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This work presents a detailed theoretical investigation of the structural, electronic, and optical properties of thallium-based (T1X) and
boron-based (BX) compounds, where X = N, P, As, within the zinc-blende crystal structure. First-principles calculations were
performed using density functional theory (DFT) within the generalized gradient approximation (GGA). The obtained results reveal
that Tl-based compounds exhibit lower total energies compared to BX compounds, indicating higher structural stability. In terms of
electronic behavior, BX compounds maintain their semiconducting nature. In contrast, TIX compounds show metallic or near-metallic
characteristics due to the absence of an energy gap at the Fermi level. Furthermore, optical investigations demonstrate that TIX
compounds possess higher static refractive indices and stronger absorption features in the low-energy region. These findings highlight
the potential of Tl-based compounds for future applications in optoelectronic and photonic devices. Overall, this comparative study
provides valuable insights for the design of advanced materials for electronic and energy-related technologies.

Keywords: Thallium compounds; Boron compounds, First-principles calculations; Density functional theory (DFT); Electronic
properties; Band structure; Semiconductors; TIX; BX

PACS: 84.60.Jt;78.20.Bh;89.30.Cc;42.60.Lh

1. INTRODUCTION

In recent years, the investigation of the structural, electronic, and optical properties of III-V semiconductors has
attracted considerable attention due to their potential applications in advanced electronic and optoelectronic devices. Among
these compounds, boron-based (B-V) and thallium-based (TI-V) materials have emerged as promising candidates thanks to
their unique electronic band structures, wide-ranging energy gaps, and favorable optical characteristics. These compounds
have been extensively studied through both experimental techniques and first-principles calculations, especially those based
on density functional theory (DFT), which remains a reliable and widely used approach for predicting the fundamental
properties of materials at the atomic scale. It is evident that there has been a significant interest in using first-principles
calculations [2, 11, 12, 14], including density functional theory (DFT) [9, 13], to investigate the structural and electronic
properties of I1I-V semiconductors and superlattice structures. The physical properties of B-V and TI-V compounds have
been the subject of extensive theoretical and experimental research. In this context, several relevant studies can be mentioned,
such as the work of Akshay [1], who focused on the structural and electronic properties of BN compounds, as well as the
theoretical studies of Yousra Megdoud [6], which were dedicated to the structural and electronic investigation of BX
compounds where X = N, P, As. Furthermore, Nawel Saidi [3] has conducted an in-depth study on TI-V compounds,
emphasizing the influence of structural aspects on their electronic behavior. Within this scientific context, the present work
is devoted to a comprehensive first-principles investigation of the structural, electronic, and optical properties of boron-based
(BX with X =N, P, As) and thallium-based (T1X with X =N, P, As) compounds in the zinc blende phase. In all calculations
carried out in this study, the density functional theory (DFT) framework has been adopted, employing the generalized
gradient approximation (GGA) to describe the exchange-correlation effects accurately.

The aim is to provide a systematic and comprehensive comparison between thallium-based (T1X) and boron-based
(BX) compounds, where X =N, P, As, focusing on their structural stability, electronic band structures, density of states,
and optical response. The novelty of this study lies in its unified theoretical approach, as most previous investigations
have considered each compound separately, without drawing a direct comparison between these two families.

By adopting this comparative perspective, the present work seeks to highlight both the key differences and possible
similarities, thereby evaluating their suitability for future optoelectronic applications.

2. METHOD

The theoretical calculations in this study were performed using the WIEN2k Software package [8], which empioys
the (FP-LAPW) technique under the theoretical framework of density functional theory (DFT). This method is considered
one of the most accurate for studying the structural and electronic properties of crystalline solids, as it imposes no shape
approximation on the potential or electron density, making it particularly well-suited for systems containing heavy atoms
such as thallium. The generalized Gradient Approximation (GGA) in the Perdew-Burke-Erzerhof (PBW) form was
adopted to describe the exchange-correlation interactions between electrons [5]. This functional has proven effective in
accurately modeling the ground state properties of semiconductors and complexes compounds.
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(i) Crystal Structure setup: the made compounds T1X and BX were modeled in the zinc blend (ZB) structure, which
belongs to the F-43m (No.216) space group. This cubic arrangement is widely observed in III-V semiconductors
[10]. In this structure, the thallium and boron atoms occupy the positions of a face-centered cubic (FCC) lattice,
while the group V atoms (N, As, P) are shifted by (0.25, 0.25, 0.25) within the unit cell, thus occupying the
tetrahedral sites of the FCC lattice.

(il) Numerical parameters: To avoid overlap between atomic spheres, the muffin-tin radii (rmt) Were carefully chosen
for each atom, the product rmr X kmaa = 7.0. The Brillouin Zone (BZ) was sampled using a Monkhorst-Pack k-point
mesh [10] of at least 11x11x11 to guarantee convergence of total energy and electronic properties.

A total of 56 k-points were employed for the integration over the irreducible part of the Brillouin zone. The
convergence of the total energy with respect to ensure the accuracy of the calculations.

(iii) Structural optimization: The optimal lattice constant was obtained by evaluating the total energy as a function of
the unit cell volume. The resulting energy-volume data were then fitted using the Murnaghan equation of state [7]
to identify the minimum energy and the corresponding equilibrium structural parameters. All subsequent
calculations were carried out using this optimized geometry.
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Where By is the bulk modulus given by the relation (1-b) at zero pressure (P=0), Vy is the equilibrium volume, E (Vo) is
the energy corresponding to equilibrium volume, B} is the pressure derivative of the bulk modulus at P=0 and, a is lattice
constant.

(iv) Electronic Properties: with the optimized structure; self-consistent field (SCF) calculations were performed to
obtain the band structure along high-symmetry directions in the Brillouin zone, as well as the total and partial
density of states (DOS). These results provided insights into the nature of the band gap (direct or indirect), its
magnitude, and the orbital contributions from different atomic states near the valence and conduction bands [4].

(v) Optical Properties: the optical properties were evaluated using the optics module of WIEN2K, which computes
the complex dielectric function based on the electronic structure. From the real and imaginary parts of the dielectric
function, various optical constants were extracted, including the refractive index, absorption coefficient,
reflectivity, and energy loss function [4]. These quantities are essential for materials in optoelectronic and photonic
application.

In this work, different muffin-tin radii were chosen for each atom in order to improve the accuracy of the calculations
within the WIEN2K framework [8]. These values were selected to avoid overlap between spheres and to ensure numerical
stability during the DFT simulation. The Table 1 summarizes the selected muffin-tin radii for each atomic species, along
with their corresponding electronic configuration to properly define valence states.

Table 1. Atomic muffin-tin radii and corresponding electronic configurations

Element Rmt (a.u.) Y4 Full Electronic Configuration Valence Electrons Treated in DFT
i 2.50 81 [Xe] 411 5d1° 652 6p! 5d1° 62 6p!
B 1.60 5 1s? 2s% 2p! 2s% 2p!
N 1.55 7 1s? 2s% 2p? 2s? 2p*
P 1.85 15 [Ne] 3s2 3p? 3s%3p®
As 1.90 33 [Ar] 3d'° 4¢” 4p3 3d1° 482 4p°

3. ANALYSIS AND INTERPRETATION OF RESULTS
3.1. Structural parameters

Figure 1 illustrates the crystal structures of the T1X and BX compounds where X =N, P, As. All these compounds
crystallize in the zinc-blende (B3) structure. This structure belongs to the face-centered cubic (FCC) system and consists
of two interpenetrating cubic sublattices displaced by one quarter of the body diagonal of the unit cell.

In the primitive cell, the B and X atoms in the BX compounds, as well as the Tl and X atoms in the TIX compounds
occupy the Cartesian positions (0, 0, 0) and (a/4, a/4, a/4) respectively, where a denotes the conventional cubic lattice
parameter. Each unit cell contains four boron atoms and each boron atom is surrounded by four X atoms arranged in a
tetrahedral configuration. Thus, the unit cell contains sixteen X atoms distributed around the boron atoms.

A similar arrangement is observed for the TIX compounds where each thallium atom is coordinated to four X atoms
in the same tetrahedral geometry. This atomic arrangement gives these compounds a high degree of crystalline symmetry
belonging to the space group (F-43m) which is characteristic of the zinc-blende structure.

The lattice constant (a), equilibrium volume (Vy), bulk modulus (By), its pressure derivative (By'), and the total
ground-state energy (E) were calculated using density functional theory (DFT) within the generalized gradient
approximation (GGA), for BX and TIX compounds (X = N, P, As) in the zinc-blende (ZB) structure. The results are
summarized in the Table 2 and 3.
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Figure 1. Optimized crystal structures of BX and of TIX compounds obtained from our calculations using the GGA approximation

Table 2. Values of lattice parameter a (A), bulk modulus (Bo), pressure derivative of the bulk modulus (B0”) equilibrium volume (Vo),
and total energy of T1X compounds:

a (Bohr) a(A) Bo (GPa) By Vo (Ry) E (Ry)
TIN | Calculations 9.9803 5.2814 89.3550 4.9537 248.5287 ~40687.222951
52723[15] | 94.06[15] 43038 [15] -
gﬂirlaﬁos : 5297[16] | 89.723[16] 5.026 [16] - '40687'23_2557 [13]
5.267 [20] 101.5 [20] 3.9 [20]
TIP | calculations 11.5659 6.1208 45.9402 4.9292 386.869 41262.006475
) 6.135[16] | 44981[16] | 4.8771[16] - -
g}gaﬁos ] 5.96 [19] 57[19] - - -
6.124 [3] 46.75 [3] - - -
TIAs | calculations 12.0088 6.3548 38.1483 4.8986 432.9475 ~45099.985275
Other ; 6.374[16] | 37.196[16] 4910 [16] ; ;
calculatios - 6.170 [21] 50.2 [21] - - -

Table 3. Values of lattice parameter a (A), bulk modulus (Bo), pressure derivative of the bulk modulus (B0’) equilibrium volume (Vo)
and total energy of BX compounds

a (bohr ) a(A) Bo (GPa) By’ Vo (Ry) E (Ry)

BN | calculations 6.855 3.6280 373.1226 3.7538 80.5613 -159.394567
experimental 3.615[22] 369 [22] 4[22] - -
Other - 3.530[17] 417.44 [17] 3.78 [17] - -
calculatios - 3.606 [18] 367 [18] - - -

BP | calculations 8.5986 4.5502 161.5866 3.6769 158.9336 -733.960301
experimental 4.538[23]
Other ) 4.558[18] 166[18] - - -
calculatios 4.425[17] 182.81[17] 3.77[17] - -

BAs | calculations 9.0947 48127 130.9268 4.0777 188.0645 -4571.898798
experimental 4.777 [24] - - - -
Other - 4.668[17] 154.30[17] 3.87[17] - -
calculatios - 4.777 18] 145 18] - - -

The obtained data, illustrated in Figures 2 and 3 and supported by the results shown in Tables 2 and 3, clearly
demonstrate a significant contrast in the structural stability and total energy between thallium-based compounds (T1X)
and boron-based compounds (BX), where X =N, P, As. Thallium compounds exhibit much more negative total energies,
which indicates higher thermodynamic and dynamical stability. For instance, the total energy of TIN is about —40637.22
Ry, while that of TIP and TIAs reaches —43461.54 Ry and —45099.98 Ry respectively, compared to the boron-based
compounds BN (—159.39 Ry), BP (—4414.99 Ry), and BAs (—4571.89 Ry), confirming the superior energetic stability of
Tl-based materials.

Regarding mechanical properties, the calculated equilibrium volume (Vo) and bulk modulus (Bo) reveal
fundamental structural differences between the two families. TIX compounds are characterized by larger equilibrium
volumes and lower bulk moduli, indicating relatively softer crystal structures. For example, TIP has a Vo of 271.37 a.u?
and Bo of 33.14 GPa, while TlAs displays an even larger Vo (296.76 a.u’) and a lower Bo (28.21 GPa). In contrast, BX
compounds are more compact and mechanically robust, particularly BN, which shows the smallest Vo (80.56 a.u®) and
the highest Bo (373.12 GPa), pointing to high mechanical hardness and strong covalent bonding.
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Figure 2. Variation of total energy as a function of atomic volume for BX compounds in the zinc blend structure
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Figure 3. Variation of total energy as a function of atomic volume for TIX compounds in the zinc blend structure

Based on these results, one can conclude that TIX compounds exhibit clear advantages in terms of total energy and
thermal stability, making them suitable for optoelectronic applications requiring flexibility and robustness. Conversely,
BX compounds—especially BN—are more appropriate for extreme conditions that demand high mechanical performance.
This complementary contrast in physical properties paves the way for future hybrid applications that exploit the strengths
of both compound families.

Our results are in good agreement with previous theoretical studies, confirming their reliability, however there is no
experimental result available for the III-V compounds.

3.2. Electronic parameters
Figures 4 to 7 present the calculated electronic band structures and density of states for BX and T1X compounds in
the zinc blende structures. The analysis begins with the boron-based compounds, which exhibit wide band gaps, followed
by the thallium-based compounds, whose electronic behavior is influenced by relativistic effects. These results help
identify the nature and origin of the band gaps, as will be discussed in the following sections.
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Figure 4. Calculated band structure and total density of states of BX (X=N, P, As) compound
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Figure 4. Calculated band structure and total density of states of BX (X=N, P, As) compound (continued)

The results are given in Table 3 show that BX (X=N, P, and As) are an indirect gap semiconductor with the minimum
of conduction band at I', X point.

Table 3. Band gaps of BN, BP, and Bas in the zinc blende structure (all energies are in eV)

compounds calculations Other calculations Nature of the band gap
BN 4.4593 4.85[25],4.35 [46] (I'===X) :indirect
BP 1.25317 1.24 [26], 1.14 [27] (I'===X) : indirect
BAs 1.20819 1.21[26], 1.23 [30], 1.25 [18], 1.36 [42] (I===X) : indirect

The electronic band structure calculations reveal that boron-based compounds BX (X = N, P, As) crystallizing in
the zinc blende structure exhibit indirect band gaps. Among these materials, BN possesses the widest band gap, followed
by BP and finally BAs with the smallest gap. This decreasing trend in the band gap values is mainly attributed to the
increasing atomic number of the group V element. These findings are consistent with recent DFT studies reported in the
literature [6. 29]. To gain deeper insights into the electronic structure, the total and partial density of states for BN, BP,
and Bas were calculated and illustrated in Figure 5 using the GGA approximation.
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Figure 5. Total and partial densities of states of BX (X=N, P, As). Compound within GGA approximation



474

B 0.39 -

0.26 |- A 0.26 |-

EEJP. 4 (2025) Abed Zoulikha, et al.
0.50 Ee 2.0 Ee
) Y Y I "tot'B [— tot-N ) ' 7‘tot-BI totN '
0.39 , 15 —total-DOS i
0.26 3 3
0.13 3 3 4
0.50 ! ) | JJ‘\_/V\T—A/‘
, s-B p-B . s-B p-B
%0.39 = ' E %osg = ' E
3 | 2 ‘
] . ] .
0.26 - B 0.26 - 4
g 1 g 1
&0.13 k 3 bs| \md().13 k 3 |
n ' 17/] '
5 0.50 e N ;f—Jx\JVW 5 0.50 e S /;’—Jx\ju\x\/‘j\
1 s-N p-N 1 s-N p-N
' i
H H
0

0.13 K /J . 0.13 K J J
0.00 \1’\:\&‘_‘ 1W 0.00 K’S\N‘_A 1W
8 6 4 2 2 4 6 8 8 6 4 2 0 2 4 6 8
Energy (eV) Energy (eV)
E
E 2.0 : : T .
I tot-B —1—— tot-As
total-DOS
3 :
i i
! 1.0 .
i i
i i
' 0.5 '
i i
i i
i
. ‘ 0.50 ‘
9 ' 9 i s-B p-B
@ 0. . @ 0.39 - . 4
7 ‘ b :
S o026 ' 1 oz | b
& ‘ k5 ‘
1Z) ' 173 i
= 0.13 ' - -’ 0.13 : 4
@ | @ '
5 s 5 0.50 1 ;
0.50 tern ST ¢ /A
: s-As p-As : s-As p-As
0.39 ' d-As 4 0.39 ! d-As J
1 1
0.26 | ' 4 0.26 ' 4
1 1
0.13 ' /\ 0.13 | '
i i
0.00 . ! h ; 0.00 A ! h :
8 6 -4 2 0 2 4 6 8 8 6 4 2 0 2 4 6 8
Energy (eV) Energy (eV)

Figure 5. Total and partial densities of states of BX (X=N, P, As). Compound within GGA approximation (continued)

Figure 5 presents the total and partial density of states for the BN, BP, and Bas compounds in the Zinc blende
structure. For BN, the valence band region, spanning from -8 eV to 0 eV, is strongly dominated by the p orbitals of the
nitrogen atom (N-p), with a smaller contribution from the p orbitals of boron (B-p). This indicates a significant ionic
character in the B-N bond, driven by the high electronegativity difference between the constituent atoms. In contrast, the
conduction band (5-8eV) shows only weak contributions from al orbitals, suggesting a relatively low density of available
states for electronic conduction in this energy range.

For BP, both B-p and P-p orbitals contribute significantly within the same valence band range (-8 to 0 eV), while
the conduction band (1.25-8 eV) displays distributed contributions from multiple orbitals. This reflects a more covalent
and delocalized nature of bonding compared to BN. As for Bas, the valence band is characterized by overlapping
contributions from p orbitals of both boron and arsenic (B-p and As-p) within the -8 eV to 0 eV range, whereas the d
orbitals of arsenic (As-d) exhibit nearly negligible participation. In the conduction band region (1.2-8eV), the electronic
density remains distributed across the same previously mentioned orbitals, indicating similar bonding characteristics to
BP but with a different electronic distribution profile.

After completing the analysis of the structural properties of the BX compounds (BN, BP, BAs), we now move on to
the study of the TIX compounds (TIN, TIP, TlAs), in order to highlight the fundamental differences between these two
families of materials. Unlike the BX compounds, which exhibit typical characteristics of light-element semiconductors,
such as small lattice constants and wide band gaps, the structural properties of the TIX compounds clearly reflect the
influence of the heavier thallium atom, resulting in noticeably different behavior. These structural differences are expected
to have a direct impact on the electronic and optical properties of these materials.

Therefore, it is important to provide a detailed and precise analysis of the TIX compounds in order to clarify how
the incorporation of thallium affects the crystal structure and distinguishes them from their boron-based counterparts.
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The bands structure of TIX compounds for ZB phase is show in Fig. 6. Electronic structure calculations based on
the GGA approximation reveal that the TIN, TIP, and TIAs compounds, crystallizing in the zinc blende (ZB) structure,
exhibit a metallic or semi-metallic character, as indicated by the intersection of the Fermi level (EF) with the conduction
band. These results confirm the absence of an energy band gap, with a calculated band gap value of 0 eV for all three
materials. These findings are consistent with previous theoretical studies, which have also reported a zero-gap behavior
in TIX compounds within the same crystal structure, using both GGA and more advanced functional such as mBJ and
HSE 06 [3, 30, 31].
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Figure 6. Calculated band structure and total density of states of TIX (X=N, P, As). Compound

To explore the electronic structures in greater detail, the total and partial density of states for TIN, TIP, and TlAs
were calculated within the GGA approximation, as illustrated in Figure 7.
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Figure 7. total and partial densities of states of TIX (X=N, P, As). Compound within GGA approximation
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A detailed inspection of the partial densty of states for the TIX compounds reveals a clear distinction in the orbital
contributions across the valence and conduction bands, which is essential for understanding their electronic behavior and
bonding nature.

In the case of thallium nitride, the valence band can be divided into two main regions:

)] The lower valence band, spanning from approximately -11 to -9 eV is primarily dominated by the Tl-d, N-s,
and N-p states. This indicates strong hybridization between thallium and nitrogen deep core levels, reflecting
a notable covalent character.

(il)  The upper valence region, from -6 eV to 0 eV, the dominant contributions arise from the Tl-s and N-s orbitals,
with a moderate participation of Tl-d and N-s states.

As for the conduction band, starting just above the Fermi level (0 eV) and extending up to 12 eV, it is mainly
composed of Tl-p, Tl-s and N-p orbitals. A minor yet noticeable contribution from the TI-f states is also observed at higher
energies, suggesting possible f-character at conduction states in excited conditions.

For TIP the the PDOS profile shows:

(1) A deep valence band segment between-12eV and -9.5 eV,where Tl-d and P-s states dominate, while Tl-s and
P-p exhibit weaker contributions.

(ii))  Inthe valence band range from -7eV to OeV, there is a pronounced mixing for T1-6p, Tl-s, P-s, and P-p states,
with a slight presence of Tl-d this highlights the significant hybridization between thallium and phosphorus
s-and p-orbitals near the Fermi level.

In the conduction band, contribution mainly stem from TI-p, Tl-s, P-s, while TI-d and TI-f states appear marginal,
indicating limited involvement of deeper core orbitals in the conduction process.
Finally, the PDOS spectrum of thallium arsenide closely resembles that of TIP:

@) The lower valence band region (-12eV to-9eV) is predominantly characterized by As-s and TI-d states,
marking the interaction between deeper core levels of the two atoms.

(i)  Moving to the upper valence range (-6.5¢V to 0eV), significant contributions from Tl-s and As-p are noted,
with secondary inputs from Tl-p and As-s
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So, in the conduction band (0 to ~8eV), the most pronounced contributions arise from Tl-s, T-p and As-4p, reflecting
strong s-p hybridization, essential for the conduction mechanism. Additionally modest involvement of Tl-d, T1-f, and As-
d orbitals is identified at higher energy levels.

The analysis of the electronic band structures alongside the total and partial density of states for TIN, TIP, and TIAs
demonstrates that the valence and conduction bands either intersect or come into direct contact at the Fermi level. This
particular feature suggests the absence of a real band gap, placing these materials within the category of semi-metallic
systems. Such behavior is typically associated with weak orbital hybridization and the influence of relativistic effects
linked to the heavy.

So, these differences in the electronic distribution are directly reflected in the physical properties of the compounds.
While the BX compounds retain a tunable semiconducting behavior, the TIX compounds appear unsuitable for
conventional electronic applications, but they may be exploited in systems with metallic or semi-metallic character.

3.3. Optical parameters

Optical properties play a crucial role in evaluating the potential of materials for electronic and optoelectronic
applications, such as detectors and photonic devices. These properties are derived from the energy-dependent dielectric
function. In the following, we analyze key optical parameters including reflectivity R(w), absorption coefficient a(w),
energy loss function L(w, and &;(w) and e>(w the real and imaginary parts of the refractive index n(w). These optical
properties were investigated for the studied compounds within the photon energy range of 0 to 14 eV.

The complex dielectric function is used to describe the linear response of a material under an external
electromagnetic field. It distinguishes between the contributions of intra-band and inter-band transitions and is represented
by its real (g1) and imaginary (&>) parts [32]. Generally, the €(®) is closely related to the polarization, while & (o) is
closely related to the absorption properties [38]:

£(w) = &(w) + ig;(w) 3)

The imaginary component of the dielectric function at low photon energies is evaluated through electronic structure
computations, relying on the joint density of states and the transition matrix elements between filed and empty electronic
states. Subsequently, the real part is derived using the Kramers-Kronig transformation [33].

As previously mentioned, this work provides a detailed presentation and analysis of the main optical properties, such
as the refractive index and the absorption coefficient, which are determined according to relations (4) and (5), respectively.

1/2
£2(w)+€2(w)
n(w) = | L2431 ——— (4)
a(w) = 4TTTk(a)) (5

In these relations, k represents the extinction coefficient, while A refers to the wavelength of light in vacuum. Further
details on the methodology used to calculate these optical properties can be found in the works of Ambrosch-Draxl and
Sofo [34, 35, 36].

The calculated Real and Imaginary Parts of the Dielectric Function &;(®) and &(®), Refractive Index n(w), Energy
Loss Function L(w), Reflectivity R(w), and Absorption Coefficient a(w) of BX(X=N, P, As) shown in Fig. 8.
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Reflectivity R(®), and Absorption Coefficient a(®) of BX(X=N, P, As) (continued)

Imaginary Part £:2(®): For BN compound, it is observed that the absorption starts in the ultraviolet region, around
9 eV, which clearly indicates the presence of a wide energy gap. Moreover, the low values of the imaginary part of the
dielectric function (€2) up to this energy confirm the transparency of the material in the infrared, visible, and near-
ultraviolet ranges. Beyond this point, & gradually increases, reaching its maximum around 12 eV, reflecting sharp and
intense electronic transitions in the deep ultraviolet region. These results are in good agreement with the work reported
by Artus et al. [45].

For both BP and BAs compounds, it is observed that the onset of optical absorption starts at an energy value of
approximately 3.5 eV for each, indicating that their energy gaps are smaller compared to BN. Moreover, two prominent
absorption peaks are recorded for both compounds within the energy range of 5 to 6 eV, with the maximum absorption
intensity reaching around 40 for BP and about 35 for BAs. Beyond these peaks, a gradual decrease in absorption is
observed until it becomes almost negligible in the deep ultraviolet region for both compounds.

Real Part & (®): For the BN compound in the energy range between 0 and 6 eV (from the infrared to the near-
ultraviolet region), the real part i remains approximately constant. Subsequently, this value increases gradually, reaching
a maximum of about 12.5 at energy of approximately 10 eV, which corresponds to the deep ultraviolet region. Beyond
this point, & decreases significantly and becomes negative at higher photon energies, indicating the occurrence of
plasmonic response in this energy range. For the BP and BAs compounds At 0 eV, the imaginary part & is around 9 for
BP and approximately 10 for BAs. These values remain nearly constant in both the infrared and visible regions. As the
photon energy increases, €2 starts to rise gradually until two pronounced peaks appear in the near-ultraviolet region:

@) A pronounced peak around 25 is observed for BP within the energy range of 5-6 eV.
(ii) Another peak around 20 for BAs, located in the energy range between 3 and 4 eV.

Refractive Index n(®): For BN, the static refractive index is n(0) = 2.1. This value remains almost constant up to
(= 9 eV), beyond which it increases, reaching its maximum peak at around 12 eV. After this point, the refractive index
decreases rapidly. In the case of BP, the static refractive index is n(0) = 3. This value remains nearly unchanged in the
low-energy region up to about 4 eV, where the first peak appears with a refractive index of 4. Subsequently, the highest
peak emerges at around 5.7 eV with a maximum value of n = 5.5, followed by a continuous decrease. For BAs, the static
refractive index is n (0) = 3.1. A distinct peak appears at around 5.5 eV. These results are in good agreement with the
work reported by Artus et al. [45]
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Absorption Coefficient a(w): The curves illustrating the variation of the absorption coefficient as a function of
photon energy reveal the following behavior: For BN, no absorption is observed up to approximately 9 eV in the
ultraviolet (UV) region. Beyond this energy, the absorption gradually increases, reaching its maximum peak around 12
eV in the deep UV region. For BP, the absorption remains negligible up to about 2 eV. It then increases progressively,
reaching a maximum value of approximately 250 at around 3.2 eV, followed by a decrease.

For BAs, the absorption is absent in both the infrared and visible regions. It starts to increase at higher photon
energies, reaching a maximum value of approximately 250, and then gradually decreases thereafter.

Reflectivity R(®): The optical reflectivity of the compounds BN, BP, and BAs exhibits distinct behaviors for each
material. For BN, at the zero-energy limit, the reflectivity is approximately 0.06% in the infrared region, and it gradually
increases with photon energy, reaching about 0.5% in the deep ultraviolet region. For BP, the reflectivity at zero energy
is R(0) = 0.25%. Nearly equal peaks of about 0.65% are observed within the energy range between 6 and 14 eV.

For BAs, the zero-energy reflectivity is approximately R(0) = 0.28%. It gradually increases beyond 5.5 ¢V, reaching
values between 0.5% and 0.7%. The absence of absorption in the infrared region, along with the low reflectivity values,
highlights the potential of these materials for use as cold, anti-reflective coatings in optical fiber technologies.

Energy Loss Function L(®): Based on the analysis of the electron energy loss function (EELF) data, it is observed
that the maximum peak for BN appears at approximately 14 eV. In contrast, for the compounds BP and BAs, the main
peaks of the energy loss function are located within the energy range of 13.5 to 14 eV, indicating a similar optical behavior
in this energy interval, which is typically associated with the plasmon excitation energies of these materials.

It is worth mentioning that some of the obtained results are in good agreement with several recent studies, which
reinforces the validity of the reliability of the achieved findings [39, 40, 41, 42]. In this section, we will analyze the optical
calculation results of thallium compounds So that the calculated Real and Imaginary Parts of the Dielectric Function &i(®)
and &(w), Refractive Index n(w), Energy Loss Function L(w), Reflectivity R(w), and Absorption Coefficient a(w) of
TX(X=N, P, As) shown in Figure. 9.
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Imaginary Part €2(®): The thallium compounds exhibit remarkable optical activity in the low-energy range. For
TIN, distinct peaks are observed up to approximately 10 eV, with the most intense peak occurring below 1 eV, which
corresponds to the infrared region. As for TIP and TlAs, noticeable peaks appear up to around 6 eV, after which the
intensity gradually decreases.

Real Part £1(m): The real part of the dielectric function €1(®) is considered a key factor in understanding the optical
behavior of this class of compounds, as it reflects the material’s ability to polarize under the influence of external
electromagnetic fields.

According to the obtained results, the highest values of €l are recorded at 0 eV, which corresponds to the infrared
region, indicating a strong capacity of these materials to store electric energy in this energy range. Among the studied
compounds, the highest static dielectric constant was observed for TlAs, with g,(0) = 45, followed by TIN with a value
of approximately €;(0) = 35, and finally TIP with &(0) = 25. These results highlight the differences in polarization ability
among the compounds, where T1As exhibits a stronger polarizability compared to TIN and TIP, which is reflected in their
distinct electromagnetic responses at low frequencies

Index n(m): In this study, the refractive index at zero photon energy is extracted from the optical spectra as follows:
n(0) = 6.7 for TIN, n(0) =5 for TlAs, and n(0) = 5 for TIP. These values highlight the relatively high refractive indices of
the thallium-based compounds in comparison with boron-based compounds, especially in the low-energy region. With
increasing photon energy, the refractive index decreases progressively to reach values as low as 0.5 beyond 10 eV,
indicating a weak refractive response at high energies.4. These results are in good agreement with the findings reported
in 2023, which confirmed that materials with small or negligible band gaps generally exhibit high refractive index values
at low photon energies, followed by a gradual decrease as the photon energy increases, according to the Wemple—
DiDomenico model [44].

Absorption Coefficient a(®): The optical absorption of the studied compounds starts within the infrared region and
gradually increases, exhibiting pronounced peaks in the energy range between 3.5 and 6.5 eV. Additionally, for TIN, a
distinct absorption peak appears around 13 eV, indicating active electronic transitions within these energy regions. For
the compounds TIP and TlAs, two sharp peaks are observed near 6 eV for each, followed by a gradual decrease in the
absorption coefficient. This behavior reflects a reduction in the density of electronic transitions in this energy range [43].

Reflectivity R(®): The initial reflectivity values for the three compounds are approximately similar, with about 0.5
for TIN, 0.45 for TIP, and 0.51 for TlAs at zero photon energy. For TIN, two distinct reflectivity peaks are observed: the
first located around 7 eV, and the second between 10 and 12 eV. In contrast, TIP and TIAs exhibit less pronounced and
more gradually diminishing peaks as the photon energy increases. Notably, unlike TIP and TIAs, the reflectivity of TIN
decreases between 11 and 12.5 eV, but shows a slight increase beyond this range.

Energy Loss Function L(®): The energy loss function exhibits a low initial peak for all the compounds (TIN, TIP,
and TlAs), followed by a clear increase starting from around 8 eV. A prominent and well-defined main peak is identified
for each compound at approximately 14 eV, indicating strong energy loss behavior in this energy region.

4. CONCLUSIONS
In this study, the structural, electronic, and optical properties of thallium-based compounds T1X (X =N, P, As) and
boron-based compounds BX (X = N, P, As) in the zinc-blende structure were systematically investigated using density
functional theory (DFT) within the GGA approximation. The obtained results reveal that boron compounds exhibit a
typical semiconductor behavior with well-defined energy gaps, while thallium compounds exhibit a nearly metallic
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behavior with a vanishing energy gap. From the optical perspective, all compounds show a decreasing trend in the
refractive index as photon energy increases, starting from relatively high values at low energies, which indicates a weak
optical response at high photon energies. Furthermore, the analyses of the absorption spectra and dielectric functions
highlighted the presence of significant electronic transitions at specific energy ranges for each compound, reflecting the
density of available electronic states. These findings clearly demonstrate the distinct electronic and optical behaviors
between thallium-based and boron-based compounds, underscoring their potential relevance for advanced electronic and
optoelectronic applications. Moreover, the observed trends are largely consistent with recent theoretical studies cited
throughout this work.
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JOCJIKEHHSA CIIOJIVK TIIX TA BX (X=N, P, As) HA OCHOBI DFT: IIOPIBHSJIbHUM OI'JISAJ CTPYKTYPHOI,
EJJEKTPOHHOI TA ONTUYHOI NOBEIIHKHU
Aben 3yaixa, Jlaua6i Adaeanxani, Adaenasi Jlaig
Jlabopamopis npuxkiadnux mamepianis, 0ocrionuyvkuil yeump, Yuisepcumem Cioi-Benv-Abbec, 22000, Anxcup
V wiii po6oTi MpeacTaBIeHoO ACTAIbHE TEOPETUYHE JTOCIIDKEHHS CTPYKTYPHHUX, SICKTPOHHHUX Ta ONTHYHHX BJIACTHBOCTEH CIIONYK Ha
ocHoi Taniro (TIIX) Ta 6opy (BX), ne X =N, P, As, y kpucrainiusiii cTpyKkTypi IMHKOBOI cyMiri. Po3paxyHKH 3 IepIInX NPUHINIIIB
OynmH BUKOHAHI 3 BUKOpHCTaHHSIM Teopii ¢yHkuionanmy rycruan (DFT) B y3aramsaenoMy rpamientHomy HaGmmkeHHi (GGA).
OTpuMaHi pe3yIbTaTh HOKa3yloTh, IO CIOJYKH Ha ocHOBI T1 NeMOHCTPYIOTh HIKYi 3arajibHi eHeprii HOpiBHSHO 3i cnonykamu BX,
IO BKa3y€ Ha BHUILY CTPYKTYpHY CTaOUIBHICT. 3 TOYKHM 30py €JIEKTPOHHOI IOBEIiHKH, cnoirykun BX 30epiraioTh CBOIO
HamiBIOPOBiAHMKOBY npupoxay. Ha Bigminy Bix uporo, cnonyku TIX neMoHCTpyOTh MeTaneBi abo Maiike MeTaleBi XapaKTepPUCTUKU
4yepe3 BiCYTHICTh eHepreTuuHol miauHu Ha piBHi Pepmi. Kpim Toro, onTH4HI JOCHIIKEHHS TOKa3ylOTh, 110 crnoixyku TIX maroTh
BHIII CTATHYHI MOKAa3HUKH 3aJIOMJICHHS Ta CHJIBHINI XapaKTEpHCTHUKU TOTJIMHAHHSA B 00nacTi HU3bKUX eHepridd. Lli pesympratu
MAKPECIIOITh MOTEHIIIAN CIOMYyK Ha ocHOBI Tl s MailOyTHROTO 3aCTOCYBaHHS B ONTOCJIICKTPOHHUX Ta (POTOHHHUX MPUCTPOSX.
3araowm, Iie MOpiBHSUIbHE JOCIIKEHHS Hala€ [[IHHI 3HAHHS JUIs PO3pOOKH ITepeIOBUX MaTepialliB Ul eTeKTPOHHUX Ta CHEPreTHIHIX
TEXHOJIOTiH.
KurouoBi ciioBa: cnonyku maniio; cnonyku 6opy; po3paxyuxu 3 nepuiux npunyunie; meopis @yuxyionany cycmunu (DFT); enexmpouni
enacmugocmi; 30HHa cmpykmypa, Hanignpogionuxu, TIX; BX
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A comprehensive investigation of thermally induced phase transformations in the silicon-manganese (Si—-Mn) system was conducted. The
study utilized X-ray diffraction (XRD), Raman spectroscopy (including chemical Raman mapping), scanning electron microscopy with
energy-dispersive X-ray spectroscopy (SEM—EDS), deep-level transient spectroscopy (DLTS), and thermodynamic CALPHAD modeling.
The sequence of transformations has been reliably reconstructed as follows: (i) interstitial incorporation of Mn and partial amorphization
of the near-surface Si layer; (ii) nucleation and growth of MnSi (B20 structure, P243); (iii) stabilization of the higher silicide phase Mn,Si;
under Si-rich conditions; (iv) at T > 900 °C, a partial reverse transformation to MnSi. DLTS analysis revealed three electrically active
deep-level centers with activation energies of Ec—0.53 eV, Ec—0.43 eV, and Ec-0.20 eV (on = 1071°~107'5 cm?), which correlate with the
MnSi — Mn,Siy; transition and interface traps at the “silicide/Si”” boundary. CALPHAD modeling confirmed negative Gibbs free energies
of formation (AGf) and identified thermodynamic stability windows for MnSi (600-750 °C) and Mn,Si; (800-950 °C). The resulting
process map provides the technological parameters for synthesizing CMOS-compatible Si—-Mn structures.

