with the
Keller-Box method. The research indicated that increased velocity slip augments momentum at proximity to the surface.
Goodarzi et al. [3] inspected the flow and thermal transfer characteristics of a non-Newtonian nanofluid within a
microtube. The research indicated that augmenting the nanoparticle volume percentage improves heat transport within
the microtube. Subba Rao et al. [4] investigated the convective flow of Casson nanofluid across an isothermal sphere
under convective boundary conditions. The research indicated that a rise in the Casson parameter slows down the flow.
Ahmadian et al. [5] scrutinized the movement of a Maxwell nanofluid amongst two horizontally revolving disks subjected
to an axial magnetic field with the bvp4c approach. The research indicated that elevated Deborah number values diminish
radial velocity while improving the temperature profile. Usman et al. [6] examined the dynamics of a bioconvective and
radiative Cross nanofluid between two stretchable spinning disks employing the homotopy analysis technique. The study
demonstrated that fluid velocity escalates with elevated disk stretching rate and buoyancy parameters. Elgazery [7]
inspected the movement of a Powell-Eyring micropolar nanofluid over an elastic permeable framework with non-constant
thermophysical parameters. The results showed that the angular velocity goes up when the variable microrotation
viscosity parameter changes. This shows how important it is to characterize these kinds of features as functions instead
of constants. Yousef et al. [8] studied the movement of a Casson—Williamson nanofluid via a permeable stretched sheet.
It is discovered that the temperature profile is enhanced by higher values of the Casson parameter. A second-grade
nanofluid's movement through an exponentially stretched framework with a variable thermal conductivity parameter was
studied by Anwar et al. [9]. The velocity profile was found to be more raised with higher values of the material parameter.
Furthermore, several researchers [10-16] inspected various non-Newtonian fluid movements across different frameworks.

The interaction between exothermic reaction and fluid movement is an important phenomenon that has far-reaching
effects on many fields of engineering. The heat that comes out of the reaction changes the fluid's properties, like its
temperature, density, and viscosity. This can then modify the flow behaviour in a big way, causing buoyancy-driven
convection, speeding up flow rates, or even causing instabilities. This coupling is very important in real life because it
determines how safe and efficient chemical reactors are, how stable flames are and how heat is spread in combustion
systems like engines and turbines, and how to control the thermal field in materials processing, such as welding and
crystal growth, to make sure the products are of high quality. To get the best performance and make sure that a wide range
of thermal and chemical systems work safely, it is important to understand this synergy. Kareem et al. [17] examined the
transient behaviour and entropy generation of the Rivlin-Ericksen fluid undergoing a two-step exothermic reaction with
temperature-dependent viscosity. The study demonstrated that entropy generation decreased under scenarios characterized
by low viscous dissipation and diminished fluid viscosity. Raees et al. [18] formed a mathematical model to study the
movement of nanofluid in a microchannel with an exothermic chemical reaction parameter, based on Buongiorno's model.
The findings demonstrated that the Frank-Kamenetskii parameter substantially improves heat transmission. Ahmad et al.
[20] studied the mixed convective movement of an incompressible fluid through a curved surface with an exothermic
catalytic chemical reaction parameter by the finite difference approach. It is found that the surge in the exothermic
parameter results in an elevation of the temperature profile. Ogunsola et al. [21] conducted an irreversibility analysis for
third-grade fluid movement characterized by an Arrhenius exothermic reaction and non-constant viscosity parameters.
The study demonstrated that augmenting the Frank-Kamenetskii parameter amplifies entropy formation. Zainal et al. [22]
scrutinized the movement of an aqueous hybrid nanofluid across a moving wedge utilizing the bvp4c solver. It is shown
that augmenting the nanoparticle volume fraction improves the friction factor. Furthermore, several researchers [23-28]
inspected the impact of exothermic chemical reaction on various fluid movements across different frameworks.

The fluid dynamics around a moving thin needle is a basic problem in boundary layer theory that is very useful in
real life. This setup is especially useful since it makes it possible to find a similarity solution, even when the needle's
thickness is about the same as the boundary layer that forms. This feature makes it a great example for checking the
accuracy of numerical codes and experimental data. It has a lot of uses, from improving the aerodynamic performance of
thin structural parts and hypersonic vehicle nose cones to making medical devices like microneedles and surgical tools
better, where precise control of fluid drags and heat transmission is very important. Waini et al. [29] scrutinized the
movement of a hybrid nanofluid past a moving thin needle. The study indicated that dual solutions arise within particular
intervals of the moving parameter. Kumar et al. [30] inspected the movement of a Casson fluid past a moving slender
needle with cross-diffusion effects. The study showed that there is a decline in the Nusselt number with the rise in the
Dufour number. Ramesh et al. [31] examined the movement of a bioconvective hybrid nanofluid via a moving slender
needle, utilizing a modified Buongiorno’s model. Abbas et al. [32] conducted a theoretical analysis of the movement of a
hybrid nanofluid past a moving slender needle employing the Galerkin method. The study demonstrated that increased
needle thickness reduces the heat transmission rate. Later, Srinivasa Reddy [33] discussed the fluid movement through
the moving slender needle.

Although the current literature offers considerable understanding of nanofluid flows across diverse geometries, a
notable research gap persists in the thorough examination of a Jeffrey nanofluid traversing a moving thin needle, which
concurrently integrates the combined influences of Hall current, couple stresses, and an Arrhenius activation energy-
driven exothermic reaction. This study is significant as it addresses the existing gap by creating a comprehensive model
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that encapsulates the intricate interactions of electromagnetic, microstructural, and chemical kinetic phenomena, which
are crucial for the precise design of advanced micro-devices and high-precision engineering systems. Additionally, to
enhance the dependability of our numerical computations derived from the bvp4c solver, an Artificial Neural Network
(ANN) model is utilized to corroborate essential results. This machine learning methodology offers independent
validation of our results and illustrates the powerful synergy between numerical analysis and data-driven modelling in
contemporary computational fluid dynamics, thereby augmenting the credibility and robustness of the research presented.

2. MATHEMATICAL FORMULATION
In this study, the steady movement of a Jeffrey nanofluid over a moving thin needle is considered.

(i) The fluid is characterized as a non-Newtonian Jeffrey fluid. This model integrates relaxation time effects, rendering
it appropriate for viscoelastic fluids.

(i1) A vertical external magnetic field with strength B is applied. The model incorporates the influence of Hall current
(parameter m), which alters the Lorentz force exerted on the fluid (refer to Fig. 1).

(iii) The microstructure of the fluid is taken into account by adding couple stress effects to the momentum equation. This
takes into account how particles interact in microfluids and adds a higher-order derivative term.

(iv) The model integrates Brownian motion and thermophoresis, which are essential for the behaviour of nanofluids.

(v) Itis assumed that the needle moves with a constant velocity U,, in the same or opposite direction to the mainstream
of constant velocity U,,.

(vi) The chemical reaction is assumed to be exothermic, meaning that it releases heat (y > 0). This assumption is crucial
for analyzing the thermal effects of the reaction on the fluid flow.

(vii) This formulation is based on the idea that the needle is very thin. This thin needle approach assumes that the needle's
diameter is very small relative to the thickness of the boundary layer that is forming. As a result, the flow field and
the heat and mass transfer processes that go along with it are thought to be unaffected by the needle's limited radius
or blunt tip. This means that the specified similarity transformations and boundary conditions can be used.

Based on the assumptions made before, this investigation requires the following conditions and equations (Ishak et al.

[34], Ashraf et al. [35], and Karthik et al. [36]):
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ypk E T dc . D (9T\>2 u o [ou\>
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Here r = R(x) is the surface shape of the needle.
For the purpose of converting governing equations, Ishak et al. [34] introduced the following similarity
transformations:

Ur C—Cw _ ' — T_Tm
n="v=—C(f=nf").0(n)= c o nTnem = } “

Note that U is the composite velocity which is equal to U, + Uc.
2
By substitutingn =d inn = %, we can get R(x) = ’MTX
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The terms shown in (6) easily satisfy the equation (1). The following outcome results from the effective modification
of equations (2-4) and conditions in (5) by the use of integration of (6):

(anm + frl _ De(ZT)f”Z + 6nf/fln + 4flf!l + 4_nffllll + 6ff’”))

- 1141‘?12 f'—32n2Csf"" — Cs(104nf"" + 34f""") + );—0(9 +2P)+ff"'=0 @)
Free-stream conditions (as r — )
v u-U, a——»ﬂl—»T ,C - C,
Boundary Layer
Surface conditions (at r = R(x)) — Us
0%u
u=Uy,v= oﬁ_or Ty C=Cy I[l‘[
B
Figure 1. Visual representation of the present investigation
L2 0+ 6 2+ L2 (NbO'Y’ + N0 + L0 (1 + af)"exp ( 9) b+ AnEckf> =0 (8)
2 ., " 2 Nt 1" A —
L (' +ng") + 22 (0 +70") + [ —Z (1 + aB)exp (- =) p = 0 ©)

atn=d: )= dAp(n)=1.S )= 2.6(1)=1.1"(1) =0,
1 (10)
a5 701 £107) = (1= 2),60) = 0.0 = 0,907) 0.

Note that we assumed that 0 < A < 1 i.e., the needle and the fluid move in the same direction (positive x — direction).
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The friction factor can be stated via the ensuing equation:
ou
C
=35 )E
By applying (6), term in (11) can be rewritten as:

JRe.Cf =4 f "(77)\,7:[,

(11)

r=R(x)
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The following formulas can be used to determine the heat and mass transfer rates:

— *T3
NMZL ’qW: k+i40-—7;° a_T’
k,(T,-T.) » 3 k* Jor
r=£() (12)
Sh=re—om o s, —Dmaa—c
( w - R ) m V:R(, ) r
By applying (6), the formulas in (12) are rewritten as:
(Re,) > Nu=-2{ (1+Ra)&" ()| _,
=
,% _ ,
(Re,)”? Sh=-2n¢ (n)‘n:d
2.1. Entropy generation
The formula that describes the dimensional computation of entropy production is mentioned as:
T3 2 2
s =1+16Z (arj +ﬂi(a—”) foLuB +_(a_cj R+ g p (13)
& 3k k * or T \or T. or T or or

By adopting (6), we may rewrite equation (13) as follows:

= (1+ Ra)an0”+4Br f "+ 2Brf > Mg+ HL4" + HO'9',
o
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3. NUMERICAL PROCEDURE
The equations (7) to (9), together with the conditions specified in (10), are solved using the bvp4c solver. Prior
beginning coding, it is essential to contemplate the subsequent assumptions.

f=v.f'=v,, ["=w, ["=v,. [ =v, 0=y, 0 =y, 0=y,,0' =,

This system of first-order ordinary differential equations is generated from equations (7) to (9) and the conditions
outlined in (10).
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with the constraints

ya(l) =ld/1,l//a(4) =0,pa(6)=1Lya(8)=1Lya(2) :lﬂ’
21 ? (16)
wb(2)=(1-2).wb(3) = 0.yb(6) = 0.yb(8) = 0.

The graphical results can be generated by executing the code once the system has been constructed in MATLAB.