Keywords: Silicon; Manganese; Manganese Silicides; MnSi; Mn,Si,; Phase transformations; XRD; Raman;, SEM—-EDS; DLTS;
CALPHAD; Gibbs free energy

PACS: 68.37.Hk, 33.20.Fb

INTRODUCTION

Doping silicon with transition metals is a strategically important direction in the engineering of functional
semiconductor materials, aimed at broadening the spectrum of its electronic, magnetic, and thermal properties. Among
the wide range of 3D-elements, manganese attracts particular attention due to its ability to form stable silicide phases, as
well as to induce spin-dependent conductivity and weak ferromagnetism in the Si matrix [1-5]. The silicon-manganese
(Si—-Mn) system is a complex binary system characterized by a rich phase diagram with numerous intermetallic
compounds of variable composition. The most studied and practically significant phases are MnSi (cubic B20 structure),
Mn,Si; (tetragonal), and more silicon-rich compounds such as Mn;4Si;9 [6-9].

These silicides are distinguished by their high thermal and chemical stability, low specific thermal conductivity, and
pronounced anisotropic magnetotransport properties, including the spin-filtering effect and the anomalous Hall
effect [10-14]. This combination of properties makes them candidates for applications in the fields of spintronics,
thermoelectric converters, and CMOS-compatible nanoelectronic platforms [15-18].

Despite the existence of a significant body of experimental and theoretical data on the Si-Mn system, several key
issues remain unresolved. The mechanisms and temperature thresholds of phase transitions during thermal processing
have not been fully established. The localization of manganese atoms in the early stages of annealing (including interstitial
and cluster states) is unclear. The formation conditions of the Mn,Si, phase and its possible transformation back to MnSi
upon further heating are insufficiently studied, as is the influence of non-stoichiometry and internal stresses on the stability
of silicide phases.

A particular challenge is the reliable identification of the early stages of silicide formation at low temperatures, where
Mn may still exist in a disordered form or as a dissolved atom in a-Si. Such states are difficult to distinguish using XRD
methods but can be partially detected using highly sensitive vibrational spectroscopies (in particular, Raman) [18-21].
Furthermore, the use of a thermodynamic approach to analyzing phase equilibria, based on the CALPHAD (CALculation of
PHAse Diagrams) methodology, is of critical importance. This approach allows for the prediction of silicide stability based
on the Gibbs free energy of formation and the modeling of binary phase diagrams [21-25]. A comprehensive investigation
of thermally induced phase transformations in the Si—Mn system, involving both experimental methods (XRD, Raman, XPS)
and computational modeling (CALPHAD), is necessary to construct a complete picture of the phase evolution. This not only
contributes to a deeper understanding of the fundamental processes of doping and diffusion in semiconductors but also opens
up possibilities for the predictable synthesis of functional nanostructures with desired properties.

Thus, the investigation of phase formation and phase stability of manganese silicides in doped silicon films as a
function of annealing conditions is a relevant task at the intersection of solid-state physics, materials science, and applied
nanotechnology.

Cite as: Sh.B. Utamuradova, Sh.Kh. Daliev, J.J. Khamdamov, Kh.J. Matchonov, A.Kh. Khaitbaev, East Eur. J. Phys. 4, 484 (2025),
https://doi.org/10.26565/2312-4334-2025-4-49
© Sh.B. Utamuradova, Sh.Kh. Daliev, J.J. Khamdamova, Kh.J. Matchonov, A.Kh. Khaitbaev, 2025; CC BY 4.0 license


https://doi.org/10.26565/2312-4334-2025-4-49
https://periodicals.karazin.ua/eejp/index
https://portal.issn.org/resource/issn/2312-4334
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-1718-1122
https://orcid.org/0000-0001-7853-2777
https://orcid.org/0000-0003-2728-3832

485
Phase Transformations and Structural Transformations of Manganese Silicides in the Si-Mn... EEJP. 4 (2025)

MATERIALS AND METHODS

The starting materials were single-crystalline p-type and n-type silicon wafers with resistivities ranging from 5 to
35 Q-cm. Doping with high-purity (> 99.999%) metallic manganese was performed by thermal vacuum evaporation in a
high vacuum environment (P < 1077~107® Torr), maintained by an oil-free turbomolecular pumping system. Manganese
doping was carried out through high-temperature annealing in sealed vacuum quartz ampules at temperatures ranging
from 600 to 1200 °C for durations of 0.5 to 10 hours. Upon completion of the heat treatment, the samples were subjected
to either rapid quenching or slow furnace cooling. These different thermal trajectories allowed for the simulation of both
near-equilibrium and metastable conditions for crystallization and phase transformation, which significantly influence the
morphology of the silicide phases and the distribution of Mn within the Si matrix [25, 26].

Vibrational properties were investigated by micro-Raman spectroscopy using a SENTERRA II spectrometer (Bruker
Optik GmbH, Germany). A green laser with a wavelength of A = 532 nm and adjustable power up to 25 mW was used for
excitation. Spectra were recorded in the range of 504265 cm™ with an exposure time of 100-120 s. The spectral
resolution was 4.0 cm™, ensuring the differentiation of silicide vibrational modes and Si phonon lines. To eliminate
thermal shifts, a dual-channel registration of Stokes and anti-Stokes components was employed, with the actual
temperature calculated using a modified Boltzmann formula [18]. The wavelength accuracy was calibrated against NIST
standards (mono-Si and acetaminophen). Laser-induced heating was monitored by the ratio of the Stokes/anti-Stokes
components, using the modified Boltzmann formula:

Ianti—Stokes = exp (_ﬂ
1 Stokes kT

The phase composition was investigated using X-ray diffraction (XRD) with a MiniFlex II instrument (Rigaku,
Japan), operating at CuKa radiation (A = 1.5406 A). Scans were performed in the 20 range of 3°-60° with a step size
0f 0.02° and a dwell time of 2 seconds per point. Phase identification was performed using the ICDD PDF-4+ database,
with analysis of interplanar spacings, relative intensities, and indexing of reflections according to known structures of
manganese silicides (MnSi, Mn,Si-, etc.) [27-30].

To study the surface morphology, microstructure, and distribution of dopant elements in the silicon samples,
scanning electron microscopy (SEM) combined with energy-dispersive X-ray spectroscopy (EDS) was employed. The
measurements were conducted on a ZEISS GeminiSEM 300 electron microscope (Carl Zeiss AG, Germany) equipped
with an integrated EDS detector. The instrument's operating mode included an accelerating voltage of 20 kV, which
provided a sufficient penetration depth for analyzing near-surface structures, and a low residual pressure in the sample
chamber of approximately 10 mmHg, which eliminated the effects of contamination and plasma ionization.

DLTS measurements were performed on Schottky barrier diode structures. The top electrode was made of Au, with
contact areas on the order of several square millimeters. Temperature dependencies were recorded in a liquid nitrogen
cryostat with controlled heating over a working temperature interval of 80-360 K, with a setpoint stability of 0.2 K.

RESULTS AND DISCUSSION
Figure 1 shows the DLTS spectra for an n-Si<Mn> sample, obtained at a rate window of e = 60 s™'. Three distinct
peaks are observed in the spectra at approximately T = 130-150 K, 220-240 K, and 300-320 K. An Arrhenius analysis
was performed for the electron emission channel using the equation: €" = c,vin Ne-exp[-(E¢ - E)/kT], where v oT!2,
N, oo T>2, From this analysis, three electrically active deep levels were identified.
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Figure 1. DLTS spectra and Arrhenius plots for the deep levels in n-Si<Mn>.

All three defects are electron traps with capture cross-sections on the order of 107'~107'5 ¢cm?2. The most dominant
recombination center is the E; level (having the largest values of 6, and Ny).

Structural data and CALPHAD modeling indicate that heat treatment induces the nucleation and growth of MnSi
nanophases, and upon further silicon saturation, leads to the MnSi — Mn,Si; transformation. This transformation is
accompanied by the redistribution of Mn, an increase in elastic stresses, and the formation of a well-defined “silicide/Si”
interface. During this process: (i) the E; level (Ec—0.53 eV) correlates with Mn-related complexes in the shell of the MnSi



486
EEJP. 4 (2025)

Sh.B. Utamuradova, et al.

precipitates; (ii) the E, level (Ec—0.43 eV) reaches its maximum contribution during the formation of the higher silicide
phase Mn,Si; and the growth of misfit dislocations; (iii) the shallow E; level (E.—0.20 eV) reflects the presence of
interface traps at the “silicide/Si” boundary, the contribution of which increases with the coarsening of the precipitates.
The obtained experimental data provide evidence of a stepwise phase transformation in the Si—-Mn system, governed
by thermodynamic and diffusion factors. The phase transformation was confirmed by both X-ray diffraction analysis and
Raman spectroscopy, which reflects structural changes at the level of chemical bonds and lattice symmetry (Fig. 2).
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Figure 2. Stages of phase transformations in the Si—-Mn system.

X-ray diffraction studies allowed for the tracking of the thermodynamically driven evolution of the phase
composition in the Si—-Mn system as a function of the annealing temperature. In the initial stage of heat treatment
(T £600°C), the diffractograms predominantly show broad and poorly resolved diffraction maxima, which indicates a
low degree of crystallinity, a significant number of lattice defects, and partial amorphization of the upper layer (see Fig. 3).
The appearance of broad maxima in the 20 range of = 28-29° may be associated with an expansion of the lattice parameter
of crystalline Si as a result of the incorporation of Mn atoms into interstitial positions [31].
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Figure 3. X-ray diffraction pattern of the Si<Mn> sample after thermal annealing and subsequent oxidation (Si<Mn>—SiOx).
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Figure 4. X-ray diffraction pattern of the Si<Mn> sample after thermal annealing (T = 900-1000 °C).
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In the image (Fig. 4), diffraction peaks corresponding to crystalline silicon (Si) and the silicide phases Mn4Si; and
MnSi are clearly visible. Reflections (111)a, (333)a, as well as peaks from a B-phase are noted, indicating the development
of a multicomponent crystalline structure. The increase in intensity and narrowing of the peaks indicate the coarsening of
domains and an increase in the degree of crystallinity following high-temperature thermal treatment.

With an increase in temperature to 600—700 °C, well-defined diffraction peaks characteristic of the intermetallic
compound MnSi are formed. The most intense reflections are observed at 20 ~ 31.6°, 36.1°, 47.3°, and 55.5°, which
corresponds to a cubic structure (space group P2,3) according to the ICDD PDF database #01-072-0566 [32].
Concurrently, the silicon peaks, particularly (111)a and (220)a, are preserved; however, their noticeable broadening
indicates residual stresses and partial lattice restructuring (Fig. 4).

In the image (Fig. 4), diffraction peaks of silicon (a-phase, e.g., (111)a) are clearly visible, as are signals
corresponding to a B-phase and an oxide component (SiOx) near 20 =~ 20°. The presence of multiple reflections—(101),
(202), (313), (333) p—indicates the formation of a multiphase structure involving manganese silicides and their reaction
products with oxygen. The increased intensity of reflections in the range 26 ~ 26-35° is consistent with the formation of
a thin SiO,-like layer on the surface.

In the temperature range of 800-900°C, an intensification of signals related to the Mn,Si; phase is observed in the
system. Its diffraction peaks are recorded in the interval 26 = 27°-45°, including the characteristic reflections (210), (211),
(002), and (313). This structure is tetragonal and thermodynamically more stable at moderate Mn concentrations [33].
The increase in intensity and the narrowing of the peak widths (as determined by the Scherrer formula) testify to an
increase in crystallinity and the growth of grain domains to ~30 nm. Simultaneously, a decrease in the intensity of the
MnSi lines is observed, which confirms its transformation into the more thermodynamically stable Mn,Si, phase.

2 MnSi + 5 Si — Mn4Siy

At an annealing temperature exceeding 900 °C, a further narrowing of the diffraction peaks is observed, indicating
the growth of crystallites to ~40—45 nm. In individual samples, weak signals characteristic of Mn-rich phases, including
MnsSis, are detected, which appear as additional lines at 20 = 43.2° and 46.8°. This may be evidence of local Mn
segregation during thermodynamic overheating and a partial disruption of phase equilibrium (Fig. 5) [34].
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Figure 5. Raman spectrum of the p-Si substrate after annealing at 1200°C

The XRD data are consistent with the results of CALPHAD modeling and are complemented by Raman
spectroscopy, which allows for a reliable reconstruction of the phase evolution of the Si-Mn system over a wide
temperature range.

Raman spectroscopy is an effective method for analyzing the crystallinity, phase composition, and structural changes
in silicon films doped with transition metals, particularly manganese. In crystalline silicon (c-Si), a characteristic Raman
scattering line is observed at ~521 cm’!, corresponding to the transverse optical (TO) phonon mode at the center of the
Brillouin zone (I point) [35, 36]. For amorphous silicon (a-Si), this peak is broadened and shifted to the 480-500 cm'!
region as a consequence of lattice disorder [37].

The main peak (Fig. 6) at 521.6 cm™" corresponds to crystalline silicon (the TO mode at the I" point). The weak band
near 303 cm™! is due to two-phonon scattering (2TA), and the remaining peaks (554-954 cm™") may be related to second-
order vibrations or traces of impurity phases. This spectrum serves as a reference for analyzing the doped films.

The doping of Si with manganese and subsequent thermal annealing promote the formation of silicide phases, such
as MnSi and Mn,Si;, which possess their own characteristic phonon modes that can be detected in Raman spectra. For
instance, crystalline MnSi (B20 structure) is characterized by modes at ~194 and ~316 cm™ [35, 38], while for Mn,Si,,
peaks in the range of 270-330 cm™ are typical [39].

The intense line (Fig. 6) at 521 cm™ corresponds to crystalline silicon, whereas the additional peaks at ~181, 286,
302, and 320 cm™! indicate the presence of the silicide phases MnSi and Mn,Si,.

In the initial state (before heat treatment), the spectra of silicon films with Mn content up to 20 at.% exhibit a broad
band in the 460-500 cm™! interval, which indicates an amorphous or nanocrystalline structure. After annealing at 600 °C,
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a narrow line appears around 521 cm™, characteristic of c-Si, along with additional peaks in the 275-320 cm™ region,
which is evidence of the formation of Mn,Si; and MnSi; . » phases [39—41].

Raman Spectrum of Mn-Doped Si Film After 1200 °C Annealing
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Figure 6. Raman spectrum of a silicon film doped with manganese (~20 at.%) after annealing at 1200 °C (1 h, inert atmosphere)

Increasing the annealing temperature to 900—1000 °C results in an enhancement of the intensity and a narrowing of
the c-Si line, indicating the growth and ordering of Si crystallites. At the same time, the additional silicide peaks become
more distinct (285, 305, and 335 cm™), reflecting the phase segregation and crystallization of Mn,Si;. At 1100-1200 °C,
a partial transformation of the higher silicide phase into the thermodynamically more stable MnSi is observed. This is
confirmed by the appearance of lines characteristic of B20-MnSi (~190 and ~316 cm™).

The shift of the silicide Raman lines compared to literature values is attributed to tensile stresses arising from
differences in thermal expansion coefficients, as well as to deviations from stoichiometric composition (an excess of Mn
leads to a softening of phonon modes) [36, 41]. The observed redshifts of 5-13 cm™ and line broadenings of up to 15-20
cm! indicate the presence of internal defects and a size effect. Upon further heat treatment, stress relaxation is observed,
accompanied by a shift of the peaks toward their tabulated values and a decrease in their width to ~8-10 cm! [38, 41].

Overall, Raman spectroscopy has enabled the stepwise tracing of the phase composition evolution in the silicon-
manganese system. The formation of the Mn,Siy silicide phase in the early stages of annealing, followed by a transition
to MnSi at high temperatures, is consistent with X-ray diffraction data and literature sources [38—42].

In addition to point spectral analysis, visualization of the phase and chemical component distribution was performed
on a p-Si<Mn> sample annealed at 1200 °C, using chemical Raman mapping techniques (Fig. 7). This methodology
allows for the simultaneous acquisition of spatial and spectroscopic information with high resolution, which is critically
important for studying heterogeneous nanostructures and local phase transformations [43—45].
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Figure 7. Chemical Raman image of the p-Si<Mn> sample after annealing at 1200 °C: signal intensity distribution (color scale,
3D), phase contrast map (top right), and integrated spectra from selected regions (bottom)

Analysis of the spectra at various points on the surface revealed an inhomogeneous distribution of band intensities
in the 250400 cm™! and 520-525 cm™! ranges, which is interpreted as the result of the formation of MnSi and Mn,Si,
phases against a background of crystalline silicon. The main Si peak (521 cm™) exhibits significant variability in intensity
and shape, which is attributed to local lattice deformation and variations in manganese concentration across individual
zones.
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The three-dimensional reconstruction of the Raman signal intensity (upper left part of the figure) shows pronounced
peaks in the range of 20002700 arbitrary units, corresponding to regions with a high concentration of silicide phases.
The distribution map (top right) illustrates the segregation of Mn-rich areas, consistent with EDS (Energy Dispersive
X-ray Spectroscopy) and XRD data. This confirms the existence of phase inhomogeneity, which forms as a consequence
of Mn redistribution during high-temperature annealing and its limited solubility in the Si lattice.

Thus, chemical mapping allows for the visualization of the Mn silicide formation mechanism at the micro-level,
confirming both the phase and structural evolution previously identified by XRD and point Raman spectroscopy methods.

To verify the elemental composition and evaluate the extent of manganese diffusion into the silicon substrate,
energy-dispersive X-ray spectroscopy (EDX) analysis was performed on samples prepared by the thermal annealing of
Mn nanofilms on a Si/SiO, substrate.

For the morphological and elemental analysis of the p-Si<Mn> samples, scanning electron microscopy (SEM) was
used in combination with energy-dispersive spectroscopy (EDS). The investigations were conducted on a ZEISS
GeminiSEM 300 microscope at an accelerating voltage of 20 kV and a chamber pressure of approximately 107 mm Hg.
The analysis was performed on several areas of the surface to assess the uniformity of element distribution and the nature
of the micro- and nanophases formed as a result of annealing.

The SEM images (Fig. 6a) show a homogeneous, granular structure with inclusions of varying contrast, indicating
the presence of phases with different atomic masses. The elemental distribution obtained from EDS mapping (Fig. 8b—d)
confirms the localization of manganese (Mn-K) predominantly in the form of separate domains and inclusions, uniformly
distributed across the sample surface. Silicon (Si-K) demonstrates a continuous distribution, corresponding to the primary
matrix material. Carbon signals (C-K) are interpreted as residual contaminants, possibly from the diffusion process or

from interaction with the environment.
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Figure 8. SEM and EDS images of the p-Si<Mn> sample surface. a) SEM micrograph at x1000 magnification, obtained at 20 kV;
b) Carbon (C-K) distribution map; c) Silicon (Si-K) distribution map; d) Manganese (Mn-K) distribution map; e) Combined EDS
map of C-K, Si-K, and Mn-K distribution (in pseudo-colors: red — C, orange — Si, yellow-green — Mn). The scale bar is 100 pm
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Figure 9. Comparative EDX spectra of the modified structures after annealing at 600 °C and 900 °C. The increase in the Mn Ka
and Si Ka intensities, alongside a decrease in the O Ko intensity, indicates a phase transformation and the possible formation of
manganese silicides

The spectra (Fig. 9) demonstrate the presence of intense peaks for Mn Ka (~5.9 keV), Si Ka (~1.74 keV), O Ka
(~0.52 keV), and a weak peak for C Ka (~0.28 keV). This indicates the presence of the main component (manganese) as
well as elements corresponding to the substrate and surface contaminants. A comparison of the spectra reveals that as the
annealing temperature increases to 900°C, an increase in the Mn signal intensity and a relative decrease in the oxygen



490

EEJP. 4 (2025) Sh.B. Utamuradova, et al.

signal are observed. This suggests that manganese not only diffuses into the oxide layer but also reacts with silicon,
forming phases such as MnSi, Mn,Si, and their derivatives.

The qualitative and quantitative analysis of the EDX spectra (Table 1) indicates a predominance of manganese (47.2
wt.%), silicon (28.5 wt.%), and oxygen (21.0 wt.%). The high oxygen content in the structure points to the presence of
oxide compounds, such as MnO, Mn,O3, or transitional manganese silicates (MnSixOy), which is supported by literature

data [46—49].

Table 1. Elemental composition of the investigated structures based on EDX analysis results

Element | Line | Mass % (wt.%) | Atomic % (at.%)
Mn Ka 47.2 22.6
Si Ka 28.5 38.4
o) Ka 21.0 35.2
C Ka 33 3.8

At a temperature of 600°C, the initial stage of formation of the intermetallic phase MnSi can be expected, which is
stable in the 550—750°C range and is characterized by a B20-type structure (P2,3) [49, 50]. Increasing the temperature to
900°C promotes the diffusion of Mn through the oxide layer and the formation of Mn,Si; phases (Nowotny chimney
ladder type structure), which possess thermoelectric properties and are stable at 800-950 °C [51, 52]. The appearance of
adjacent phases, including Mn14Si;9 and Mn;5Sizs, is also possible during local overheating [53].

The EDS mapping results are consistent with the X-ray diffraction analysis data and indicate the heterophase nature
of the Mn distribution in the Si crystal lattice. It is noted that the morphology and composition of the resulting
nanocomposites significantly depend on the heat treatment conditions, particularly the annealing duration and cooling
rate.

Thus, the obtained EDX data confirm not only the presence of manganese on the Si/SiO, surface but also indicate a
phase evolution of the composition with increasing annealing temperature. These results are consistent with the
predictions of the Mn—Si system phase diagram and CALPHAD modeling [54].

The correlation of X-ray diffraction (XRD) analysis and Raman spectroscopy provides a comprehensive
characterization of the phase composition and structural evolution in the Si-Mn system during annealing. XRD reveals
the formation of crystalline phases and changes in lattice parameters, whereas Raman spectra reflect local ordering, the
presence of defects, and stress fields.

Table 2. Structured scheme of phase evolution

Annealing
Temperature Phase Processes Structural Signatures
<600°C Matrix  amorphization, interstitial | Broad, low-intensity XRD maxima; dome-shaped Raman lines at
incorporation of Mn, and formation of | 480-500 cm™!, absence of ¢-Si (521 cm™') [44-45].
small clusters.
600-700 °C Nucleation of initial MnSi silicides | Appearance of weak B20-MnSi reflections (XRD); Raman lines at
(B20 structure). 285-300 cm™! corresponding to T-phonons of MnSi [46].
800900 °C Growth and ordering of Mn,Si; | Intensification and narrowing of Mn,Si; XRD peaks; Raman triplet
(MnSi,.;) phases, suppression of | at ~275/300/320 cm™' - characteristic of the higher silicide phase
MnSi. [46,45].
>900°C Crystallite coalescence, Mn | Narrowing of XRD lines; stabilization of Raman lines at ~190 and
segregation, partial transition of | ~316 cm™! (E- and T-modes of B20-MnSi); decrease in FWHM and
Mn,Si; — MnSi. approach of frequencies to bulk values [45,46].

Thermodynamic calculations were performed within the framework of the CALPHAD approach, which revealed
that at moderate temperatures and with an excess of silicon, MnaSi- is the preferred phase. However, with an increase in
temperature and Mn concentration, the near-stoichiometric MnSi phase is stabilized [57]. This phase dynamic is
confirmed by experiments with Mn silicides on Si substrates: observations of XRD and Raman modes indicate a transition
from MnSi; . ; to B20-MnSi with increasing temperature and annealing time [57-59].

For example, in the work by Li et al. (2022), it was shown that in MnSi films on Si(100), both MnSi; .  and MnSi
are formed during annealing, with Raman spectral peaks at ~190 and ~316 cm™ being clearly identified at
temperatures > 900°C [60]. Ferri et al. (2009) also reported Raman lines at ~320 cm™', associating them with
polycrystalline Mn,Si; inclusions [61].

The resulting phase formation scheme demonstrates consistency between the experimental XRD and Raman
results, CALPHAD calculations, and literature data, thereby confirming the thermodynamic correlation of the phase
composition and the kinetics of its formation.

The sequence of phase transformations with increasing annealing temperature is presented (Fig. 10): from the
incorporation of Mn into amorphous silicon to the coexistence and eventual predominance of the MnSi phase. The table
at the bottom of the illustration links the thermodynamically expected phases with their spectral signatures.
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Annealing Temperature Phase Raman/XRD Features
<600 °C a-Si+ Mn Broad Raman bands, amorphous structure
600-700 °C MnSi Appearance of Raman peak ~285 cm™
800-900 °C Mn,Si, Growth of Raman lines ~275-320 cm™
>900 °C Mn,Si; — MnSi | Narrowing of Raman bands, stabilization of Si lines

Figure 10. A scheme of phase formation in the Si—-Mn system during thermal processing, based on the combined data from
Raman spectroscopy and X-ray diffraction.

Thus, the comprehensive analysis of the structural (XRD) and vibrational (Raman) characteristics of the doped
silicon films has not only allowed for the establishment of the sequence of phase transformations in the Si-Mn system
but also for the identification of fundamental correlations between phase stability, the crystal chemistry of the silicides,
and the thermal processing parameters. The formation of the Mn,Si, phase at intermediate stages, accompanied by its
partial transformation into B20-MnSi at elevated temperatures, confirms the existence of a thermodynamically driven
segregation of components, as well as kinetic limitations associated with the diffusion of Mn in the Si matrix.

The observed shifts, broadenings, and stabilization of the Raman lines provide additional information about stresses,
non-stoichiometry, and relaxation processes in the formed phases. The concordance of the experimental spectral and
diffraction data with CALPHAD model calculations and literature sources on Si-Me type systems (in particular, Si—Mn,
Si-Fe, Si—Co) serves as a reliable basis for generalizing the observed regularities. These results expand the understanding
of phase engineering in multicomponent silicon systems and have applied significance for the design of nanostructured
materials with controlled electronic and thermoelectric properties [62—64].

The CALPHAD (CALculation of PHAse Diagrams) methodology is a standardized thermodynamic approach
widely used to describe phase equilibria in multicomponent systems. The method is based on the construction and
parameterization of the Gibbs free energy of the phases (G) as a function of temperature, pressure, and composition, using
both experimental data and results from ab initio calculations and statistical thermodynamics (including methods like
DFT, Monte Carlo, CVM, etc.) [62].

As applied to the Mn—Si system, CALPHAD modeling has enabled a quantitative description of the phase stability
and thermodynamic boundaries for the formation of the key intermetallic compounds—MnSi and Mn4Si;. Based on the
optimized Thermo-Calc database (TCHEA, SSOL) and the work of [63], the dependences of the change in the Gibbs
energy of formation (AGf) on temperature were calculated for the most significant phases. The summary results of the
thermodynamic calculations are presented in Table 3.

Table 3. Thermodynamic parameters of phase stability in the Mn—Si system

Phase | Stability Range | Minimum AGf (kJ/mol) Crystallography (PDF) Stoichiometry
MnSi 600-750 °C =-12 B20 (ICDD 01-072-0566) Mn:Si= 1:1
Mn.Siy 800-950 °C ~-15 Tetragonal (PDF 01-089-4880) | Mn:Si=4:7

As shown in the thermodynamic calculations (see Fig. 4), both phases exhibit a negative Gibbs free energy of
formation within the relevant temperature ranges, confirming that their formation is energetically feasible. Specifically,
the MnSi phase, which has a B20-type structure (P2,3), demonstrates stability at relatively low temperatures (600-750°C),
where diffusion processes are limited. Still, the reactive intercalation of Mn into the Si environment is already possible.
This is confirmed by experimental data, including the diffraction peaks at 20 ~31.6°, 36.1°, and 47.3° [64].

The Mn,Si; phase, which is a higher silicide structure, forms at a higher temperature range (800-950 °C). Here,
enhanced diffusion and a change in the chemical potential of the components lead to a redistribution of the composition
toward Si-rich silicides. The modeling predicts a local minimum for AG_f of around —15 kJ/mol, making this phase
thermodynamically favorable under these conditions. However, the thermodynamic stability window for Mn,Si; is
narrow, and with a further increase in temperature, a partial decomposition of this phase is observed, with the formation
of MnSi—which is more stable in the presence of excess manganese and reduced silicon activity [65].



492
EEJP. 4 (2025) Sh.B. Utamuradova, et al.

These results are in complete agreement with the X-ray diffraction and Raman analysis data, which show that the
phase sequence is MnSi — Mn,Si; — MnSi (reverse), depending on the temperature regime. The behavior of the Gibbs
free energy also explains the observed partial disappearance of the Mn,Si; Raman bands at temperatures above 1000°C,
where the dominance of MnSi is re-established.
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Figure 10. Temperature dependence of the Gibbs free energy of formation, AG(T), for the MnSi and Mn,Si, phases, calculated
using the CALPHAD method

The negative values of AGf confirm the thermodynamic feasibility of the phases. It is evident that MnSi is stable at
600-750°C, while Mn,Si; is stable at 800-950°C. Thus, the thermodynamic analysis confirms the experimental
observations and indicates the critical temperature intervals in which the MnSi — Mn,Si, phase transition occurs. The
CALPHAD model provides a reliable thermodynamic basis for describing and predicting the phase evolution in the Mn—
Si system under thermal influence. It effectively complements experimental methods (XRD, Raman) and serves as a tool
for designing new functional silicide structures with controlled properties. This is of fundamental importance for the
targeted synthesis of stable silicide structures with desired properties in micro- and nanoelectronics.

CONCLUSIONS
The conducted research has enabled the establishment of a clear sequence of phase formation in the Si-Mn system
during thermal processing, as confirmed by both experimental methods (X-ray diffraction and Raman spectroscopy) and
thermodynamic modeling (CALPHAD). It was found that the phase evolution includes four key stages:
1. <600°C — Amorphization of the Si matrix with the incorporation of Mn and the formation of clusters, confirmed
by a broad amorphous Raman line.

2. 600-750°C — Formation of the intermetallic phase MnSi (B20); XRD reveals weak reflections, and Raman
detects modes at ~190 and ~316 cm™', which is consistent with the data from Li et al. (2022) [1].

3. 800-950°C — Growth of the higher silicide phase Mn,Si7; XRD peaks become more intense and narrower, and
a triplet at ~275, 300, 320 cm™! appears in the Raman spectra, as described by Ferri et al. (2009) [60].

4. > 950°C — Partial transformation of Mn,Si; — MnSi, with crystallite coalescence and stabilization of spectral
lines observed; the integrity of this data is confirmed in the work by Kim et al. (2008) [10].

CALPHAD modeling (Dupin et al., 2013) [6] showed negative Gibbs free energy values (AG < 0) for both phases
within their respective temperature ranges, confirming their thermodynamic stability. The comprehensive correlation
between experimental observations and modeling shows that MnSi is preferred at 600—750°C, whereas Mn,Siy is stable
in the 800-950°C range, and that a further increase in temperature shifts the system back toward MnSi due to a change
in the chemical potential of manganese.

Thus, the obtained data provide a reliable experimental-theoretical scheme for phase formation in the Si—-Mn system
and shed light on the fundamental mechanisms of silicide growth and transformation. This has applied significance for
the design of functional silicon-containing materials with a controlled phase architecture, especially in the fields of micro-
and nanoelectronics.
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®A30BI IEPETBOPEHHSA TA CTPYKTYPHI IIEPETBOPEHHSA CUJITIOUAIB MAPTAHIIO B CUCTEMI Si-Mn
HI.b. Yramypanosa, HHI.X. lanies, JIx./Ix. Xamaamos, X./I:x. MaTtuyoHoB, A.X. XaiiT0aeB
Incmumym ¢hizuxu nanienposionuxie ma mikpoenrexmponixu Hayionanvnozo ynieepcumemy Y3zbexucmany,
eyn. Aneu Anmasapa, 20, Tawxenm, Y3b6exucman

Byno npoBeneHo KOMIUIEKCHE JOCHIIKEHHS TEPMIYHO 1HIYKOBaHUX (Da30BHX MEPETBOPEHb Yy CHCTEMI KpeMHii-Mapranens (Si—-Mn).
VY nocnipkeHHI BHKOPHCTOBYBAIMCS peHTreHiBcbka mudpakmis (XRD), pamaHiBcbKa CIIEKTPOCKOMIsS (BKIIOYAIOYM XiMidyHE
paMaHiBChbKE KapTyBaHHs), CKaHyIO4a EJEKTPOHHA MIKPOCKOIIS 3 €HEpProJHCIepCiifHOI0 PEeHTTeHIBChKOI0 crekTpockomnieo (SEM-
EDS), rnubGokopiBHeBa mepeximHa cnekTtpockomis (DLTS) ta Ttepmomunamiune monemoBanHs CALPHAD. IlocninoBHicTh
NepeTBOpPEeHb Oylla HaJiifHO pEeKOHCTpyHOBaHa HACTYIHMM 4HHOM: (i) MDKBY3/I0OBE BKIIOUeHHS Mn Ta yacTkoBa amopdizamis
npunoBepxHeBoro mapy Si; (ii) 3apomxenns ta pict MnSi (ctpykrypa B20, P2:3); (iii) crabinizauis Bumoi cuminuanoi gpasu MnaSiy
B yMoBax, 36arauenux Si; (iv) npu T > 900 °C, yactkoBe 3BopoTHe neperBopeHHs 10 MnSi. Ananiz DLTS BUSBUB Tpu e1eKTPUIHO
aKTHUBHI LEeHTpH rinbokoro piBHsa 3 eHeprismu aktuaiii Ec-0,53 eB, Ec—0,43 eB ta Ec-0,20 eB (on = 107'-107'* cm?), ski
KOpEIoIoTh 3 mepexogoM MnSi — MnsSis Ta iHTepdelicHnMn macTkamMu Ha Mexi «cwrinma/Si». MogpemoBanass CALPHAD
MiATBEPIMIO HETaTWBHI BiibHI eHeprii ['i00ca ytBopeHHs (AGf) Ta BH3HAUMIO TepMOAWHAMIUHI BiKHa CTaOlmpHOCTI it MnSi
(600-750°C) Ta MnaSi7 (800-950°C). OtpumMana xapta npouecy 3ade3nedye TeXHOIOTiuHI mapamerpu st cuaresy CMOS-cymicHIX
CTPYKTYp Si—-Mn.

KurwuoBi cinoBa: xpewmnii;, mapeaneys, cuniyuou mapeanyio;, MnSi; MnaSiz; (pazoei nepemeopents; peHmeeHiscoka Ouppaxyis,
pamaniecoka cnekmpockonisi, CEM-EDS; DLTS; CALPHAD; sinona enepeis I'iboca
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The objective of this research is to provide a detailed examination of ways to improve the efficiency of perovskite CasPCl; in
optoelectronic and solar cell applications. The substance known as CasPCls is classified in the same category as perovskites that are
composed of inorganic metal halides. In the scope of this study, the density functional theory (DFT), that are the base principle, was
used to examine the optical, electrical, and structural characteristics. The generalized gradient approximation (GGA), the Perdew
Burke—Ernzerhof functionals, and the linear combination of atomic orbital calculator are the tools that are utilized to gain an
understanding of the characteristics of the Ca3;PCls perovskite. The key point includes the material’s direct band gap, which is measured
to be 20.35¢V at the ['-point. It has also been found that the dielectric function and absorption spectra change depending on the photon's
energy. It has been reported that the extinction coefficient is 3.6963x10* and the refractive index is 1.4410. Therefore, studying
Ca3PCls's optical properties is crucial for considering this material for future use in photovoltaic and optoelectronic devices.
Keywords: Structural properties; Optical properties; Electrical properties; Layer separation

PACS: 71.20.-b, 77.22.—d, 78.20.Ci

1. INTRODUCTION

The significance of solar energy as a green, sustainable as well as enduring primary energy source is unquestionable.
In comparison to conventional energy sources, solar photovoltaic technology clearly emerges as the superior choice.
Photovoltaic cells efficiently convert light energy into electrical energy with minimal losses. Because of its widespread
availability of irradiance absorption and allowable band gap for semiconductor devices, industrial photovoltaic systems
are of major type. Additionally, their manufacturing process is very cost-effective. Perovskite compounds have garnered
a lot of attention throughout the past few years as potential substitutions for traditional photovoltaic solar materials from
a variety of fields. Silicon (Si), cerium titanate (CdTe), gallium arsenide (GaAs), and copper indium gallate selenide
(CIGS) are all examples of such materials [1-4]. Having the capacity to absorb light across a wide range of wavelengths
is absolutely necessary in order to create semiconductor devices that have the appropriate energy gap [5-7]. The
operational characteristics of inorganic metal halide perovskites, Considerable attention has been created by their
semiconducting solid-state nature, high absorption coefficients, and low reflection rates. [8-10].

During the last thirteen years, there has been a significant increase in the power conversion efficiency (PCE), which
has risen from 3.8% to 26.1% [11-13]. Nevertheless, the extensive utilization of these potential attributes is made difficult
by a lack of consistency. The perovskites' stability is extremely susceptible to moisture, air, light and temperature, making
them particularly sensitive in real-world situations [14]. In the year 1839, Gustav Rose made the discovery of perovskite
substance, which was subsequently called after the notable Russian mineralogist Lev Perovski. The term "perovskites" does
not refer to the complex oxides of calcium and titanium (CaTiOs3) in particular rather, it refers to a group of chemicals that
have the chemical formula ABX3, where X represents an anion whereas A and B represent cations of varying sizes, typically,
A is cation of a bigger metal as compared to B [15-21]. Ions of transition metals usually occupy the B-site, while ions of rare
earth or alkaline earth elements usually occupy the A-site. Particularly perovskite oxides are referred to by the symbol
ABX;[22-24]. Furthermore, the development of solar cell technology has been greatly aided by ABX; cubic perovskites,
which are characterized by high symmetry space group Pm-3m. The reason for this is that parity facilitates transitions in
close proximity to the band edge, hence enhancing their light absorption capabilities and increasing their charge mobility.
By adjusting the bandgaps of these materials, it becomes possible to have more versatility in capturing solar energy across a
wider range of wavelengths, hence enhancing the structural advantages. Whereas Ca3PCls, which is a perovskite compound,
is advantageous in a number of ways, this material is well-suited for many technical uses, especially in the fields of
photovoltaics and optoelectronics. Because it is suitable for large-scale manufacturing utilizing scalable fabrication
techniques, Ca3;PCls;, demonstrates a tremendous potential for the creation of solar cells and optoelectronic devices that are
both high-performance and cost-effective. Optoelectronic devices facilitate the development of connections between the
structure, mechanism, characteristics, and performance of materials. These electrical devices are available in a wide variety
of combinations. Efforts are currently underway to develop computational techniques that can improve the discovery of
materials suitable for high-performance optoelectronic devices [25-30]. Furthermore, apart from the ongoing investigation
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into innovative perovskite halide materials for possible application in solar cells and other optoelectronic devices, these
materials can also be modified to possess flexibility and lightness, which provides a major benefit [31-35].

The selection of materials that are used in the production of flexible electronic devices has a significant impact on
the performance, durability and flexibility of these devices within the industry. Combining a number of different materials
makes it possible to create a technical gadget that may be used in a variety of contexts. As a result of its unique nature,
which demonstrates great performance and technological priority, the halide perovskite is defined by its high level of
cost-effectiveness and efficiency [36-42].

The aim is to address the discovered significant research gaps by concentrating on the different qualities. Possible
results of this study include expanding our knowledge of perovskite material behaviour and encouraging the creation of
new compositions that provide an environmentally friendly and practical substitute for current solar power systems, both
of which aim to overcome the current limitations of perovskite solar cells.

Our methodological approach included calculating the density of states and band structure (DOS), and we have
computed the elastic constants as well. The compound's stability was determined by using the Born-Huang inequality
equations. Additionally, the mechanical constants, such as Young's modulus, shear modulus, and bulk modulus, were
computed by employing the equations that relate to each of these constants. These equations offer extremely helpful
information regarding the elasticity of the material as well as its capacity to withstand deformations.

Throughout the entirety of the work, there are four separate sections that have been incorporated. Within the
introduction part, there is a description of the objectives and scope of our research. Presented in the second section is an
explanation that is both clear and simple to understand of the computational methods that were applied. In the third
section, our findings are reported and analyzed in detail. Each of the significant results and the consequences of those
findings are detailed out in great detail in the fourth section. Based on the findings of the investigation, it offers a complete
analysis and draws conclusions.

2. COMPUTATIONAL DETAILS

The primary objective of this research is to enhance the quality of Ca;PCl; material that is used in the production of
new perovskites. During the process of improving the bandgap, we explored its possible applications in the conversion
of solar energy and in optoelectronic devices. In order to carry out the analysis, we use Quantum ATK software program
to do computations based on the Density Functional Theory (DFT). Using the Materials Project database, we first gathered
information about the A3;BX3 type crystal, which contains 7 atoms per unit cell.

For the purpose of determining the structural properties of the novel perovskite CasPCls, calculations were carried
out with the assistance of the exchange—correlation generalized gradient approximation (GGA) and the Perdew—Burke—
Ernzerhof (PBE) functionals for linear combination of atomic orbitals (LCAO) calculator [43-45]. Quantum ATK Tool,
version- 2023.12 was utilized in order to carry out these calculations.

The band structure and partial density of states of CazPCl; both are analysed in Brillouin zone using computational
methods. In order to get accurate computations, the Brillouin zone was partitioned into a grid of points using a K mesh
of order (5x5x5), with a density mesh cutoff of 60 Hartree. A convergence tolerance of 0.0001 was consistently
maintained throughout the whole procedure. The process of optimization was modified by employing the Fermi—Dirac
occupation approach over 9 self-consistent field phases. Both the Fast Fourier Transform (FFT) method and the Poisson
solver have been applied. For the identification of eigen values, a medium pseudopotential was used. For calcium,
PseudoDozo [z=10], PseudoDozo [z=5] for phosphorous and for chlorine it is PseudoDozo [z=7]. By this technique,
researchers are able to get a deeper understanding of the material's potential that uses in a variety of fields, including
semiconductor devices and catalysis, among others.

3 RESULTS AND DISCUSSION

3.1 Structural Properties:

Perovskites are a group of materials characterised by their distinctive crystal structure, which can be expressed by
the formula ABX3. CasPCl; belongs to the same chemical family with a Pm-3m cubic face and is formed of 7 atoms as
its basic building block. Figure 1(a) displays the crystallographic structure of Ca3;PCls, which forms in the Pm-3m space
group, is indicated schematically.

(@)

|

Figure 1. (a) The ideal framework of Ca3PCl3 perovskite and (b) k-path of Brillouin zone




498

EEJP. 4 (2025) Chakshu Malan, et al.

Within the unit cell, the Cl atom is positioned at the edge of the face, The phosphorus atom is precisely located at
the centre of the crystal, and the Ca atom is located at the vertex of the crystal. The k-path that is represented within the
Brillouin zone (BZ) of the atomic structure is shown in Figure 1(b). Due to the high symmetry points (I'-X-M-I"-R-X-R-
M), the Brillouin Zone occupies a position of great significance. The bond length of Ca-P and Ca-Cl in CazPCl; perovskite
material is 3.0005 A. The behaviour of electrons at high-symmetry k-points is an important bit of information that is
needed in order to have a thorough understanding of the conductivity, energy bandgap and electrical properties of the
material.

To determine the minimum energy of the ground state and maintain the stability of the lattice, the lattice constant
that leads to the lowest energy in the actual environment is of most significance. Lattice constant of Ca3;PCl; perovskite
is 6.001A as shown in Table 1. The rise in ion radius has been found to have a direct association with the modification of
lattice constant, unit cell volume and density that has been discovered. Our optimization of the geometry turned out to be
reliable with the comparison that had previously studied. The findings of our investigation indicated that the conclusions
were in agreement with the findings of further theoretical studies that had been conducted. According to Apurba et.al [46]
and Rasidul et.al [47], in their research they find the value of approximate to 6.00 A as the lattice constant of Ca;PCls.
With the help of the comparison, we were able to show that the approaches that we use to optimize geometry are accurate.

Table 1. Positioning of Ca3PCls lattice parameters

Material Lattice constant (A) Lattice type Unit cell volume Space Group Density
Present study 6.001 Simple cubic 216.1A3 Pm-3m (221) 1.979 g/cm?

CasPCl3 5.69 [46] Simple cubic - Pm-3m (221) -
Others study 5.725 [47] Simple cubic - Pm-3m (221) -

In addition, by analysing their mechanical characteristics by examining the elastic properties of system. Fundamental
elastic constants that are C;;, C» and Ca4, can be used to evaluate the mechanical properties of perovskite [48-49].
According to the findings of our research, the values of Ci1, Ci2, and Ca4 are 44.78, 11.25 and 15.82 respectively as shown
in Table 2. The Born-Huang stability criteria have become known as the necessary conditions for a cubic structure to be
stable, C44 >0, C1;-Cj2 > 0 and C;; + 2Cj, >0. Furthermore, the elastic constants were used to establish the material
properties, such as the Bulk modulus, shear modulus and Young's modulus, in order to determining the ductility and
brittleness of a material [50-53]. On the other hand, poisons ratio that is calculated is 0.2008 which measures the number
of dimensional changes that occur when a material is subjected to a load. Mechanical properties make this material perfect
for flexible electronics. Solar cells and data storage systems that need regular performance satisfying the needs of modern
applications that require strength and flexibility.

Table 2. The calculated values of elastic constants of the CasPCl; compound

Material Cu Ci2 Caa Bulk modulus (B) Shear modulus (G) Young's modulus (Y)

CasPCls 44.78 11.25 15.82 22.4245 16.2002 40.2578

2.2 Electronics Properties
3.2.1 Band Structure
A substance's electronic properties are those that pertain to creation and flow of electrons inside its molecular
structure [54]. Understanding the electronic band structure allows one to predict the electron behaviour in materials, light
absorption and electrical conductivity. The band structure and the electron density of states are the two types of properties
that are associated with electrical devices [55].

s

Figure 2. The electronic band structures of Ca3;PCl; perovskite

A representation of the energy band structure of Ca;PCl; with BZ points (I'-X-M-T'-R-X-R-M) is presented in Fig. 2,
encompassing a range of -5 to 5 electron volts. In Table 3, Ca;PCl; has been shown to have a direct band gap of 2.035 eV,
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while the CBE is 1.0189 eV and the VBE is -1.0163 eV from measurements that were taken. It is at the I'-point, which is
the central point within the Brillouin zone, that the conduction band and the valence band exhibit their lowest and highest
energy points, respectively. This characteristic is preferable for optoelectronic devices, as it indicates the potential for
effective charge carrier mobility.

Materials with a bandgap lower than 3.1 electron volts hold great potential for the development of devices that utilize
visible light. Across the energy range of 1.2-12.3 eV, the perovskite exhibits considerable differences in its optical
features, which makes it suitable for use, such as light-emitting diodes (LEDs) or photodetectors that are designed to
detect ultraviolet light, as well as solar cells that are purpose-built to detect visible light [56]. Based on the calculations,
Ca3PCl; has a direct band gap, making it a perfect material for use in optoelectronic devices.

Table 3. Electrical Properties of CasPCl3 Perovskite

Material Direct Bandgap (eV) CBE (eV) VBE (eV) Layer separation (A)
Present study 2.035 1.0189 -1.0163 6.00
CasPCls . 2.208[46] - - -
Pervious study 2.109[47] - . :

3.2.2 Complex Band Structure
A material's transport characteristics can be derived from its complex band structure, which also allows in identifying
the charge carriers that contribute to tunnelling currents within the band gap. There are two different sorts of modes that
are included in the complex band structure (CB), these modes are a propagating mode and a decaying mode, as shown in
Fig. 3. It is possible to make use of the value of the wave vector (k) that has been provided for any of the two different
sorts of modes. Within the same directional spectrum, decaying modes are described by a complex Bloch phase factor,
whereas propagating modes are characterized by a real Bloch phase factor in the direction opposite to the C axis.
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Figure 3. Complex band structure of novel perovskite CasPCl3

In the field of optoelectronics, our investigation of the CBS aims to throw provide light on the potential applications
of these materials. The real values of k. represent the conventional Bloch states, which are observed on the right side of
the diagram. Conversely, complex k. values are associated with states that are in proximity to the material's surface. With
a layer separation of 6.00 A, the presence of CasPCl; is shown by the CBS. Therefore, this study's findings show that the
novel Cas;PCl; perovskite halide is a great material to employ in the production of optoelectronic devices.

3.2.3 Density of State

When it comes to the perovskite halide Cas;PCls, the density of states (DOS) is all about how the electronic states
are ordered throughout the material's different energy levels. This is related to the composition of the substance. By
utilising density of states, one can find out considerable amount of information about the electrical structure and
characteristics of the materials. Crystal structure, bandgap and electron density between atoms are three important
variables that define the DOS.

Fig. 4 shows the distribution of density of states for Ca3;PCls. It covers an energy range from -5 to 5 eV. The energy
spectrum is fully occupied by the hybrid states of phosphorous (P) and calcium (Ca) in conjunction with chlorine (C1).
Density of states identifies peaks at -4.7 eV, -3.8 ¢V and -1.9 eV within the valence band (left side) and 4.4 eV, 3.4 eV
and 3.3eV in the conduction band (right side). In optoelectronic applications, direct bandgap semiconductors are
frequently chosen because of their exceptional efficiency in optoelectronic conversions and solar cells, this paper details
the electrical properties of Ca;PCls, offering insight into its potential usage.
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Figure 4. Total density of states of novel perovskite CazPCls

3.2.4 Projected Density of States
Projected density of states (PDOS) of CasPCl; provides information about the distribution of electronic states among
the calcium, phosphorus and chlorine atoms. It gives information regarding the electrical configuration of the compound
as well as the bonding characteristics that are important when knowing its properties in various applications. This

illustrates the way in which orbitals from each individual atom contribute to the overall density of states of the complex
[57-58].
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Figure 5. Projected density of states of Ca;PCls perovskite

The calculation of a PDOS takes place using an energy range from (-5 to 5 eV). Figure 5 (a-c) shows the PDOS of
particular atoms of Ca;PCl;. According to the results of our research, the p-orbital densities of phosphorus (P) and chlorine
(Cl) have a significant impact on the behaviour of the valence band (VB) also the calcium d-orbital has an effect on the
conduction band (CB). The presence of these energy levels allows for a diverse variety of electron states to make
contributions to the valence band.

3.2.5 Electron Density

The electron density distribution forms a cloud around the atoms during the bonding process. As the density of this
cloud increases, it represents the probability of an electron being found in a certain location. For stronger bonding
interactions, a higher density is preferred. When attempting to identify the electronic properties of a material, it is
necessary to investigate the electronic charge density of the material [59-61]. Presented in Figure 6(a) is a two-
dimensional representation of the crystallographic plane. Each colour on the bottom-right scale bar represents a different
strength of the electron density.

An illustration of a viewpoint that appears to be comparable to that of a bird's eye view may be obtained from
Figure 6(b). It is much simpler to understand the manner in which the charges are dispersed surrounding the atoms in
different amounts within the structure. The three dimension image of charge distribution can be seen in Fig. 6(c), from
this one can acquire a comprehensive understanding of the distributing of charges around atoms with different levels of
Intensity.
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Figure 6. The charge density distribution of CasPCls can be visually represented in three different ways: (a) a two-dimensional
depiction, (b) a top-down perspective resembling a bird's eye view, and (c) a three-dimensional view

3.3 Optical Properties

These properties of CasPCl; make it highly suitable for extensive application in the field of optoelectronics.
Thorough testing is necessary to ascertain the suitability of materials for application in solar cell and optoelectronic
devices [62]. Several optical properties, including as the absorption coefficient, conductivity, dielectric functions,
reflectivity, extension coefficient and refractive index, are included in the of this study and shown in Table 4. A material's
optical qualities are affected by its light-reactivity and light-adjustment capabilities, which are in turn affected by its
interaction with light. In the following equation of the dielectric function, the real and imaginary parts are denoted by the
symbols (Re(g)) as well as (Im(g)), respectively.

e=Re (¢) + Im (¢) )

Where absorption coefficient indicates that it has improved capacity to absorb light of varying wavelengths as
compared to other compounds. The real and imaginary dielectric functions can be used to calculate absorption coefficient.
The absorption coefficient of a perovskite made of Ca3;PCl; has been shown in Figure 7(a).
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Figure 7. The real coefficients of optical constants CasPCls: (a) absorption coefficient (o), (b) extinction coefficient (k), (c)
refractive index (n) and (d) reflectivity (r)

From the observed value, the highest absorption peak is observed at 3.2 eV, corresponding to 404615 cm™. This, in
turn, would raise the competitiveness of these materials in the market for solar components. Whereas, the extinction
coefficient is a measure of the reduction in electromagnetic radiation within a substance, determined by measuring the
imaginary part of the refractive index. On the other hand, the real component denotes the velocity at which EM waves
travel through the substance. The material Ca;PCl; exhibits a low « value of 0 eV, suggesting its minimum absorption at
low energies (3.6963x107) as shown in Fig. 7(b). The refractive index (1) is a quantitative measure used to determine the
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stability of a material in different device applications by measuring the changes in the speed of light within the material.
This specific parameter is an aspect of the complex interaction that occurs between light and a material. In Fig 7(c), the
material's refractive index, indicating a substantial level of light interaction within this energy range during its
propagation. When developing antireflective layers for solar cells, it is feasible to utilize materials with a high refractive
index [63]. The calculated value of refractive index is 1.4410. Furthermore, when subjected to electromagnetic radiation,
including visible light, Ca;PCl; perovskite exhibits a certain quantity of light that it reflects. Depending on a variety of
parameters, including surface shape, crystal orientation and composition, perovskite materials can display significant
changes in their overall reflectance [64]. However, the reflectivity of the CasPCl; perovskite can be affected by both the
wavelength of light and the angle of contact with the substance. The reflectivity of CasPCl; is 0.0326, as depicted in
Fig 7(d).

Ca3PCl; complex coefficient reflects the compound's geometric image's imaginary unit coefficient. The chemical
composition Ca3;PCl; contains calcium, phosphorus, and chlorine. Under certain conditions, a molecule with an imaginary
coefficient may undergo complex bonding or phase transition.

Table 4. Real and optical properties of Ca3;PCls perovskite

Material Properties Units Values
Absorption coefficient cm’! 404615 (3.2¢eV)
Real Extinction coefficient - 3.6963% 1073
Refractive Index - 1.4410
Reflectivity - 0.0326
CasPCls Optical Conductivity AV-lcm! 1760.05 (3.12 eV)
Complex Dielectr'ic cqqstant - 2.0766
Polarizability cm?v'! 2.0602x10-%
Susceptibility - 1.0766

Optical conductivity is a property of a material that quantifies the correlation between the magnitude of the electric
current generated in the material and its current density, leading to the generation of an electric field at a particular
frequency [65]. As shown in Fig. 8(a) the value of real optical conductivity is 1760.05 AV-'cm™! at 3.12 eV. Whereas the
real part of the dielectric constants predicts the value of 2.0766, as shown in Fig 8(b), indicating reduced internal power
dissipation.
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Figure 8. The optical constants Ca3;PCls are determined by the complex coefficients of optical conductivity (), dielectric constant
(g), polarizability (a), and susceptibility ()
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This is beneficial for enhancing solar cell efficiency. Furthermore, the actual Re[a;] component of dielectric constant
represents influence of polarization and dispersion on material. Figure 8 (c) depicts the polarizability of recently
discovered halide perovskite. This graphic includes both the real Re[a] polarizability and an imaginary Im[a]
polarizability. The real polarizability value of Ca;PCls is 2.0602x10*°cm? V-!. We have also calculated the value of
susceptibility of Ca;PCls as shown in Fig 8(d), the calculated real value Re[y] is 1.0766 reported in our work. According
to the findings, CasPCl; possesses excellent features for converting solar energy, especially in terms of its optical
conductivity, which makes it best use in solar cells.

CONCLUSIONS
In a nutshell, our investigation consisted of utilizing DFT calculation in order to investigate the material Ca;PCl;,
with a particular emphasis on the structures, optical properties, electrical properties, and mechanical properties of the
material. The value of 2.035 eV was discovered to represent the direct bandgap of Ca;PCl;.The material CazPCls exhibits
exceptional potential for application in the fields of solar cells and optoelectronics. Additionally, the computed elastic
constants for this structure were as follows: Ci; = 744.78, Ci; = 11.25 and C4 = 15.82. Whereas the calculated value of
refractive index is 1.4410. This is because it offers crucial information regarding the propagation of light through a
substance. As it explains the phenomenon of light propagation through a material. However, the value of dielectric
constant is 2.0766 also the calculated value of extinction coefficient is 3.69638 x10°, which can be used to calculate the
ability of a molecule to absorb light at a particular frequency. The findings of this work are expected to provide guidance
for the development of flexible electronic devices, such as solar cells, optoelectronic devices, and other devices that could
potentially make use of this material due to its potential applications.
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Inemumym inoicenepii ma mexnonoziii Yuieepcumemy Yimkapa, Yuisepcumem Yimxapa, Padocnypa, Ilenooca6-140401, Inois
’IlIxona inoicenepii ma mexuonoziti Ynisepcumemy Yimrxapa, Conan, Ximauan-Ilpadew-174103, Inois

MeToro IIbOT0 AOCIIDKCHHS € JleTaJbHe BUBUCHHS CIIOCO01B IoKpareHHs edektuBHOCTI nepoBckity CazPCls B onroenekTpoHHii ramysi
Ta raimy3i COHIYHHX eneMeHTiB. PeqoBuna, Bitoma sk CasPCls, kimacudikyeTses B Tii camiit KaTeropii, mo i mepoBCKiTH, 10 CKIAaI0ThCS
3 HEOPraHIYHHMX TaJOTeHiiB MeTamiB. Y paMKax [bOTO JOCTIPKCHHS Ui BHBYCHHS ONTHYHMX, CJCKTPUYHHX Ta CTPYKTYpPHUX
XapaKTepUCTHK OyJ0 BHKOPHCTaHO Teopito ¢yHkuioHanmy ryctuHu (DFT), ska € 6a30BHMH NMpUHLOUNAMH. Y3arajJbHEHE TPajIi€HTHE
HabmmwxenHs (GGA), ¢ynkuionamu [lepapio bepka-EpHueproda Ta kanmpkynsarop miHIMHOI KOMOiHamii aToMHHUX opOiTaneil — 1e
IHCTPYMEHTH, SIKi BAKOPHCTOBYIOTECS [UTS pO3YMiHHS XapakTepucTuk neposckity CazPCls. KimtouoBum MOMEHTOM € mmpuHa 3a00poHEHOT
30HU Matepiany, sika, 38 BUMIpIOBaHHAMH, CTaHOBUTH 20,35 eB y Toumi I'. Takox Oy0 BUsBICHO, IIO AielNeKTpHYHA (PYHKIISI Ta CIEKTPU
TIOTJIMHAHHS 3MIHIOIOTHCS 3AJISKHO BiJl eHeprii ¢poTona. [ToBimomisiocs, mo 3Ha4eHHs Koe(ilieHTa eKCTUHKIIT CTaHOBUTH 3,6963x10%,
a 3HaueHHs Noka3Huka Binoutrs — 1,4410. Tomy BuB4eHHs onTuuHKX BractuBoctelt CasPCl; Mae BupilagbHe 3HaYSHHS IS PO3TISILY
LIOr0 MaTepiaiy Ul Maii0yTHbOIO BUKOPHCTaHHS y (POTOCNEKTPUYHUX Ta ONTOSIEKTPOHHHUX IIPUCTPOSX.

KurouoBi ciioBa: cmpyxkmypni enacmugocmi; Onmudni 61acmugocmi; eneKmpudti 61acmugocmi; po3o0inenns wapie
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This article presents the results of experimental studies of local changes in the scattered light intensity and surface morphology in
Mn implanted single-crystal silicon samples with electron conductivity and [100] crystalline orientation. The manganese ion energy,
implantation dose, and phosphorus concentration in substrate were 40 keV, 5-10'3+1-10'7 ion/cm?, and ~ 9.3-10'* cm3, respectively.
Atomic force microscopy (AFM) and Raman spectroscopy, using the backscattering geometry of surface-scattered light, were
applied to analyze the surface morphology before and after implantation. AFM micrographs of the surface show characteristic
nanometer-sized roughnesses, the shape and size of which strongly depend on the implantation dose. These nanoscale objects are
not present on the non-implanted substrate surface. In the Raman spectra of the samples not subjected to implantation, the main
Lorentz-type peak is always observed, which is characteristic of single-crystal silicon and centered at 520.0£1.0 cm™,
corresponding to the phonon wave vector. Several peaks are observed in the Raman spectra of manganese ion-implanted silicon
samples (184, 291, 373, 468, 659, 798, and 804 cm™!), presumably associated with the formation of radiation defects and nanoscale
objects on the surface of single-crystal silicon during ion implantation with the participation of silicon, manganese, phosphorus,
and other impurity atoms. These structural defects in the silicon crystal lattice at the surface and near-surface caused by manganese
ion bombardment lead to the excitation of new vibrational modes not observed in the initial silicon. These modes are manifested in
Raman scattering spectra.

Key words: Local intensity; lon implantation; Raman scattering; Silicon; Nanoscale objects;, Wave vector

PACS: 33.20. Fb; 42.68. Mj; 61.72. Tt

INTRODUCTION

Recently, there has been significant interest in the development and study of silicon nanocrystals and their
nanostructures, particularly their optical, electronic, and other properties. This is due to their possible implementation in
different devices, such as high-performance solar cells, non-volatile memory devices, biomedical devices and sensors,
anode materials for lithium-ion batteries, active materials for thermoelectric devices, and efficient photon sources. Ion
implantation (I) is an advanced technique for forming nanoscale structures in the surface and near-surface regions of
semiconductors, enabling the design of nanoelectronic devices. The properties of nanoelectronic devices depend largely
on the size, shape, and concentration of nanoscale structures in the surface and near-surface layers of the semiconductor
substrate.

The study of nanoscale structure formation involving impurities in solids, especially semiconductors such as
silicon, is of significant scientific and practical interest. This interest stems from two factors: (1) these structures
significantly alter the physicochemical properties of the material, often imparting unique characteristics, and (2) these
materials enable the development of highly sensitive sensors for various external stimuli [1]. Impurities are introduced
into semiconductors primarily through diffusion, ion implantation, or doping during growth [2]. Impurities from
transition metals create deep energy levels in the silicon band gap, significantly altering its generation-recombination
properties. These deep levels modify the properties of silicon typically doped with shallow-level impurities, enabling
new phenomena with potential applications in modern electronics. Transition metal impurities are typically introduced
into the silicon volume via high-temperature diffusion. However, diffusion doping has a significant drawback: the
limited solubility of transition metal impurities in silicon restricts the practical use of diffusion-doped materials. lon
implantation overcomes this limitation [3]. It allows the introduction of impurities into the semiconductor at
concentrations far exceeding their maximum solubility [4]. By introducing sufficient impurities via ion implantation,
self-organized nanoscale structures can form, involving impurities and structural defects. This significantly modifies
the properties of the original material, imparting tailored characteristics that underscore the relevance of this work.
This article presents an experimental study of local variations in scattered light intensity on the surface of Mn implanted
monocrystalline silicon samples containing nanoscale structures. It also examines their surface morphology, geometric
dimensions, and shapes.
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MATERIALS AND METHODS

Bilaterally polished single-crystal silicon plates with electron conductivity and crystallographic orientation [100]
were chosen as the substrate material for the ion-implantation process. The electron concentration in the substrate was
approximately ~ 9.3-10'* cm ™. Implantation of manganese ions with an energy of 40 keV was performed on the ILU-3
linear ion accelerator at room temperature. The implantation dose varied in the 5,0-10" = 1,0-10"7 ion/cm? range.

In modern conditions, highly sensitive microscopic, X-ray, spectroscopic, and other methods are mainly used to
detect nanocrystals and nanostructures in solids or low-dimensional systems. In particular, the Raman (Micro Raman or
u-Raman) and AFM methods have recently become one of the generally accepted tools for studying bulk and low-
dimensional materials, especially single-crystal silicon and nanostructures based on it [5-9].

In this studies was used AFM and Raman spectroscopy to characterize the surface morphology and dimensions of
nanoscale structures. It is known that both of these methods are highly accurate and informative tools for studying the
formation of nanoscale structures in various materials. In addition, Raman spectroscopy provides valuable information
on local atomic ordering and phonon modes [10, 11]. For the effective practical application of ion-implanted materials, it
is necessary to know their physical properties in damaged surface layers: phase state, concentration of free charges, etc.
Recent studies by the authors of [10] have shown that Raman scattering is a powerful tool for determining the physical
characteristics of ion-implanted silicon layers. Our experiments recorded Raman spectra using a Renishaw InVia micro-
Raman spectrometer at room temperature in the wavenumber range of 50 to 1000 cm™. The spectra were recorded in the
backscattering geometry with a spectral resolution better than 2.0 cm™. The incident radiation was not polarized, and the
optical recording scheme also did not include polarizing filters. A Cobalt CW DPSS solid-state laser with a wavelength
of 532 nm and a nominal power of 50 mW was used as an excitation source. The exciting laser beam was focused on the
sample surface using a 100 objective. A similar procedure was used to collect scattered light. The obtained spectra were
processed using the Origin Pro 18 software package.

To study the surface morphology of monocrystalline silicon samples, a multifunctional AFM Core 300 was used in
the static force mode. AFM Core 300 is a device with a unique set of capabilities for studying various properties of
surfaces (and chips) of materials with high (up to atomic) resolution. The operating principle of this device is based on
scanning the surface with solid-state sharp probes (needles) in the process of their mutual movement according to
specified algorithms. A distinctive feature of the AFM, along with high resolution, is the ability to obtain a pseudo-three-
dimensional image of the surface with visualization of quantitative data on its electrical, magnetic, topographic and other
characteristics.

RESULTS AND DISCUSSION
The results of the experiments on Raman spectroscopy are shown in Figure 1. The measurements were carried out
at three different points on surface of initial and manganese ion-implanted monocrystalline silicon samples.
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Figure 1. Raman spectra for the original bulk sample (1) with thickness of 3 mm, (2) and (3) with thicknesses of 500 and 200 um,
as well as for a plate of single-crystal silicon doped with phosphorus

As shown in Figure 1, the Raman spectrum of the original (non-implanted) silicon samples contains the main peak
with a wave number of 520 cm™' and accompanying peaks (satellites) at frequencies of 301 cm™' and in the range of
900-971 cm . It is known that Raman spectroscopy is especially sensitive to the surface condition and thickness of the
samples. To clarify the effect of thickness on the appearance of the Raman spectra and the intensity of the peaks in them,
we measured the dependence of the Raman spectra on the thickness of the semiconductor substrate. Our experimental
results showed that increasing the thickness of non-implanted samples from 200 gm to 3 mm leads to an approximately
50% decrease in the intensity of the main Raman peak at 520 cm™, while its spectral position remains unchanged. The
measured full width at half maximum (FWHM) of this peak for the 3-mm-thick sample was 3.9 cm™, and for the
200-um-thick sample, it was 4.2 cm™'. Analysis of these results suggests that sample thickness significantly influences
the Raman spectra. This is due to the penetration depth of the exciting light, the energy of which Ey=1.95 eV is greater
than the band gap of single-crystal silicon equal to £,=1.12 eV, and energy scattering in the volume. Secondary radiation
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occurs only in a thin near-surface layer with a thickness of several microns. Thus, thicker samples result in greater
attenuation of secondary order scattered light, reducing its intensity, as observed in our experiments. This means that the
analysis of the Raman spectra provides information only on the near-surface layer. Thus, it can be argued that the observed
features of the Raman spectra, such as local intensity, position, and shape of the phonon band, etc., provide valuable
information about nanoscale objects, their composition and structure of both original and ion-implanted single-crystal
samples and thin silicon wafers.