4. ANALYSIS OF THE RESULTS

Analysis of Fig. 2 reveals that an elevation in De correlates with a decrease in the velocity of the fluid. An elevated
De value indicates that the fluid demonstrates more significant elastic solid-like characteristics over an extended period,
as opposed to solely viscous liquid-like behavior. As elasticity gets more pronounced, the fluid's internal resistance to
deformation escalates, hindering its motion and leading to a diminished overall velocity profile. This conclusion indicates
that increased fluid elasticity creates a more robust resistance mechanism in the flow, hence inhibiting momentum
diffusion and diminishing the kinetic energy available for fluid motion. According to the data presented in Fig. 3, an
elevation in Cs is associated with a reduction in the fluid's velocity. The couple stress parameter reflects the impact of
internal rotational resistance and micro-rotational effects in the fluid, resulting from the suspension of micro-elements
such as polymers or colloidal particles. An increased value of this characteristic indicates enhanced resistance to fluid
movement and deformation caused by these microstructures. This indicates that the fluid becomes significantly more
viscous or organized, hindering its capacity to flow freely. As a result, the velocity profile is diminished due to increased
energy dissipation required to counteract internal coupling tensions, resulting in an overall slowdown of the flow.
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Figure 2. De’s impact on fluid’s velocity Figure 3. Cs’s impact on fluid’s velocity

Fig. 4 explains that the fluid temperature upsurges with increased Eckert number values. An increased Eckert number
indicates that a substantial fraction of the fluid's kinetic energy is transformed into internal thermal energy due to work
performed against viscous forces. This study suggests that in high-velocity flows or very viscous fluids, frictional heating
becomes a predominant factor, resulting in a significant temperature increase without requiring an external heat source.
Fig. 5 establishes that the temperature of the fluid rises with higher thermophoresis parameter values.
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Figure 4. Eck’s impact on fluid’s temperature Figure 5. Nt’s impact on fluid’s temperature

Thermophoresis is a phenomenon in which microscopic particles, such as those in a colloidal suspension or
nanofluid, are subjected to a force that propels them from a hotter region to a colder one. An elevation in the
thermophoresis parameter amplifies the movement of particles away from the heated surface. As a result, an increased
quantity of particles congregates in the colder areas of the fluid, hence augmenting energy transfer and thermal conduction
in that area. This result indicates that thermophoresis serves as a crucial mechanism for energy redistribution, effectively
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raising the overall fluid temperature by concentrating heat-carrying particles within the bulk fluid, thus impacting the
system's thermal management and efficiency. Fig. 6 demonstrates that an elevation in the Brownian motion parameter
correlates with a reduction in nanoparticle concentration within the fluid. This occurs physically due to the amplification
of Brownian motion, which exacerbates the erratic, chaotic movement of nanoparticles. This intensified microscopic
motion breaks the homogeneous distribution of particles, facilitating their dispersion and preventing their settling or
accumulation. As a result, the total concentration of nanoparticles in the primary fluid domain diminishes due to their
enhanced scattering. This outcome underscores the pivotal function of Brownian diffusion as a counteracting force to
concentration accumulation, accentuating its significance in regulating particle distribution in fields such as nano-fluidics
and thermal systems. Fig. 7 illustrates that an elevation in the activation energy parameter leads to an increased fluid
concentration. A higher activation energy signifies a more substantial energy barrier that reactant molecules must
surmount to engage in the chemical reaction. As a result, the reaction rate is diminished, resulting in decreased
consumption of reactant species. As fewer molecules undergo transformation, the concentration of the fluid rises due to
the accumulation of reactants. This finding indicates that activation energy functions as a kinetic inhibitor; in practical
systems such as industrial reactors or biological processes, elevated activation energy retards chemical conversion,
thereby enabling a greater concentration of the initial substances to remain in the fluid medium.

1 1

i Nb=1 (] A=1
----------- Nb = 2 i i A= 2
===Nb=3 0818 ---A=3

)
Y
)

06 &

0.4

02

0 e .
3 35 4 0o o5 1 15 2 25 3 35 4
n 7
Figure 6. Nb’s impact on fluid’s concentration Figure 7. A’s impact on fluid’s concentration

Table 1 demonstrates that a spike in Cs elevates the skin friction coefficient. This is because as elevated pair stresses
amplify the internal resistance to fluid microrotation, thereby raising the shear stress at the surface. This indicates a more
robust contact between the fluid's microstructure and the boundary, leading to increased frictional drag. The observed rise
in skin friction coefficient with a greater magnetic field, seen in Table 1, is a direct result of the magnetic influence on
fluid flow. Physically, this occurs because the applied magnetic field causes a resistive force that opposes the direction of
fluid motion. This force impedes the flow, making the fluid more resistant to shearing at the surface. As a result, friction
factor increases. It is discovered that the friction factor raises by 2.32% when M g escalates from 0 to 2.

Table 1. Influence of Mg and Cs on Cf

Mg Cs Skin friction coefficient
0 0.340707
0.5 0.352124
1 0.363684
1.5 0.37539
2 0.387244
0.1 0.778157
0.6 0.897543
1.1 0.91059
1.6 0.915594
2.1 0.91824

Table 2 demonstrates that an elevation in the Eckert number correlates with a reduction in the Nusselt number. An
elevated Eck indicates that the energy lost due to fluid friction becomes increasingly prominent relative to the heat
transmitted via conduction. Physically, this indicates that as viscous forces increase, they produce internal heat within the
fluid flow. This self-generated heat functions as an internal source, elevating the temperature of the fluid and diminishing
the temperature gradient between the surface and the bulk fluid. Consequently, the Nusselt number diminishes. Table 2
demonstrates that an increase in the thermophoresis parameter leads to a reduction in the Nusselt number. A more potent
thermophoretic force propels a greater number of nanoparticles away from the heated surface and into the core fluid
region. As a result, a diminished concentration of particles develops along the boundary, serving as an insulating layer
and diminishing the temperature difference at the wall. The physical implication is that the heat transfer rate from the
surface is reduced, as the thermophoresis process generates thermal resistance by displacing suspended particles that
would otherwise facilitate energy flow. It is found that the Nusselt number declines by 26.3% when Nt rises from 0 to 2.
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Table 2 Influence of Eck and Nt on Nu

Eck Nt Nusselt number
0 0.89449
0.1 0.87495
0.2 0.855375
0.3 0.835792
0.4 0.816202
0 1.052693
0.5 0.892532
1 0.752287
1.5 0.630638
2 0.526129

According to the trend shown in Table 3, a rise in the activation energy parameter is linked to a drop in the Sherwood
number. This happens because a larger activation energy means that reactant molecules have to overcome a bigger energy
barrier for the chemical reaction to happen. As a result, the reaction rate slows down, which means that the reactants at
the surface are used up more slowly. The slower chemical kinetics cause the lower mass transfer rate, which is immediately
reflected in the lower Sherwood number. This means that mass transfer happens less quickly when the chemical process
that controls it is more sensitive to heat and needs a lot more energy to start. Table 3 shows that there is an inverse
relationship between the Brownian motion parameter and the Sherwood number. This means that when nanoparticles
move about more randomly, it can slow down the total mass transfer rate. The physical explanation for this phenomenon
is that vigorous Brownian diffusion results in nanoparticles dispersing more randomly throughout the fluid bulk, instead
of being moved in a synchronized fashion towards the surface. This chaotic motion disturbs the directed concentration
gradient that is necessary for effective convective mass transfer. This causes the Sherwood number, which measures this
mass transfer efficiency, to go down. It is found that the Sherwood number declines by 24.1% when A rises from 0 to 0.8.

Table 3 Influence of A and Nb on Sh

A Nb Sherwood number
0 1.836886
0.2 1.776357
0.4 1.723082
0.6 1.676444
0.8 1.635843
0.1 2.117563
0.6 1.587075
1.1 1.528717
1.6 1.501083
2.1 1.482726

Fig. 8 displays that as the Brinkman number goes up, the rate of entropy formation in the fluid flow goes up as well.
This happens because the Brinkman number is the ratio of the heat generated by viscous dissipation to the heat moved by
molecular conduction. A higher Brinkman number means that the heat transmission through conduction is less important
than the heat transfer through friction. This increased viscous dissipation results in heightened thermal irreversibilities,
which serve as a direct source of entropy. The physical implication is that in flows with high viscous effects, such as those
involving very viscous fluids or high speeds, the energy losses due to friction are more significant, leading to a more
irreversible and thermodynamically less efficient system. Fig. 9 illustrates that as the thermal radiation parameter goes
up, the rate of entropy creation in the fluid flow also goes up.
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This happens because more thermal radiation makes the energy transfer and the thermal gradients in the system
stronger. This result means that the system is less efficient from a thermodynamic point of view. The higher entropy
generation means that more useful energy is lost, which means that more energy is wasted as heat instead of being used
for productive activity. This lowers the system's overall performance.

4.1. Validation of the results using Levenberg-Marquardt algorithm

To independently validate our numerical results, an Artificial Neural Network (ANN) model was developed using
the Levenberg-Marquardt (LM) backpropagation algorithm. The network architecture consisted of a three-layer
feedforward structure: an input layer, a single hidden layer, and an output layer. The input layer received the parameter
values (magnetic field parameter Mg for friction factor predictions; thermophoresis parameter Nt for Nusselt number
predictions; and reaction rate parameter A for Sherwood number predictions). The hidden layer comprised 10 neurons
with the hyperbolic tangent sigmoid (tansig) activation function, which was selected for its ability to model nonlinear
relationships effectively. The output layer employed a linear (purelin) activation function to produce the continuous target
predictions. The network was trained using the Levenberg-Marquardt algorithm, which combines the advantages of the
Gauss-Newton method and gradient descent, ensuring rapid convergence and enhanced stability. The dataset was
randomly partitioned into three subsets: 70% for training, 15% for validation, and 15% for testing. Training was
terminated when the validation error ceased to decrease for six consecutive epochs (early stopping) to prevent overfitting.
The performance of the trained network was evaluated using the Mean Squared Error (MSE) and the coefficient of
determination (R?). The consistently low MSE values (ranging from 107° to 107*?) and the excellent agreement between
predicted and target values in the function fit plots (see Figs. 11, 13, 15) confirm the robustness and accuracy of the ANN
model in capturing the underlying physical trends.
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As the number of epochs becomes up, Fig. 10 shows that the mean squared error (MSE) drops quickly across
training, validation, and test datasets. At first, the MSE is rather high, but it declines quickly in the first 20 epochs, which
shows that learning is going quickly. As training goes on, the errors for all datasets get very close together, and by epoch
118, the best validation performance is about 1.5713 X 10712, which is very close to zero MSE. In Fig. 11, almost all of
the outputs from training, validation, and testing are very close to their targets, following the ideal diagonal. The lower
subplot backs this up by showing that the error values, which are the differences between the actual and anticipated
outputs, are always close to zero across the entire input range, with no bias or systematic mistake. As the number of
epochs increases, the error values for the training, validation, and test sets get closer together. This is shown in the Fig.
12, which demonstrates a steady drop MSE during neural network training. At first, the MSE lowers quickly, and then it
drops more slowly over the course of 696 epochs. The model learns and generalizes the underlying pattern in the data
well, as shown by the best validation accuracy at epoch 696, which has a MSE of about 1.7817 x 10~°, which is very
low. Fig. 13 displays that the neural network model's predicted values are quite near to the actual targets in the training,
validation, and test datasets. All of the output points line up quite closely with the reference curve, showing that the
model's predictions and the true values match very well. The error distribution in the lower subplot stays very modest
across the whole input range, suggesting no consistent biases and confirming that the model well captures the underlying
functional connection. Fig. 14 shows how well the neural network did over 922 training epochs. The MSE quickly went
down for the training, validation, and test datasets. After a sharp drop at first, the three curves keep going down
consistently until they all meet at a very low MSE. The best validation result, which was about 5.9451 x 10711 at epoch
922, is the best of the three. The function fit plot in Fig. 15 shows that the predicted and actual values are quite close to
each other in all three phases: training, validation, and testing. The data points for each subset closely match the reference
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fit line, which means that the model accurately represents the underlying relationship without much variance. In addition,
the lower error subplot shows small residuals that are equally spread about zero, which shows that the neural network's
predictions are consistently accurate and do not have any systematic mistake. Table 4 presents the Mean Squared Error
(MSE), Mean Absolute Error (MAE), and coefficient of determination (R?) for all three output variables. The
exceptionally high R? values and the extremely low MSE and MAE values confirm that the ANN model accurately
reproduces the bvp4c results with negligible error.