The Raman spectra shown in Figure 1 (a), (b) clearly show the main Lorentzian peak characteristic of crystalline
silicon (c-Si). This peak is centered at approximately 520.0+1.0 cm™! and corresponds to the phonon wave vector. The
recorded Raman spectral parameters, such as peak position and intensity, are consistent with data reported in the [12, 13].
The long-range translational symmetry of crystalline silicon potentially allows the appearance of additional peaks in the
range of 100+1100 cm™!. Although their intensity is considerably weaker than that of the main first-order longitudinal-
transverse optical (LTO) phonon peak [14]. Additionally, these spectra (Figure 1a, b) contain a broad band in the range
of 925+985 cm™'. A similar broad band in the range of 900+1100 cm™' was previously reported in the spectra of
nanocrystalline silicon [11, 15], attributed to the scattering of multiple transverse optical (2TO) phonons and their
overtone states.

Figure 2 shows the Raman spectra of Mn implanted silicon samples. These spectra, acquired at three distinct surface
locations, reveal several additional bands of varying intensities. The number and intensity of these bands vary significantly
with implantation dose.
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Figure 2. Change in the local intensity of the Raman spectra of ion-implanted silicon samples measured at three different points on
the surface depending on the implantation dose, ion/cm?: (a) — 5,0-10"%, (b) — 5,0-10, (¢) — 1,0-10'7; ion energy 40 keV; T =300 K

Thus, for example, at relatively low (Figure 2, (a)) doses equal to 5,0-10'° ion/cm? in the Raman spectra, a
sufficiently intense main peak of the quasi-Lorentz shape, characteristic of crystalline silicon (c-Si), is still clearly
expressed and it retains its position relative to the center located at approximately a frequency of 520.0+1.0 cm™' and still
corresponds to the phonon wave vector. It should be noted that at low implantation doses, only a decrease in the intensity
of the Raman peaks is observed, associated with both fundamental and higher scattering orders, which probably
contributed to the formation of point defects. In addition, in the Raman spectra, a number of satellites are observed located
relative to the central peak corresponding to 520.0 cm ™! both toward low (184, 291, 468 cm™") and toward high frequencies
(659, 798 cm™!), which can probably be associated with the formation of nanosized defect structures of the silicon crystal
lattice that arose under the influence of the II process. As shown in Figure 2(b), increasing the implantation dose
significantly alters the Raman spectral profile and the intensities of its peaks.

Starting with a dose of 5,0-10'¢ ion/cm?, although the position of the central peak remains unchanged, its intensity
decreases approximately 2,6 times and new satellites appear located at frequencies of 262 and 807 cm ™! with very low
intensity, indicating a violation of the crystal lattice, and correlating with the one-phonon density of states. Further
increase of the implantation dose to 1,0-10'7 ion/cm? (Figure 2, (c)) leads to the virtual disappearance of the central peak
(its intensity is at the noise level), the low-frequency satellite shifts toward high frequencies (294 cm™), and the high-
frequency satellite is in the frequency range of 804+807 cm ™.
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Our previous studies [16] investigated the generation mechanisms of nanoscale structures in Mn implanted single-
crystal silicon. Using Raman spectroscopy and AFM, we obtained detailed information on both initial and ion-implanted
samples. According to [16], increasing implantation dose results in the formation of various phase states in the near-
surface layers of silicon. Their characteristics, such as the position in the spectrum and intensity, depend on the
implantation dose and the position of the laser radiation incidence point on the sample, which is confirmed by our results.
The experimental results on the dose dependence of Raman scattering in silicon samples implanted with manganese ions
can be explained as follows. At relatively low implantation doses, the damage to the silicon crystal lattice is insignificant,
which causes the existence of a peak with a frequency of 520.0 cm ™! corresponding to single-crystal silicon, and a decrease
in its intensity can be associated with partial destruction of the crystal lattice. It can be stated that the intensity of the peak
with a frequency of 520.0 cm™! corresponding to single-crystal silicon can be considered as an indicator of the substrate
crystallinity. The lower its intensity, the stronger the destruction of its crystallinity. The appearance of low- and high-
frequency satellites in the Raman spectra can be associated with nanoscale structural defects, as well as defects involving
manganese atoms (ions) and other impurity atoms. This assumption is also supported by the change in the position and
intensity of such satellites depending on the implantation dose. With an increase in the implantation dose, the substrate
surface begins to transform into an amorphous state, which in turn is characterized by a random arrangement of matrix
atoms (silicon), manganese ions and other foreign atoms. As was said above, the Raman spectroscopy method is sensitive
to the environment of the matrix (substrate) atoms. The presence and arrangement of impurities around silicon atoms
notably alter the Raman spectral profile, including the position of the high-frequency satellite peak (Figure 2(c)). We have
suggested that the detected peaks arise from radiation-induced defects in the crystal structure and nanoscale structures
formed primarily from silicon, manganese, phosphorus, and other impurities on the surface of single-crystal silicon during
ion irradiation. To test this hypothesis, we conducted additional studies of the surface morphology of the samples before
and after implantation using the AFM method. To analyze the surface morphology of single-crystal silicon samples before
and after implantation, an AFM from Nano Surf, Core AFM 300, was used. The obtained images of the surface topology
of the manganese-implanted single-crystal silicon samples we studied showed that they contain roughness with
dimensions of the order of nanometers (Figure 3).

In addition, the obtained AFM images revealed the presence of various types of nanosized objects on the sample
surface, presumably bound by silicon and phosphorus atoms, with embedded manganese ions and a number of other
impurity atoms, or the formation of nanosized structural radiation defects during II. To analyze changes in the surface
morphology of the samples before and after ion beam treatment, its surface was measured using AFM in the electrostatic
force mode. Figure 3 shows AFM images demonstrating the surface relief features of nanostructured silicon samples.
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Figure 3. AFM images of the surface of single-crystal silicon before (a) and after manganese ion implantation (40 keV, 300 K)
at doses of: (b) 5,0-10" ion/cm?, (¢) 5,0-10'¢ ion/cm?, (d) 1,0-10'7 ion/cm?.

Analysis of Figure 3 demonstrates that an increase in the implantation dose dramatically transforms the surface
topography, making it noticeably rougher. The surface roughness of the original, non-implanted samples is relatively
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smoother (Figure 3(a)) than that of those implanted with doses: 5,0-10'° ion/cm? (Figure 3(b)); 5,0-10'® ion/cm?
(Figure 3(d)) and 1,0-10'7 ion/cm? (Figure 3(c)). In parallel with this, the dimensions of the nanostructures formed on the
surface increase as the dose of implanted ions increases. In addition, the results of AFM studies confirm the presence of
silicon nanowires or nanocrystals on the substrate surface. The transverse dimensions of these formations increase
significantly depending on the concentration of implanted ions: from approximately 9 nm at a dose of 5,0-10'3 ion/cm?
(Figure. 3(b)) to ~ 200 nm at a dose of 1,0-10'7 ion/cm? (Figure. 3(d)). It is known that II causes the formation of various
radiation defects on the surface and near it, which significantly changes the properties of the material. The nature, type,
structure and composition of these defects change significantly with increasing energy and implantation dose. Examples
of such defects in silicon include vacancies associated with oxygen or phosphorus [17-20]. According to [21], ion
implantation leads to the appearance of structural defects. The appearance of new peaks in the Raman spectra of ion-
implanted samples is probably due to these radiation-induced structural defects. External defects may also be present,
such as impurity elements (non-silicon atoms) that may occupy interstitial or nodal positions (substitutional impurities).
As a result of the activation of these impurities under various external influences, they may lead to the formation of more
complexes, such as impurity-vacancy pairs, etc. [22].

CONCLUSIONS

In the Raman spectra of the studied samples of manganese ion implanted single-crystal silicon with an energy of 40 keV
and with different implantation doses, new peaks were recorded at frequencies of 184, 291, 373, 468, 659, 798 and 804 cm ™',
which are located relative to the central peak corresponding to the frequency of 520.0 cm™! both toward low (184, 291, 373,
468 cm™!) and toward high frequencies (659, 798, 804 cm™'), which can probably be associated with the formation of
nanoscale defect structures of the silicon crystal lattice that arose under the influence of the ion irradiation process.

Local variations in scattered light intensity and the Raman phonon band’s position and shape provide important
information insights into the structure and composition of nanoscale features in ion-implanted single-crystal silicon
samples.

Analysis of the first-order Raman spectral shift indicates that thickness-dependent differences are likely due to
variations in light penetration depth in the near-surface region and energy dissipation within the sample.

The occurrence of secondary peaks in the Raman spectra is associated with the formation of nanoscale objects
consisting mainly of matrix atoms (silicon), phosphorus, manganese ions and other impurity atoms, as well as radiation-
induced structural defects arising under the influence of the ion implantation process.

Analysis of AFM images of Mn implanted single-crystal silicon surfaces revealed silicon nanowires or nanocrystals,
with their sizes increasing with implantation dose. The transverse dimensions of these structures increase significantly
with ion dose, from approximately 9 nm at 5.0x10' ions/cm? to ~200 nm at 1.0x10'7 ions/cm?. Thus, ion implantation
induces significant structural changes in silicon, forming defects and nanoscale structures that can be characterized using
Raman spectroscopy and AFM.
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2[lepacasna kniouoea 1abopamopis npeyusiiinozo 36apioéanis ma 3'conanns mamepianis i koncmpykyiti, Lllkona
Mamepiano3uascmea ma inxcenepii, Xapoincokuii mexnono2ivnuti incmumym, 8ya. Ikyan, paiion Hanean, Xap6in 150001, Kumaii

3IIxona mamepianosnascmea ma inoicenepii, Llenvancoruti aepoxocmiunuti ynieepcumem, npocnexm Hdaoi Caym, 37, Ilenvan, Kumaii
VY miif cTarTi mpencTaBieHi pe3yibTaTH €KCHEPHMEHTAIbHUX IOCIHIIKEHb JOKAIBHUX 3MiH IHTGHCHBHOCTI PO3CISIHOTO CBIiTJIA Ta
MOp}OJIOTii TOBEPXHi Yy 3pa3kaX MOHOKPHCTAIIYHOTO KPEMHIIO 3 €JIEKTPOHHOIO MPOBIAHICTIO Ta KPUCTANIUHOO opieHTarier [100],
iMmmranToBanux Mn. Emneprist ioHIB MapraHmio, mo3a iMIUIaHTaIii Ta KOHIEHTpanis ¢ocdopy B mimkiaamui craHoBwian 40 keB,
5-10"+1-10'7 ionis/cm? Ta ~9,3-10'* cM3 Bimmosinuno. Jlng aHanizy MopQoIIorii moBepXHi 10 Ta micis iMIIanTaii 6yJ10 3aCTOCOBaHO
aTOMHO-cHIIOBY Mikpockomito (ACM) Ta paMaHIBCEKY CHEKTPOCKOIIIO 3 BHKOPHUCTAHHSAM TI'€OMETPil 3BOPOTHOTO PO3CIIOBAHHS
NOBEPXHEBO po3cisiHoro ceitina. ACM-MikpodoTorpadii moBepxHi IOKa3y0Th XapaKTepHi HAHOMETPOBI IOPCTKOCTI, popma Ta po3mip
SIKMX CHJIBHO 3ajieXaTh Bif no3u iMrutanrtanii. Lli HaHOpo3MipHi 00'€KTH BiICYTHI Ha IOBEPXHI HEIMILIAHTOBAHOI IiJKIAIKH.
VY pamaHiBCbKHX CIIEKTpax 3pasKiB, 10 HE IMiAaBaIiCs IMIUIAHTALi], 3aBXK/H1 CIIOCTEPIraeThCsi OCHOBHU IMiK JIOPEHIIOBCHKOTO THILY,
XapaKTEPHUH JUIs MOHOKPUCTAIIYHOrO KPEMHIIO Ta 30cepemkenuii Ha 520.0+1.0 cM ™!, mo Bianosizae GOHOHHOMY XBHJILOBOMY
BEKTOpY. Y paMaHIBCHKHX CIIEKTpaX 3pa3KiB KPEeMHiI0, IMINIAHTOBAHOTO 10HAMH MapraHIlio, CIIOCTepiraeTbes Kinbka mikiB (184, 291,
373, 468, 659, 798 Ta 804 cM '), iIMOBIPHO MOB'A3aHUX 3 YTBOPEHHAM pafialiiiHuX ne(EKTiB Ta HAHOPO3MIPHUX 00'€KTIB HA IIOBEPXHI
MOHOKPHCTJIIYHOTO KPEMHIO Il 4ac 10HHOI iMIUTaHTamii 3a y4acTIO aTOMIB KpeMHilo, Maprasijo, (pocdopy Ta IHIINX JOMIIIOK.
LIi cTpykTypHi medekTH KpUCTaIidyHOI peNIiTKA KPEMHII0 Ha ITOBEPXHI Ta MOOIHN3Y ITOBEPXHI, CIIPUYMHEH] OoMOapayBaHHAM iOHaAMHU
MapraHiuio, MpU3BOAATH 10 30Y/KEHHsS HOBUX KOJMBAJIBHUX MOJ, SIKI HE CIIOCTEpiraloThesi y BuUXimHoMy kpemHil. L{i momum
MIPOSIBIISIOTHCS Y CHEKTpax KOMOIHAIIHOTO PO3CilOBaHHS.

KurouoBi ciioBa: okanvrna inmencuenicms, ionHa imnaanmayia; KomMOiHayitine po3cilo8anHA, KPeMHill, HAHOPO3IMIpHI 06'ckmiu;
X6UTbOBULL 6KMOP
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This work uses a symmetry-adapted Lie algebraic framework to study the vibrational frequencies of hexachlorobenzene (CsCls).
A U(2)-based vibrational Hamiltonian captures the fundamental modes and the first and second overtones by exploiting the molecule's
Deh point group symmetry. The algebraic approach considers anharmonicity and symmetry constraints to provide a compact and
manageable analytical portrayal of the vibrational spectrum. The computed fundamental frequencies agree strongly with the observed
values, validating the approach. Moreover, the extension to overtones underlines the algebraic model's capability to evaluate higher-
order vibrational excitations in polyatomic molecules systematically. These results confirm the effectiveness of Lie algebraic methods
in modelling vibrational features of highly symmetric molecules and serve as a solid basis for further work in molecular spectroscopy.
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1. INTRODUCTION

Hexachlorobenzene (HCB) has been noted as an aromatic hydrocarbon that has been fully chlorinated, attracting
much attention from scholars because of its remarkable stability, environmental longevity, and toxicity. Its diverse
industrial applications and use as a fungicide were prominent in the past. However, it has become glaringly apparent that
its biological consequences, alongside its long half-life in the environment, result in its classification as a persistent
organic pollutant, which goes against international agreements. Reports indicate bioaccumulation of the compound in
humans and animals, in which the toxin is contained within the adipose tissues. This results in neurotoxicity,
hepatotoxicity, immunotoxicity, and endocrine disruption. Such results are noted as disturbing, especially in children and
pregnant women, who are the most vulnerable [1].

The theory of symmetry states that a point group is associated with molecules that have planar structures, are of
extreme symmetry, have angle and side counts, and cross elements of 12, like a hexagon. Thus, HCB can be derived from
benzene and its six hydrogens replaced with chlorines. The high symmetry planar molecules can thus be characterised
and have set vibrational modes that can be useful for modelling vibrational systems. Saeki (1962) states that there are 30
normal vibrational modes of HCB, and they can be divided into three parts: Raman modes, Infrared modes, and inactive
(B2g, Biu, Eau, Aiw) modes. The inactive modes can be characterised to determine structure, space location, and
environmental impacts [2,3,4,].

HCB is a model used to study the vibrational states, and HCB and its depletion have many satellites and data files
associated with them. Many techniques have been used to study the vibrational spectra of HCB. HCB has an abundance
of data made from approaches for predicting the molecular rotational structures of HCB, like using DFT for electronic
charge and spectrum analysis of HCB, and DFT and SQMFF and the DFT approaches with Raman and Infrared spectra
techniques [5]. These approaches have proven helpful in many scenarios. However, the approach must be altered
regarding computational symmetry, molecules, and the border set. It involves a high cost for experimental observations,
resulting in a loss of molecular symmetry and anharmonicity in many systems.

The Lie algebraic approach provides an alternative method for vibrational analysis that is compact, and symmetry
driven. It involves the construction of vibrational Hamiltonians in terms of U(2) Lie algebra generators and number,
Casimir, and Majorana operator terms. Due to the symmetry and anharmonic effects incorporated within the approach, a
more intuitive and physically more precise representation of vibrational states is obtained. In contrast to standard ab initio
methods, the algebraic approach does not depend on potential energy surfaces and offers an algebraic formulation for
vibrational levels [6-14].

The exceptionally well-defined vibrational characteristics of HCB and high D¢, symmetry make it a perfect subject for
algebraic modelling. An adapted symmetry Hamiltonian readily provides analysis of overtone and combination bands with a
reduced set of adjustable parameters. In this paper, we use the U(2) Lie algebraic approach to compute the fundamental
vibrational frequencies of HCB and to compare these with experimental results to illustrate the usefulness of the approach [2].
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2. MOLECULAR STRUCTURE AND SYMMETRY-BASED VIBRATIONAL MODE CLASSIFICATION

HCB comprises a benzene ring in which all its six hydrogen atoms are replaced with chlorine atoms. The molecule
is fully substituted in this form, retains its planar form, and maintains D¢, symmetry. X-ray crystallographic and other
structural studies have demonstrated that the molecule is also planar in the solid and gas phases [3]. The Dgn point group
is one of the highest symmetries possible for a molecule, characterised by having a C¢ principal rotation axis, six C,
perpendicular axes, horizontal and vertical mirror planes (o and oy), dihedral planes, and an inversion centre (i) [2].

The symmetry of HCB is so high that it profoundly constrains the vibrational activity of the molecule in the Raman
and infrared spectra. The molecule in question, containing 12 atoms, has 3N- 6 = 30 normal vibrational modes, all
governed by the D¢, symmetry group. The Raman-active modes are the Aig, Ez,, and E;g, while the infrared-active modes
are E, and As,. The representations Bag, Biu, E2u, and Ay, are all silent in the spectrum.

Experimental investigations have assigned detailed vibrations of modes. Saeki (1962) recorded a strong Aj,
symmetric C—Cl stretching mode at ~1225 cm™ and a breathing mode close to 377 cm™. Ey, modes at ~692 cm™ are
considered in-plane deformations of C—C—C. Kopelman and Schnepp (1959) reported strong IR-active E;, modes at
696 cm™' and 1340 cm™, associated with asymmetric C—Cl stretching vibrations. The empirical work of Zhang et al.
(2011) regarding comparative Raman studies of benzene and HCB documented how substituting chlorine with benzene
alters the vibrational frequencies and symmetry assignments. The authors reported low-frequency bands in the
219-377 em™ range attributed to Cl-bending and A, and Ei, Cl shear vibrations [2,3,4].

Computational studies have further improved the clarity of the spectral interpretations. Castillo et al. (2015) applied
DFT with SQMFF correction, using B3LYP/6-31G* and 6-311++G** with geometry optimisation and frequency
calculation in DFT, and validated the results with Den, symmetry possession and experimental Raman and IR spectra. Their
work reinforces the remaining theoretical and experimental analyses of vibrational spectral data by supporting the'
detailed assignments of their findings [5].

The classification of HCB vibrational modes under Dgn symmetry has been precisely defined, which makes it useful
for algebraic modelling. The ease of construction of symmetry-adapted Lie algebraic Hamiltonians, because of the
regularity and degeneracy of the vibrational levels, makes the anterior framework simple to calculate and valuable for an
analytical approach to vibrational frequencies. These aspects make it the core of the study at hand.

3. U(2) LIE ALGEBRAIC VIBRATIONAL HAMILTONIAN OF HEXACHLOROBENZENE
The U(2) Lie algebraic approach identifies bosonic realisations of U(2) algebras with each of the vibrational modes
of a molecule. For a molecule of vibrational type, the Hamiltonian is expressed through the number operators, Majorana
interaction terms, and Casimir invariants [15, 16]. For polyatomic molecules, Iachello, Levine, and Oss formulated the
general algebraic Hamiltonian as

H = Eo + Y- A; G + Xicj Aij Cij + Xisj Aij M (1
where:
e (C;)= —4(N;v; — v?) is the Casimir invariant of U(2) for the i th mode,
o (N;,v; 1\Ij,vj|Cij|Ni,vi; N;,vj) = 4(vi + vj)(vi + v, —N; — N]) is the two-mode Casimir interaction term
between modes 7 and j,
(N;,v;; Nj,v]-|Ml-j|Nl-, v; N, vj) = viN; + v;N; — 2v;v;
o (N,v; + 1;N;,v; — 1|M|N;, vi; N, vj) = —[v;(v; + D(N; — v))(N; — v + 1]Y/2»  denotes the Majorana
(Ni,v; = 1; N;, vj + 1M [Ny, vi; Nj, vy) = —[vi(vj + DN; — v)(N; — v; + 1]/2
interaction operator representing dynamic coupling,
e A Ayj, Ayj are empirical parameters,
e N;(=N),i =1,2,3,4,5,6 is the boson number associated with mode i,

e v; is the vibrational quantum number for mode i.
The boson number N determines the basis set size for describing molecular vibrations and is defined as:
We

WeXe

N = -1,
where w, and w,y, denote the harmonic and anharmonic spectroscopic constants of the C-Cl and C-C bonds,
respectively, as reported by Karl K. Irikura [17].
There are three classes of non-diagonal interactions within the benzene framework of the HCB molecule. They are
represented as couplings associated with various positions of the structure's hexagonal bent carbon vibrational modes [15].
First-neighbour couplings (nearest-neighbour interactions): Couplings of adjacent carbon atoms in the ring.
Examples: (1-2), (2-3), (3-4), (4-5), (5-6), (6-1).
Second-neighbour couplings (next-nearest-neighbour interactions): Couplings of carbon atoms with a spacing of one
bond.
Examples: (1-3), (2-4), (3-5), (4-6), (5-1), (6-2).
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Third-neighbour couplings (opposite interactions): Couplings of carbon atoms located diametrically opposite the
ring.
Examples: (1-4), (2-5), (3-6)

Figure 1. HCB structure with labelled C—Cl bonds

Consider S' (C-H type first neighbour interactions), S” (C-H type second neighbor interactions), S/ (C-H type
third neighbor interactions) are symmetry-adapted operators. In the context of the HCB Dg, symmetry, the symmetry-
adapted operators pertain to precisely these couplings, which are

6 6 6

1 — ! 1 _ " 11— "

s —Zk”MU, s _Zkij M, S —Zki]- M,
i<j i<j i<j

With
k’12 = k’23 = k’34 =k' 45 = k’56 = k’16 =1,
k’13 = k3, = k’35 = k,46 = k’15 = k’26 =0,
k'ya = k'35 = k'36 =0,
ki, = ki = ki, = k''4s = k''s6 = k16 = (,
ly = Ka = ks = Ko = Kis = ks =1,
k'"14e = ['"25 = |'"36 = (),
k’”lz — k”’23 — kl!l34 — k!l!45 — k”’SG — k”’lﬁ — 0
k’”13 — k’”24 — k’”35 — k’”46 — I(III15 — k’”26 — 0
kis = kl”zs = k’”36 =1

For the case of the HCB molecule, in which all the molecule's bonds are equivalent, the most general and most basic,
as well as the lowest-order, Hamiltonian describing the C-H stretching vibrations can be formulated as follows:

6 6
H=E,+ 4 Z Ci+ A Z Cyj +XS!+ A"SH 4 A
i i<j

Given the equivalent bonds, the vibron numbers N; must hold the same value, i.e., N; = N. Consequently, the
molecule's symmetry establishes specific requirements on the coefficients within equation (1), as follows:

Ni=N, Ai=A, Al‘j=A,

Az =23 = A3 = Ays = Ase = A1 = A
Az = Aaq = Az5 = A4 = Ay5 = Az = A"
Qg = g5 = Az = A"

The distinctive attributes of C — H stretching vibrations in benzene encompass five quantities: A4,A4’, A, A", 1"".
The initial guess for the fundamental mode parameters A is obtained from the single-oscillator energy expressions:

E

A=—an=D

The initial values of interaction parameters A’, A", A"'(= 0) are given by:

= el o _ BBl
2N 6N
where E; and E, represent the symmetric and antisymmetric energy combinations of the two local modes. The parameters
are optimised using least-square regression fitting, while A’ is initially set to zero to ensure a systematic optimization
procedure using the available observed data reported by Saeki (1962). The optimised parameter values are: N¢~¢ =
160,N¢ ¢ =134,A=-3.52, A'=0.73,2 =181, =0.26.
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4. RESULTS AND DISCUSSION

The vibrational spectrum of HCB was successfully predicted using the symmetry-adapted U(2) Lie algebraic
Hamiltonian. Table 1 presents the predicted fundamental frequencies, which align remarkably well with the corresponding
experimental data. The small Deviations, encapsulated by an root mean square (RMS) error of 5.21 cm™, underscore the
exceptional fit achieved by the algebraic approach across the entire vibrational region. A comprehensive study of the
overtones was conducted, and the results, including both the first and second overtones, are detailed in Table 2. The
remarkably low RMS value underscores the reliability of the Lie algebraic framework. Its succinct nature, in terms of the
number of fitting parameters and algebraic complexity, makes it a trustworthy choice. When compared to conventional
approaches at the same accuracy level, the algebraic treatment eliminates much of the nucleation and convergence
uncertainty, providing a pragmatic and trustworthy route for precise vibrational modelling without the need for multiple
layers of fitted functional input.

Table 1. Fundamental Vibrational frequencies (in cm™) for HCB

. . . . . Fundamental
Vibrational Mode Mode Activity Symmetry Species Observed [2] Calculated
Vi C-Cl stretching Raman Alg 1225 1221.03
Vi3 C-Cl stretching IR Ewu 696 697.27
vi2 Ring Stretching IR Ew 1350 1346.51
Vis Ring Stretching Raman En 1522 1519.55
Vis C-Cl in -plane bending Raman Eog 322 329.90
Vil C-Cl in -plane bending Raman Elg 213 221.04

Table 2. First and second overtone Vibrational frequencies (in cm™) for HCB

. . . Vibrational Frequencies
Vibrational Mode Mode Symmetry Species I Overtone I Overtone
Vi C-Cl stretching Alg 2426.6 3616.72
Vi3 C-Cl stretching Elu 1375.71 2055.33
vi2 Ring Stretching Elu 2665.98 3988.4
Vis Ring Stretching Elu 3016.87 4507.95
VI8 C-Cl in -plane bending E2g 641.62 957.17
Vil C-Cl in -plane bending Elg 430.28 644.73
5. CONCLUSIONS

The present study shows that using symmetry-adapted U(2) Lie algebra techniques leads to an accurate yet
computationally efficient description of the vibrational spectrum of hexachlorobenzene. Computed fundamental
frequencies align extremely well with observed values, yielding a root mean square deviation of only 5.21 cm™, which
attests to the method’s robustness. Extending the algebraic model to predict overtone bands underscores its ability to treat
anharmonicity and symmetry constraints simultaneously and elegantly. In summary, the symmetry-adapted U(2)-
algebraic engine delivers a compact formulation that rivals the precision of extensive quantum chemistry calculations
while remaining straightforward. These attributes provide a solid foundation for applying the approach to other
polyatomic species possessing high symmetry in forthcoming work.
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rekcaxsopoensoiy (CsCls). Bibpamiitanii raminsronian Ha ocHoBi U(2) dikcye pyHraMeHTanbHI MOIH Ta MEpIIi i Ipyruii 00epToHH,
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GararoatoMHHX Mousiekyaax. Lli pe3yasratu miaTBepaKy0Th e(eKTUBHICTD anrebpaiunux MeroniB JIi B MOIENIOBaHHI KOIMUBAJIbHHX
XapaKTePUCTUK BUCOKOCUMETPUYHHX MOJIEKYJI 1 CIIy’KaTh Mil{HOIO OCHOBOIO IS IOAAIIBIIOT POOOTH B MOJIEKYJISPHIil CIEKTPOCKOIIII.
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This study provides a comprehensive theoretical analysis of the dielectric properties and transverse effective charges of the pentanary
alloy GaxIni-xNySb-Asi.y-, focusing on compositions that are lattice-matched to InAs, GaSb, and GaAs substrates. The investigation
employs the local empirical pseudopotential method (EPM) in conjunction with the virtual crystal approximation (VCA) and the
Harrison bond-orbital model to evaluate key parameters, including the static and high-frequency dielectric constants, ionicity, polarity,
and transverse effective charge. These computational approaches were chosen due to their ability to accurately describe electronic
interactions in complex alloy systems while maintaining computational efficiency. The results demonstrate strong consistency with
available experimental data for the constituent binary compounds, reinforcing the reliability of the theoretical framework. Additionally,
the study reveals systematic trends in the dielectric behavior as a function of composition, providing insights into the role of atomic
substitution in tuning these properties. To the best of our knowledge, this work represents the first detailed theoretical assessment of
GaxIni-xNySb-zAsi.y. alloys in this context. While experimental validation remains necessary, our findings establish a valuable
theoretical benchmark for future studies and potential applications in optoelectronic and semiconductor device engineering, particularly
in the design of advanced infrared detectors and high-frequency electronic components.

Keywords: EPM; Polarity; Dielectric constants; Transverse effective charge; Lattice matched alloys; Pentanary
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1. INTRODUCTION

The integration of II[-N-V semiconductors into modern optoelectronic and high-frequency microelectronic devices
has gained significant attention due to their unique electronic and optical properties [1]. These materials exhibit direct
band gaps [2], high carrier mobilities, and tunable electronic characteristics, making them essential for applications such
as infrared photodetectors, laser diodes, and high-speed transistors [3,4]. In particular, they are widely used in fiber-optic
communication systems, where the 1.3 pm and 1.5 pm wavelength regimes are critical for minimizing signal
attenuation [5]. The incorporation of nitrogen into III-V semiconductors plays a crucial role in band gap engineering, as
even small amounts of nitrogen induce a substantial reduction in the band gap [6], thereby allowing for precise control of
optical and electronic properties.

Among the various III-N-V compounds, the pentanary alloy GaxIn;.«NySb,As1.,., presents a promising material system
with highly tunable properties while maintaining lattice-matching conditions with widely used substrates such as InAs, GaSb,
and GaAs. Ensuring lattice matching is essential for epitaxial growth, as strain-induced defects can significantly degrade the
material's electronic transport properties, optical efficiency, and thermal stability. The ability to engineer the band gap and
dielectric properties of pentanary alloys while preserving structural compatibility with established semiconductor platforms
opens new avenues for the development of advanced optoelectronic devices. Despite their technological potential, pentanary
III-N-V alloys remain largely unexplored in terms of their dielectric response and transverse effective charge behavior. While
binary and ternary III-V semiconductors have been extensively studied, the complexity introduced by five constituent
elements makes direct experimental characterization particularly challenging. This necessitates a rigorous theoretical
investigation to systematically analyze the dielectric properties of GaxIn;.«NySb,Asi.y.,, providing critical insights that can
serve as a theoretical foundation for experimental studies and device optimization.

To achieve an accurate and predictive description of the dielectric properties of these alloys, we employ a combination
of well-established theoretical approaches. The local empirical pseudopotential method (EPM) is utilized to model electron-
ion interactions, providing an effective means of describing the electronic band structure of complex multi-component
alloys [7,8]. This method has been extensively validated against experimental data for binary III-V semiconductors,
demonstrating its reliability in capturing essential electronic properties. The virtual crystal approximation (VCA) [9] is
employed to treat the pentanary alloy as an effective medium, where the electronic properties are approximated as a weighted
average of the constituent binaries. This approximation offers a computationally efficient means of estimating key dielectric
parameters, ionicities, and transverse effective charges, enabling a predictive framework for understanding composition-
dependent variations in material properties. Additionally, Harrison’s bond-orbital model [10,11] is incorporated to refine the
description of chemical bonding, interatomic interactions, and charge transfer effects. This analytical approach allows the
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calculation of dielectric constants, ionicity, and the transverse effective charge by explicitly accounting for orbital
hybridization effects, thereby providing deeper insight into the polarization dynamics and dielectric response of the alloy.
The primary objective of this work is to conduct a comprehensive theoretical analysis of the static and high-
frequency dielectric constants, ionicity, polarity, and transverse effective charge of the pentanary alloy GaxIn;.«NySb,As.
y-» While maintaining lattice-matching conditions with InAs, GaSb, and GaAs substrates. The study aims to determine
how the dielectric response evolves as a function of alloy composition, how substrate selection influences the transverse
effective charge and ionicity, and how these properties can be optimized for optoelectronic applications, particularly in
the mid-infrared spectral range. A key aspect of this investigation is to establish quantitative relationships between
alloying effects and dielectric behavior, providing fundamental insights into the design of I1I-N-V materials for advanced
photonic and electronic applications. Given the absence of experimental data for pentanary III-N-V alloys, the findings
presented in this work serve as a benchmark for future experimental validation and materials engineering efforts.

2. THEORETICAL FORMALISM

To better understand the structural and electronic properties of semiconductor materials, we rely on the interpretation
of various experiments, whose coherence depends on an accurate representation of their electronic structures based on band
theory. Given the impossibility of solving the Schrodinger equation exactly for an n-body system, approximation methods
have been employed to achieve the best possible agreement between calculated and measured values of key quantities such
as energy levels and bond lengths. Over the past decades, numerous electronic structure calculation techniques have been
developed, particularly empirical methods, which have now become fundamental tools for computing complex structural
and electronic properties. These methods also serve as valuable tools for predicting the properties of new materials.