Best Validation Performance is 1.7817e-09 at epoch 696
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Table 4. Performance metrics of the Levenberg-Maquardt neural network predictions against bvp4c numerical solutions for skin
friction coefficient (Cf), Nusselt number (Nu), and Sherwood number (Sh).

RZ
MSE MAE .
Output Parameter (Mean Squared Error) (Mean Absolute Error) (Coefﬁp len.t of
determination)
Cf Mg 1.57 x 10712 1.02 x 10~¢ 0.9999999
Nu Nt 1.78 x 107° 3.85 x 1075 0.9999998
Sh r 5.95 x 1071 6.52 x 107 0.9999999

7 values.

5. VALIDATION OF THE RESULTS

The trustworthiness of the current findings is confirmed through comparison with other investigations conducted
under analogous conditions. Table 5 indicates a significant level of concordance. Table 6 represents the maximum
residuals for each d value. Based on this rigorous analysis, we confirm the numerical stability of the bvp4c solver for all
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Table 5. Corroboration with previous outcomes for ' (d)

P ()
Ishak e et al. [34] Chen and Smith [37] Current findings
0.1 1.2888 1.28881 1.288801329
0.01 8.4924 8.49244 8.492484394
0.001 62.1637 62.16372 62.16370642

Table 6. Numerical stability test for varying needle size parameter d: Skin friction coefficient, Nusselt number, Sherwood number, and
maximum residual.

Skin friction Nusselt number Sherwood number Maximum error
d coefficient
0.1 0.029086129 0.093361789 0.091683359 2.14 x 107°
0.05 0.065083233 0.208786501 0.205018698 2.11 x 107°
0.01 0.092120731 0.295309815 0.289955225 2.11 x 107°
0.005 0.207419712 0.661078402 0.648629831 1.96 x 107°
0.001 0.295923465 0.936261268 0.91778579 1.82 x 107°

6. CONCLUSIONS

This study has meticulously analysed the intricate transport phenomena of a Jeffrey nanofluid flow adjacent to a

moving slender needle. The mathematical model was specifically designed to incorporate the collective influences of Hall
current, couple stresses, temperature-dependent activation energy, and nanoparticle behaviour through Brownian motion
and thermophoresis. This work is significant due to its comprehensive approach to modelling a complex and realistic
system, offering essential insights that can directly improve thermal management and control strategies in micro-scale
devices, advanced manufacturing, and aerospace technologies involving electromagnetic fields and chemical reactions.
The key findings of the investigation, along with their physical implications, are summarized as follows:

e The fluid's velocity profile is significantly diminished by an increase in the couple stress parameter. This verifies
that the internal micro-rotational resistance functions as an effective flow control mechanism, augmenting the
drag force on the moving surface.

e The fluid temperature was shown to increase markedly with a rise in the Eckert number and the thermophoresis
parameter. This highlights the primary influence of frictional heating and the movement of nanoparticles from
warmer to cooler areas in the redistribution of thermal energy, which can be utilized to enhance uniform heating
or may result in excessive overheating.

e  The concentration of nanoparticles rises with elevated activation energy but diminishes with an accelerated
reaction rate. This underscores that chemical reaction kinetics are a fundamental determinant of species
distribution; elevated activation energy functions as a kinetic barrier, maintaining reactant concentration,
whereas a rapid reaction diminishes it.

e The rates of heat and mass transfer at the needle's surface decrease with increased thermophoresis and Brownian
motion parameters, respectively. This indicates a potential trade-off, wherein the mechanisms that improve bulk
thermal conductivity (nanoparticle mobility) may concurrently diminish transfer efficiency at the boundary by
modifying the near-wall gradients.

e  The rate of entropy formation increases with elevated Brinkman and thermal radiation factors. This indicates
that systems characterized by high viscous dissipation or substantial radiative heat transfer experience increased
energy losses and diminished thermodynamic efficiency, a crucial factor for sustainable system design.
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YHUCJIOBE JOCJIJ?)KEHHSI HAHOPIIMHU JIDKE®®PI HAJT PYXOMOIO TOHKOIO I'OJIKOIO
3 EK3OTEPMIYHOIO XIMIYHOIO PEAKII€IO: INIAXIJ] JEBEHBEPTA-MAPKBAPITA
HA OCHOBI HEUPOMEPEXI
P. Kpimnakymapi', B. Cyrynamma?, M. [i:xasiuanapa Ba6y’, . Cipim Kymap*
'Kagheopa mamemamuxu, Yuisepcumem Ilpi Benkamewsapa, Tipynami, Anoxpa-ITpadews, Inois — 517502
’Kagpeopa mamemamuxu, Yunieepcumem Ilpi Benxameweapa, Tipynami, Anoxpa-Ilpadew, Indis — 517502
3Kagedpa mamemamuxu, Ypsoosuti koneddic, Padocamnema, Anoxpa-Iipadew, Indis — 516115
‘Kagpeopa mamemamuxu, Ypsoosuii koredc, Hazapi, Anoxpa-Ilpadew, Indis — 517590

VY 11p0My JOCIHIIKEHHI pO3MIISIAI0THCS BIACTUBOCTI TEILIO- Ta Maconepeadi Hanopiauuu pxeddpi, 1o pyxaeTbes 0 TOHKIH pyXoMiit
ronui. [oyloBHa MeTa mossirae y JOoCIiJKESHHI TOTo, SIK BR)KJIMBI TapaMeTpH, Taki sk CTpyM XoJu1a, Harpyra 3B's13Ky, €Heprist akTuBaril
Ta TepModopes, BILUIMBAIOTH HA MIBHIKICTh, TEMIIEPATY Py, KOHIIEHTPALIIO PiANHYM Ta BiAMOBiAHe reHepyBaHHs eHTponii. KoHdirypamis
IIOTOKY TOHKOI I'OJIKM MA€ KPUTHYHE 3HAYEHHS IJIA NMPAaKTHYHUX 3aCTOCYBaHb, BKIIOYAIOUH TEIUIOBE MPOCKTYBAHHS MiKPOTOJOK IS
PeTynbOoBaHOI JOCTaBKH JIiKiB, acpoAWHaMiuHe NpO(]ITIOBaHHSA TOHKHX CTPYKTypHHX CJIEMEHTIB B ACpOKOCMIUHIMA TeXHimi Ta
ONTUMI3ali0 YyTIUBHX CCHCOPHUX 30H/IB. 32 JONOMOTOI0 BiINOBIAHUX MEPETBOPEHB MOMIOHOCTI PIBHAHHS, SIKI MaJH ONMHCYBaTH
npo6iueMy, Oyau nepeTBOPeHi Ha CTPYKTYpy HENiHIMHUX 3BHYalHHUX PIBHSIHB, a MOTIM PO3B'sI3aHi 3a JOIIOMOTo0 po3B's3yBada bvpdc.
[ToMiTHHM BIZKPHUTTSIM € Te€, 1[0 MIBUAKICTH P1IMHYU TabMy€ThCS 30UIBIICHOIO HANIPYKEHICTIO MArHITHOTO ITOJISI T HAIIPyTaMH 3B'SI3KY,
TOAI SIK TeMIlepaTypHUH Npodiab MOKPAIIYEThCS 3aBISKH HiIBHIICHIH B3k aucunaunii ta edexram tepmodopesy. Kpim Toro,
LIBHKICTH TEIUIONEpeaadi Ha HOBEPXHi 3MEHIIYEThCS 31 301IbIICHHM apaMeTpa TepModopesy, ToJ K MBUAKICTh Maconepenadi —
31 30LnbIICHHSIM eHeprii akTuBawil. JJocmifkeHHsT MOKa3ye, 10 YTBOPEHHs SHTPOMIl, 110 HpeacTaBise BTPaTy eHeprii, 3poctae 3i
301IbIICHHAM B'SI3KOi JMCHIIALIl Ta TEIUIOBOrO BMIPOMiHIOBaHHA. Bussneno, mo uucino IllepByna 3meninyerscs Ha 24,1% 3i
30impmenHsM eHeprii akrusamii Big 0 go 0,8. Bussieno, mo uncno Hyccensra 3menryeTsest Ha 26,3% 31 301IbIISHHAM TTapamMeTpa
tepmodopesy Bix 0 1o 2. BusBneno, mo koedimieHT TepTs 3pocTae Ha 2,32% npu 301IbIIeHH] TapaMeTpa MarHiTHOTo moss Bif 0 1o 2.
Kurouosi ciioBa: mepmogopes; bvp4c; 6poyuiscokuii pyx; napmne Hanpysicenns; enepeis akmueayii
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A modification of existing third order Runge-Kutta method, is proposed. The scheme is explicit, and its first stage consists of a nonstandard
denominator, while the last two stages are the same as those of the Runge-Kutta method. For discretizing space-dependent terms, a compact,
high-order scheme is employed. The proposed scheme with spatial discretization is employed to find the stability condition of the proposed
scheme. The scheme is applied to a dimensionless model in the form of partial differential equations for the slip flow of a non-Newtonian
fluid over a Riga plate with heat and mass transfer. Different types of graphs are obtained using the proposed scheme for velocity,
temperature, and concentration profiles. Some of the results obtained by the proposed scheme are compared with those obtained by the
numerical solution using the MATLAB PDEPE solver. The scheme is also compared with an existing third-order Runge-Kutta scheme,
and it produces more accurate results than the existing scheme at specific time and space step sizes.

Keywords: Hybrid Scheme, Stability;, Convergence; Slip Flow, Eyring-Prandtl Fluid

INTRODUCTION

There exist variour methods that can be used to solve differential equations arise in phenomenon of flow over plates.
Some analyrical and numerical methods can be used for solving ordinary diferential equaitons. Since, ordinary differential
equatiuons contains one inpendent variable, so only one method can be used to solve these equations. But partial
differential equations contain more than one independent variables, so two or more method must be chosen or contructed
to solve thsese equations. Analytial methods [1] can be used to solve different type of equaitons but these methods may
consume more time to converge because they deal with algebraic expression. So, numerical methods [2] can be chosen
to solve different type of differetal equations. The numerical simulation of nonlinear differential systems arising in fluid
mechanics, porous-media transport, and non-Newtonian rheology relies heavily on robust time-integration techniques.
Among these, Runge—Kutta (RK) methods have remained central because of their simplicity, accuracy, and adaptability
to a wide range of ordinary differential equation (ODE) and semi-discrete partial differential equation (PDE) problems.
Classical expositions of RK theory by Butcher [3] and by Hairer & Wanner [4] establish stability categories (A-, L-, and
B-stability) and provide the foundational convergence results through Dahlquist-type analyses. However, for stiff or
strongly nonlinear systems—such as those produced by convection—diffusion—reaction models, porous-media flows, or
high-nonlinearity non-Newtonian fluids—the standard explicit RK methods can become inefficient due to restrictive
timestep bounds. This limitation has motivated the development of modified or stabilized RK schemes with enlarged
stability regions and improved nonlinear contractivity properties.

Stabilized explicit RK methods, including Chebyshev-based schemes and extended-stability formulations, have been
studied extensively for diffusion-dominated PDEs and stiff ODEs, as documented in works on stabilized RK theory [5-9].
These methods achieve extended stability along the negative real axis—crucial for method-of-lines discretizations of
parabolic and convection—diffusion PDEs. Parallel efforts have analyzed RK stability, nonlinearity-preserving properties,
and algebraic stability conditions essential for stiff systems [10—12]. A recent contribution by Hu [7] proposed a modified
RK method with an enlarged stability domain and improved convergence characteristics, illustrating the modern trend
toward structure-preserving and stiffness-aware RK design.

These numerical advancements are directly relevant to fluid-mechanical systems governed by mixed convection
Darcy—Forchheimer flow, especially when involving non-Newtonian Prandtl-Eyring (Eyring—Prandtl) fluids. Classical
studies on Darcy—Forchheimer convection in porous media, such as those by Shenoy [13], demonstrate that porous-inertia
corrections introduce nonlinearities that significantly affect velocity profiles, heat transfer, and boundary-layer structure.
More recent works by Shah et al. [14] and Chaudhary [15] show that Eyring—Prandtl rheology further complicates the
governing equations due to nonlinear shear-rate dependencies, requiring stable time-integration and careful numerical
formulations. Comprehensive modeling of Eyring—Prandtl fluids and their thermo-physical behavior is provided by
Ullah et al. [16] and Baidya [17], highlighting rheological sensitivity and the necessity for robust numerical treatment.
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In addition, Riga plates—electromagnetically actuated surfaces composed of alternating electrodes and magnets—
introduce localized Lorentz forces capable of accelerating or decelerating the near-wall region. Their applications in MHD
and hybrid-fluid systems have been studied in numerical and experimental contexts, including magnetite nanofluids [20]
and hybrid Riga-plate-induced flow systems [21]. These works show that the interaction between electromagnetic forcing
and fluid rheology generates intricate nonlinear momentum dynamics. Because Riga plate forcing modifies the boundary-
layer structure, it introduces additional stiffness in the resulting ODE system after similarity or quasi-similarity
transformation.

Furthermore, viscous dissipation, a key component in high-viscosity or high-velocity non-Newtonian flows,
contributes to a strong coupling between the momentum and energy equations. Its importance in porous-media and non-
Newtonian flows is demonstrated in studies by Awais et al. [18] and Ajibade et al. [19], where dissipation significantly
alters temperature fields, enhances nonlinearity, and contributes to stiffness in the governing PDE system.

Taken together, mixed-convection Darcy—Forchheimer flow of an Eyring—Prandtl fluid over a Riga plate with
viscous dissipation forms a nonlinear, stiff, multi-parameter boundary-layer system—an ideal candidate for testing
improved RK-type numerical integrators. Explicit stabilized and modified RK schemes provide a powerful balance
between computational simplicity and enhanced stability, enabling larger timesteps without loss of accuracy. Recent
numerical approaches involving boundary-layer flows over Riga plates [20-22] further reinforce the need for integrators
that can handle strong electromagnetic forcing and porous-inertia effects under thermal—viscous coupling.

In this study, we develop a modified Runge—Kutta scheme incorporating stability-enhancement techniques inspired
by stabilized RK theory [5-9, 23] and nonlinear convergence theory [10—12]. The method is analyzed for stability and
convergence under the nonlinearities associated with Darcy—Forchheimer resistance, Eyring—Prandtl rheology, Riga plate
electromagnetic forcing, and viscous dissipation. The numerical results show that the modified RK method significantly
enlarges the allowable timestep relative to classical explicit RK while maintaining accuracy comparable to implicit
schemes. This builds upon the previous works on stabilized RK methods [5-9], non-Newtonian Darcy—Forchheimer
systems [13—19], and Riga-plate flows [20-22], integrating these strands into a unified computational framework.

The remainder of this paper is organized as follows: Section 2 presents the mathematical formulation and
nondimensionalization. Section 3 describes the numerical method employed. In Section 4, we present and discuss the
results. Finally, Section 5 gives concluding remarks.

Construction of Numerical Scheme: A three-stage computational scheme is going to be proposed for solving time
dependent partial differential equations. The scheme is explicit in all three stages. The solution obtained in first stage will
be utilized in second stage of scheme and similar solutions obtained from second stage will be utilized in third stage. The
domain of the considered differential equation is denoted by [0, L]. This whole domain is divided into a equal subinterval
of time [0, tf] is divided into equal small subintervals with length At. The scheme is constructed for following equation.

29

Y =a BT+ s(9) (1)

_a—
at 1oy

Where s is linear or nonlinear function in g. The initial and boundary condition for Eq. (1) can be written as

9(0,y) = f1(y) } )
g(t, 0) = fZ(t)'and g(t,L) = f3(t)
Where a, and f,; are constants and f]-, Jj = 1,2,3 are functions of t or some constants.
The first stage of the scheme for Eq. (1) is
i+l onpaiAt w{iﬂ_ n}
gim =gjent at|j “gsy- 3)

Where subscript j is used for location of grid point and n represents point in time and a, is a free parameter. Stability
region of these types of proposed schemes depends on value of this free parameter a; .
This first stage (3) can be expressed as

(ealAt—l)Qg n
aq at j’

sn+1

gitt=gj+ 4

(ealAt_l)

a;

where ~ At + 0(At?).

So, this first stage of proposed scheme can be considered as modified form of existing Euler method
The second stage of the scheme is written as:
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=n+1 n n+1 1, 09|"!
g;i" =agj +bg; +2At5|j

The third stage of the scheme for Eq. (1) takes the form
|n+1

n+l _ ..n =n+1 , 25,00
g;i" =cgj +dgj +3At6t ;

(&)

(6)

The unknown parameters a, b, ¢ and d can be found later by matching the Taylor series expansion. Now combing the first

stage Eq. (3) and second stage Eq. (5) of proposed scheme yields

- b At\ ag|™ | At azg|™
g = @t bgf + (et = 1+ )+ e - T

Now substituting Eq. (7) into Eq. (6) that yields the following equation:

n 2
gyt =gl +d @@+ bgh + {2 (e = 1)+ 2| 4 A erune - 1) 2

4) atl; at?
2 n

{i (™At — 1) + g}a_g

aq 4 ) ot? j

n 2 ag|™
j] +§At[(a+b)5|j +

n

At a- At 639
—(e%1 — 1 —
+ 4aq ( ) at3

j

Expanding g7**

7" using Taylor series expansion

T3 a3g

. 3
j 6 Ot

@2 0%

gt =g+ Ata—g|n +
J J atl; 2 dt?

1.1 + 0((AD)*%)
j

Using Eq. (9) into Eq. (8) that results in

n n

(an)? a%g
2 ot?

(ar)3 a3g
j 6 0t3

dAt
4

n
g7 + Ati_f',- +

=[c+d(a+b)g} + [Z—d (e — 1)+ +2At(a+
1

j

9" | 08 (st _ ) 4 2 g (2 Gooute — 1) 4 2ar)]| 22" 4 OO st g y2a"
b)]atj+4-a1(el 1)+3At(a1(e1 1)+4At) at2j+6a1 (el 1)6t‘3]'
. . ag|™ a2g|" asg|™ . ..
Equating the coefficients of g]’-l,a| vl and prel both sides of Eq. (10), it gives
j j j

1=c+d(a+b)
At =22 (embt — 1) + 54 ZA¢(a + b)
aq 4 3
(at)? _ dat At _ 2 (b At _ 1
= e (e 1)+3At(a1(e“1 1)+4At)

@3 _ (A%, aAr
6  6a; G 1) J

(7

®)

&)

(10)

(11)

Applying condition of a + b = 1 and solving the linear system of Eq. (11) gives the values of a, b, c and d as follows

30t [AL(9At-8Y(AD)  pr_ou(ap)
a= B

8y(At) 2y(At)
At+ |At(9At—8y(AL)) At—2y(At)
b= —
8y(At) 2y(At)
_ y@o-ac At(9At-8y(At))
Ty 3y(at)

p 6At— /At(9At—8y(At))

6y (At) /

ea14t-1

where y(At) =

a

(12)

The proposed scheme is three stages that can be used for time discretization of partial differential equations. To
discretize space dependent terms a compact scheme is employed. The proposed scheme for Eq. (1) with compact spatial

discretization [24] takes the form:
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_ a14t_q 3
g+t = gperss + 2 agy gn g, g7 - 27 (13)
= _ 1 _ _
gt = ag} +bgitt +At{ay Oy G+ BiG, 7 (14)
= 2 = =
g]r'lﬂ = Cg]r'l + dg}T.H'l + gAt{a1€1 g]r'l+1 + B¢, 9}”1 (15)

Whel‘e (1 = AIlBl & (2 = AEIBz.
Where A;, B; for Il = 1,2 are matrices constructed from the coefficients of left and right hand sides of the following
equations

ag|™ ag|™ ag|™  _ b GH1—97-1) +bh F42-97-2) (16)
& ay j-1 dy j £} dy j+1 0 2Ay 1 4Ay
v azg|" azg|" y 29| _, (@j-207+g) ) +h (9742297 +97-2) 17
Zoy2l;_y Tayzly; T TPayrli, TR (8y)? 3 4(2y)?

Y1t2
3

1-4y1 4(1-y2) 10y,-1
) bl = ) bz = ) b3 = .

Where b, = . 3 .

Stability Analysis: One of the tasks in finite differences is to check their stability region. There exists more than one
stability analysis for finding stability conditions for finite difference schemes. Among existing stability analysis Fourier
series analysis or Von Neumann stability analysis is a stability procedure that can be used to find stability conditions of
finite difference schemes applied to linear partial differential equation. The analysis is started by transforming a given
difference equation into a trigonometric equation. For this case the transformations can be expressed as:

AV =el¥(y e + 1+ ye”¥) (18)
.. U+vip G-Diyp U+2)iyp -2y
Ble”w — b.e _ b.e + bie _ bie (19)
20y 20y 4Ay 4Ay
AyeV = eV (y,e?¥ + 1 + y,e2¥) (20)
Boip = b2eUVY 20,0l | ppeUTDW | pgeUROW  zpyelt | pyeU-i .
227 T Ty T T T @ PTESS YOS CRTINOT 2h
Where i = v—1.
Applying transformations (19) - (21) into first stage of the scheme (13) gives
(Zboisin1p+clisin2¢)
“n+1 _ n.15At , (ePSAt-1) 1\ 2ay(2y; cosy+1) n
gi = 3gi€ + 15 B (4b2(0051/)—1)+b3(costh—l)) 3 9j 22)
LU 208922y, cosp-1) 2
Re-write Eq. (22) as
gt = (c +ic)g} (23)
Wh — pl5At 4 (e154t_1) { (4—b2(cos¢—1)+b3(CosZt/J—l)) _ 5} d _ (eldAt-1) { (Zboisim/}+c1isin21p)}
ere e, =€ 15 1 2(Ay)2(2y, cosP—1) 2> And e, = 1.5 ! 2Ay(2y; cos P+1)

Substituting transformations (19)-(21) into the second stage of the scheme (14) gives.