In the empirical pseudopotential approach, the potential of a semiconductor is typically described as the sum of local
and nonlocal pseudo-atomic contributions, given by V = Vi +VxL. However, in the present study, the nonlocal term (Vi)
is neglected. The corresponding pseudopotential Hamiltonian is formulated as H = (—h/2m)V? + V; (r), where the
effective potential V;,(r) is expressed as a Fourier expansion in the reciprocal lattice space [7-14]. The lattice parameter
of the pentanary alloy Ga,In;.«\NySb,As;.y., obeys the following relationship:

a(Gaxlnl_xNySbZAsl_y_Z) = xya(GaN) + xza(GaSb) + x(1 —y — z)a(GaAs)
+(1 —x)ya(InN) + (1 — x)za(InSh) + (1 — x)(1 — y — z)a(InAs) )

Where (a(GaN)), (a(GaAs)), (a(GaSb)), (a(InN)), (a(InAs)), and (a(InSb)) represent the lattice parameters of the binary
constituents forming the GaInNAsSb alloy, their values are determined based on Vegard’s law [12,13].

Utilizing the virtual crystal approximation (VCA) [14], the pseudopotential form factors for the alloy can be
formulated as a sum of nonlinear contributions:

5&i1nl_xNysbzA51_y_z = xyViay + x2Vire, + x(L —y — 2)V3rs
+(1 = )yVpm + (1= 0)z2V5e, + 1 =) (1 —y — 2)V35 @

Where V2 are the symmetric and antisymmetric pseudopotential form factors at the reciprocal lattice vector G(111), (see
Table 1) optimized using the nonlinear least-squares method [15].

Table 1. Presents the optimized local pseudopotential form factors at the I', X, and L high-symmetry points of the Brillouin zone (in
q®) for the relevant binary compounds. Additionally, the corresponding lattice constants (in ™) utilized in the calculations are provided

Compound Form factors Lattice
Vs(3) Vs(8) Vs(11) Va(3) Va(4) Va(ll) constant A

GaAs -0.239833 0.012600 0.059625 0.060536 0.050000 0.010000 5.653¢
InAs -0.182147 0 0.047107 0.094714 0.05 0.03 6.058 @
GaSb -0.191206 0.005 0.043533 0.04534 0.03 0 6.118
InSb -0.201822 0.01 0.028443 0.064645 0.03 0.015 6.4794 b
GaN -0.346925 0.161439 -0.016000  0.200000 0.211824 0.135 44878 ¢
InN -0.328532 0.091201 0.003930 0.320000  -0.033147 -0.006892 4.9868 ©

aref. [16]; ® ref. [17]; © ref. [18].
Table 2. The calculated direct and indirect band-gaps energy (in ¢V) of our binaries in comparison with the experimental and others
works ones

Band-gap energy (eV)

Compound E, E; E!

Exp. Others Our cal. Exp. Others Our cal. Exp. Others Our cal.
GaAs 1.424* 1.421 1.812 1.814 1.722 1.722
InAs 0.36° 0.324 1.37° 1.374 1.07° 1.072
GaSb 0.725¢ 0.727 1.03¢ 1.015 0.761¢ 0.778
InSb 0.18° 0.174 1.63° 1.63 0.93% 0.93
GaN 3.2¢ 3.20 4.7 4.602 6.2° 6.045
InN 0.7 0.778 2.51¢ 2.518 5.82h 5.825

aref. [19]; P ref. [20]; © ref. [21]; 4 ref. [22]; ®ref. [7]; Fref. [23]; & ref. [8].
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The eigenvalue problem in this study is characterized by a 136x136 matrix. The pseudopotential form factors are
determined by the magnitudes of the reciprocal lattice vectors (G). To ensure computational accuracy, a cutoff value of
|G? = 11(2n/a)? is applied.

The lattice-matching condition for the pentanary alloy Ga,In;.xNySb,Asi.y., on InAs, GaSb and GaAs substrates is
obtained from Equation (1) and can be expressed as follows:

a sub+0.405 x—0.4214 z—0.0436 xz—6.058

y= ()

—(0.094x+1.0712)

Where agyp = amas = 6.058 A for InAs substrate, asyp = agasp = 6.118 A for GaSb substrate and Asub = AGaas = 5.653 A for
GaAs substrate.

By employing the Herve and Vandamme expression [22], the refractive index n was determined, which is essential
for designing quantum well lasers and solar cell applications. This expression is valid in the low-frequency limit © « ,
where oo represents the ultraviolet resonance frequency.

n= |14 (A f @)

Eg+B

where E, is the fundamental band-gap energy and A=13.6 eV and B =3.4 eV.
The optical high-frequency dielectric constant (&) is given by the square of the refractive index, n? [23].

£ = N2 ®)

Using the Harrison model [24], the static dielectric constant €0 can be expressed in terms of the optical high-
frequency dielectric constant (£«) through the following relation:
=0} -1 _
Where v is given by [25],
af (1+2a})

p = e )

2a¢

The covalency a. of the material under study is associated with its polarity ap through the following relationship:

a. = (1—a,?)? 3
The polarity opis defined by Vogl [25] as
a,= 2O )
p VS(3)

V5(3) and V?(3) represent the symmetric and antisymmetric pseudopotential form factors at the reciprocal lattice
vector G(111). The transverse effective charge (er) is computed using the following expression [26]:

* * Ba
2e; = —Ay + 1+ap2 (10)
Where
Ay=xzgo + (1 = %)z — yzy — 225, — (1 =y — 2) s amn
In last, we have the iconicity f; given by,
fi=1-af 12)

3. NUMERICAL RESULTS

Allowed lattice-matching relations between x, y, and z for the GayIn;.\N,Sb,As1.y., alloy with the substrates GaAs,
InAs, and GaSb are shown in Figures la, 1b, and 1lc. These figures provide critical insights into the compositional
constraints required to achieve lattice-matching with different substrates, an essential factor in optimizing semiconductor
heterostructures for device applications.

The study of static and high-frequency dielectric constants, transverse effective charge, and ionicity in multi-
component alloys such as GaInNAsSb is crucial in modern material research. A deep understanding of these parameters
enables the design and optimization of materials for semiconductor applications, leading to technological advancements
in optoelectronic devices, high-speed electronics, and infrared photodetectors. This motivates our investigation into these
fundamental properties.
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Figure 1a. Allowed lattice-matching Figure 1b. Allowed lattice-matching Figure 1c. Allowed lattice-matching
relations between x, y, and z relations between x, y, and z relations between x, y, and z
for the GaxInixNySb;As1.y, with the for the GaxIni«NySb.As1.y- with the for the GaxIn1«NySb.As1.y., with the
substrate GaAs substrate InAs substrate GaSb

Table 3. Optical static dielectric constant (£0), optical high-frequency dielectric constant (€«), and transverse effective charge (e1) of
binaries of interest

*

Compound £0 Ee r
Exp. Our cal. Exp. Our cal. Exp. Our cal.

GaAs 12.92 9.78 10.92 8.95 2.07° 1.95
InAs 15.15° 22.66 12.3¢ 14.33 2.53¢ 2.63
GaSb 15.72 12.85 14.4¢ 11.86 2.15° 1.90
InSb 16.82 18.05 15.7¢ 15.48 2.42¢ 2.16
GaN 9.7 7.16 5.30¢ 5.25 2.51¢ 2.53
InN 8.40° 8.43 8.4¢ 7.58 3.04¢ 2.03

aref. [27]; P ref. [28]; © ref. [29]; ¢ ref. [26]; © ref. [30]; Fref. [31]

Table 3 presents the calculated values of the optical static dielectric constant (go), optical high-frequency dielectric
constant (€»), and transverse effective charge (er) for the relevant binary compounds, compared with available
experimental data. The computed values generally follow the expected trend, where compounds with higher dielectric
constants exhibit stronger polarization and lower band gaps. GaAs, InAs, and GaSb exhibit relatively high (o), indicating
strong electronic polarizability, while GaN and InN have significantly lower values due to their wider band gaps. The
agreement between computed and experimental values validates the accuracy of our theoretical model.

The transverse effective charge reflects the bond ionicity and charge transfer characteristics of the materials. The
results indicate that InAs and InSb exhibit higher (e) values than GaAs and GaSb, suggesting a greater degree of ionicity
and charge asymmetry in their bonding. GaN and InN show relatively high transverse effective charges, consistent with
their polar nature and strong ionicity. The theoretical values are in good agreement with experimental references,
confirming the reliability of our computational framework. Minor discrepancies, such as a slight underestimation of (go)
for GaAs and overestimation for InSb, can be attributed to computational approximations, particularly in electron-phonon
interactions.

The binary dielectric properties in Table 3 provide a foundation for understanding the behavior of GaInNAsSb. By
tuning the composition (x, y, z), the dielectric response can be engineered for specific applications, such as optimizing
(€») for better light absorption and carrier confinement in quantum wells, adjusting (er) to enhance electronic
polarization and charge transport in infrared and terahertz applications, and controlling dielectric screening for high-speed
transistors and photodetectors. The results obtained in this study demonstrate strong agreement with experimental data,
confirming the suitability of the theoretical approach in predicting dielectric and charge transport properties in complex
semiconductor alloys.

Figures 2 and 3 illustrate the calculated optical static dielectric constant (g0) and the high-frequency dielectric
constant (€») for the pentanary alloy GaxIn;xNySb,Asi.y.,, considering two different lattice-matching conditions: InAs
and GaSb. These figures provide valuable insight into the role of nitrogen incorporation on the dielectric properties of the
material.

The static dielectric constant (€0) shown in Figure 2 exhibits a monotonic increase with increasing nitrogen content
(») in the range (0<y <0.218). This trend can be attributed to the larger polarizability of the alloy as more nitrogen is
incorporated, which alters the local bonding environment and enhances the dielectric response. The increase in (€o) is
evident for both lattice-matching conditions, but the GaSb-matched alloy exhibits a slightly higher dielectric constant
than the InAs-matched one. This difference suggests that GaSb exerts a stronger influence on dielectric screening, likely
due to its effect on strain and electronic band structure.

In contrast, Figure 3 shows that the high-frequency dielectric constant (¢~) decreases as the nitrogen content
increases. This decline suggests that the electronic band structure is modified in a way that reduces the material’s ability
to respond to high-frequency optical fields. Interestingly, at low nitrogen concentrations (y<0.138), the GaSb-matched
alloy has a slightly higher (e«) than the InAs-matched one. However, beyond (y=0.138), an opposite trend emerges where
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the InAs-matched alloy exhibits a larger () than the GaSb-matched alloy. This crossover behavior indicates a transition
in the dominant dielectric response mechanism, highlighting the impact of substrate selection on optical properties.
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Figure 2. Static dielectric constant & in GaxIn1-xNySbo.7As0.3-y Figure 3. High-frequency dielectric constant &x in
lattice matched to InAs and GaSb as a function of various N-  GaxIn1-xNySbo.7As0.3-y lattice matched to InAs and GaSb as a
content function of various N-content

The observed trends in (€0) and (€») can be understood through the interplay of nitrogen incorporation, strain effects
from the substrate, and modifications in the electronic band structure. The increase in (€0) with nitrogen content is a direct
consequence of increased lattice distortion and bond polarity. The decline in (€x) suggests a reduction in free carrier
screening at optical frequencies, which may be linked to increased localization effects introduced by nitrogen.
Additionally, the switching behavior of (€«) at (y = 0.138) emphasizes the substrate’s role in influencing the dielectric
response, affecting both static and optical properties.

These findings demonstrate the significant impact of nitrogen incorporation and substrate selection on the dielectric
properties of GaxIni«NySb,Asi.y,. The variations in (€0) and (&) highlight the potential for tailoring these properties for
optoelectronic applications. The observed trends could be particularly relevant in designing materials with optimized
dielectric screening and optical performance for infrared and telecommunication applications.

From the fit of the static and high-frequency dielectric constants data by a least-squares procedure, the expressions
of the computed parameters are:

g = 12.175 + 4.24y + 28.51y? for GayIn;«NySbo7As03.y/InAs (13.2)
g = 12.432 + 3.84y + 40.63y? for GayIn;«NySb7As03.,/GaSb (13.b)
£ = 11.178 — 2.74y — 17.58y? for GaxIn;«N,Sbo7As¢3./InAs (14.a)
£ = 11.301 — 3.68y — 16.66Yy? for GaxIn;«N,Sbg 7As3.,/GaSb (14.b)

From the least-squares fitting of the calculated dielectric constant data, the obtained quadratic expressions reveal
distinct behaviors for the static dielectric constant (go) and high-frequency dielectric constant (e.) as functions of nitrogen
content (v) in Ga,In;-xN,Sbo7Aso3-y alloys lattice-matched to GaSb and InAs. The fitted expressions for (g9) indicate a
strong non-linear dependence on nitrogen content, as evidenced by the significant upward bowing parameters. The bowing
parameter for (&) is larger for the GaSb-matched alloy (+40.63) compared to the InAs-matched alloy (+28.51), suggesting
that nitrogen incorporation strongly enhances the static dielectric response, likely due to increased bond ionicity and
polarization effects. The more pronounced bowing in the GaSb-matched alloy indicates a stronger influence of nitrogen
on dielectric screening, which may be attributed to the different strain conditions induced by the lattice-matching
requirement. The static dielectric constant varies between 12.40 and 15.24 for the GaSb-matched alloy, whereas for the
InAs-matched alloy, it ranges from 12.16 to 14.48. The slightly higher values in the GaSb case suggest stronger dielectric
screening, which could impact carrier mobility and optical absorption properties in optoelectronic applications.

Unlike (&), the high-frequency dielectric constant (&) exhibits a downward bowing with nitrogen incorporation,
with nearly identical bowing parameters of -16.66 for the GaSb-matched alloy and -17.58 for the InAs-matched alloy.
This downward bowing indicates that increasing nitrogen content reduces the material’s ability to respond to optical
frequencies, likely due to modifications in the electronic band structure, particularly a reduction in the bandgap and an
increase in carrier localization effects. The similar bowing parameters for both substrate conditions suggest that the
primary factor influencing (&) is the electronic structure modification induced by nitrogen, rather than substrate-related
strain effects. The high-frequency dielectric constant decreases from 11.29 to 9.71 for the GaSb-matched alloy, while for
the InAs-matched alloy, it ranges from 11.17 to 9.74. The reduction in (&) with increasing nitrogen content is consistent
with the expected bandgap widening and reduced free carrier screening, which has direct implications for optical
applications.

The observed differences in (g9) and (&) between the GaSb-matched and InAs-matched alloys highlight the role of
ionicity in dielectric behavior. Higher ionicity leads to stronger dipole interactions, affecting dielectric screening and
optical response. This is particularly relevant for laser devices and infrared detectors, where dielectric properties directly
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influence carrier recombination rates and absorption spectra. Additionally, the transverse effective charge plays a crucial
role in the electromechanical coupling of the material. Since (ex) is related to the dynamic response of the lattice to
external perturbations, its behavior provides valuable insights into how the alloy interacts with electromagnetic fields,
making it critical for designing high-performance optoelectronic and electro-optic devices.

The quadratic fitting expressions provide a comprehensive understanding of the evolution of dielectric properties in
GaxIn;-«N,Sbo.7As03-y alloys. The strong upward bowing in (go) emphasizes enhanced dielectric screening due to nitrogen
incorporation, whereas the downward bowing in (&.,) suggests reduced optical response at higher nitrogen concentrations.
The differences between GaSb-matched and InAs-matched alloys highlight the substrate effect on dielectric behavior,
which must be carefully considered for device engineering in optoelectronic applications, such as lasers, infrared
photodetectors, and modulators.

The computed ionicity and transverse effective charge for Ga.In;-xN,Sbo7As3-y alloys lattice-matched to InAs and
GaSb exhibit an increasing trend with nitrogen content (y) up to 0.218, as shown in Figures 4 and 5. The steady increase
in ionicity with increasing (y) suggests that the incorporation of nitrogen enhances the degree of ionicity in the alloy. This
behavior can be attributed to the introduction of highly electronegative nitrogen atoms, which alter the charge distribution
and strengthen the ionic character of chemical bonds. The ionicity values for the GaSb-matched alloy are systematically
higher than those of the InAs-matched alloy, indicating that GaSb provides a more pronounced ionic environment
compared to InAs. This difference can be linked to the larger electronegativity contrast in the GaSb system, leading to
stronger dipolar interactions and modifications in the electronic band structure.
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Figure 4. Ionicity in GaxInixNySbo7As03.y lattice Figure 5. Transverse effective charge in GaxInixNySbo.7As03-y
matched to InAs and GaSb as a function of various lattice matched to InAs and GaSb as a function of various
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Similarly, the transverse effective charge also increases with nitrogen incorporation, emphasizing the role of nitrogen
in modulating the electromechanical response of the material. The observed trend suggests that nitrogen atoms introduce
additional polarizability in the alloy, thereby enhancing its response to external electric fields. The GaSb-matched alloy
consistently exhibits a higher transverse effective charge than the InAs-matched counterpart, reinforcing the idea that the
host lattice plays a crucial role in determining the material’s electromechanical coupling. This increasing behavior of
transverse effective charge is essential for understanding the dielectric screening and phonon interactions within the alloy
system, which have direct implications for optoelectronic and high-frequency applications.

The fitted analytical expressions obtained through the least-squares method provide quantitative descriptions of
these trends, allowing for predictive modeling of ionicity and transverse effective charge as functions of nitrogen content.
The observed wvariations highlight the fundamental impact of nitrogen incorporation on the dielectric and
electromechanical properties of GaxIn;_«N,Sbo7Asos_y alloys. These findings are particularly relevant for applications
where precise control over ionicity and electromechanical coupling is required, such as infrared photodetectors, high-
performance laser devices, and electro-optic modulators.

fi =0.087 + 0.71y + 2.12y? for GaxIn;xNySbo7As3.y/InAs (15.2)
fi=0.096 + 0.8y + 2.27y? for GaxIn;<NySbo7Aso3.,/GaSb (15.b)
er = 1.917 + 3.59y — 2.28y? for GaxIn;xNySbg7As3.y/InAs (16.2)

ey = 1.96 + 3.74y — 2.8y? for Ga,In; \N,Sbg7As03.,/GaSb (16.b)

The computed expressions for ionicity (f;) and transverse effective charge (e7) provide valuable insights into the
dielectric and electromechanical properties of GaxIni.«NySbo7Asg3.y alloys. As observed from equations (15.a) to (16.b),
the alloy lattice-matched to GaSb exhibits slightly higher ionicity than its InAs-matched counterpart. This can be
attributed to the stronger electronegativity contrast between Ga and Sb atoms, which enhances the ionic nature of chemical
bonds in the GaSb lattice. The presence of nitrogen further amplifies this effect, as its high electronegativity increases the
polarity of the bonding environment. The quadratic dependence of ionicity on nitrogen content (y) indicates a nonlinear
enhancement of ionic character, suggesting that nitrogen plays a crucial role in modifying the alloy's electronic charge
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distribution. The larger bowing parameter in the GaSb-matched alloy (+2.27) compared to the InAs-matched alloy (+2.12)
reinforces the idea that the host lattice composition significantly influences the ionicity of the material.

Similarly, the transverse effective charge (er) exhibits a systematic increase with nitrogen incorporation in both
alloys, further supporting the role of nitrogen in modulating the electromechanical response of the system. The presence
of a negative quadratic term in equations (16.a) and (16.b) suggests that at higher nitrogen concentrations, the rate of
increase in transverse effective charge slows down, likely due to saturation effects in charge redistribution. Notably, the
GaSb-matched alloy consistently displays a higher transverse effective charge than the InAs-matched alloy, which can be
linked to the differences in dielectric screening and bonding strength between the two lattice-matched structures. The
stronger dipolar interactions in the GaSb lattice contribute to a greater electromechanical response, making it a more
favorable candidate for applications requiring high dielectric tunability and efficient phonon coupling.

Expanding the analysis to the pentanary alloy GaxIni.«NySbo7Aso3.y lattice-matched to GaAs, the study examines
the variations in ionicity and transverse effective charge over the nitrogen composition range (y = 0.16) to (0.416) for
different arsenic proportions (z = 0.1, 0.2, 0.3, 0.4). These findings provide a deeper understanding of how nitrogen and
arsenic jointly influence the electronic properties of the alloy, offering crucial information for optimizing its
optoelectronic performance. The interplay between these elements determines the material's dielectric behavior and
electromechanical coupling, which are essential parameters for applications in infrared photodetectors, high-frequency
transistors, and laser devices.

The calculated optical static dielectric constant (go) and high-frequency dielectric constant (&) for various nitrogen
(N) contents in the pentanary alloy Ga,In;.xNySb,Asi.y.,, lattice-matched to GaAs, are presented in Figures 6 and 7. Their
analytical expressions are given by:

g = 13.92 — 31.38y + 95.64y? for GaxIn;xN,Sbo 1Aso9y/GaAs (17.a)
& = 12.32 — 16.54y + 60.97y? for GaxIn;«NySbo,Assy/GaAs (17.b)
g = 11.33 — 6.72y + 38.05y? for GaxIni«NySbo3As07.y/GaAs (17.¢)
& = 12.90 — 12.11y + 35.84y? for GayIn;«NySbosAs6y/GaAs (17.d)
€ = 9.52 + 3.64y — 20.37y? for GaxIn;xNySbo 1As0.9.y/GaAs (18.a)
€ = 9.31 + 5.68y — 23.49y? for GaxInxNySbo2Aso 5.y /GaAs (18.b)
€ = 9.16 4+ 7.65y — 26.47y? for GayIn|NySbo3As07.,/GaAs (18.c)
€ = 11.13 — 2.73y — 13.20y? for GayIn|xNySbo4As¢ 6.y /GaAs (18.d)
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Figure 6. Static dielectric constant € Figure 7. High-frequency dielectric constant &x
in GaxInixNySb.As1y-/GaAs as a function of various in GaxInixNySb.As1.y../GaAs as a function of various
N-content with different As-proportion N-content with different As-proportion

The expressions for (go) indicate a strong bowing effect, suggesting significant deviations from a linear interpolation
between the parent binaries. Among the compositions studied, GaxIn;xNySbo 4Aso6,/GaAs (Eq. 17.d) exhibits a similar
behavior to GayIn;<NySbg7As03.,/InAs, with a comparable bowing parameter (+35.84) vs. (+28.51). This suggests that,
in terms of dielectric response, this composition behaves similarly to an InAs-matched alloy. Conversely, GaxIn;.
NySbo 3As0.7.,/GaAs (Eq. 17.c) exhibits a dielectric behavior comparable to Ga,n;.<NySbo7As¢3.,/GaSb, as reflected in
their nearly identical bowing parameters (+38.05) vs. (+40.63). This suggests that increasing the Sb content in GaAs-
matched alloys leads to behavior more characteristic of GaSb-matched alloys.

Unlike (go), the high-frequency dielectric constant decreases with increasing nitrogen content, reflecting reduced
electronic polarizability due to shorter bond lengths and increased ionicity. The bowing parameter for (g.) in Gayln;.
NySbo.1As09.y /GaAs (Eq. 18.a) is comparable to that in GaxInixNySbo7As03./InAs) (-20.37) vs. (-17.58), indicating
similar electronic screening effects. Conversely, the bowing parameter for (&) in Ga,n;«NySbo4Asosy/GaAs (Eq. 18.d)
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is close to that of GaxIni.xNySbo7As03.,/GaSb (-13.20) vs. (-16.66), reinforcing the similarity between these two alloy
types.

These results suggest that careful tuning of the composition parameters (x), (y), and (z) allows for the engineering
of dielectric properties to match specific applications. For instance, if a material with a higher static dielectric constant is
needed (e.g., for high-capacitance device applications), a composition with higher nitrogen and lower arsenic content may
be favorable. Conversely, for applications where a lower (&») is preferred (e.g., to reduce optical losses in high-frequency
optoelectronic devices), compositions with lower nitrogen content may be advantageous. Importantly, the close agreement
between specific GaAs-matched and InAs- or GaSb-matched alloys implies that a suitable choice of substrate could help
mitigate strain effects while maintaining desirable dielectric properties.

The dielectric properties of the pentanary alloy GayIn;.\N,Sb,Asi.y.,, lattice-matched to GaAs, exhibit significant
nonlinearity due to strong bowing effects. The similarity in dielectric response between certain compositions and InAs-
or GaSb-matched alloys highlights the potential for substrate engineering in device applications. By adjusting the
composition parameters, this material system offers a wide range of possibilities for optimizing dielectric constants and
transverse effective charges for high-performance optoelectronic and electronic applications.

On the other hand, structural defects and local clustering can greatly influence the dielectric properties of complex
pentanary alloys. Defects such as vacancies and lattice dislocations disrupt the periodicity of the crystal structure, leading to
the formation of localized electronic states and modifications in the electronic and ionic components of the dielectric
constant. At the same time, the local clustering of atoms such as nitrogen or antimony causes compositional inhomogeneity
and local strains, resulting in spatial variations in polarization. These effects produce nonuniformities in dielectric properties
and deviations from the ideal values predicted by the Virtual Crystal Approximation (VCA), emphasizing the importance of
considering real structural defects when comparing theoretical results with experimental data.

Figures 8 and 9 illustrate the computed ionicity f; and transverse effective charge er in GaxIn;xNySb,Asi.,., lattice
matched to GaAs as a function of nitrogen content (y) over the range 0.16—0.416 for different arsenic proportions. The
fitted data obtained using the least-squares method yield the following analytical expressions:

fi=0.063 + 0.28y + 2.36y2 (19.a)
fi=0.064 + 0.25y + 2.17y2 (19.b)
fi=0.064 + 0.23y + 2y2 (19.¢)
fi=0.062+ 0.22y + 1.84}12 (19.d)
er = 1.535 + 4.52y — 3.27y2 (20.a)
er = 1.551 +4.21y — 2.79y2 (20.b)
er = 1.561 + 3.94y — 2.40y2 (20.c)
er = 1564+ 3.73y — 2.09y2 (20.d)
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Figure 8. Jonicity in GaxIni-xNySb,Asi-y-, lattice matched to
GaAs as a function of various N-content with different
As-proportion

Figure 9. Transverse effective charge in GaxIni-xNySb.As1.y-,
lattice matched to GaAs as a function of various N-content
with different As-proportion

The results show a nonlinear increase in ionicity as nitrogen content increases. This is expected because nitrogen,
being more electronegative than arsenic and antimony, enhances the ionic character of the bonds in the alloy. The higher
the nitrogen incorporation, the greater the charge separation between cations and anions, leading to a more pronounced
ionicity.

The transverse effective charge also increases with nitrogen content but exhibits a downward curvature at higher y
values. This suggests that while nitrogen initially enhances charge transfer effects due to bond polarity, at higher
concentrations, structural distortions or charge redistribution effects may counteract this trend. Such behavior is crucial
for understanding the dielectric response of these alloys, which impacts their optical and electronic applications.
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By comparing these fitted expressions with those obtained for GaxIn;.«NySb,As;.y., lattice matched to other substrates
(InAs and GaSb), notable similarities emerge. The ionicity behavior of GaxIni.«NySboAso 5.y lattice matched to GaAs (Eq.
19.b) closely resembles that of Ga,In;.xNySbo 7As¢ 3.y lattice matched to InAs (Eq. 15.a). Similarly, the ionicity of GaxIn.
NySbo.1As¢ 9.y lattice matched to GaAs (Eq. 19.a) is comparable to that of Ga.ni.xnyspo.7AS03-y lattice matched to GaSb
(Eq. 15.b). These trends indicate that the ionicity in certain GaAs-lattice-matched alloys follows a pattern similar to that
of InAs- and GaSb-matched counterparts, suggesting that the As/Sb ratio plays a crucial role in determining bond
character.

The transverse effective charge in GaxIn;xNySbo3Aso.7.y lattice matched to GaAs (Eq. 20.c) behaves similarly to that
of GaxIn<NySbg 7As0 3.y lattice matched to InAs (Eq. 16.a). Likewise, e*r in GaxIn;«NySbg2Asg 5.y lattice matched to GaAs
(Eq. 20.b) exhibits a trend comparable to that of Ga.ni;xNySbo7Asos.y lattice matched to GaSb (Eq. 16.b). These
similarities suggest that the charge transfer properties in GaAs-matched alloys can be approximated using those of InAs-
and GaSb-matched systems, which is valuable for predicting dielectric behavior in different lattice-matching conditions.

The computed ionicity and transverse effective charge in GayIni.«N,Sb,As;.y., alloys exhibit well-defined trends as
a function of nitrogen content. The increasing ionicity with y highlights the role of nitrogen in modifying bond polarity,
while the nonlinear behavior of e*r suggests complex charge redistribution effects at higher nitrogen concentrations.
Furthermore, the observed similarities between the GaAs-lattice-matched alloys and those matched to InAs and GaSb
provide valuable insights into the impact of composition on electronic properties, aiding in the design of materials for
optoelectronic applications.

4. CONCLUSIONS

The dielectric constants and transverse effective charges of the pentanary alloy Ga,In;«NySb,As1.y.,, lattice-matched
to InAs, GaSb, and GaAs, have been systematically investigated using the pseudopotential approach within the virtual
crystal approximation, combined with the Harrison bond-orbital model. The computed results exhibit reasonable
agreement with available experimental data, validating the reliability of the adopted theoretical framework. However, just
like other calculation models, our EPM-VCA-Harrison model has its limitations, especially in the detailed description of
microscopic-scale effects such as the position of electronic states, local lattice distortions, as well as the disorder
phenomena specific to multi-anionic alloys like GaInNAsSb.

Our analysis reveals that the dielectric constants and transverse effective charges exhibit distinct trends as a function
of nitrogen composition (y), highlighting the significant influence of nitrogen incorporation on bond polarity and charge
transfer mechanisms. Specifically, the ionicity increases nonlinearly with increasing nitrogen content due to its higher
electronegativity, while the transverse effective charge follows a complex behavior, initially increasing before showing a
downward curvature at higher (y) values. These trends underscore the interplay between electronic structure modifications
and lattice distortions induced by compositional variations.

Moreover, the observed similarities between the dielectric properties of GaxIn;.xNySb,Asi.y., alloys lattice-matched
to different substrates (InAs, GaSb, and GaAs) suggest that the As/Sb ratio plays a crucial role in determining the bond
character and charge redistribution. Such insights provide a predictive framework for optimizing these alloys for specific
optoelectronic and electronic applications, where precise control over dielectric response and charge transport is required.
Overall, our findings indicate that Ga,In;.xNySb,Asi.y., is a promising material system for tailoring dielectric constants
and transverse effective charges. These results open pathways for the design and discovery of new semiconductor
materials with engineered dielectric and electronic properties, making them suitable for advanced applications in infrared
optoelectronics, high-speed electronics, and photonic devices. Further experimental validation and computational studies
incorporating many-body effects and strain considerations could refine these predictions and expand the applicability of
these alloys.
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JIEJJEKTPUYHI KOHCTAHTHU TA MNONEPEYHI EOEKTUBHI 3APAAN ¥V I'ATUKOMIIOHEHTHOMY CILJIABI
GaxInixNySb.As1y-. 3 [PATKOIO, Y3I'OJ[DKEHOIO 3 InAs, GaSb TA GaAs
X. 3eppyxi!, X. A6in!, X. Baasiz??, T. Feana6>3, 3. Mlapidi*?
[ labopamopis npuxnaonux mamepianie, Jocrionuyokuti yenmp, Yuicepcumem Cioi benv A66ec, 22000 Anoicup
’Kageopa ¢izuxu, Daxyrvmem npupoonuyux nayx, Ynieepcumem Mcuna, 28000 Mcuna, Anicup
3Jlabopamopin izuxu ma ximii mamepianie, Yuisepcumem Mcuna, Andcup

Ie mocmimKeHHS POIIOHY€e KOMIUICKCHUI TEOPETUYHHI aHaNi3 JIieIeKTPUYHHUX BJIACTHBOCTEH Ta IONEPeUHNX e()eKTUBHUX 3apsiIiB
'sITUKOMITIOHEeHTHOMY ciutaBi GaxIni-xNySbzAsi.y-z, 30cepe/pKyiounch Ha KOMIO3HUIISAX, IPATKH SKUX Y3TOJDKEHI 3 MigKIaakamMu InAs,
GaSb ta GaAs. Y HOCHIDKEHHI BHKOPHCTOBYETBCS METO[| JIOKAJIILHOTO eMIlipuyHoro ncesponorenuiany (EPM) y noennanHzi 3
HaOmwkeHHsIM BipTyanbHoro kpucrana (VCA) Ta mopneuto 3B'si3kiB-opOitaieil [appicoHa [uisi OLIHKM KIIFOYOBHMX IapaMeTpiB,
BKJIIOYAI0YM CTaTHYHY Ta BUCOKOYACTOTHY [i€JCKTPUYHY KOHCTAHTY, i0HHICTb, HOJSIPHICTh Ta monepeunnii epexruBuuid 3apsa. Lli
obuucIoBaNbHI migxoau Oymu oOpaHi 3aBISIKM IXHIM 34aTHOCTI TOYHO OMNMCYBATH CICKTPOHHI B3a€MOJIl B CKIAQJHHUX CHCTEMax
CruIaBiB, 30epiraloyu mpu HbOMY OOYHCIIOBaNbHY e(eKTHBHiICTh. OTpUMaHi pe3yibTaTH JEMOHCTPYIOTh 3HAYHY Y3TOIKEHICThH 3
EKCIIEPUMEHTATBHUMH TaHUMH, JOCTYITHUMH [T CKJIQJIOBUX O1HAPHUX CHOIYK, IO MiATBEPIKY€ HAAIHHICTE TeOpeTHYHO1 6a3u. Kpim
TOTO, JOCIHI/KEHHSI BHSIBIISIE CUCTEMATH4HI TEHAEHNIT B JieJEKTPUYHIA MoBeAiHNI K (YHKLII CKJIaxy, HaJalo9d PO3yMIHHS PO
aTOMHOTO 3aMIllleHHs B HAJAIITYyBaHHI IUX BIacTHBOcTed. Hackinbkm HaMm BioMmo, ms poOOTa sIBIIsiE COOOIO TEpIIy JeTalbHY
TEopeTH4HY OLiHKY cIuiaBiB GaxIni«NySbzAsi.y- y IbOMy KOHTEKCTi. X04a eKCIIepUMEHTalIbHA [IepeBipKa 3aIUIIAETHCS HEOOX1THOIO,
Halli pe3yJIbTaTH BCTAHOBIIOIOTH LIHHUI TEOPETHYHWI Opi€HTHP M MaiOyTHIX JOCITIIPKEHb Ta NOTEHIIHHUX 3aCTOCYBaHb B
OITOCJICKTPOHHIM Ta HAMiBIPOBIAHMKOBIM Npuiago0yAyBaHHI, 30KpeMa B PO3poOLi MepenoBHX iHPpadepBOHUX IETEKTOPIB Ta
BHCOKOYACTOTHHX €JIEKTPOHHUX KOMIIOHEHTIB.