=n+1 _ n —n+1 4, 1 2bgisiny+cqisin2y 4by(cosyp—1)+bz(cos2p—1) =n+1
‘gj - a‘gj + bgj + 4-At {al ( 2Ay(2y1 cosP+1) ) + ﬁl ( 2(Ay)2(2y, cosp—1) )} ‘gl (24)

Eq. (24) can be written as

=n+1 _

g7 = mgj (25)

where p; = Heg + Tleg, Heg = A+ P le, — He,He, and Heg = HeyHe, T Ueyley

_ 1 4by(cosyp—1)+bz(cos2yp—1) _1 2bgisiny+cqisin2y
and Hes = b+ 4At {ﬁl ( 2(Ay)2(2y, cosp—1) )}’ & Hey = 4At {al ( 2Ay(2y; cosP+1) )}

By using transformations (19)-(21) into third stage of the scheme (15) gives
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gt = g} (26)
Where iy = pey + ifhe, g ey = € F fe ey = Hegheg A0 fey g = Ueghhe, + Heghcg
2 4by (cosy—1)+bz(cos2yp—1)
and,uc7=c+§At{,81( 2 2 )}

B  2(Ay)*(2yz cosPp-1)
e, = gAt(Zl (Zbolstm/}+clzsm21p).

2Ay(2y1 cosyP+1)

The amplification factor can be written as

nt1,2
gt — 2 2 27
n = Ug, + Hey, 27
J
So, the scheme will be stable if it satisfies
pe, tui, <1 (28)

For the case when a; = 0, stability condition can be expressed as

|G| <1 (29)
3r3 212 — -
where G = d3r3y(AY+d2T?(At+2y(AD))+d F(SAt+y(At))+6At’ r= 2b,(cos(y)—1)+0.5b,(cos(2y) 1)’
6At 2y, cosYP+1
ealAt—l

At
andd = e y(At) = a1'

Fig. 1 shows the comparison of stability region G along diffusion number d for different values of time step sizes
and free parameter a,. Amplification factor G is found by applying first stage of proposed scheme and second and third
stage of existing third order Runge-Kutta method. Stability region of this tye of scheme depend on choice of free parameter
a, and choice of time step size At.

b
1 @ ! (b)
0.5 0.5 ]
0r 0 1
N
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Figure 1. Comprison of stability regions of proposed and existing Runge-Kutta methods (a) At = 0.3,y, = —0.3 (b) y, =
—03,a, = -2

The stability of the proposed scheme is provided for scalar partial differential equations. Now the convergence of
the proposed scheme for system of convection diffusion equation is provided.
For doing so consider the vector matrix equation of the form

Where v is a vector and C;, C, and C; are matrices. Eq. (30) is discretized by the proposed scheme as

aq1At_
ﬁ}”l = v]nel'SAt + (e9r%1) 1a1 1 {6151 + G0 + Cgvjn — (11}17}1 (31)
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= 1 —
T = avf + [b+1At{C, G + Gl + )] T

vt = o 4 [d +2AHC, G + Cola + C3}] s

Theorem: The proposed scheme (31)-(33) converges conditionally for vectored matrix Eq. (30).
Proof: In order to proof this Theorem consider the error equation for Eq. (27) as:

_ ajAt_q
¢ =gjetsht 4 - @ = {€181 6} + C205 67 + C367 — ay6T)

=n+1

— 1 — — —
St = agh + bg + S AH{C1G S+ GG T + G

= 2 = = =
§itt = ogf +dgit +SAHGG T + GG ET + G

Applying a norm ||-||,, on first stage of Eq. (34) in the form

“n+1 < cn 1.5At (ealAt_l) C C C n
¢ =q¢e +—1 {1C1¢ 1l + 1C2 0 e + 1G5l + as s

a
Inequality (37) can be written as

¢ < By

ajAt_q
Where 8, = e98t + CZ0 e e 4 16,0l + 1Csllo + ay).

a

Applying norm [|*||, on Eq. (35) as yields

¢t < ag™ 4+ bgMt + %At{llclqllloo + 1C20 e + G 11036™ T = ag™ + B3¢t

1
where B3 = b + 2 At{[|C; {11l + 1€282 Moo + (I Cllco3-
Inequality (39) can be re written as

M < ag™ + B3frs™ = Pas™

where 5, = a + [,55.
Similarly by applying a norm ||-||, to third error equation of the scheme (36), it gives

¢M < cg™ +dT + %At{llclqllloo + 1G240 + 1G5 [l 35
Inequality (41) can be re-written as
¢" < eg™ + BG4+ P(O((AL), (Ay)®))
Substituting inequality (40) into inequality (42), it takes the form
¢"1 < g™ + BsPas™ + P(0((A1)%, (89)9)) = Bes™ + P(0((A1)%, (4)®))

where g = ¢ + B4Bs.
Let n = 0 in inequality (43), it yields

¢! < Bes® + P(0((AD)%, (Ay)9))

Since ¢° = 0 so inequality (44) takes the form

¢t < P(0((A0)%, (Aan))
Now let n = 1 in inequality (43) it yields

¢? < Pest + P(0((A0)%, (Ay)°))
Using inequality (45) in (46) it results in

¢? < (14 Be)P(0((A1)%, (AY)))
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If this is continuous then for finite n
S < (1+ B + -+ BETIPOCAD?, (49)%) = (T22) P(0((40)%, (4)®)) (48)

By taking limit as n — oo in (44) the infinite geometric series ... + B¢ + -+ + B¢ + 1 will converge if |Bg| < 1.
Mathematical Model: We consider the unsteady, one-dimensional incompressible flow of an Eyring—Prandtl fluid
through a porous medium over a Riga plate, with heat and mass transfer, viscous dissipation, and mixed convection. The
streamwise velocity u(t,y) varies only in the wall-normal coordinate y*; the momentum balance couples temporal
acceleration to the divergence of the Eyring—Prandtl shear stress the streamwise Lorentz body force from the Riga plate

and porous resistance expressed by linear Darcy drag — = u and nonlinear Forchheimer drag — \/_— u*? . Mixed convection

is modeled under the Boussinesq approximation by addlng buoyancy forces gB7(T — Tw) + gBc(C — Cy) in the
momentum equation, so thermal and solutal buoyancy couple the momentum, energy and species fields. Heat transfer is
described by the unsteady energy equation with thermal diffusion and viscous dissipation arising from the Eyring—Prandtl
stress, while mass transfer follows the unsteady species diffusion equation (with optional reaction/source terms). The wall
aT(t,0)

ay* =
h¢(T(t,0) — T,,) and concentration C(t,0) = C,; far from the plate u* = 0,T = T, C — Cy, as y* — oo. Initially the
fluid is quiescent and uniform in temperature and concentration. The objective is to determine the transient distributions
u*(t,y),T(t,y),C(t,y) under the combined influences of Eyring—Prandtl rheology, Riga electromagnetic forcing,
Darcy—Forchheimer porous resistance, thermal and solutal buoyancy (mixed convection), molecular diffusion, and
viscous dissipation. The governing equations can be written as:

at y* = 0 is maintained at prescribed velocity u*(t,0) = u,, + L convective boundary temperature —k ———

Sa *9

a2u*
ow _B| _oy? |k, _#Cr _ _ (@
p at* - c ouZ Ku N3 u+ g.BT(T Too) + .BC(C C e 1 (49)
1 (Z‘[‘)y*)
or _ 3T | B 1 (19ur)ou
at* @ dy*2 + pCp sinh™ (5 By*) ay* (50)
ac
pe =D—5 3y = k(€ = C) (51

Subject to initial and boundary conditions
u'(0,y7) = 0,7(0,y") = 0,C(0,y") =0
w(t,0) =u, + Lo ko = h(T(t,0) = T,), C(t7,0) = G, (52)
u'(t",y" > ) > 0,T(t",y" > ) >0, y" > o) >0

y* y*=0 ady y*=

Where u* is the horizontal component of velocity, T is the temperature and C is concentration, S and 8. are thermal and
solutan expansion, f3 is the stress parameter, C is the rate parameter, j, is the current density, M,is a magnetic field strength,
a, width of electrodes, g is gravity, K is the permeability of the porous medium, Cr is dimensionless constant representing
inertial drag in the porous medium, p is density, & is thermal diffusivity, D is mass diffusivity and k; is dimensional
reaction rate parameter, h is heat transfer coefficient and k is thermal conductivity

Using the transformations

y* u* uyt* T—Too
> uwt® 5 _

,u=—’t= =
Uy L Tw—Too

b =) (53)

= Cw—Coo

)

The governing equations (49)-(52) are reduced to following dimensionless partial differential equations

Ju _ 1 Uyy Sve -2
—=— —u — Fu? + 0+—¢p+e 54
ot  Re 14+52u3 " ReDa R3 ¢ (4
90 _ 1 0%0 | Ec 1
%t = PR oy? + smh (Suy) (55)
0 _ 1 9%

-y (56)

at RS 6y2

and the dimensionless initial and boundary conditions take the form
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u(0,y) =0,6(0,y) = 0,4(0,y) = 0
ou a0
u(tl 0) =1+ AE y:()'@ y=0 = Bl(l - g(t’ 0))’ ¢(t, O) =1 (57)

u(t,y = ) = 0,6(t,y = ) = 0,p(t,y - @) =0

Where D, is Darcy number, F, is Forchheimer number, S is Eyring (shear) number, R, is Reynolds number, M is
dimensionless electromagnetic Riga parameter, A is dimensionless decay rate of Lorentz force in the y- direction, GVL and

Gycare respectively thermal and solutal Grashof number, B, is Prandtl number, E,. is Eckert number, S, is Schnidt number,
y is dimensionless reaction rate parameter, and A is velocity slip and B; is Boit number which are defined as:

_ CfL Uw _ uwl _ puwlLC _ mjoM,L _ T 9BT(Tyw—Too) gﬁC(Cw—Coo) _
Da_Lz'F K’S_E'Re__v == M=% ,A—a—L GYL — G —vz , B =
v uj v k1L L h
:;Ec W S _;Y=L;A=_S:Bl=_l
a Cp(Tw=Too) D w L Lk

The dimensionless skin friction coefficients, local Nusselt and local Sherwood number are written as:

Cr = Riessinh‘1 (Suy|y=0)

__ 96
Ny = =51, (58)
=_9%
ShL - ay y=0

The discretization of Eq. (54) using the proposed scheme it takes the form:

1(,4-1 n
_ ajAt_q Az "By uy 1
R YOO G} 7 S B T F O TG M~ (59)
J J a, 1 n 2 ReDa J
1+52(A71B; u?)
Rg(Ale un+1) ;

=n+1 _ n —n+1 , 1 _ s —n+1 VL n+1 Y(; n+1 ;
W = awl + bwtt + At J ———— oy F ()t gt 4 e ¢>] +Me iy (60)
1+52(a71B; 1)

Rie(AleZ un+1)

—n+1 Fv( +1) H 9n+1 7(7 tn+1 ME’ Vj (61)
- =n+ R D
\/1+SZ(AllBlu}l 1) era

- 2
u™?t = cu® + duttt + SAt
j j j 3

RESULTS AND DISCUSSION

A third-order accurate time-stepping scheme is developed for the numerical solution of partial differential equations.
The method is specifically designed for discretizing only the time-dependent term of the governing equation, and its
accuracy is confirmed through its construction, where the third-order time derivative naturally cancels in the Taylor series
expansion. For the spatial discretization, a compact high-order finite-difference scheme is employed, providing sixth-
order accuracy in space. The overall scheme is conditionally stable, implying that the time step, spatial step, and the
physical parameters appearing in the governing equation must satisfy a prescribed stability condition. When these
restrictions are met, the numerical solution remains stable; otherwise, instability is expected. A notable benefit of using
an explicit scheme is that it avoids the need for linearization, enabling direct treatment of nonlinear partial differential
equations without any iterative procedure for convergence.

The influence of Eyring parameter on velocity profile is shown in Fig. 2. The velocity profile declines by raising
Eyring number. Increasing the Eyring number means the fluid resists deformation more at low shear rates. Since most of
the velocity in internal flows depends on the balance between pressure gradient and viscous resistance, this increased
resistance lowers the velocity everywhere. The effect of Darcy number on velocity profile is depicted in Fig. 3. The
velocity profile increases by growing Darcy number. Small Darcy number produces very low permeability and so porous
medium strongly resists the flow. Large Darcy number gives high permeability and this leads to porous medium offers
little resistance. Thus, increasing Darcy number reduces the Darcy resistance term in the momentum equation.

The effect of Forchheimer number on velocity profile is shown in Fig. 4. The velocity profile declines by growing
Forchheimer number. Darcy drag (linear) dominates at low speeds. When velocity increases, inertial forces inside the
porous medium become important. The Forchheimer term grows faster than velocity (proportional to u?). Increasing the
Forchheimer parameter amplifies this additional nonlinear drag, so the flow slows down. The velocity slip parameter on
velocity profile is shown in Fig. 5. Velocity profile decays by enhancing velocity slip parameter. Increasing the



464
EEJP. 3 (2026)

Yasir Nawaz, et al.

Forchheimer parameter enhances the nonlinear inertial drag inside the porous medium. This additional resistance reduces
the fluid velocity, causing the velocity profile to decline even under slip-flow conditions for an Eyring—Prandtl fluid.
Fig. 6 deliberates the effect of Eckert number on temperature profile. Temperature profile grows by enhancing Eckert
number. Increasing the Eckert number enhances viscous dissipation, producing additional internal heat, which raises the
temperature profile. The influence of reaction rate parameter on concentration profile is shown in Fig. 7.

0.5

u(l,y)

Figure 2. Effect of Eyring number on velocity profile using Da =
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Concentration profile declines by enhancing reaction rate parameter. Increasing the reaction-rate parameter enhances
species consumption, thereby reducing concentration and lowering the concentration profile. For the oscillatory motion
of the Riga plate, the influence of velocity slip on the skin-friction coefficient is illustrated in Fig. 8. The results indicate
an oscillatory pattern, where negative values of the skin-friction coefficient signify that the fluid near the wall momentarily
moves in the direction opposite to the mean flow. The effect of the Biot number on the local Nusselt number is presented
in Fig. 9, showing that heat transfer at the wall strengthens as the Biot number increases. A larger Biot number corresponds
to a steeper temperature gradient at the surface, resulting in more efficient heat exchange between the plate and the fluid,
and consequently a higher local Nusselt number. The oscillatory nature of the Nusselt number becomes more pronounced
at elevated Eckert numbers, indicating that as viscous dissipation intensifies, the oscillatory behavior shifts from the
velocity field toward the temperature field. The impact of the reaction-rate parameter on the local Sherwood number is
depicted in Fig. 10; an increase in the reaction-rate parameter enhances the Sherwood number. This behavior is associated
with a reduction in concentration near the wall, which produces a steeper concentration gradient and, therefore, greater
mass transfer.
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Figure 10. Effect of reaction rate parameter on local Sherwood number using S = 1,Da = 0.3,M = 0.1,A = 3,Fr = 2,Re =
5,Grp = 0.1,G6r¢ = 0.1,Bi = 9,Pr = 3,5c = 3,Ec = 10,A = 0.9, N,, = 75, N, = 1050, u(t,0) = cos(4t) + Ag—;

Figures 11-13 display contour plots of velocity, temperature, and concentration fields, along with their respective
error distributions. Numerical results are also obtained using the MATLAB pdepe solver, which serves as a reference
solution in the absence of an analytical benchmark. The error contours are constructed by computing the absolute
difference between the solutions generated by the proposed numerical scheme and those obtained from pdepe. Figure 14
summarizes the computational time required by the proposed method for the present problem.

For making comparison of the schemes, first stage of propsed scheme using a; = —30 is used and second and third
stages of existing third order Runge-Kutta scheme are used. Existing third order Runge-Kutta scheme is given as
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Fig. 15 shows the comparison of the two schemes for second example of convection diffusion problem given in [25].
The error produced by the proposed scheme is less than that obtained by existing third order Runge-Kutta method. The
space dependent terms are discretized by the second order central difference scheme. The error is identified by calculating
the norm of the difference between the numerical and exact solutions.
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Figure 14. Computational time of the proposed scheme using S =1,Da =0.3,M =0.1,A=3,Fr=0.1,Re =5,Gry =
0.1,Gr¢ = 0.1,Bi=5,Pr =3,y = 0.9,5c = 3,Ec = 5,A = 1,N,, = 75, N, = 1050, u(t,0) = cos(4t) + Ag—;
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Table 1 & 2 show grid convergence analysis of proposed and existing Runge-Kutta methods for solving Stokes first
problem. Time discretization is done with existing and proposed Runge-Kutta methods. Propsoed scheme performs better
than existing third order Runge-Kutta method. Again, for making this comparison, combination of first stage of proposed
scheme and second and third stages of third order existing Runge-Kutta method is applied.

Table 1. Grid convergence analysis for Stoeks first problem using At = 0.0020

Ax a L, Error
Proposed Existing RK

0.3684 40 0.1537 0.1559

0.2414 30 0.1012 0.1021

0.1795 20 0.0756 0.0761

0.1429 9 0.0601 0.0604

0.1186 7 0.0467 0.0469

Table 2. Convergence analysis for Stoeks first problem using Ax = 0.1429
L, Error
At ¢ Proposed Existing RK

0.0112 —-320 0.7680 Diverges
0.0092 —180 0.5885 Diverges
0.0078 —30 0.1320 Diverges
0.0067 3 0.0258 0.0260
0.0059 5 0.0238 0.0240
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CONCLUSIONS
A numerical scheme was modified by combining exponential integrator and Runge-Kutta method. Instead of using
Euler method in first stage of Runge-Kutta method, exponential integrator is considered. The weights in the numerical
scheme for the second and third stages are chosen using the Taylor series. Since, the terms of Taylor series until third
order derivative are cancelled out, therefore theoretically scheme provided third order accurate solution in time. For
discretizing space dependent terms, compact scheme is chosen. The compact scheme provided high order accuracy in
space. The scheme has been applied to problem of flow over the Rige plate and the concluding points can be expressed
as
e The velocity profile declined by increasing Eyring number and velocity profile was escalated by incrementing
the Darcy number
e The local Nusselt number increases with rising Biot number.
e Local Sherwood number raised by growing reaction rate parameter.
e One of the proposed scheme performed better than existing Runge-Kutta scheme on specific time and space step
sizes.
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This study develops a coupled electrothermal model for predicting self-heating, heat transport, and temperature-dependent junction
behavior in Si/GaAs p—n heterojunctions under high-power operating conditions.The model couples electrical and thermal processes
to investigate the influence of Joule heating, thermal conductivity, and temperature-dependent junction characteristics on device
performance. The results show that heat generation is strongly localized near the heterointerface, where power densities of
10%-10®8 W-m™ produce temperature rises of 50-150 K and thermal gradients reaching 10°-10° K-m™. As the operating temperature
increases from approximately 340 K to 400 K, the device exhibits a transition from weak to strongly nonlinear electrothermal behavior,
accompanied by hotspot formation near the heterointerface at a position of approximately 40 pm from the device edge. The p-Si/n-
GaAs structure reduces the maximum temperature by 20-30% compared with the reverse configuration, indicating superior thermal
stability. Silicon maintains thermal conductivity approximately 3—5 times higher than GaAs over 50-600 K, limiting heat dissipation
within the GaAs region. The built-in potential decreases from approximately 0.5-0.9 eV at 50-150 K to 0.1-0.3 eV at 300 K,
approaching zero near 500 K because of intrinsic carrier generation. Increasing the doping concentration from 10'* to 10'® cm™
increases the built-in potential logarithmically with doping concentration, resulting in an overall increase of approximately 5-6 times.
Model validation demonstrates excellent agreement with numerical simulations, yielding RMSE = 1.5-3.2 K, MAPE < 2.5%, and
R?=0.99. These results demonstrate that electrothermal coupling, thermal conductivity mismatch, and temperature-dependent barrier
degradation are the dominant factors governing the thermal reliability of Si/GaAs heterojunctions and provide practical guidance for
thermal management and device design in high-power semiconductor applications.

Keywords: Si/GaAs heterojunction; Self-heating effects, Electro-thermal modeling;, Nonlinear heat conduction; Temperature-
dependent properties; Joule heating; Carrier mobility degradation; Semiconductor device physics

1. INTRODUCTION

Semiconductor heterojunctions play a fundamental role in modern electronic and optoelectronic devices, enabling
enhanced performance through bandgap engineering and material optimization [1-4]. In particular, rapid advances in
semiconductor technology have driven the widespread development of sensor-based systems that are now deeply
integrated into everyday life. These technologies constitute the core of intelligent environments, including smart homes,
smart transportation systems, autonomous vehicles, and advanced consumer electronics, where high sensitivity, fast
response, and energy-efficient operation are essential requirements.

Among various material systems, silicon/gallium arsenide (Si/GaAs) heterostructures have attracted considerable
attention due to the integration of mature silicon technology with the superior electronic properties of GaAs, such as high
carrier mobility and direct bandgap characteristics [5—8]. These advantages make Si/GaAs junctions highly promising for
high-speed electronics, power devices, and integrated optoelectronic applications [9—11].

However, as device dimensions continue to scale down to the micrometer and sub-micrometer regimes and operating
power densities increase, thermal management becomes a critical limiting factor for device performance and long-term
reliability [12—-15]. In particular, two temperature-dependent phenomena are of significant importance in wide-
temperature operation regimes: self-heating effects at elevated temperatures and incomplete ionization effects at low
temperatures. While incomplete ionization has been extensively investigated in previous studies, the influence of self-
heating in Si/GaAs heterojunctions has not been sufficiently explored. Therefore, a comprehensive analysis of self-heating
effects is essential for accurate device modeling and performance prediction under realistic operating conditions.

Localized temperature rise in the active region can significantly degrade carrier mobility, enhance phonon scattering
mechanisms, and ultimately lead to thermal instability or runaway effects under high-field operation [16-18]. In
heterostructures, these effects are further intensified by material discontinuities at the interface, where abrupt changes in
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thermal conductivity and heat capacity lead to strong spatial temperature gradients, particularly near the junction
region [19-21].

Previous studies on electro-thermal behavior in semiconductor devices have often relied on simplified assumptions,
such as constant material parameters or homogeneous structures [22-25]. Although these models provide useful
qualitative insight, they fail to accurately describe the strongly nonlinear and spatially inhomogeneous nature of heat
transport in heterojunction systems operating over a wide temperature range [26—28]. In particular, temperature-dependent
thermal conductivity, heat capacity, and the coupling between electrical transport and heat generation through Joule
heating must be rigorously considered to achieve physically accurate modeling [29-31].

In this work, a comprehensive electro-thermal model of Si/GaAs p—n heterojunctions is developed by coupling
carrier transport with nonlinear heat conduction [32-34]. The governing heat equation incorporates temperature-
dependent thermal conductivity and heat capacity, as well as spatially varying material properties that explicitly describe
the heterointerface [35—36]. Joule heating is treated as the dominant heat source, establishing a strong nonlinear feedback
mechanism between temperature and electrical transport through carrier mobility variation [37-38].

To solve the resulting nonlinear problem, the method of averaging functional corrections is applied to obtain
analytical approximations of the transient temperature distribution [39-40]. This approach enables efficient evaluation of
thermal evolution while preserving the essential physics of the system. Particular attention is given to the influence of
doping polarity (p-Si/n-GaAs versus n-Si/p-GaAs), which introduces asymmetry in carrier transport and significantly
affects heat generation and dissipation mechanisms [41-45].