Kurouosi ciioBa: EPM; noaapricms, dierekmpuuni KOHCMaHmu,; nonepeyHutl eqoeKmunull 3apao; Cniasu 3 Y320004CEHO0 IPDAMKON;
neHmauapiii
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Nickel thin films were electrodeposited onto copper substrates at room temperature using an aqueous electrolyte containing nickel
sulfate, nickel chloride, and sodium sulfate. The effects of two additives (boric acid and oxalic acid) on the nucleation mechanism,
crystallographic structure, surface morphology, and chemical composition of the resulting Ni films were systematically investigated
using cyclic voltammetry (CV), chronoamperometry (CA), X-ray diffraction (XRD), scanning electron microscopy (SEM), and
energy-dispersive X-ray spectroscopy (EDS). CV analysis revealed that the presence of additives shifted the cathodic peak potentials
toward more negative values, suggesting an inhibition effect on nickel reduction. Chronoamperometric studies confirmed that Ni
deposition followed a three-dimensional instantaneous nucleation mode, unaffected by the additives. XRD patterns showed that all
Ni films had a face-centered cubic (FCC) structure with strong (111) orientation, while SEM images indicated denser and more
homogeneous surface morphology in the presence of additives. EDS analysis confirmed the presence of Ni in all samples.
Keywords: Nickel; Electrodeposited; Additives,; Boric acid; Oxalic acid; Nucleation

PACS: 81.15.Pq; 81.10.Aj; 68.55.-a; 68.35.B-

1. INTRODUCTION

Nickel (Ni) coatings are widely used in various industrial applications, including catalysis [1], electronic
components [2], decorative purposes [3], and corrosion protection, due to their excellent properties such as oxidation
resistance [4], high corrosion and wear resistance [5—8], and good optical, magnetic, and mechanical characteristics [9].
Several physical and chemical methods have been employed to synthesize Ni thin films, including chemical vapor
deposition (CVD) [10], the sol-gel method [11], spray pyrolysis [12], sputtering [13], thermal evaporation [14], and
electrodeposition [15]. Among these, electrodeposition is widely used due to its simplicity, low cost, high
efficiency [16,17], and low processing temperature [18]. In electrodeposition, the properties of the resulting films are
influenced by several parameters, including deposition time, current density, applied potential, electrolyte temperature,
pH, bath composition, stirring speed, and the use of additives [19-21]. Small amounts of additives in the electrolyte
have been shown to significantly influence the microstructure, morphology, and overall quality of the deposit. These
characteristics are closely linked to the nucleation and growth mechanisms occurring during the initial stages [2].

In this study, we aim to investigate the effect of two additives (boric acid and oxalic acid) on the nucleation and
growth mechanisms of nickel electrodeposited on a copper substrate at room temperature. Cyclic voltammetry (CV) and
chronoamperometry (CA) were employed to analyze the electrochemical behavior. The surface morphology, chemical
composition, and crystal structure of the resulting films were also characterized using scanning electron microscopy
(SEM), energy-dispersive X-ray spectroscopy (EDS), and X-ray diffraction (XRD), respectively.

2. MATERIALS AND METHODS

Nickel films were deposited at room temperature using a basic three-electrode electrochemical setup, linked to a
PGZ402 potentiostat/galvanostat (Radiometer Analytical). The system included a saturated calomel electrode (SCE) as
the reference, a platinum foil as the counter, and a copper disc (1.50 cm % 1.00 c¢cm) acting as the working electrode.
Before any deposition, the copper samples were polished by hand using silicon carbide papers ranging from 1200 to
2000 grit. After polishing, the surface was cleaned in acetone, rinsed with distilled water, and left to dry in air. No extra
surface treatment was done. All electrolytes were freshly prepared using deionized water and analytical-grade
chemicals. The pH of each bath was adjusted to around 2.8 using either NaOH or H,SO,. Table 1 lists the full
composition of the bath and the main deposition parameters.

To investigate the electrodeposition process, we used both cyclic voltammetry (CV) and chronoamperometry
(CA). CV scans were run between 0 and —1.4 V vs SCE, with a scan rate fixed at 20 mV/s.

For surface and structural analysis, ESEM (Thermo Scientific™ Quattro S) was used in combination with EDS to
examine the morphology and composition of the films. Structural information was obtained using X-ray diffraction
(XRD), performed on a PANalytical Empyrean diffractometer operating at 40 kV and 30 mA. Measurements used Cu
Ka radiation (A = 1.54060 A) with a Ni filter. The 20 range was set from 30° to 100°, with a scan step of 0.02°/s.
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Table 1. The electrolyte compositions and plating parameters

Bath composition Plating parameters

Chemicals Concentrations [g L]
NiSO4-6H.0 60
NiCl2.6H20 8.2 pH ~2.8
Na2S804 0.5 Room temperature 25°C

Room temperature 5 min

Additives Deposition potential -1000 mV
C2H204.2H>0 0.84
H;BOs 24.7

3. RESULTS AND DISCUSSIONS
3.1. Cyclic voltametric studies
The cyclic voltammetry technique is widely employed in electrochemistry, revealing electrode/electrolytic
solution behavior and enabling the prediction of ideal conditions for the metal ions electrodeposition mechanism [16].
Figure 1 shows the CV curves of nickel thin films electrodeposited onto a copper substrate at room temperature, both in
the absence and presence of additives. The potential was swept from 0 V vs. SCE toward the cathodic side, down
to -1.4 V vs. SCE, and then reversed back to the starting point, with a scan rate set at 20 mV/s.
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Figure 1. Cyclic voltammograms for copper substrate in solution containing: (a) 60 g L' NiSO4:6H20, 8.2 g L' NiCl2.6H20 and
0.5 g L" NaxSO4 (b) 60 g L' NiSO4-6H20, 8.2 g L' NiCl2.6H20, 0.5 g L' Na>SO4 and 24.7 g L' H3BOs and (¢) 60 g L'
NiSOs-6H20, 8.2 g LI NiCl.6H20, 0.5 g L! Na2SOsand 0.84 g L'! C2H204.2H20. (T = 25°C, v =20 mVs!)

In the additive-free bath (Figure 1(a)), the reduction of Ni?" ions begins at around -0.70 V, following the reaction
shown in Equation (1). As the potential becomes more negative, a noticeable rise in current density is observed, mainly
due to the concurrent hydrogen evolution reaction, described by Equation (2):

Ni2* + 2¢" — Ni (1)
2H"+2¢ = H, (2

During the return scan, the dissolution of metallic Ni to Ni*" appears an potential of -0.260 V.
With the addition of boric acid in the electrolyte (Figure 1(b)), the reduction of nickel begins at E =-0.980 V. In
anodic part, an anodic peak observed at E=-0.030 V is due to the oxidation of the nickel deposited during the cathodic

part according to Eq. (3).
Ni — Ni?" + 2e 3)

When oxalic acid is added (Figure 1(c)), the reduction of nickel starts at a potential of approximately -0.820 V,
and the dissolution of Ni occurs at about -0.304 V.
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The introduction of additives (boric and oxalic acid) in the bath solution shifted the cathodic peak potential
negatively. This indicates that these additives inhibited nickel electrodeposition, and the force of the inhibition effect
followed this order: H3;BO3; > C,H,04. The hydrogen reaction occurs at a more negative potential in the presence of
additives, indicating that boric and oxalic acid had a significant inhibition effect on hydrogen reduction.

The presence of the crossover in the cyclic voltammograms (CVs) indicates the existence of a nucleation and
growth process [22].

3.2. Chronoamperometry
3.2.1. Current density-time curves

To study the effect of additives on a Ni electrodeposition nucleation/growth mechanism, chronoamperometry was
employed. Figure 2 illustrates the current density transient curves of nickel thin films electrodeposited on copper
substrate at different potentials in the absence and presence of additives. For all films, the transients have the same
form. These curves show three parts. In the first part, the current density decreases abruptly due to the charge of the
double layer and the formation of the first germs of Ni on the electrode surface. Then, in the second part, the current
density increases, reaching a maximum value, imax, at a maximum time, tmax, due to the growth of Ni nuclei. Finally,
in the last part, the current density decreases and stabilizes as the deposition potentials increase, indicating that the
growth process of nickel is controlled by the diffusion regime [23,24]. We can conclude that these current-time
transients are a typical characteristic of a three-dimensional nucleation with diffusion-controlled growth [1].
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Figure 2. Typical current transient curves of Ni films electrodeposited on Cu substrate at different potentials in solution
containing: (a) 60 g L' NiSO4-6H20, 8.2 g L' NiCl2.6H20 and 0.5 g L' Na2SOx (b) 60 g L-! NiSO4:6H20, 8.2 g L! NiCl2.6H20,
0.5 g L' Na2SO4 and 24.7 g L' H3BO;s and (c) 60 g L' NiSO4-6H20, 8.2 g L' NiCL.6H20, 0.5 g L' Na>SO4 and 0.84 g L'!
C2H204.2H20.( t= 5 min, T=25°C)

3.2.2. Nucleation mechanisms
To further understand the nucleation mechanism of nickel deposition, the mathematical model developed by
Scharifker and Hills (SH) [25] was used. According to this model, the nucleation mechanism includes instantaneous and
progressive 3D nucleation [20]. The mechanism is described by the following Eq. (4) and (5) [26]:
Instantaneous nucleation:

i%/iZax = 1.9542(t/ timax) " [1 — exp (=1.2564(t/tmax )] “
Progressive nucleation:
i2/iZz = 1.2254(t/ tiax) ' [1 — exp (—2.3367(t? /thqx )] (6))

where imax and tmax are the maximum current density and the corresponding time, respectively.
Figures 3, 4, and 5 represent the dimensionless theoretical (i/imax)? VS (t/tmax) plots resulting from Eq. (4) and (5),
and experimental current density transients during the electrodeposition of nickel on a copper substrate at different
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potentials in the absence and presence of additives in the electrolyte. It can be seen that at (t/tmax) < 1, the experimental
plots at different applied potentials (with and without additives) tend to the instantaneous nucleation model. Hence, the
electrodeposition of nickel on copper substrate nucleation follows the 3D instantaneous nucleation mode at short
time [23,27], which indicates that the addition of additives did not change the nucleation mechanism of the nickel.
For (t/tm > 1, the experimental curves show a negligible difference from the Scharifker model. This difference is related
to the proton reduction on the copper surface [28].
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Figure 3. Comparison of theoretical non-dimensional (i/imax)> Vs (t/tmax) plots for instantaneous nucleation from Eq. (4) and
progressive nucleation from Eq. (5) to experimental current density transients for the electrodeposition of nickel on a copper
substrate at different potentials in the absence of additives
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Figure 4. Comparison of theoretical non-dimensional (i/imax)> vs (t/tmax) plots for instantaneous nucleation from Eq. (4) and
progressive nucleation from Eq. (5) to experimental current density transients for the electrodeposition of nickel on a copper
substrate at different potentials in the presence of 24.7 g L' H3BOj3 in the bath
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3.2.3. Kinetic parameters of the nickel electrodeposition
According to Scharifker and Hills model, the diffusion coefficient (Dinst), the number of active nucleation sites
(No), and the nucleation rate (A) can be determined from the current density transients using the following equations
[29,30]:

—_— irznaxt%"nax 6
~ 0.1629(nFC)2 ©)
B smeM\~Y/2 1 arc 2
N0—0.065( : ) (imaxtmax) 0)
1/2
A= Nor ()" D ®)

where n is the number of transferred electrons, M is the atomic weight, t is time, F is the Faraday constant (96500
C/mol), C is the concentration of the electroactive species (mol/l), and p is the density of the Ni deposit.

Values of tmax, imax, D, A and Ny at different potentials are shown in Table 2. It is clear that as the applied potential
increase, the maximum current density increases, and the maximum time (tmax) decreases. This feature is typical of
three-dimensional electrochemical nucleation and growth of a new phase governed by diffusion control. The number of
active nucleation sites (No) increases in the presence and absence of additives in the bath, but the nucleation rate (A)
decreases. These results are characteristic for 3D instantaneous nucleation process.

Table 2. The values of tmax, imax, D, A, and No for electrodeposition of Ni in the absence and presence of additives at deposition
potentials obtained from current density transient curves using Eq. (6), (7) and (8)

Additive E tmax -imax D A No

Composition (mV) (s) (mA cm?) (ecm?s) (s (cm™2)
Without additive -1000 15.50 29.45 4.99.104 1.26 1.23.10?
-1050 36.30 32.97 0.34.10* 0.01 0.17.10%

-1100 9.30 46.63 4.50.10 1.23 1.33.10%

-1150 9.40 66.65 9.41.10* 1.24 0.64.10%

With boric acid -1000 100.90 28.94 0.02 0.82 0.02.10?
-1050 40.30 44.28 0.76.10* 0.01 0.07.10?

-1100 15.18 58.83 0.19.10* 0.01 0.31.10?

-1150 58.80 74.99 0.04 0.83 0.01.10?

With oxalic acid -1000 20.70 30.24 9.39.10* 1.20 0.62.10%
-1050 9.60 42.17 3.93.10* 1.24 1.53.10%

-1100 8.40 59.52 5.99.10* 1.23 1.00.10%

-1150 4.70 88.57 4.15.10* 1.24 1.45.10%
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3.3. Structure analysis

The structural properties of the nickel deposit were determined by (XRD) measurements. Figure 6 exhibited the
X-ray diffraction (XRD) patterns (40° < 26 < 100") of Ni electrodeposited on copper substrate in the absence and
presence of different additives at 25.0 °C at the deposition potential of -1000 mV. The results revealed that the obtained
films are polycrystalline structure. All films show diffraction peaks located at 20 = 43.91°, 50.97°, 74.43° and 90.43’,
corresponding to (111), (200), (220) and (311) crystalline planes of Cu substrate according to ICDD card
no. 00-003-1018, respectively. However, the peaks observed at around 44.03°, 51.10° and 79.76°, corresponding to
(111), (200) and (220) reflections planes of Ni (ICSD n° 01-089-7128 and ICSD n" 01-088-2326), as indicated by the
face-centered cubic (FCC) structure of nickel. The addition of additives shifted slightly these peaks toward lower 20
values. The (111) plane is the stronger, indicating that it is the preferential orientation. In the presence of boric acid in
the bath, the intensity of this peak increases. The XRD pattern revealed two distinct diffraction peaks at 20 = 66.53° and
71.07°, which correspond to the (411) and (332) planes of tetragonal CusO3 (ICSD n° 01-083-1665). This mixed-
valence copper oxide phase most likely developed as a result of partial oxidation of exposed copper substrate regions
where nickel electrodeposition was not complete. Local oxidation may have resulted from the presence of microbubbles
created by hydrogen evolution during the deposition process, which prevented uniform Ni coverage. Interestingly,
samples with continuous nickel films did not exhibit these CusO3 related peaks, demonstrating that complete surface
coverage successfully shields the underlying copper from oxidation.
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Figure 6. X-ray diffractograms of Ni films electrodeposited at -1000 mV and t= 5 min in solution containing: (a) 60 g L'
NiSO4:6H20, 8.2 g L' NiCl2.6H20 and 0.5 g L' Na2SO4 (b) 60 g L' NiSO4-6H20, 8.2 g L' NiCl.6H20, 0.5 g L' NaxSO4 and
24.7 ¢ L'V H3BOs and (¢) 60 g L' NiSO4-6H20, 8.2 g L' NiCl2.6H20, 0.5 g L'! Na>SO4 and 0.84 g L' C2H204.2H20

The lattice parameters were calculated using XRD data as follows [30]:

a=dhklvh2+k2+lz (9)
and
1 4 (h?+hk+k? 12
a—z(—az )+ (10)

where djy; is interplanar spacing, (h k 1) are Miller indices, a and c are the lattice parameters, respectively [18]. The
average crystallite size (D) was evaluated by Debye Sheerer’s equation [32]:

K2
b= B cos 6 (11)

where K is the Scherrer constant (= 0.94), A is the X-ray wavelength (A = 1.54060 A), B is the full width at half
maximum (FWHM) value, and 6 is the Bragg diffraction angle.
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The dislocation density (6) was estimated by following relation [33]:

1
§=— (12)
The microstrain (€) was also calculated using the following formula [34]:
e= 220 (13)

The FWHM values, the crystalline sizes, diffraction angle 26, the microstrain and dislocation densities of the Ni
thin films were mesured using the (111) diffraction peak are presented in Table 3. It is clear that the introduction of
boric and oxalic acid in the electrolyte decreases the FWHM. In addition, the lattice parameters (a) and the crystallite
size of the films increased in the presence of additives. Thus, it can be said that the crystallinity of coating is extremely
affected by the addition of additives on the bath. The obtained results show that the microstrain and dislocation densities
values of the Ni films were reduced with the addition of additives.

Table 3. Structural parameters of the nickel thin films

x10-3
Ni Films FWHM f‘; (g) (k) dpy A) (nll)n) (L?n els‘;mz) ><1£0—2
without additives 0,19 4403 3567 (111) 2,059  10.598 8.91 3.41
with H3BO3 0,13 4401 3569  (111)  2,0609  15.488 417 234
with C;H204 0,16 4402 3568 (111) 20604  12.583 6.32 2.88

3.4. SEM analysis
The surface morphology of the e nickel films was examined using high-resolution SEM imaging at 50,000%
magnification, and the results are presented in Figure 7. The three micrographs correspond to Ni films deposited at
room temperature and —1000 mV, obtained without any additive (Figure 7(a)), with boric acid (Figure 7(b)), and with
oxalic acid (Figure 7(c)).

A £ 3

Figure 7. SEM micrographs of nickel thin films electrodeposited at -1000 mV and t= 5 min in solution containing: (a) 60 g L'
NiSO4-6H20, 8.2 g L' NiCl2.6H20 and 0.5 g L' NaxSO4 (¢) 60 g L' NiSO4:6H20, 8.2 g L' NiCl2.6H20, 0.5 g L' Na2SO4 and
24.7 ¢ L' HsBOs and (¢) 60 g L' NiSO4-6H20, 8.2 g L' NiCL.6H20, 0.5 g L' Na2SOs and 0.84 g L' C2H204.2H,0

Without additives (Figure 7(a)), the film shows a porous, kind of rough surface, with spherical grains that aren’t
packed tightly and have different sizes. Many voids and pits are visible, probably due to hydrogen bubbles that got
stuck during deposition. This interuption in the growth causes poor coverage and uneven distribution over the copper
surface, which also means nucleation wasn’t very efficient.

With the addition of boric acid (Figure 7(b)), the surface looks clearly better. The film is more compact and much
smoother, grains are finer too. No major cracks or flaws were observed, and the substrate seems fully covered. Most
likely, boric acid helps keeping the local pH steady and also minimizes hydrogen evolution, which makes the whole
process of deposition more controlled.
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As for the film with oxalic acid (Figure 7(c)), it also seems denser, although the grains here are a bit larger and less
packed compared to the boric acid one. Still, the surface stays relatively smooth, and there’s no serious defect you can
spot. This might be because oxalic acid interacts with Ni** ions differently, maybe slowing down the reaction by
forming weak complexes, which changes how the film grows.

Overall, adding these acids to the bath significantly improves the coating. Both boric and oxalic acid enhanced the
surface coverage and adhesion, but boric acid led to a film that’s clearly more uniform and compact.

3.5. EDS analysis
EDS (Energy dispersive Xray spectroscopy) was used to assess the elemental composition of the Ni films
deposited on copper substrate under different bath conditions, and the results are summarized in Figure 8(a—c).
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Figure 8. EDS spectrum of nickel coatings electrodeposited at -1000 mV and t= 5 min in solution containing: (a) 60 g L'!
NiSO4-6H20, 8.2 g L' NiCl..6H20 and 0.5 g L' Na2S04 (¢) 60 g L' NiSO4-6H>0, 8.2 g L' NiCl».6H20, 0.5 g L' Na>SO4 and
24.7 ¢ L' H3BOs and (e) 60 g L' NiSO4:6H20, 8.2 g L' NiCl2.6H20, 0.5 g L'! Na2SOsand 0.84 g L' C2H204.2H20
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Each spectrum displays characteristic peaks for Ni and Cu, indicating the coexistence of both elements in the
analyzed area. The relative weight percentages give further insight into how effectively the nickel coating formed in
each case.

In the sample without any additives (Figure 8(a)), the nickel content is notably low, with Ni accounting for only
about 6.13 wt%. This weak signal is consistent with the SEM observations, which show poor surface coverage. The
dominant Cu signal (93.87 wt%) suggests that the underlying copper substrate is largely exposed, indicating either a
very thin Ni layer or incomplete film formation. This aligns well with the porous and uneven morphology previously
observed.

When boric acid is used in the electrolyte (Figure 8(b)), the nickel content significantly increases to 17.12 wt%,
while the copper signal drops to 82.88 wt%. This suggests a much thicker and more complete nickel deposit on the
substrate. The improved Ni/Cu ratio is in line with the denser, more uniform coating observed in the SEM image (Fig.
5b), confirming that boric acid promotes more efficient metal deposition and better surface coverage.

The film deposited from the bath containing oxalic acid (Figure 8(c)) shows an intermediate composition. The
nickel weight percentage rises slightly to 8.17 wt%, higher than the additive-free condition but still significantly lower
than with boric acid. This implies partial improvement in Ni deposition and coverage, though not as effective as with
boric acid. The Cu peak remains relatively strong (91.83 wt%), reflecting limited shielding of the substrate. This result
also matches the SEM image in Fig. 5c, where the surface appeared smoother but with larger grains and less compact
packing.

Overall, the EDX results confirm that both boric and oxalic acid additives enhance nickel deposition efficiency.
However, boric acid appears more effective in promoting thick, uniform coatings with higher Ni content, likely due to
its buffering capacity and suppression of parasitic hydrogen evolution.
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4. CONCLUSIONS

In this paper, nickel films have been successfully prepared on copper substrates using the electrodeposition
method. The effect of the additives (boric acid and oxalic acid) on the nickel nucleation process, surface morphologies,
chemical composition, and crystal structure was investigated. The (CV) analysis showed that the electrodeposition of Ni
has been started at potential of approximately -0.70 V vs SCE and the presence of additives in the solution shifted
negatively the cathodic peak potential. The (CA) analysis revealed that the electrochemical deposition of Ni followed
the 3D instantaneous nucleation process and the presence of additives in the electrolyte did not affect the nucleation
mechanism of Ni. XRD measurements showed that all nickel electrodeposited films had the face-centered cubic (FCC)
structure with a (111) preferential orientation. In the presence of boric acid in the bath, the intensity of this peak
increases. SEM analysis indicated that the thin films obtained from the solution containing additives exhibit good
adhesion to copper substrates with a denser crystal size. EDS analysis confirmed the presence of Ni in all coatings.
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BILJIMB BOPHOI TA MABJIEBOI KHCJOTH HA MEXAHI3M 3APOIKEHHSI, CKJIAJl, MOP®OJIOTTIO TA
CTPYKTYPY EJEKTPOOCAI’)KEHUX HIKEJEBUX IIJIIBOK
®.3.K. Xamai', A. Paxmanil?, A. Xamai!
!Jlabopamopis gizuunoi ximii mamepianie (LPCM), @axyromem nayx, Yuieepcumem Amap Tenioxci, 03000, Jlazyam, Anoicup
2Jlabopamopias MONARIS, UMR 8233, Vuieepcumem Copbounu, 4-ma niowa XKioccoe, 75005 Hapuoie, Ppanyis

ToHki HikeneBi IUTBKH OynM €NEKTPOOCaKeHI HAa MiJHI MiAKIAAKA 32 KIMHATHOI TeMIepaTrypd 3 BHKOPHUCTAHHAM BOJHOTO
€JIEKTPOJIITY, IO MICTUTH CYIb(AT HIKEI0, XJIOPHU HIKEIIO Ta cyIbdar HaTpiro. Brums 1Box 1o6aBok (OOpHOT KUCIOTH Ta IIaBIEBOI
KHCJIOTH) Ha MEXaHI3M 3apODKEHHS, KpHCTaIorpadidHy CTpyKTypy, MOp(oJorito moBepxHi Ta XIMIYHHI CKJIax OTPHMAaHUX ILTIBOK
Ni Oy1n0 cucTeMaTHIHO JOCIIHKEHO 3a JOIIOMOT0r0 IUKIIiYHOI BossTammepometpii (CV), xporoammepomerpii (CA), peHTreHiBChKOT
mudpakuii (XRD), ckanyrodoi exekrponHoi Mikpockorrii (SEM) ta eneproxucnepciiinoi pertreniBebkoi cnekrpockorii (EDS). CV-
aHaJi3 1oKa3as, 0 NPHCYTHICTh JOOABOK 3Millly€ TIOTEHIIaIM KaTOAHUX MiKiB y Oik OUIbII HEraTMBHHUX 3HAYCHB, 1[0 CBIIYUTH MIPO
rajpMiBHUI e€(eKT BiJHOBJICHHS HiKeT0. XPOHOAMIIEPOMETPUYHI JOCIIKEHHS MiATBEPIHIM, 0 ocaykeHHs Ni BinOyBanocs B
TPUBHUMIPHOMY PEXKHMMI MHTTEBOTO 3apOJDPKEHHSI, Ha sIKe HE BILIMBAIM A00aBkH. PeHTreHorpamu mokasaid, mio Bei ki Ni manu
rpa”eneHTpoBany Kyoiuny (FCC) ctpykTypy 3 cmipHOIO opieHTamieto (111), roxi sk SEM-300paxkeHHsI BKa3yBali Ha IIUIBHIITY Ta
OIHOPigHINTY MOpdoIIOTito MoBEepXHi 3a HasiBHOCTI 100aBok. EDS-anaii3 miaTBepanB npucyTHiCTh Ni y BCiX 3pa3kax.
Ku104oBi ciioBa: Hikenv,; e1ekmpoocadicerts,; 006a6Ku;, OOPHA KUCIOMA; Wd6e8d KUCIOMA,; 3aPO0IICEeHHS
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The concept of a compact nuclear microprobe is based on specialized ion sources with beam currents not exceeding a few
nanoamperes and a small energy spread. At the Institute of Applied Physics, NAS of Ukraine, a low-power RF ion source has been
developed for application in a compact nuclear microprobe. The source operates at low RF power (< 10 W) and is designed to
generate a 'H* ion beam required for standard techniques such as PIXE, RBS, and proton beam writing. To reduce the beam
emittance and improve the spatial resolution of the microprobe, the source extraction aperture diameter was reduced to 50 um. This
paper reports measurements of the total beam current and emittance extracted from the low-power RF ion source with a micrometer-
scale extraction aperture. Data on the beam profile, its diameter, and divergence angle are also presented. The main parameters of the
RF source are as follows: quartz chamber diameter — 34 mm, length — 70 mm, working gas — hydrogen, extraction aperture
diameter — 50 um, RF power < 10 W, frequency — 45 MHz, ion current up to 100 nA. The extraction voltage varies from 10 to 300 V,
while the beam energy ranges from 1 to 6.5 keV. Beam emittance was measured using an electrostatic Allison-type scanner. The
minimum emittance containing 90% of the total beam current was found to be g9 = 1.36 m'mm-'mrad, while the rms-emittance is
ems= 0.32 mm'mrad. The normalized emittance is ev = 0.003 m'mm-mrad, and the energy-normalized emittance equals
0.1 m'mm-mrad-(MeV)"2. It is shown that reducing the diameter of the extraction aperture of the ion source to 50 um results in a
significant improvement in the ion-optical characteristics of the extracted beam.

Keywords: lon beam; Radiofrequency lon source; Beam current density, Extractor;, Emittance

PACS: 29.25.Ni; 41.75.Ak; 41.85.Qg; 41.85.Ne

Nuclear microprobe facilities are intended for local, non-destructive microanalysis of materials of diverse origin as
well as for the fabrication of high-quality micro- and nanostructures. Modern microprobe systems represent one of the
analytical channels within multi-purpose complexes based on electrostatic accelerators. These accelerators typically
deliver ion beam energies of several MeV and currents up to 100 pA [1-3]. To achieve significant demagnification
factors in the ion-optical system, the overall length of the microprobe beamline may extend to about 10 m.

At the Institute of Applied Physics, NAS of Ukraine, a concept for a compact nuclear microprobe has been
proposed [4], based on ion sources with beam currents up to 10 nA and an energy spread of about 10 eV.

To achieve high spatial resolution in low-energy (~30 keV) microprobe systems, liquid-metal ion sources, field ion
sources [5], or electron-impact ion sources with emission aperture sizes of 0.1-1 um [6, 7] are commonly employed.
However, due to their technical limitations, such sources are not suitable in compact microprobe designs.

In view of this, an inductive RF ion source has been developed at the IAP NAS of Ukraine for application in the
injector of a compact nuclear microprobe [8]. The source operates at low RF power (<10 W) and is intended for
generating 'H* ion beams required for standard techniques such as PIXE, RBS, and proton beam writing.

The source operates with hydrogen as the working gas, at an RF power level below 10 W. It is equipped with a
0.6 mm extraction aperture and delivers beam currents up to 3.5 pA with a proton fraction of about 10%. The relatively
low RF power enables a reduction of the ion energy spread to 7.5-9 eV. The geometric emittance containing 90% of the
total beam current was measured to be g9 = 9.8 mmm-mrad, while the energy-normalized emittance of the source
equals 0.8 m-mm-mrad-(MeV)'?.

To further enhance the spatial resolution and overall performance of the microprobe, it is essential to extract an ion
beam with the lowest possible emittance from the ion source. For this purpose, measurements of the emittance of the
ion beam extracted from the low-power RF source with an extraction aperture diameter of 50 um have been carried out.

This paper presents measurements of the total current and emittance of an ion beam extracted from an RF ion
source with a micrometer-scale extraction aperture. Data on the beam profile and divergence angle are also reported.

RF ION SOURCE AND BEAM CURRENT
The schematic of the inductive RF ion source and its operating principle are described in detail in [8]. The source
comprises a cylindrical quartz discharge chamber (@ 34 mm, length 70 mm) surrounded by a six-turn copper coil. An
RF voltage of up to 10 W at 45 MHz is applied to the coil. Hydrogen at ~1 Pa is contained within the chamber. The
coil’s alternating magnetic field induces an azimuthal RF electric field, which is absorbed by electrons in the gas,
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leading to excitation and ionization and forming an RF plasma discharge. Positive ions are extracted by an extraction
electrode, while an accelerating electrode focuses the resulting ion beam.
The consumed power of the RF generator is approximately 8 W. Considering the generator efficiency, the RF
power absorbed by the plasma does not exceed 5 W.
Fig. 1a shows the dimensions of the extractor with a 50 pm aperture. The aperture is fabricated from platinum.
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Figure 1. a — extractor with a 50 pm aperture: 1 — aperture, 2 — quartz diaphragm, 3 — extractor. b — ion beam current as a function
of extraction voltage for different hydrogen pressures

Measurements of the ion-optical characteristics of the RF source were performed on the experimental setup, the
schematic of which is shown in [8]. The ion source was connected to a vacuum chamber with a volume of
approximately 6 L, evacuated by a Leybold-360 turbomolecular pump with a pumping speed of 360 L/s. The vacuum
chamber was evacuated to a pressure of 1x10™* Pa, measured with a VMB-14 magnetic vacuum gauge.

Hydrogen was introduced into the source via a SNA-2 gas supply system. Within the operational range of gas
flow, the hydrogen pressure in the source was varied between 0.5 and 5 Pa. Correspondingly, the pressure in the
vacuum chamber of the setup ranged from (3—9)x10* Pa.

The current—voltage characteristic of the source, representing the dependence of the ion beam current /; on the
extraction voltage U.y, was measured using a Faraday cup located 100 mm from the source. The Faraday cup, with a
diameter of 22 mm, was equipped with a suppressor biased at -290 V to eliminate the influence of secondary electrons
on the current measurement.

Fig. 1b shows the dependence of the ion beam current /; on the extraction voltage U, at different hydrogen
pressures in the source chamber in the range of 1.2-4.4 Pa. The extraction voltage U,,, was varied from 10 V to 290 V
at a constant accelerating voltage of U= 4 kV.

As seen in Fig. 1b, the ion beam current increases monotonically with extraction voltage and decreases with
increasing gas pressure. The maximum current of /=100 nA is obtained at an extraction voltage of U.=290 V and a
low gas pressure of p=1.2 Pa.

At a gas pressure of p=1.2 Pa, the ion current curve is well approximated by a power-law function
I,=526+4.5-107-U.®, where the ion current /; is expressed in nA and the extraction voltage U, in Volts. At a

ext

pressure of p=4.4 Pa, the ion current curve is approximated by the function 7, =2.32+7.4-107 -U>*.
This form of the ion current dependence on the extraction voltage is characteristic of plasma ion sources, in which
the plasma emission boundary forms a meniscus. The emission boundary changes shape with plasma density n.,

electron temperature 7., and extraction voltage U, The shape of the current—voltage curves is determined by the
Child-Langmuir law: j, = (4€,/9)+/2¢/m - (U 32 / d*) , where g is the vacuum permittivity, e is the electron charge, m is

ext
the electron mass, and d is the distance from the plasma boundary to the extraction electrode.
Since in a plasma source the value of distance d depends on both 7, and ULy, the exponent of the power function
deviates from the value of 3/2.
The beam current density can be estimated as j, =1,/S, , where S, is the area of the extraction aperture. For

1=100 nA, the current density is j=5 mA/cm?.

BEAM EMITTANCE

The RF source's emittance was measured using an electrostatic scanner, whose design and operation are described
in detail in [9]. The device is based on the Allison—type scheme [10, 11].

The scanner consists of two parallel deflection plates supplied with a sawtooth voltage, an entrance and exit slit,
and a Faraday cup for measuring the ion current transmitted through both slits. The scanner is moved transversely to the
beam in the vertical x-direction by a stepper motor. The plates along the beam axis are 120 mm long, with a plate
separation of 10 mm. The widths of the entrance and exit slits are 200 um. The scanner's spatial resolution is 4.8 pm,
with a scanning range of 0-20 mm.
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The scanner was mounted at a distance approximately 55 mm from the ion source. Scanning along the x-axis was
carried out over a range of 0-7 mm with a step size of 93.75 um. The voltage applied to the deflection plates was varied
from -50 V to +50 V in steps of 1 V.

The angular resolution of the scanner depends on the beam energy E. For the energy of £ = 6 keV and a voltage-
scanning step of 1 V, the angular resolution is 0.42 mrad.

The determination of the emittance is based on measuring the ion beam intensity distribution Z(x, x ") as a function
of the coordinate x and angle x". The measured two-dimensional array of ion beam intensity Z(x, x ") represents the beam
current density distribution in the x-x" phase space. The array Z(x, x") enables the determination of key beam
parameters: geometric emittance &gy, the rms-emittance & and the ion beam current profile Z(x).

A cross-section of the distribution Z(x, x") at a given threshold value defines the emittance diagram, the area of
which, devided by =, corresponds to the beam emittance. For a threshold value corresponding to 90% of the total beam
current, the resulting emittance diagram represents the contour of the geometric emittance 99, which encloses 90% of
the total beam current.