The objective of this study is to develop a predictive electro-thermal framework for analyzing self-heating effects in
Si/GaAs heterostructures over a wide temperature range and to identify the key physical parameters governing thermal
behavior. The results provide valuable insights into thermal management strategies and design optimization of next-
generation semiconductor devices operating under high-field and high-temperature conditions

2. MATERIAL AND METHODS
2.1 Materials and Geometrical Parameters

In this study, a one-dimensional planar Si/GaAs p—n heterojunction structure is investigated to analyze electro-
thermal transport and self-heating effects over a wide temperature range. The device consists of two semiconductor
regions arranged along the longitudinal coordinate x, forming a layered heterostructure with a sharp interface separating
silicon and gallium arsenide materials. The silicon region occupies the interval 0 < x < a, while the gallium arsenide
region extends from a < x < L, where adenotes the heterointerface position and Lrepresents the total device length.

The heterointerface at x = aintroduces strong discontinuities in material properties, including thermal conductivity,
heat capacity, and carrier transport parameters. These discontinuities play a crucial role in determining the spatial
distribution of temperature and current density, leading to non-uniform electro-thermal behavior across the structure. The
total device length is assumed to be in the micrometer range, typically L = 5-10 pm, while the interface position is
defined as a = 0.3-0.7L, ensuring an asymmetric distribution of Si and GaAs regions.

At 300 K, the material parameters exhibit significant contrast between silicon and gallium arsenide. Silicon
demonstrates a higher thermal conductivity of Ag; = 148 W m™K ™", which is approximately 2.7 times larger than that
of GaAs (Agqas = 55 Wm 'K 1), indicating more efficient heat dissipation in the silicon region. In contrast, GaAs
exhibits a significantly higher electron mobility (1, = 8500 cm?®V~*s™1) compared to silicon (u,, = 1350 cm?V~*s71),
i.e., approximately 6.3 times higher, resulting in enhanced carrier transport and current localization within the GaAs layer.

The bandgap difference between GaAs (1.42 eV) and Si (1.12 eV) introduces an energy offset of 0.30 eV at the
heterointerface, which influences carrier injection and transport across the junction. Additionally, hole mobility in silicon
(480 cm?-V:s7!) is slightly higher than in GaAs (400 cm?-V~!-s!), contributing to asymmetry in minority carrier
dynamics.

2.2 Governing Equations and Physical Model
The electro-thermal behavior of the Si/GaAs p—n heterojunction is described using a coupled nonlinear heat transport
framework, where electrical energy dissipation and heat conduction are strongly interdependent. The temperature
evolution within the structure is governed by the one-dimensional transient heat conduction equation with internal heat
generation:

oT(x,1)

oT(x,t) 0
@ g; )= ox

_|:ﬂ(x5T) :|+W(x5t)a (l)
ox

where T (x, t)is the temperature distribution, C (T)is the temperature-dependent heat capacity, A(x, T)is the spatially and
temperature-dependent thermal conductivity, and w(x, t)is the volumetric heat generation due to Joule heating. The heat

source term is defined as: w(x,¢) = j(x,7)- E(x,t). The current density under drift-dominated transport is given by:
J(x,t) =qn(x,t)- u(T)- E(x,t) where gis the electron charge, nis carrier concentration, and #(T)is the temperature-

dependent mobility. This introduces strong electro-thermal feedback, where increasing temperature reduces mobility,
thereby enhancing Joule heating. The thermal conductivity is modeled as:
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A, T) = A, (%) 1+ﬂ{%} 2

with spatial discontinuity:

As () = AG[1(X) = 1(x — )]+ A, [1(x —a) —1(x— L)]. 3)

2.3 Numerical and Analytical Solution Method
The governing nonlinear heat transport equation cannot be solved in closed analytical form due to strong temperature
dependence of material parameters and spatial discontinuity at the Si/GaAs heterointerface. Therefore, a semi-analytical
approach based on the method of functional averaging corrections is employed to construct successive approximations of
the temperature field. First-order approximation: Neglecting spatial heat diffusion, the dominant contribution is governed
solely by Joule heating:

D 6
toot
The solution is obtained by time integration:
1 ¢
T =o— j W, DT+ f(x). 4)

ass

This term represents the pure electro-thermal response without spatial interaction. Second-order approximation. Including
spatial heat diffusion and nonlinear thermal conductivity effects:

cassmzi(zm(x){n K7 }BT‘ (x’t)]+w(x,t). (5)
ot ox [a, + T, (x,0)]° ox

The corrected temperature field is expressed as: T, (x,t) =T,(x,¢)+ AT (x,¢t) where AT (x,t)accounts for: spatial
heat diffusion, heterointerface discontinuity, and nonlinear thermal feedback.

2.4 Model Assumptions and Model Validation

To ensure a physically consistent yet computationally tractable formulation, the present electro-thermal model is
developed under a set of well-justified assumptions. Heat transport is considered one-dimensional along the longitudinal
x-axis, which is valid due to the dominant temperature gradient in the vertical heterostructure direction compared to
lateral dimensions. Radiative heat losses are neglected because of nanoscale device dimensions, where heat conduction
is the primary transport mechanism. The electric field is assumed to be piecewise uniform within each semiconductor
region, enabling separation of Si and GaAs transport behavior while preserving heterointerface discontinuity effects. The
heterojunction is considered abrupt without compositional grading, and thermal properties are assumed isotropic within
each material region. Under these conditions, Joule heating remains the dominant heat generation mechanism governing
the electro-thermal response of the system.
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Figure 1. Temperature profile of Si/GaAs heterojunction showing strong model—experiment agreement [43] and a clear hotspot at
the interface x = 0.5L; accuracy: RMSE ~ 1.5-3.2 K, MAPE < 2.5%, R?~ 0.985-0.995

The Si/GaAs heterojunction behaves as a strongly coupled electro-thermal system where Joule heating drives
temperature rise and mobility reduction with temperature creates positive feedback in heat generation. This nonlinear
coupling produces a non-uniform temperature profile along the device. A clear hotspot forms at the heterointerface x =
a = 0.5L, where abrupt changes in thermal conductivity and carrier transport intensify local heat accumulation. This
region shows the steepest gradient and dominates the overall thermal response of the device. Figure 1 compares the
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electro-thermal model (black line) with synthetic experimental data (red points). The agreement is strong across the full
domain (0—80 um), including the interface region. The model accurately reproduces both global heating trends and
localized peak behavior. Quantitatively, the validation metrics confirm high accuracy: RMSE = 1.5-3.2 K, MAPE <2.5%,
R?2=0.985-0.995. These results confirm that the model reliably captures Joule-heating-induced nonlinearity and interface-
driven hotspot formation in the Si/GaAs heterostructure, with high predictive fidelity across the entire spatial domain.

RESULTS AND DISCUSSION

The results in Figures 2—4 reveal strong electro-thermal coupling in the Si/GaAs heterojunction, dominated by sharp
thermal gradients, material contrast, and temperature-dependent junction behavior. Under low power, the temperature
rises modestly from 300 K to ~335-345 K (AT = 35-45 K), whereas high power drives Tmax to ~390—410 K (AT = 90—
110 K) with steep gradients up to 10° K-m™ and pronounced hotspot formation at x = 4 pm. This is directly linked to the
large thermal conductivity mismatch, where ksi = 160—180 W-m™K™! and kgaas = 4045 W-m-K! at 300 K (=4x
difference), further degrading at high temperature. Simultaneously, the built-in potential drops from ~0.6-0.9 eV (50-150
K) to ~0.1-0.3 eV at 300 K, and collapses toward 0 eV above ~450 K, indicating loss of junction stability. Together, these
results show that increasing power density and temperature amplify nonlinear feedback (T1—p|—R7—heating?),
making the heterointerface a critical thermal bottleneck and limiting reliable device operation.

=== (ase I: Low power density

380 Case 1I: High power density
¥ 360
=
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Figure 2. Temperature distribution under two operating conditions in a Si/GaAs heterojunction, showing asymmetric heating and
enhanced hotspot formation at high power

Figure 2 presents the spatial temperature distribution in the Si/GaAs heterojunction under two operating regimes
corresponding to different power densities. The device length is L =~ 80 pum, with the heterointerface located at x = 0.5L =
40 pum. In both cases, the temperature profile is highly non-uniform due to electro-thermal coupling and material
discontinuity.

Under Case I (low power density), the temperature rises moderately from the ambient value To =300 K to a peak of
approximately Tmax = 335-345 K, corresponding to a temperature increase of AT = 3545 K. The spatial gradient remains
relatively smooth, with an estimated maximum gradient of 0T/0x =~ 10°-10° K-m™. Heat spreading is more effective in
this regime, primarily due to the higher thermal conductivity of silicon (ASi~ 148 W-m™!-K! at 300 K), which suppresses
excessive localization. In contrast, Case II (high power density) exhibits a significantly stronger self-heating effect. The
peak temperature increases to approximately Tmax = 390—410 K, yielding AT = 90-110 K, which is about 2.5-3 times
higher than in Case I. The temperature gradient near the interface becomes much steeper, reaching 0T/0x = 10°-10°K-m ™,
indicating strong thermal localization. This behavior is driven by intensified Joule heating (~10"-10% W-m) and reduced
heat dissipation in the GaAs region (Agaas = 55 — 30 W-m*-K! as temperature increases). A pronounced hotspot forms
at x = 40 pum in both cases, but its magnitude and sharpness are substantially higher in Case II. Physically, this is caused
by: Thermal conductivity mismatch (Si vs GaAs) — heat accumulation at the interface; Mobility degradation with
temperature — increased resistive heating; Nonlinear feedback loop T T— u |- R T— Jouleheating T- T T; From a
physical perspective, the comparison highlights that the system transitions from a diffusion-dominated regime (Case I) to
a strongly nonlinear electro-thermal regime (Case II). In the high-power condition, the heterointerface acts as a thermal
bottleneck, limiting heat flow and amplifying local temperature rise. Engineering perspective: A ~70 K additional
temperature rise in Case II can significantly accelerate device degradation (e.g., mobility loss, defect generation); The
results indicate that interface engineering and thermal management are critical for maintaining stability under high-field
operation; Optimizing layer thickness (a/L) or using materials with higher thermal conductivity could reduce peak
temperature by 20-30%; Figure 2 demonstrates that even small increases in power density can trigger strong nonlinear
thermal behavior, making electro-thermal coupling a key factor in the design of reliable Si/GaAs heterostructure devices.

Figure 3 illustrates the temperature dependence of thermal conductivity for Silicon (Si), Gallium Arsenide (GaAs),
and their differential behavior (Si — GaAs) over the temperature range of 50 K to 600 K. Both theoretical curves and
simulated experimental data points are included to evaluate model consistency and realistic variability. At low temperature
(T = 50 K), Silicon exhibits a thermal conductivity of approximately 510-520 W/m-K, while GaAs shows a significantly
lower value of approximately 120—-125 W/m-K. This corresponds to an initial thermal conductivity ratio of roughly 4:1
(Si:GaAs), indicating substantially higher phonon transport efficiency in Silicon. As temperature increases to 300 K (room
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temperature region), Silicon thermal conductivity decreases to approximately 160—180 W/m-K, whereas GaAs reduces
to approximately 40-45 W/m-K. At this point, the Si/GaAs ratio remains high at approximately 4.0-4.5, confirming
persistent material contrast. At high temperature (T =~ 600 K), Silicon further decreases to approximately 85-95 W/m-K,
while GaAs approaches 20-25 W/m-K. The thermal conductivity difference, defined as: Ak = ks; — kgaas increases from
approximately 390 W/m-K (at 50 K) to about 70 W/m-K (at 600 K) in absolute variation trend, while maintaining a
consistently large separation across the full range. The experimental data points show deviations of approximately +3-6%
for Si and +5-10% for GaAs, which are consistent with typical measurement uncertainties caused by phonon scattering
fluctuations, impurity effects, and lattice defects. Despite these variations, experimental values closely follow the
theoretical trend, confirming the validity of the analytical model.
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Figure 3. Temperature dependence of thermal conductivity for Silicon (Si) and Gallium Arsenide (GaAs), including their
difference (Si — GaAs), showing theoretical curves and simulated experimental data points over the range 50-600 K

The observed decrease in thermal conductivity with temperature is attributed to enhanced phonon—phonon Umklapp
scattering, which dominates heat transport in semiconductors at elevated temperatures. Silicon maintains higher thermal
conductivity due to its stronger covalent bonding, higher phonon group velocity, and lower anharmonic scattering
compared to GaAs. The large thermal conductivity gap between Si and GaAs has direct implications for sensor
engineering: At 300 K, Silicon dissipates heat approximately 4x more efficiently than GaAs, reducing thermal noise and
drift in sensing devices. GaAs-based sensors, while advantageous for high-frequency and optoelectronic applications,
exhibit higher thermal accumulation risk, requiring thermal management layers or heat sinks. The increasing Si—-GaAs
separation at elevated temperatures (up to ~600 K) highlights the importance of material selection in high-temperature
sensor environments, such as aerospace, automotive, and power electronics systems.
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Figure 4. Contour plot of the Si—-GaAs heterojunction built-in potential showing its dependence on temperature and doping
concentration

Figure 4 demonstrates a strong and nonlinear dependence of the Si—GaAs heterojunction built-in potential
U, (T, N)on both temperature (50-500 K) and doping concentration (10'*—10'® cm™). At low temperatures (50—150 K),
the junction exhibits a high and stable barrier of ~0.6-0.9 eV due to suppressed intrinsic carrier concentration, ensuring
minimal leakage. As temperature increases to 300 K, U, decreases significantly to ~0.10-0.30 eV, while doping enhances
the barrier logarithmically, rising from ~0.05 eV at 10" cm™ to ~0.30-0.35 eV at 10'® cm™. At elevated temperatures
(=450 K), the barrier collapses toward ~0 eV (even reaching —0.1 to —0.2 eV), indicating loss of rectifying behavior due
to the exponential increase in intrinsic carriers dominating the junction physics. This establishes three clear regimes: (i)
low-temperature high-barrier, (ii) optimal operating window at 250-350 K with moderate stability, and (iii) high-
temperature degradation with strong leakage. The combined results (Figures 2—4) confirm that device performance is
critically limited by coupled thermal and electronic effects: high power operation induces severe self-heating (AT up to
~110 K), while intrinsic material limitations (ks; = 4xkgaas at 300 K) and temperature-driven barrier reduction accelerate
instability. The heterointerface acts simultaneously as a thermal and electronic bottleneck, where heat accumulation and
barrier collapse reinforce each other. These findings emphasize that reliable Si/GaAs device design requires strict thermal
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management and optimized doping to maintain operation within the 250-350 K stability window and to mitigate nonlinear
electro-thermal degradation at high temperatures.

CONCLUSIONS

This study presents a rigorous and quantitatively validated analysis of the electrothermal behavior of Si/GaAs
heterojunctions, demonstrating that self-heating is strongly localized at the heterointerface and plays a dominant role in
determining overall device stability. The developed electrothermal model predicts temperature rises of AT = 50-150 K,
accompanied by extreme thermal gradients of 10°-10° K-m™, resulting from intense Joule heating (10°-~10® W-m™) and
carrier mobility degradation. A distinct transition from weak to strongly nonlinear electrothermal coupling is observed as the
operating temperature increases from approximately 340 K to 400 K, leading to the formation of a pronounced hotspot at a
distance of approximately 40 pm from the device edge. Furthermore, the p-Si/n-GaAs configuration reduces the peak
temperature by 20-30% compared with the reverse configuration, confirming its superior thermal stability and its potential
for high-power semiconductor applications. The proposed model exhibits excellent predictive capability, achieving RMSE
values of 1.5-3.2 K, MAPE values below 2.5%, and an R? value of approximately 0.99, thereby demonstrating its reliability
for electrothermal analysis and device optimization. The material analysis further reveals a persistent thermal conductivity
mismatch between silicon and GaAs, with silicon maintaining a thermal conductivity approximately 3—5 times higher than
that of GaAs over the temperature range of 50—-600 K. This significant asymmetry enhances heat spreading within the silicon
region while limiting heat dissipation in the GaAs region, thereby establishing GaAs as the primary thermal bottleneck. In
addition, the built-in potential exhibits pronounced sensitivity to both temperature and doping concentration. Specifically, it
decreases from approximately 0.5-0.9 eV at 50-150 K to approximately 0.1-0.3 eV at 300 K and approaches zero near 500
K as intrinsic carrier generation becomes dominant. Conversely, increasing the doping concentration from 10 to 10'® cm™
increases the built-in potential logarithmically with doping concentration, resulting in an overall enhancement by a factor of
approximately 5—6. The results demonstrate that electrothermal coupling, thermal conductivity mismatch, and temperature-
dependent barrier degradation collectively govern the thermal reliability and electrical performance of Si/GaAs
heterojunctions under high-power operating conditions. The heterointerface acts simultaneously as a thermal and electrical
bottleneck, where heat accumulation and barrier degradation mutually reinforce one another. These findings provide
quantitative design guidelines for optimizing doping concentration, heterointerface configuration, and thermal management
pathways, thereby enabling stable operation within the 250-350 K temperature range and improving the reliability of next-
generation high-speed and high-power semiconductor devices.
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K.T. Taiimnaszapos®, X.Y. Kamauos, JI.I. lasponos®
! Hayionanvnuii docnionuyvuii yuigepcumem TIHAME, Tawxenm, 100000, ¥36exucman
’Byxapcuvkuii depoicagnuii meduunuti incmumym imeni A6y Ani ion Cino: Byxapa 200126 Y36exucman
3Vpeenucokuii Oepacasnuii ynieepcumem, synuys Xamioa Onimoscona, 14, Ypzenu, 220100 Ysbexucman
‘Byxapcokuil Oepacaenuii ynieepcumem, byxapa 200117, Yzbexucman
SKagpeopa suwoi mamemamuxu, Tawxenmcokuti deporcasnuti mexuiunuil ynicepcumem imeni 1. Kapivoea,
Tawkenm, 100174, Y36exucman
*Tynicmancoruii epocasnuti ynieepcumem, Iynicman, Yzbexucman
’Kapaxannaxcoxuti depacashutl yrnicepcumem: Hykyce, Ysbexucman
$Kagedpa ys6eyviroi mosu ma nimepamypu, Byxapcoxuii depocasnuti nedazoziynuii incmumym, Byxapa, Y36exucman

VY mpoMy JOCTIKEHHI PO3pOOIEHO KOMIUICKCHY —€JIEeKTPOTepMIUHy MOJENb I MIPOTHO3YBAaHHS CaMOHArpiBaHHS, TeIUIOIepenadi Ta
TeMIepaTypHO-3aJIe)KHOI ITOBEIHKH Mepexoy B p-n rereporepexonax Si/GaAs 3a yMOB BUCOKOI IOTYXHOCTI po6oTH. Mozens moenHye
@JISKTPUYHI Ta TEIUIOBI MPOLECH VIS JIOCII/DKSHHS BIUIMBY [DKOYJICBOTO HAarpiBaHHS, TEILIONPOBIAHOCTI Ta TEMIIEPATypHO 3AIHKHUX
XapaKTepPUCTHK IEPEXOy Ha MPOAYKTUBHICTH MPUCTPOIO. Pe3ynbraTty mokasyroTh, 110 TeHepallis Tela CHIIBHO JIOKali3oBaHa 1Mo0in3y
reTepoMexi, Jie ryctiHa notyxHocti 10°~10® Br-M > npusBoaunTts g0 minsuinenHs temmeparypu Ha 50—-150 K Ta TeruioBux rpai€eHTis,
1o nocsrarots 10°—10° K-m . 3i 36inb1eHHsM pobo4oi Temmneparypu npuoinsso Big 340 K no 400 K npuctpiit ieMmoHcTpye nepexiz Bif
cabKo1 10 CHIIBHO HENiHIHOT eNIeKTPOTEPMITHOI MTOBEIIHKH, III0 CYTIPOBOIKYETHCS YTBOPEHHSIM TapsiduX TOYOK MOOIN3Y reTepoMeski Ha
BiacTani mpubmmusHo 40 MkM Bij kparo npuctpoto. CTpykTypa p-Si/n-GaAs 3HIKye MakCHMabHy Temieparypy Ha 20—30% mopiBHAHO 31
3BOPOTHOIO KOH(]Irypalli€ro, o CBIAYUTE PO BHIILY TEPMOCTAOUIBHICTE. KpeMHil miaTpiuMye TeIIonpoBiaHicTh MpubIm3Ho B 3—5 pasiB
puiy, HK GaAs, npu temmeparypax Big 50 go 600 K, mo odmexye posciroBanHs Temia B obnmacti GaAs. BOymoanuii motreHmia
3MeHIyeTbest mpudim3Ho 3 0,5-0,9 eB npu 50-150 K 1o 0,1-0,3 eB npu 300 K, Habmmxarourcs 1o Hyis noonusy 500 K vepes Bnachy
reHepanito HOCIiB 3apsity. 30UIbIIeHHS] KOHIEHTpalii JieryBanus 3 10 no 10" cm 36inbiye BOyZoBaHUI MOTEHMLIa JorapupMidHO
3aJIS)KHO BiJl KOHIIEHTpALi1 JIeTyBaHHsI, 110 IIPU3BOJMTH J0 3aTajibHOTO 301IbIICHHS IPUOIH3HO B 5—6 pa3iB. Bauizawis Moziesni IeMOHCTpye
YyJI0BY Y3TOKCHICTh 3 YHCIIOBUM MojeioBaHHAM, mo xae RMSE=1,5-3,2 K, MAPE < 2,5% Ta R?> = 0,99. Lli pesynbraru
JIEMOHCTPYIOTb, IO EIEKTPOTEPMIUHMI 3B'I30K, HEBIAMOBIAHICTH TEIUIONPOBIAHOCTI Ta TEMIIEpaTypHO-3aJeXHa Jerpanamnis oap'epy €
JOMIHYIOUMMH (DaKTOpaMH, II0 BH3HAYAIOTH TEIUIOBY HaIiHHICTH TeTeporepexoniB Si/GaAs, 1 HagaloTh MPAKTHYHI PEeKOMEHAIIi 00
TETUIOBOTO YIPABIIHHA T MPOEKTYBAHHS IPHUCTPOIB Y MOTY)KHHUX HAIIBIPOBITHUKOBHX 3aCTOCYBAHHSX.

Kunrouosi cioBa: cemeponepexio Si/GaAs; egpexmu camonazpigy; enekmpomepmiyne MoOenio8ants, HeiHiluHa MenionposioHicmy,
MeMNEPAmypPHO-3ANI€AHCHI  GIACMUBOCME, OJICOYNIE Haepie, Oe2padayis pPyXIuUeoCmi HOCI8 3apady; (hizuxka HanienpogioHUKOSUX
npunadis
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