During beam acceleration, its emittance decreases. The quantity that remains constant under beam acceleration is
the normalized emittance, defined as ey=¢'f-y, where £ and y are the relativistic beta and gamma factors. For non-

relativistic beams, the expression for the normalized emittance is given by &, =&,,-4,6:10°VE/ 4 , where E is the

beam energy, eV, and 4 is the ion mass number.

In addition to the geometric interpretation of the emittance as the area of the contour enclosing 90% of all beam
particles, there exists a statistical approach in which the beam is considered as a statistical ensemble of points in the
two-dimentional phase space x-x" [12, 13]. Particles within the space x-x" can be treated as a statistical distribution with
mean values (x) and (x').

In this case, the rms-emittance .. is determined by the standard deviations from these mean values, o,, 0, and

o

xx’ 2

where o7 =<x2>, o’ =<x2> and o2, =<xx'>2 are the second-order moments of the phase-space distribution

function. The expression for calculating the rms-emittance is given by: €, = \/ <x2><x'2 > —(xx')z =,/o’c. -0l .

rms

Emittance measurements of the ion beam were performed for various extraction voltages in the range of
Ue=150-300 V and acceleration voltages in the range of Ui.~1.5-6.5kV. The hydrogen pressure in the source
chamber was maintained constant at p=1.2 Pa.

Fig. 2a shows the 3D-intensity distribution surface Z(x, x") of the ion beam current, measured at an extraction
voltage of U,~280 V and an acceleration voltage of U,..=6.0 kV. The corresponding emittance diagram, illustrating the
contour of the emittance 99 enclosing 90% of the total beam current, is shown in Fig. 2b.
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Figure 2. a — 3D surface of the current intensity distribution Z(x, x "), b — contour of g9 beam emittance

At a beam energy of E=6 keV, the geometric emittance was found to be £9=1.9 m'mm-mrad. The rms-emittance
was &ms—0.44 mm-mrad. The ratio eop/e.ms is close to the theoretical value of 4.6 for beams with a Gaussian intensity
distribution [14, 15]. The normalized emittance was determined to be £5=0.0047 m:mm-mrad for A=2.

For comparing the emittances of ion sources with different beam energies, the quantity of the energy-normalized
emittance, defined as ¢E'?, is often used. The energy-normalized emittance of the beam was determined to be
0.15 m:mm-mrad-(MeV)'2,

The minimum emittance was obtained at an extraction voltage of U,~220V and an acceleration voltage of
Uuw=5.5kV. Under these conditions, the geometric emittance was &9=1,36 'mm'mrad, and rms-emittance was
&ms=0.32 mm-mrad, giving ratio &g/e;ms=4,2. The normalized emittance was ey=0.003 m-mm-mrad (4=2). The energy-
normalized emittance was 0.1 m:-mm-mrad-(MeV)"2.
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Figure 3 — The current density distribution (beam profile) along the coordinate x

The ion beam current profile, or the current density distribution along the coordinate x, is obtained by summing the
elements of the array Z(x)= ZZ (x,x”) over all values of the angle x for each coordinate x, resulting in a profile
expressed in nA/mm. Figure 3 shows the ion beam profiles measured for three different extraction voltages. The
profiles were measured at a distance of approximately 55 mm from the ion source (~120 mm from the extractor).

In the first case, at U.=220 V and U,.~=5.5 kV, the beam profile is indicated by triangles. The ion beam diameter
is d =3.20, =1 mm, and the full divergence angle is & =3.20,=8.3 mrad. The beam emittance is £99=1.36 n-mm-mrad.

The beam profile, indicated by squares, corresponds to the case, where the extraction voltage is U.~280 V and
acceleration voltage is U,.~6.0 kV. In this case the beam diameter is d =3.20,=1.3 mm, and the divergence angle is

60 =3.20.,=10.2 mrad. The beam emittance equals £99=1.9 m-mm-mrad.

In the third case, at U.=300V and U,..~6.5 kV, the beam profile is indicated by dots. The beam diameter is
d =3.20,=1.4 mm, and the divergence angle is & =3.20,=11.2 mrad. The beam emittance is g¢y=2.0 T-mm-mrad.

CONCLUSIONS
At the Institute of Applied Physics of NAS of Ukraine, an inductive RF ion source was developed for use in the
injector of a compact nuclear microprobe. The source operates at a low RF power of less than 10 W and is designed to
generate a '"H" ion beam required for standard techniques such as PIXE, RBS, and proton-beam writing.
To reduce the ion beam emittance and thereby improve the spatial resolution of the microprobe, the source
extraction aperture diameter was reduced from 0.6 mm to 50 pm.
The measurements of the ion-optical beam characteristics showed that:

e the total beam current decreased from 3.5 pA to 100 nA, while the ion current density increased from
1.2 mA/cm? to 5 mA/cm?;

e the geometric emittance was reduced from £99=9.8 m-mm-mrad to £9p=1.4-2.0 m:mm-mrad;

e the rms-emittance decreased from &,,,s=2.2 mm-mrad to &,=0.33-0.44 mm-mrad;

e the energy-normalized emittance was 0.1-0.15 m-mm-mrad-(MeV)"? instead of 0.8 m:-mm-mrad-(MeV)"?;
e the ion beam diameter decreased from 3.6 mm to 1-1.4 mm;

e the full beam divergence angle decreased from 30.8 mrad to 8.3-11.2 mrad.

Thus, reducing the ion source extraction aperture diameter to 50 pm greatly enhanced the ion-optical properties of
the extracted beam.

This work was carried out within the framework of the project “Investigation of physical processes of ion beam
formation in a compact nuclear microprobe based on an immersion probe-forming system”, State registration number
0120U101035, under the Priority thematic area of scientific research and scientific-technical developments in Ukraine
“Fundamental problems of physics, astrophysics, materials science, nuclear energy, and radiation safety”.
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EMITTAHC IOHHOT' O BY JIZKEPEJIA MAJIOI MOTYKHOCTI 3 MIKPOMETPOBUM
EKCTPAKI[IMHAM OTBOPOM
Biraniii 1. Bosnuii, Onexcanap I'. Ilonomapsos, JImurpo B. Marinin, Imutpo II. Hlyasra, Bonogumup A. Pedpos
Incmumym npuknaonoi gizuxu HAH Yrpainu, 58, eya. [lemponasniscora, 40000 Cymu, Yrpaina

KoHuenmiss KOMIakTHOTO SAEPHOTO MIKPO30HIA IPYHTYEThCS Ha BUKOPHUCTAHHI CIIEIiali30BaHUX JDKEpes 10HIB 31 CTPyMOM, IO HE
MEpEeBUILY€e NCKITbKOX HaHoammep i mamuMm poskugoMm mo eHeprii. B II1d HAH VYkpaiau pospobneno ionne BU mxepeno s
BHUKOPHCTAHHS Y KOMIIAKTHOMY siIepHOMY Mikpo3oHni. J[xepeno npamoe npu Hu3bKiii BY mortyxnocti < 10 Bt i npusnauene ms
renepaiii myuka ionis 'H*, HeoOXifHOrO st cTaHAapTHUX MeTouK, Takux sk PIXE, RBS Ta nporonHo-npomenesa sitorpadis. 3
METOI0 3MEHIICHHS eMITTaHCy ITyyka Ta MiJABHINEHHS MPOCTOPOBOI PO3ALIBEHOI 3JaTHOCTI MIKPO30OHAA, JiaMeTp eKCTPaKIIHHOro
OTBOpPY JKepena 3MeHIIeHOo 10 50 MKM. Y poOOoTi IPUBOIATECS Pe3yNIbTaTH BUMIPIOBAHHS 3arajbHOTO CTPYMY Ta €MITTaHCY ITydKa,
SIKUil ekcTparyerbes 3 ionHoro BU jpkepena Manoi MOTYKHOCTI 3 MiIKPOMETPHYHMAM €KCTpakuiiHuM oTBopoM. HaBeneHo naHi mono
BUMIpIOBaHHs NMpo(iN0 Mydka, HOro miamerpa Ta KyTa po3xokeHHs. BU pkepeno mMae mapamerpu: AiaMeTp KBaplOBOI KOIOH -
34 mm, nomxuna - 70 MM, pobo4Hii ra3-BojieHb, AiaMeTp oTBOpY ekcTpakiii — 50 mkm, BU-notysxuicts <10 Br, gacrora - 45 MI'1,
iorHuit ctpym mo 100 HA. Hampyra excrpakuii 3miHtoerbest Big 10 go 300 B, enepria myuka 1-6,5 keB. BumiproBanHs eMiTTaHCy
Iy4Ka IPOBOAMIIOCS 32 JOIMOMOTOI0 EIEeKTPOCTATHYHOTO CKaHepa, BHKOHAHOTO 3a cxeMolo AsmicoHa. Hailimenmre 3naueHHsS
eMitTaHcy, mo Mictutb 90% IOBHOTO CTpyMy Iydka, IOpiBHIOE &9=1,36 T-MM'Mpaj, a rms-eMiTTaHc- &ms=0,32 MM-Mpan.
HopmamnizoBannit  emirranc craHoButh &v=0,003 m-MM'MpaJ, a eHEpPreTHYHO HOPMAai30BaHUH €MITaHC  IOPIBHIOE
0,1 m-mm-Mpan-(MeB)Y2. Takum unMHOM, 3MEHIICHHS JiaMeTpa eKCTPaKIiifiHOro oTBOpYy i0HHOrO [kepesa A0 50 MKM MPHU3BENO JIO
TIOMITHOTO ITiIBUIICHHS] I0HHO-ONTHYHUX XapaKTEePHCTHK €KCTPAroBaHOTro ITyyKa.

Kuro4oBi ciioBa: ionnuil nyuok,; sucokoyacmomue 0xcepeno ioHis, WilbHiCmb CMpyMy HYuKd, eKCImpaKmop, eMimmanc
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The current study investigates second harmonic generation of elliptical beam in thermal quantum plasma (TQP) by taking
relativistic-ponderomotive (RP) forces together. There is change in mass of electrons due to RP force thereby producing change in
background density profile in a direction transverse to main beam. The main beam gets self-focused. The established density
gradients excites electron plasma wave (EPW) at pump wave frequency. The excited EPW further interacts with pump wave to
produce second harmonic generation (SHG). The widely accepted WKB and paraxial approximations are employed for deriving
the 2" order ODEs for semi major and semi-minor axes of elliptical beam with normalized propagation distance and efficiency of
second harmonics. Furthermore, the influence of varying suitable laser-plasma parameters on beam waist dynamics and efficiency
of 2" harmonics are also explored.

Keywords: Elliptical Cross-section, Quantum Plasma; RP force; Electron Plasma Wave; Paraxial Theory;, WKB approximation
PACS: 52.38.Hb, 52.35.Mw, 52.38.Dx

1. INTRODUCTION

The laser-plasma interaction is vibrant research field as a result of its direct relevance to many applications
including X-ray lasers, laser induced, and acceleration of plasma species [1-8]. Recent advancement in laser technology
has made possible the production of lasers with intensities exceeding 108 W /cm?. At such intensity, intense lasers
interaction with plasmas has led to interesting nonlinear physics. Because, in this region the behavior of plasma
electrons is highly nonlinear. The laser-plasma interaction has led to production of nonlinear phenomena including
harmonics production, scattering instabilities, self-focusing and filamentation [9-17]. The complete knowledge of laser-
plasma interaction physics requires investigation of these instabilities. These instabilities cause great reduction in
efficiency of laser-plasma coupling. So, these instabilities could be minimized if we are having their in-depth
knowledge. In 1962, Askaryan initially identified phenomenon of self-focusing [18]. The other nonlinear processes are
directly affected due to self-focusing phenomena. Self-focusing process causes in change in dielectric and optical
properties of plasma medium. Further, there is displacement of plasma electrons towards less intense portion as a result
of ponderomotive mechanism in collisionless plasma. This in fact results in carrier redistribution in plasma. In laser-
plasma interaction, generation of harmonics play a major role. The generation of harmonics is greatly influences
propagation of lasers through plasma medium. The power of beam gets penetrated in the overdense portion as a result
of production of harmonics. The harmonics production is valuable tool for retrieving information about pivotal
parameters like expansion velocity, electron density, and opacity [19-20]. SHG helps in tracking transition of laser
beam through plasma targets. The pulse duration of radiations of 2" harmonics is very small. This really makes them
suitable for plenty applications in UV spectroscopy [21-24]. The harmonics can be produced in laser produced plasmas
through many techniques such as excitation of EPW, acceleration of photons, induced density gradients etc. [25-29].
The most frequently way of producing 2"¢ harmonics is with the help of excitation process of EPW. The production of
density gradients in plasmas causes EPW excitation at pump wave frequency. The interaction of excited EPW with
pump beam generates 2" harmonics. Researchers have investigated SHG both theoretically and experimentally in the
past [30-36]. It is quite clear from literature review that majority research on SHG has been explored in classical
plasmas, which have less density and high temperature. Recently, a new plasma regime known as quantum plasmas has
been explored. This regime has less temperature and high density. Researchers are highly motivated in exploring lasers
interaction with quantum regime as a result of its applicability to plenty applications such as fusion science,
nanotechnology, astrophysics etc. [37-42]. Further, nonlinear effects get amplified due to quantum effects. If the plasma
temperature, Fermi temperature are denoted by T and T respectively. Then, quantum contribution can be expressed
through parameter y = T?F For y = 1, quantum effects become more pronounced. One can get overall details of
quantum plasmas through FD-statistics. The De-Broglie wavelength A5 differentiates quantum regime from classical
regime. For the case of classical plasmas, Az has a very low value. Whereas, for quantum plasmas Ag >

interatomic distance. Most of the research on SHG is either done through classical plasmas or through cylindrical
Gaussian beams. In current study, we are exploring for the first time SHG of elliptical laser beam through TQP under
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combined influence of RP force. The elliptical beam introduces anisotropy in self-focusing, an unequal waists along
two transverse axes produce non-uniform intensity and asymmetric plasma density redistribution. This modifies local
refractive index and phase matching for SHG. In Section 2, The well-established WKB and Paraxial theory are used for
deriving 2" order ODE for semi-major axis and semi-minor axis of laser beam having elliptical cross-section. In
Section 3, we derived expression for the amplitude of EPW which act as 2" harmonic source equation. The efficiency
of second harmonics is derived in Section 4. In Section 5, detailed discussion of the results obtained is discussed and
finally conclusion of results obtained is discussed in Section 6.

2. EVOLUTION OF SPOT SIZE OF LASER BEAM
Consider a laser beam having elliptical cross-section be transiting along z-axis. We have taken the transition of
elliptical laser beam in TQP along z-axis. The present study incorporates both relativistic & ponderomotive nonlinear
effects. Field amplitude for elliptical beams is taken as

E = Eqexp (—i—g) (D

In Eq. (1), a & b denote initial beam radii of the semi-major axis and semi-minor axis respectively. E is the maximum
field amplitude. For, isotropic plasmas i.e,] = 0,p = 0,u = 0 the expressions for Faraday’s law and Ampere’s law
becomes

10D

VXB_ZE (2)
10B

VXE——ZE (3)

In Egs. (2) & (3), E, B & D = ¢E correspond to electric vector, magnetic vector and electric displacement vector
respectively. One can combine Eqs. (2) & (3) to obtain wave equation for electric vector as

2
VZE—V(V-E)+‘;’—ZsE=0 4)

. . 1 . . .
In Eq. (4), we can ignore the term V(V - E') assuming that e |[V2In €| « 1 with k being propagation vector. Here, w &
€ correspond to angular frequency and dielectric function respectively. One can re-write Eq. (4) as

2 w? —
V°E + C—st—O %)

Under the joint contribution of quantum effects, Fermi pressure, and Bohm potential, the overall dielectric function for
TQP takes the form [42-43]

-1

w2 K202
—1_ % _ f_9°q
e=1-- (1 — y) (6)
4m*h?
m2ZwZit

respectively. If we substitute Tr—> 0 in Eq. (6), then we get € for cold quantum plasma (CQP). Further, setting Ty —>

2KBTf
m

In Eq.(6), vf = denotes Fermi speed, y is relativistic factor expressed asy = (1 + aEE*)Y/?,and §q =

4mne?

m

0, % —> 0in Eq. (6), we get € for classical relativistic plasma (CRP). Further, w, = denotes plasma frequency.

The electron number density gets modified due to ponderomotive force. One can express this changed number density
as [42-43]

2
n = noexp (— 5=y — 1)) ™)
The general form for € for TQP can be expressed as
€ =g + ¢(EEq) (®)

In Eq. (8), the linear and nonlinear parts of € can be expressed as g, = 1 — Z—%’ & O(EE™) respectively. Under combined

action of RP force, the nonlinear part ®(EE™) of the dielectric function in TQP becomes

w2

. w3 1 kzv]% 5q -1 me?
P(EED) =2 (1= (1= -2 exp (-7 (- 1) ©)

4amnge?
Where w,o = f—o
m
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Following [44-45], the solution of Eq. (5) can be represented as

E = Egexp [i(wt — k(S + 2))] 10)
2 _ Eb A
Fo=1r exp | a2 f? bezz] (i

S =2 Ri@) + L o(2) + Bo(2) (12)

k =%\/£_0 (13)

. . _ . d d
‘S’ represents eikonal for the beam with elliptical cross-section, B,(z) = fld—j;l and B,(2) = fld_f: denote wavefront’s
1 2

curvature along X & Y axes respectively, @, (z) is phase shift connected with beam, f; & f, denote beam widths of
beam having elliptical cross-section and satisfy following 2" order differential equations

exp _me? 1+aE%0—1 | |
T
a2 _ 1 (wpa)z ak, i A <1 _ KPR me? aE, K2vf 8q
2

an? ~ f} c 2ffa w? ) + T, 1+ fifz 1= wz aE2, (14)
1+ucE%0 3/2 _ ﬁ __8q 1+f1f2
fifz w? aE2,
*Fir2
mc? aE(Z)O
exp| ——| |1+ -1
d2f, _ a* _ (M)Z aEdy (E)Z ( e Jarz (1 _ kzvlg) +m_(:2 1 +aEgO 1— kzv/% _ 8q
an?  bif} c /) 2fffi \b 2 w? Te fife w? B2
00
( aEgO>3/2 KR Ui
fifz w? 2
aE,
1+f1}9;J
(15)
In Egs. (14) & (15),n = z/ka? is dimensionless propagation distance. Here, ka? denotes the Rayleigh length of beam.
.. . . . d d
The boundary conditions selected for numerical calculation of these equations are f; = f, = 1 and =22 5 n=0.

dan dan -

3. EXCITATION PROCESS OF EPW
We are incorporating motion of plasma electrons only for investigating excitation mechanism of EPW. Ions are
excluded from excitation dynamics due to their heavy and immobile nature. The relativistic-ponderomotive force causes
density fluctuations leading to excitation process of EPW. An analysis of the EPW excitation mechanism can be carried
out through the following well-known standard equations;
(a) Continuity Equation
AN,

=t V- NeV) =0 (16)
(b) Poisson’s Equation
V-E = 4n(ZN,; — N,)e 17
(c) Equation of State
Ly = Constant (18)
Ne
(d) Equation of Motion
m[5+ (V- V)V| = —e[E+2v x B] - 2rmv — L vp (19)
at c Ne €

Through the application of standard procedures, one arrives at the following equation for EPW:

2 2 2 2 1 kzv% h2k4 -1 mCZ 2 ~ € -
—wyny — v Veng + 200 weng + wp ;(1 -—— —) exp (—T(y -1)| n = — (noV.E) (20)

w? 16yn2w2m?
Incorporating Eq. (11) into Eq. (20) leads to the SHG source equation
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4. YIELD OF SECOND HARMONICS
Excited EPW interacts with main beam leading to SHG production. With Maxwell’s equations as the foundation,
one can obtain SHG field equation E, as
V2E, + 52((02)52 wp%Eo (22)
0
2" harmonic radiations have frequency represented by w, = 2w, and dielectric function expressed as &,. The
expression for E, can be written as

_w_lz;ﬂ Ego (_ x2 ) (_ yz ) 1
Fa =2 no Vs P\ 2a22) P\ 2 g2) G-ard (23)
Now, SHG yield can be obtained as
_ wpe?Ed, S _ x % 1 1
Y= mactfifo exp ( azflz) exp ( bzfzz) (asz + bzfzz) (k§_4kz)2 Vs ) 2 29
{("g_kzvtzh_wlz’<)l/<1_kw1;f_161/:§l;42m2) €xp (_mTEz(y_l))> }
5. DISCUSSION

Since, it is not feasible to have analytical solution of Eqs. (14), (15) and (24). So, we have employed a
numerical method. In fact, we have obtained accurate as well as stable solutions through fourth-order Runge—Kutta
(RK4) method. In fact, RK4 is found to be best method for solving ordinary differential equations. We have

2
employed established parameters for exploring the behavior of solutions as follows; aEZ, = 3.0,4.0,5.0, —2 =

wy
0.4,0.5,0.6, T = 107K, 10°K, 10°K

The right side of Egs. (14) and (15) contains two terms with distinct physical interpretations. In both equations, 1%
terms belong to divergence effect thereby causing beam spreading, while 2™ terms belong to convergence effect thereby
prompting beam focusing. During laser beam propagation inside plasma, these two terms govern overall evolution of
beam width. When there is domination of 1% term, then beam spreading takes place leading to increase in its beam
width. When there is domination of 2™ term, then beam focusing takes place leading to decrease in its beam width.
When these opposing factors are exactly equal in magnitude, then we achieve self-trapping condition, where natural
diffraction phenomenon is balanced by nonlinear focusing, maintaining a constant beam width.

Figures 1(a) & 1(b) illustrate variation of f; & f, as function of the normalized distance n for different laser
intensity values aEZ, = 3.0,4.0,5.0 respectively. Blue, green, and red color codes are used to denote aEZ, =
3.0,4.0,and 5.0 respectively. The shifting of minimum values of f; & f, towards higher 1 is found with increasing
aEZ2, parameter. This indicates that beam focusing is delayed by higher laser intensity. In other words, beam’s focusing
efficiency is reduced with increasing aE2, parameter. The observed trend is found due to diminished strength of the
nonlinear focusing term in relation to the diffraction term as aEZ, parameter increases.

Figure 1. Variation of f; & f, as function of the normalized distance 1 for different laser intensity values aEZ2, = 3.0, 4.0,5.0
respectively. Blue, green, and red color codes are used to denote aEZ, = 3.0,4.0,and 5.0 respectively

Flgures 2(a) & 2(b) illustrate variation of f; & f, as function of the normalized distance 17 for different plasma

densny = 0.4,0.5, 0.6 respectively. Blue, green, and red color codes are used to denote ~2 = 0.4,0.5,and 0.6

0

respectlvely. The shifting of minimum values of f; & f, towards smaller 7 is found with increasing F parameter. This
0

indicates that beam focusing is enhanced by higher plasma density. In other words, beam’s focusing efficiency is
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2
enhanced with increasing w—;’ parameter. The observed trend is found due to diminished strength of the diffraction term
0
2
. . . . w .
in relation to the nonlinear focusing term as w—;’ parameter increases.
0
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2
Figure 2. Variation of f; & f, as function of the normalized distance n for different plasma density %= 0.4,0.5,0.6
0

2
respectively. Blue, green, and red color codes are used to denote % = 0.4,0.5,and 0.6 respectively
0

Figures 3(a) & 3(b) illustrate variation of f; & f, as function of the normalized distance n for different Fermi
temperature Tf(Tf = 107K, 108K, 10°K ) respectively. Blue, green, and red color codes are used to denote Ty =
107K, 108K, 10°K respectively. The shifting of minimum values of f; & f, towards smaller 7 is found with increasing
T¢ parameter. This indicates that beam focusing is enhanced by higher Fermi temperature. The higher Fermi
temperature increases the Fermi pressure and electron degeneracy, leading to stronger plasma density redistribution.
This enhances refractive index gradient and weakens diffraction spreading. As a result, nonlinear focusing effect
dominates, causing the beam to self-focus more efficiently with increasing Tf.

14 14

0 0.5 1 1.5 2 25 3 ) 0.5 1 1.5 2 25 3

—

(@ (b)

Figure 3. Variation of f; & f, as function of the normalized distance n for different Fermi temperature T (Tf =
107K, 108K, 10°K ) respectively. Blue, green, and red color codes are used to denote Ty = 107K, 108K, 10°K respectively

Figures 4(a) & 4(b) illustrate variation of f; & f, as function of the normalized distance n for different plasma
regimes. Blue and red color codes are used for TQP and CRP cases. The more shifting of minimum values of f; & f,
towards smaller 77 is found in TQP case as compared to CRP case. This indicates that beam focusing is enhanced by
quantum effects. In other words, beam’s focusing efficiency is enhanced with quantum contributions. Actually,
quantum effects make the plasma respond more efficiently to intensity variations of laser beam, thereby enhancing
nonlinear refractive index and promoting stronger self-focusing.

Figure 5 illustrates variation of SHG yield Y, as function of the normalized distance 7 for different laser intensity
values aE3, = 3.0, 5.0 respectively. Blue and red color codes are used to denote aE3, = 3.0 and 5.0 respectively. It is
found that the yield Y, gets reduced with decrease in aEZ,. This reduction is attributed to the weaker self-focusing of the
pump beam at higher aEZ, values. Since, magnitude of yield Y,closely linked with effect of self-focusing, an increase in
aEZ, leads to weaker self-focusing, thereby resulting in a reduced Y, value.

Figure 6 illustrates variation of SHG yield Y, as function of the normalized distance 1 for different plasma density

2
= 0.4, 0.6 respectively. Blue and red color codes are used to denote % = 0.4 and 0.6 respectively. It is found that
0

Sl



547
Second Harmonic Generation of High-Power Elliptical Beam in Thermal Quantum Plasma EEJP. 4 (2025)

2
the yield Y, gets enhanced with increase in ﬂ. This reduction is attributed to the stronger self-focusing of the pump
0

beam at hlgher Values Since, magnitude of yield Y,closely linked with effect of self-focusing, an increase 1n — leads

to stronger self- focusmg, thereby resulting in higher Y, value.

11+ 111

0.5

0 0.5 1 15 2 25 3 0 0.5 1 15 2 25 3

n n— >
(a) (b)
Figure 4. Variation of f; & f, as function of the normalized distance 1 for different plasma regimes. Blue and red color codes are
used for TQP and CRP cases
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Figure 7 illustrates variation of SHG yield ¥, as function of the normalized distance n for different Fermi
temperature Ty (Tf =107K,10°K ) respectively. Blue and red color codes are used to denote Ty =
107K and 10°K respectively. It is found that the yield ¥, gets enhanced with increase in Ty. This reduction is attributed
to the stronger self-focusing of the pump beam at higher Ty values. Since, magnitude of yield Y,closely linked with
effect of self-focusing, an increase in Ty leads to stronger self-focusing, thereby resulting in higher Y, value.

Figure 8 illustrates variation of SHG yield Y, as function of the normalized distance n for different plasma
regimes. Blue and red color codes are used to denote TQP and CRP respectively. In TQP, the value of Y, is significantly
enhanced in comparison to CRP case. This enhancement is directly linked with process of self-focusing, as magnitude
of Y, is strongly affected by self-focusing phenomenon. In Figures 7 & 8, beam focusing is found to be more dominant
in TQP case followed by CRP case. Similar behavior is found for present study as well.

6. CONCLUSIONS
The current study explores SHG of elliptical laser beam in TQP. We have taken together relativistic and
ponderomotive (RP) forces in current study. The results drawn from this study are mentioned below;

2
(1) There is increment in tendency of beam to focus with increase in % and Ty parameters.
0

(2) The increase in aEE, tends to reduction in beam focusing tendency.

(3) With inclusion of quantum effects, the beam exhibits better focusing characteristics.

(4) There is an enhancement in SHG yield ¥, with enhancement in plasma density, Fermi temperature and with
lowering in beam intensity values.

(5) The magnitude of Y, gets enhanced with inclusion of quantum effects.

These results are extremely useful for researchers exploring laser-plasma interaction physics.
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TEHEPAILIIS IPYTOi TAPMOHIKH MOTYKHOI'O EJIITAYHOI'O IIPOMEHS B TEILJIOBIA KBAHTOBIH IVTIA3MI

Kewag Baabs!, Kyakapan Cinrx', Anymk Bimkaii?, linak Tpinari’

'Kagheopa isuxu, Yunicepcumem DAV, Iicaranoxap, Indis
’Kageopa izuxu, Yuieepcumem GLA, Mamxypa (V.I1.), [noin-281406
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VY 1poMy JOCHIIKEHHI JOCHIIKYEThCS TeHepallisi APyroi rapMOHIKM eNNTHYHOTO NMPOMEHs B TEIUIOBii kBaHTOBIH ruiasmi (TQP)
LIJISIXOM 00'€THaHHS peNsTHBICTChKO-oHAepoMoTopHX (RP) cmi. Criocrepiraerbest 3MiHa Macu enekTpoHiB yepes cuiy PII, mo
NPU3BOAUTH 10 3MiHH Npodiato (OHOBOI T'yCTHMHH B HAaIPSMKY, MOIEPEYHOMY 0 OCHOBHOTO InpomeHs. OCHOBHHII NpOMiHb
camooxycyeTbes. BceTaHOBIICHI TpalieHTH TYCTHHHM 30y/UKYIOTH eneKTpoHHy IuasmoBy xBwio (EIIX) Ha wactoTi XBuii
HakauyBaHHs. 30ymkeHa EITX noaaTkoBo B3aEMOIi€ 3 XBUIICKO HAKadyBaHHs, CTBOPIOOUM reHepaitito apyroi rapmoniku (IID). dis
OTPUMAaHHS 3BHYAMHUX IU(epeHLiaIbHUX PIBHSAHb 2-TO MOPSAAKY Ul BEIMKOI Ta MaJloi HaIliBOCEH eNNTHYHOIO IPOMEHsS 3
HOPMaJIi30BAaHOIO0 JAJBHICTIO MOLIMPEHHS Ta €()EeKTHBHICTIO JPYIHX I'APMOHIK BHKOPHCTOBYIOTHCS IIMPOKO NPUIHATI HaGJIVDKCHHS
BKB Tta mapakciampHa Teopis. KpiM TOro, Takox IOCIIJDKYETHCS BIUIMB 3MiHM BIIIOBIIHHMX IapaMeTpiB Ja3epHOIl IUIa3MH Ha
JMHAMIKy TEepPeTsDKKH IPOMEHS Ta eeKTHBHICT JPYTHX TapMOHIK.
KonrodoBi cioBa: eninmuunuii nonepeunuil nepepiz; KGAHmMOo6d NAA3Ma;, CUAd PN, eleKMPOHHA NAA3MO8A XGUIsl, NAPAKCIANbHA
meopis; nabaudcenns BKB
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The paper reports the results of measuring the total dose of X-ray bremsstrahlung from a powerful X-ray source based on the high-
current pulsed direct-action electron accelerator “Temp-B”. The parameters of the high-current, tubular relativistic electron beam from
the accelerator were as follows: energy 600 keV, current 13.5 kA, and pulse duration 1.0 ps. Using the pulsed magnetic field of a
solenoid, the electron beam generated in a magnetically isolated diode was transported over a 55 cm distance toward the molybdenum
converter. An auxiliary coil, connected in series with the solenoid, was placed adjacent to it to provide the desired magnetic field in
the converter region and avoid beam losses. The methodology for determining the total dose of the produced X-ray bremsstrahlung is
described. Polycrystalline detectors were used for measuring the X-ray bremsstrahlung dose. They were located 80 mm behind the
converter in the polar plane, with a 20° separation. Measurements of the dose distribution over the polar angle showed symmetrical
distributions of the radiation at both polar and azimuthal angles relative to the axis. Taking into account such symmetry and the fact
that the electron beam radiates solely into the forward hemisphere, the integration over the entire sphere can be reduced to integration
over just a fraction of 1/8 of the spherical surface, thereby reducing the required number of sensors. The experimentally obtained value
of the total dose of the X-ray bremsstrahlung is 388.5 Gy per single pulse of the accelerator current, which is concentrated in a 120°
cone in the direction of the beam movement.

Keywords: High-current pulsed direct-action electron accelerator; Relativistic electron beam; Converter; X-ray bremsstrahlung,
Thermo-luminescent detector; Intensity, Dose.

PACS: 41.50.+ h; 41.60.Gr

INTRODUCTION

Charged-particle accelerators and gamma-emitting isotopes are widely used to produce powerful fluxes of hard X-
ray radiation. Isotopic sources are structurally simpler, while accelerator-based sources deliver higher radiation powers,
which is essential for their integration into high-performance production lines. To generate bremsstrahlung X-rays with
relativistic electron beams (REBs), two types of converters are used in the form of transmitting and reflecting targets,
which expands the possibilities of controlling the radiation flux. The hard X-ray radiation generated by REBs is widely
used in industrial processes, security systems, and non-destructive testing technologies due to its great penetration depth
and high spatial resolution. In addition, there has been recent interest in the use of powerful pulsed X-ray sources in
medicine [3]. Currently, extensive work is underway on both the creation of new X-ray sources based on direct-action
electron accelerators [4 - 7] and the improvement of methods for transporting and controlling the X-ray flux [8]. A feature
of most such installations is the placement of the converter directly at the output of the accelerating diode, or its
manufacture as a diode element. However, sometimes it is desirable to place the converter remotely from the accelerator,
which requires transporting the electron beam over a considerable distance. At NSC "KIPT", for quite some time, work
has been carried out on the creation and operation of appropriate radiation-beam complexes [1, 9 - 11]. This work presents
the design of a radiation-beam complex for the development of a powerful bremsstrahlung X-ray source based on the
high-current pulsed electron accelerator "Temp-B," with the converter located remotely from the magnetically isolated
accelerator diode, and the results of measuring the total radiation dose per pulse.

EXPERIMENTAL SETUP

The accelerator "Temp-B" consists of the following main elements: a pulsed voltage generator (PVGQG), a magnetically
isolated vacuum diode, a chamber for REB transport, a converter, a magnetic system, and devices for recording accelerator
parameters and X-ray bremsstrahlung radiation. The PVG provides a 600 kV pulse with a duration of 1.0 us. To reduce the
inductance of the PVG and the current load on the discharge electrodes, a design consisting of 4 parallel Marx generators is
implemented, placed in a metal tank filled with transformer oil. In this case, the current load on the spark gap is reduced by
4 times, and the total inductance of the PVG is 1.5 times smaller. To reduce the total number of spark gaps by 2, a bipolar
charging system is used (£100 kV instead of a unipolar 100 kV system) with two capacitors in series per stage. This
successfully solves the problem of simultaneously switching the generators onto a standard load.

The source of the high-current REB in the accelerator is a magnetically isolated vacuum diode with an explosive-
emission cathode. The design of the vacuum diode with magnetic isolation is shown in Fig. 1.
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Figure 1. Scheme of the diode and the chamber for beam transport

It is assembled according to a scheme in which the anode (1) is a conical insert connected to the beam transport
chamber (5). The use of an anode insert allows for electron flow parallel to the uniform external magnetic field in the
drift chamber. The magnetic isolation of such a diode is carried out by the magnetic field of the left edge of the solenoid
(2). The sharp front edge of the tubular cylindrical cathode (3), of a 60 mm diameter, mounted on the cathode holder (4),
is located in the region of the increasing magnetic field of the solenoid (2),

The beam-transport chamber (5) is a thin-walled stainless steel cylinder with an inner diameter of 70 mm and a
length of 550 mm. It connects the diode to the converter region (6). The chamber is placed inside the solenoid of the
guiding magnetic field (2), which has 188 turns arranged in two layers, with a 150 mm diameter. For the current pulse of
2 kA and duration of 10 ms feeding the solenoid, the magnetic field strength in the beam transport chamber is 640 kA/m.
Furthermore, an auxiliary coil (7), which has 34 turns in two layers at a diameter of 250 mm and is connected in series
with solenoid, is located in the interaction chamber region. It is designed to provide the necessary magnetic field strength
in the converter region. The calculated and experimentally implemented magnetic field parameters ensured magnetic
insulation and the transport of the electron beam with a current of 13.5 kA and an energy of 600 keV to the converter
without losses. Outside the vacuum diode chamber, a conical, two-layer insulating magnetic field coil (8) with 208 turns
is located. It is powered by a separate source and is intended to increase the electrical strength of the accelerating column
insulator (9). A Rogowski coil (10) was used to measure the beam current.
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Figure 2. Profile of the longitudinal magnetic field in the chamber for beam transporting

Fig. 2 shows a graph of the calculated longitudinal magnetic field profile (solid curve) in the beam transport chamber.
It shows the results of summing the fields from the solenoid, the auxiliary coil, and the conical insulating field coil. On
the graph, the origin of coordinates is aligned with the cathode's end face, and the converter is located 56 cm from the
cathode. Experimentally measured magnetic field strengths are marked with dots. To calculate the magnetic field strength
of the solenoid and a combination of several coils, they are considered as a set of ring currents, and the magnetic field at
a given point is determined by the total contribution of the magnetic fields of all ring currents, according to [12]. In this
case, all currents are assumed to be stationary, and the possible influence of other structural elements is not considered.
The calculations are consistent with the measurements within the apparatus's 5% error.

EXPERIMENTAL RESULTS
In Fig. 3, the voltage applied to the magneto-isolated diode is shown. A 60 mm-diameter, one mm-thick tubular
cathode was used to produce a relativistic electron beam. The beam, with a diameter of 53 mm, energy of 600 keV, current
of 13.5 kA, and duration of 1 ps, was delivered from the diode by the magnetic field to a molybdenum converter of a
0.5 mm wall thickness. Figure 4 shows a photograph of the beam imprint on the surface of the molybdenum converter
after two electron beam pulses. The good repeatability of the imprints should be noted. At a converter plate thickness of
0.5 mm, signs of the onset of its destruction process are clearly visible.
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Figure 3. Oscillogram of the voltage across the diode Figure 4. Electron beam imprint on the surface of a

molybdenum converter

Thermo-luminescent detectors (TLDs) of types MTS-6 and MTS-7 [14] were used to determine the angular
distribution of the X-ray bremsstrahlung radiation resulting from the interaction of the relativistic electron beam with the
converter. These detectors are polycrystalline LiF "tablets", doped with Mg and Ti atoms with a dose measurement range
from 10* Gy to 1 Gy in the X-ray and gamma radiation energy range, specifically from 20 keV to 6 MeV. Their diameter
is 3.5 mm, area equals 9.62 mm?, and thickness is 2 mm. Such detectors allow the measurement, with appropriate
calibration, of absorbed doses over a wide energy interval. The measured results were processed using the automatic
device RADOS TLD RE-2000 [13], which automatically reads the values stored in the dosimeters. The X-ray detectors
were placed 8 cm from the converter and positioned at 20-degree intervals relative to the electron beam axis. A total of 5
detectors were used (Fig. 5).

1-20°
Converter

B0 mm 2
Beam : ® o°

Y|
40°

®5 600
Figure 5. Disposition of the X-ray radiation detectors

Table 1 presents the results of measuring the generated dose absorbed by the detector in a series of two electron
beam pulses. The detector numbers correspond to those indicated in Fig. 5.

Table 1. Results of measuring the generated dose, absorbed by the detector

Detector Number 1 2 3 4 5
Angle relative to the beam axis, degrees (°) -200 0° 200 400 60°
Absorbed Dose (from RE-2000 reader), mGy 403.643 417.884 410272 [211.88 181.332

The measurement results for detectors 1 and 3 are approximately the same, indicating a symmetrical distribution of
X-ray radiation relative to the polar angle ® in the azimuthal plane where the detectors are located. For angles greater
than 60°, it was impossible to place the detectors due to structural reasons of the source. Nevertheless, a decrease in dose
with increasing angle is observed, such that the radiation in the 120°one is close to the radiation dose in the forward
hemisphere, and therefore to the total dose of the source, as the beam only radiates into the forward hemisphere.

To measure the total radiation dose in the forward hemisphere, it is sufficient to measure its distribution over a
spherical surface of a given radius. The total X-ray dose was calculated as follows. Considering that the element of area
dS of a sphere with radius r is:

dS = r%sin@dOdg,
where © and ¢ are the polar and azimuthal angles, respectively, the dose value D, distributed over the hemisphere, is:
D = [ de [* d(@)rsinodo. )

Here, d(O) is the surface dose density on the sphere of radius r. All detectors are placed in the polar plane. Since
d(0) depends only on O, and the integration over @ simply gives a factor of 2=, due to the azimuthal symmetry of the
radiation distribution, Eq. (1) can be written as:
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D = 2nr? [ d(6)sin0do. ©)

The dose d;, measured by a detector of an area S = 9.62mm? is a discrete estimate d(0) = d;/S.
To calculate the total dose, we use the trapezoidal rule. In our case, the last detector in the row is placed at an angle
of 60°. Therefore, we estimate the dose within the limits (in degrees) —60 < @ < 60, such that

D=l IRIs gy f | = 2188685 [25 4+ £ + f,] = 777.0586y

The magnitudes assumed by members of the integrand in (2) are given in Table 2.

Table 2. Initial data for calculating the radiation dose.

Detector Number Angle, ° Dose in detector di,, mGy fi=d1 sin ®
2 0° 417.884 0
3 200 410.272 140.321
4 40° 211.88 136.194
5 60° 181.332 157.038

Thus, the dose of X-ray radiation limited by the source measurement angle of 120°, which is close to the full dose
of radiation from the source, per one electron beam pulse with an energy of 600 kV, a current of 13.5 kA and a duration
of 1 ps, is D=777/2=388.5 Gray/pulse.

CONCLUSIONS
The doses of X-ray bremsstrahlung radiation, realizable per one current pulse from the high-current "Temp-B"
accelerator, have been estimated for a variety of angles relative to the direction of the relativistic electron beam’s motion.
The magnitude of the total radiation dose has been estimated. For the beam of a 600 keV energy, a 13.5 kA current
magnitude, and a 1 ps duration, the total radiation dose from the source was 388,5 Gy/pulse.
As found, most of the X-ray radiation is confined within a 120° cone about the beam propagation direction.
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BU3HAYEHHA TOBHOI 103U MOTYKHOI'O IMITYJIbCHOT'O I)KEPEJIA I'AJIBMIBHOT'O
PEHTT'EHIBCBKOI'O BUTTPOMIHIOBAHHA 3BY1’)KYBAHOI'O CHJIBHOCTPYMOBHUM
EJJEKTPOHHUM IIYYKOM
A.B. barpakos, C.I. ®egoroB, .M. Onimenko, €.I'. Faymko, A.M. I'opbans, O.JI. Pak, O.B. HeBapa, F0.M. BoJikos
Hayionanvruii nayxosuti yenmp «Xapkiscokuil ¢pizuxo-mexniunuti incmumymy, Xapxis, Ykpaina
IpencraieHo ekcriepuMeHTalbHEe BUMIPIOBAHHS IIOBHOT 103U ITOTY>KHOTO JKEpesia ralbMiBHOTO PEHTICHIBCHKOTO BUIIPOMiHIOBaHHS,
0a30BaHOr0 Ha IMITYJIbCHOMY IIPHUCKOPIOBAYi €JEKTPOHIB NpsMOi il 3 mapaMeTpaMd CHIBHOCTPYMOBOIO DEIISTHBICTCHKOTO
Tpy0O4acToro eneKTpoHHOro my4ka: enepris 600 keB, ctpym 13,5 kA i TpuBaiicTs immyiscy 1,0 Mxc. TpaHcopTyBaHHSs €1EKTPOHHOTO
Iy4yKa, OTPIMYBAaHOTO B MarHiToi30J0BaHOMY Ii0[i, 10 MOJIOJEHOBOTO KOHBEPTEPA Ha BiZICTaHb 55 ¢M 31iHCHIOBAIOCH IMITYJIbCHUM
MAarHITHAM TI0JIEM COJIeHOifa. [0 HbOro MpUMEKae JOAaTKOBA KOTYIIKA, 3'€JHaHA TTOCIIIOBHO 3 HUM, I 3a0€3MeYCHHS MarHiTHOTO
1ois B o0acTi KOHBEpTepa Ta YHUKHEHHS BTpart Irydka. Onucana MeToinKa BU3HAYEHHS IIOBHOI 103U TaJIbMIBHOTO PEHTI€HIBCHKOTO
BUIIPOMIHIOBAaHHS. J[JIsi BUMIPIOBAHHS JO3M TajJbMiBHOTO PEHTT€HIBCHKOIO BHIPOMIHIOBaHHS BUKOPUCTOBYBAINCS IOJIIKPUCTANIIYHI
JIETEKTOPH, SIKi pO3TalIOBYBaIKCs Ha BincTaHi 80 MM 3a KOHBEpTOPOM. J[eTeKTOpH pO3MIllyBaJIUCS B IOJSIPHIN IUIOMIKHI 3 KPOKOM
20°. BuMipu po3nofiny a03 3a MOJSIPHAM KYTOM ITOKa3ald CHMETPil0 BUIIPOMIHIOBAHHS 32 MOJSIPHHM Ta a3UMYyTaIbHHM KyTaMH
BiZIHOCHO ocH. Bepyun 10 yBar, 1o my4oK BUIIPOMIHIOE TINBKH MEPEIHIO HamiBcdepy, TO pa3oM 3 BUMIPSHOIO CHMETPI€I0 MOMKITHBO
iHTETpyBaHHs 10 BCid cdepi 3BecTH 00 iHTErpyBaHHs Jumie mo 1/8 rurommHi cdepu, 3MEHIIMBINN KilbKICTh JaTYHKIB.
ExcneprMeHTanbHO OTpHMaHa BEMYMHA MOBHOI 03U TajbMIBHOTO PEHTTEHIBCHKOTO BuIpoMiHIoBaHHA 388,5 I'p 32 oxuH iMmynbe

CTpyMy IIPHUCKOPIOBaYa, sika 30cepe/keHa B KyTi 120° B HaIpsAMKy pyxy ITydKa.
KunrouoBi cioBa: curbnocmpymosuil imnyabcHuil eneKmpoHHUull RPUCKOprosay npamoi Oii; pensimusicmcbKuti enekmpoHHUull ny4oxK;
KOHBEPMOP, 2AlbMIGHE PEHMEEHIBCHKE GUNPOMIHIOBAHH, MEPMOTIOMIHECYEHMHUL OeMeKmOop,; IHMEHCUBHICHb, 003d
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In this research, we have studied a speed system for neutron flux estimation used in experimental works with radiation protection
design and for applications where materials identification based on neutron backscattering is crucial. The most effective approach is
neutron-gamma discrimination using the stilbene scintillator. We performed a discrimination with the charge integration technique.
The data acquisition was implemented using a high sampling rate oscilloscope. Crystalline stilbene is an organic scintillator that is
well-suited for fast neutron identification in environments with high gamma-ray-associated irradiation.

Keywords: Charge integration, scintillators; neutron gamma discrimination; landmine detection; neutron backscattering

PACS: 29;29.40.Mc; 29.40.-n

1. INTRODUCTION

In this research, we have studied neutron gamma discrimination using the stilbene scintillator for applications where
neutron flux estimations are crucial. One of the approaches is to use charge integration. Organic scintillating materials
are frequently used for measurements that require sensitivity to gamma and fast neutron radiation due to their pulse shape
discrimination (PSD) nature. The primary reaction for neutron detection is elastic neutron scattering [1, 2]. Experimental
particle type identification is commonly taken using both charge integration and pulse shape discrimination methods.
Recent research works in PSD methods demonstrate the effectiveness of charge-integration along with the new techniques
[3]. The pattern-recognition method offers a short data processing time. A classical neutron gamma discrimination [4] can
operate in a wide dynamic range up to 4MeV and demonstrates a lowest energy threshold down to 30 KeV but has a specific
requirements for setup tuning. A few works demonstrate a great pulse shape discrimination capability for simultaneous
detection of gamma-rays, slow and fast neutrons using only the one detector [5]. Recent algorithms of neutron/gamma
discrimination, such as the use of neural networks [6]. For portable applications, for example, in evaluative tasks, data
could be taken with digital oscilloscopes [7]. The minimum requirements for an oscilloscope are a sampling rate of 1
GS/s, 8-bit vertical resolution, and a bandwidth of 200 MHz. The described method’s precision is comparable to the
classic technique of zero crossing of two signals from the last dynode and photocathode, with further signal analysis
on the time to digital converter (TAC) and spectrometer. In particular, the charge-integration method allows for highly
accurate discrimination between photons and neutrons at high-energy depositions. This paper describes the algorithm and
experimental details of the algorithm implementation for neutron gamma discrimination using the oscilloscope.

2. MATERIALS AND METHODS

The raw scintillation pulses were recorded with the oscilloscope GW Instek GDS-3504 [10] Digital Oscilloscope
500 MHz 4 GSa/s. It accumulated more than 100k pulses from the stilbene scintillator size of 40 mm x 40 mm, wrapped
in PTFE tape. The leading-edge trigger threshold was set as the lowest possible 50 mV according to baseline noise and in
terms of energy < 1 MeV. The data was obtained using a Pu-Be neutron source 10°, which produces neutrons and instant
gamma-rays. A used photomultiplier tube, PMT Hamamatsu R1307 [9], operating at 972 V, was installed in a dark box.
To avoid signal distortion, it was used one-stage buffer amplifier with a 2 us integration time directly connected to the
oscilloscope. An internal oscilloscope termination of 50 Ohms is used to avoid signal reflection. Fig. 1 presents the block
scheme of the experimental setup used for data accumulation. The Pu-Be source is installed 15 cm from the detector. The
stilbene crystal was coupled with optical glue Cargile [8] to the PMT window, a single-stage amplifier connected directly
to the oscilloscope. Selected trigger holdoff (timing gate) was in the range of 300 ns.
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Figure 1. Experimental setup. Equipment used to measure the n-y discrimination by the charge integration method.

3. ALGORITHM AND DATA PROCESSING

The charge comparison method provides the most common pulse shape discrimination (PSD). The ratio between
neutron 1 and gamma rays could be measured based on charge comparison of the entire signal Q total and the charge of

the slow part of the signal tail Q slow.

R=0,/0 (D

Typical neutron and gamma-ray pulse signals are shown in Fig. 2 The ratio Qs/Qt is the main criterion of the method
to classify pulses as neutron or gamma interactions with the scintillator. Neutron pulses — red line, gamma — blue line.
The ranges of integration Qs (from 50 to 200 ns) have been fitted to have the best discrimination in terms of figure of merit

(FOM).
A

—_

Qt

Amplitude, au

0 300
Time, ns

Figure 2. Charge integration principle, long gate Qt and the slow gate Qs selected for the charge comparison method.

Finally, to calculate the quality of neutron/gamma discrimination of the stilbene scintillator used the figure of merit

(FOM), which is:
FOM = D/(FWHM, + FWHM,,) 2)

Both neutron and gamma are semi-Gaussian functions; D is a metric of peak separation. To account for a variation
of rise time for the pulses with the different amplitudes (rise time correction), the constant fraction discrimination function
(CFD) was applied to the accumulated dataset. By varying the slow gate position to the long gate, it was solved the
best position for the FOM was solved during the fitting process. An algorithm has been developed that is capable of
automatically calculating the area integrals for predefined gates (Q; and Q). Using the Python code, the raw amplitude
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Figure 3. FOM calculation: distance D between neutron and gamma peaks, full widths at half maximum for gamma and
neutron peaks.

pulses were recorded from the oscilloscope during the exposition time to the host PC. After gate selection, for each recoded
pulse, the Ratio Qs/Qt was calculated. At the end of the ratio calculation, the resulting FOM is used to adjust the gate
and recalculate the FOM.

4. EXPERIMENTAL RESULTS

Similar results but with different equipment were examined by many researcher groups [11, 12] and our implemen-
tation following the main principle of charge integration. As a result, the measured FOM for stilbene scintillator was

0.715.
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Figure 4. The n-y discrimination spectra for stilbene scintillator 40 mm x 40 mm, PMT Hamamatsu R1307, Pu-Be source.

The shaping time of the amplifier was 2.0 us for all expositions, which is longer than the scintillation decay time.
The conventional organic scintillator stilbene corresponds to standard parameters in experiments, and it’s possible to use
a simplified acquisition path to evaluate the discrimination ratio.

5. DISCUSSION AND CONCLUSION

Our research shows a comprehensive approach to measuring FOM with modern oscilloscope equipment. The quality
of the stilbene scintillator may affect the resulting FOM. High-grade discrimination could be achieved with the simplified
electronic path, compared to classic zero-crossing (ZC) techniques, which utilize a more complex timing circuit [link]. An
obtained experimental dataset could be used for further analysis, for example, to train Al-based recognition models [link].
The energy threshold of the detecting system could be estimated with calibration at different energy sources [13]. The
charge integration method is effective for 100 keV electron energy with a range up to 4 MeV. The drawback of the charge
comparison method is mainly the higher lowest threshold energy. The method needs an oscilloscope with a bandwidth of
at least S0O0MHz, vertical resolution might be 8-bit, but a 12-bit ADC will provide a better particle identification (in a noisy
environment). PMT dynamic gain is important to achieving better discrimination at energy applications below 50 keV. A
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fitting procedure and data processing have been written using Python. Our approach demonstrates potential applications
for this setup in portable systems, especially in cost-efficient systems.
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JUCKPUMIHANIA HIBUAKUX HEWTPOHIB 3 BUKOPUCTAHHAM CIHHUHTIJIIATOPY CTUJIBBEHY
I. AAxnvenxo', I. Onmmenxo', O. Cignenpkmii'>, B. Tpycosa?, O. Tapacenko', II. Ky3nenos', C. JIutoBuyenko*,
0. Kysin!, O. Iyce'

I Kagpeopa ¢pisuru s0pa ma eucoxux enepeiii imeni O.1. Axiesepa, Xapriscvkuii
Hayionanvhuli ynieepcumem imeni B.H. Kapasina, Xapxis, Ykpaina
2Kagpedpa meduunoi ghisuxu ma Giomeduunux nanomexnonoziii, Xapxiecoxuii
HauioHanvHuii ynieepcumem imeni B.H. Kapasina, Xapxie, Ykpaina
3Biodin mexnonozii supowyeanns kpucmanie, Incmumym cyunmunsyiiinux mamepianie, HAH Yipainu, Xapxis, Yxpaina
4kagpedpa mamepianie peaxmopobydyeanus ma QizuuHux mexnorozii, XapKiecokuii
HayioHanavHuii ynieepcumem imeni B.H. Kapasina, Xapxie, Ykpaina
3Biddin zemepocmpyxmyposanux mamepianie, Incmumym cuyunmunsuyiiinux mamepianie, HAH Ykpainu, Xapxie, Ypaina
Y 11boMy JOCITi IKEHHI MU JOCITIKYBaJIM CUCTEMY IIBU/IKiCHOI OI[iHKY IOTOKY HEMTPOHIB, IKa BUKOPHCTOBYETHCS B €KCIIEPUMEHTAIBHUX
po060Tax 3 MPOEKTYBaHHS padialliilHOrO 3aXUCTY Ta [Isl 3aCTOCYBaHb, [¢ iIeHTU(IKaIli s MaTepiaiB Ha OCHOBI 3BOPOTHOTO PO3CiIOBaHHS
HEUTPOHIB € KPUTHYHO BakJIMBOI0. HailepeKTHBHILIIMM MiJX0A0M € HETPOHHO-TaMMa AUCKPUMIHALIi S 3 BUKOPUCTAHHAM CUUHTHIIATOPA
cTuibOeHy. Mu peanisyBajin JUCKPUMIHALIIIO 32 JOIIOMOIOI0 METO/y iHTerpyBaHHsI 3apsiay. 30ip AaHuX 0yJ10 3IiCHEHO 3a JOIIOMOT0I0
ocruiorpada 3 BUCOKOI YacTOTOI0 JucKperu3auii. KpucTaniunuii cTiiab0eH — e OpraHiyHuil CHUHTWIATOP, KU 100pe IiXoauTh

JUTSL IUBUIKOT 11eHTHU(iKallii HEUTPOHIB y cepeloBUIIAX 3 BUCOKUM OIPOMIHEHHSIM, CYITyTHIM raMMa-BUITPOMIHIOBAaHHSIM.
KurouoBi caoBa: inmezpysanms 3apsoy,; CUUHMUASMOPU; HEHUMPOHHO-2AMMA-OUCKPUMIHAUIS, BUSBNCHHS HAZEMHUX MiH, 360pOMHe
PO3CIt08AHHS HEUIMPOHIE
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Aim: Head and neck cancer (HNC) is a significant global health concern, with rising incidence rates and a high prevalence in South
Asia, particularly in India. Radiation therapy, including advanced techniques like Volumetric-Modulated Arc Therapy (VMAT) and
Intensity-Modulated Radiotherapy (IMRT), plays a crucial role in treating HNC. This study aims to compare the dosimetric and
biological and second cancer risk estimation differences between flattened (FF) and flattening filter-free (FFF) beams in VMAT
treatment plans for HNC, focusing on the impact of 6 MV and 10 MV energies.

Methods: Twenty HNC patients underwent replanning using VMAT on an ELEKTA VERSA HD linear accelerator with 6 MV FF,
6 MV FFF, 10 MV FF, and 10 MV FFF beams. Dosimetric parameters evaluated included dose distribution to planning target volumes
(PTVs) and dose delivered to 98% of the target (D98), 50% (D50), and 2% (D2), as well as doses to organs at risk (OARs)., monitor
units per segment (MU/Segment), number of MU/cGy, treatment delivery time, conformity index, and homogeneity index, also
biological parameters (NTCP and EUD) and second cancer risk estimation were evaluated.

Results: The results showed that 6 MV FFF beams provided slightly better dose-sparing for OARs compared to 6 MV FF, with no
significant differences in target volume coverage. Both FF and FFF beams demonstrated comparable conformity indices, but FF beams
had better homogeneity indices. FFF beams required more monitor units (MUs) and segments but offered reduced treatment delivery
times. For 10 MV beams, FFF showed marginal advantages in dose homogeneity and sparing of normal tissues at lower doses, though
it required more MUs and segments, this study found that NTCP and EUD were largely comparable between FF and FFF types, with
minor but statistically significant differences for the brainstem (favoring FFF) and heart. Second cancer risks varied slightly by energy
and technique 6MV FFF reduced parotid risks (though increased larynx risk).

Conclusion: 6 MV beams, particularly FFF, showed slight advantages in sparing OARs and target volume coverage compared to
10 MV beams. This study highlights the dosimetric comparability of FF and FFF beams in HNC treatment, with FFF offering potential
benefits in treatment efficiency and reduced delivery times. This study also shows that FF and FFF types yield comparable
radiobiological outcomes, though 6MV FFF beams slightly reduce doses to critical organs without sacrificing efficacy. Both types
perform similarly, with minor risk variations by energy.

Keywords: Head and neck cancer; Volumetric Modulated Arc Therapy (VMAT), Flattening filter (FF), Flattening filter-free (FFF);
6MV; 10 MV

PACS: 29.38.Db

1. INTRODUCTION

Head and neck cancer (HNC) ranks as the seventh most prevalent cancer worldwide, with approximately 660,000
new cases diagnosed each year, contributing to nearly half of all cancer-related deaths. The incidence of HNC has been
increasing annually. About 55% to 60% of HNC cases occur in South Asia. In India specifically, HNC represents roughly
one-third of all cancer diagnoses, following cervical and breast cancer. The majority of HNC patients are male, with
around 70% to 75% presenting at advanced stages of the disease [1].

Radiation therapy for head and neck cancers continues to present significant challenges due to the severe side effects
experienced by patients. For individuals with cancers located outside the oral cavity who are undergoing definitive
treatment aimed at organ preservation, the established standard of care involves concurrent chemoradiation. In the
postoperative context, radiation therapy is often employed based on specific risk factors, accompanied by concurrent
chemotherapy in cases where there are positive surgical margins or extravasation of cancer cells (ECE) [2].

Radiotherapy is a crucial element in the treatment of head and neck cancers. Volumetric-Modulated Arc Therapy (VMAT)
and Intensity-Modulated Radiotherapy (IMRT) are prevalent treatment techniques for head and neck cancers due to their
dosimetric advantages, along with the preservation of nearby critical organs, which improves survival and quality of life.

VMAT and IMRT are advanced techniques in radiation therapy used to target cancerous tumors with precision while
minimizing damage to surrounding healthy tissues. VMAT delivers radiation by rotating the machine around the patient
in one or more continuous arcs. This technique modulates the dose dynamically as the machine moves, allowing for a
more complex and conformal dose distribution. As a result, VMAT can be faster, reducing treatment time and patient
movement. In contrast, IMRT employs multiple static or non-rotational beams from different angles to deliver radiation.
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The intensity of each beam is adjusted using multi-leaf collimators (MLCs) to shape the dose distribution, which can
make IMRT slower compared to VMAT due to the need for precise beam angle adjustments and patient repositioning.

Regarding treatment planning and dosimetry, VMAT planning can be more complex due to the need to optimize
dose distribution over a continuous arc. However, it often provides highly conformal dose distributions with fewer beams,
potentially offering better sparing of healthy tissues. IMRT, on the other hand, requires the creation of intricate beam
arrangements and intensity maps, which can be time-consuming but achieve precise dose distributions. VMAT typically
results in shorter treatment times and improved patient comfort due to its continuous arc delivery, whereas IMRT may
have longer treatment times. [3], because of the multiple beam angles and adjustments required [4], [5].

Flattening Filter (FF) and Flattening Filter-Free (FFF) are terms related to different configurations of linear
accelerators used in external beam radiotherapy. Flattening filter to create a uniform dose distribution across the treatment
field, ensuring that the radiation dose is evenly spread over the target area. However, the flattening filter can introduce
some variation in the dose distribution, resulting in a dose fall-off at the edges (penumbra) and FF beams have longer
delivery time which can lead to decreased patient comfort during treatment [6].

In contrast, FFF (Flattening Filter-Free) does not use a flattening filter, leading to a non-uniform dose distribution
with a higher dose rate at the central axis and a dose decreasing towards the edges of the field [7].

Treatment plans need to use more MUs to ensure that the entire target volume receives the appropriate dose, while
also effectively sparing surrounding healthy tissues [1].

Additionally, FFF can provide higher dose rates, which can shorten treatment times and improve efficiency. This
makes it particularly advantageous for techniques that require high precision and rapid delivery.

This study seeks to quantify and contrast treatment plan differences in terms of dosimetric parameters, radio-
biological response, and second primary cancer risk when using conventional flattened versus flattening-filter-free (FFF)
photon beams for head and neck malignancies. It further examines how beam energy levels (6 MV and 10 MV) influence
these parameters across both irradiation techniques.

2. MATERIALS AND METHODS

Twenty patients with head and neck cancer were included in this study, and underwent replanning with VMAT under
ELEKTA VERSA HD using 6MV FF and 6MV FFF also 10MV FF, and 10MV FFF. All 20 patients were treated at the
National Cancer Institute (NCI), Cairo, Egypt, the patients all males between the age of 40 and 60 with low grade tumors
are selected for this study.

Each patient underwent CT simulation using the Siemens SOMATOM Ratproof Computed Tomography (Siemens
Healthineers) with a dedicated protocol, with a 3 mm slice thickness. The simulation was performed head-first in a supine
position using a mask for immobilization.

All patients' CT images were transmitted to the Monaco Sim system (ELEKTA MONACO 5.51.10). The physician
delineated the target volumes and organs at risk (OARs).

After the delineation of the target and OARs was completed, the CT structure was transferred to the Monaco
workstation to design the VMAT planning (FF and FFF) facility for each case using energies 6MV and 10MV in the
planning, the prescribed dose 36Gy per 18 fractions of all cases for radical intent. Then it was transferred by the mosaic
system to begin radiation delivery.

Using two-photon beams of VERSA HD LINAC, 80 VMAT plans were created by directly changing the original
plan radiation energy 6MV (FF beam) to 6MV with FFF beam.

The same thing happened with 10 MV (FF beam) preplanned to 10 MV with FFF beam while maintaining the
original plan optimization parameters unchanged. Then the optimization was performed inversely using the original plan
parameters and doses were calculated using the Monte Carlo (MC) algorithm.

VERSA HD LINAC is equipped with an agility head with MLC of Smm (160 leaves) with 6MV FF and 10MV FF.
The beam quality for High dose (HD) values for the FFF energies is the same as that of flattened energies. The effective
leaf speed is 6.5cm/s which is important for FFF, and dynamic treatment.

All plans were produced with the Monaco treatment planning system (TPS) (ELEKTA MONACO 5.51.10,) this
allowed plan evaluation for the PTVs, the relevant organs at risk (OARs) as well as mean dose (D mean), maximum dose
(D max.), 95% dose (D95), 98%(D98), 50%(D50), 2% (D2), monitor units per segment (MU/Segment), and the number
of MU/cGy in addition to treatment delivery time and conformity index.

Each pair of plans (FF and FFF for the same patient) and FF in both energies (6MV, 10MV), and FFF in both energies
(6MV, 10MV) were compared and then the statistical analysis was made Radiobiological models are commonly employed
to calculate the outcomes of treatment plans, particularly by utilizing dose-volume histograms (DVH). One such model
is Niemierko’s EUD-based NTCP mathematical model. To implement these models and generate corresponding program
code, MATLAB was selected as the platform. MATLAB is a high-level technical computing language and an interactive
environment that facilitates the development and execution of such models.

The risk of radiation-induced secondary cancer is estimated using guidelines from ICRP (International Commission
on Radiological Protection) Publication 103.[8]

The calculation is performed in two steps. First, the equivalent dose is calculated by multiplying the absorbed dose
(in Gy) by the radiation weighting factor (wR). For photon radiation, wR=1, meaning the equivalent dose (in Sv) is
numerically equal to the absorbed dose. Second, the equivalent dose is multiplied by the nominal risk coefficient
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(NRC) for the specific organ or tissue, as defined in ICRP 103. This approach provides a standardized method for
estimating the long-term risk of secondary cancers following radiation exposure.

For example, if the absorbed dose to the salivary glands is 9.78 Gy, the equivalent dose is 9.78 Sv. Using an NRC
of 0.0005 per Sv, the risk of secondary cancer is calculated as 9.78x0.0005=0.004899.78(or 0.489%). This method
ensures a standardized approach to estimating long-term risks associated with radiation exposure in radiotherapy.

Statistical analysis
Statistical analysis was done using Excel Microsoft Office 2019 to compare means using a ¢-test and to estimate the
significant difference between the two techniques. If the P value < 0.05, then the result was considered statistically significant.

3. RESULTS
The following figures and tables show the mean values of 20 patients replanned 80 VMAT plans with two energies
6 and 10 MV both with the FF and FFF beam type.

Comparison between FF and FFF beam configuration for the energy 6 MV
3.1.1. Comparison between the mean doses of the OARs for both types at 6 MV

Figure 1 compares the mean doses received by organs at risk (OARs) for 20 head and neck (H&N) cancer patients
treated with volumetric modulated arc therapy (VMAT) using 6MYV flattened filter (FF) and flattening filter-free (FFF)
beams.

The brainstem (maximum dose) received the highest dose, with values of 34.53 Gy for the FF beam type and 35.03
Gy for the FFF mode. However, the difference was not statistically significant (p = 0.23). Conversely, the heart (mean
dose) received the lowest dose, with 2.6 Gy for the FF mode and 2.2 Gy for the FFF mode, also showing no significant
difference (p = 0.20).

It can be noticed that some of the OARSs received slightly higher doses in FF mode like the right parotid (mean dose)
(9.78Gy for FF mode, 9.5Gy for FFF mode). There is no significant difference where the p-value equals 0.19. The left
parotid was (mean dose) (12.36Gy for FF mode, and 12.28Gy for FFF mode) where the p-value is 0.39 which indicates
that there is no significant difference between them.

No significant differences were observed in most organs at risk (OARs) between FF and FFF beam types. The right
eye (maximum dose) (10.52 Gy FF, 10.04 Gy FFF; p=0.25), right lens (maximum dose) (5.96 Gy FF, 5.9 Gy FFF; p=0.40),
right cochlea (mean dose) (19.1 Gy FF, 18.28 Gy FFF; p=0.14), right optic nerve (maximum dose) (14.66 Gy FF, 13.34 Gy
FFF; p=0.10), right lung (mean dose) (8.6 Gy FF, 7.75 Gy FFF; p=0.25), left lung (mean dose) (9.75 Gy FF, 8.6 Gy FFF;
p=0.25), and oral cavity (mean dose) (7.36 Gy FF, 6.96 Gy FFF; p=0.07) all showed no notable differences.

Similarly, some OARs received slightly higher doses in FFF beam configuration, but without significant differences:
left eye (maximum dose) (19.32 Gy FF, 20.72 Gy FFF; p=0.23), left lens (maximum dose) (8.78 Gy FF, 8.82 Gy FFF;
p=0.47), left cochlea (mean dose) (20.7 Gy FF, 20.81 Gy FFF; p=0.45), left optic nerve (maximum dose) (17.32 Gy FF,
18.92 Gy FFF; p=0.09), spinal cord (maximum dose) (26.38 Gy FF, 27.33 Gy FFF; p=0.21), larynx (mean dose) (14.52
Gy FF, 14.97 Gy FFF; p=0.19), optic chiasm (maximum dose) (27.66 Gy FF, 28.82 Gy FFF; p=0.29), and esophagus
(mean dose) (11.87 Gy FF, 11.91 Gy FFF; p=0.45).

Organs at risk (OARs)
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Figure 1. A comparison between the mean doses for the OARs of the H&N patients treated with VMAT technique with the energy
6MV in both FF and FFF types

3.1.2. Comparison between the planning target volumes for both types at 6 MV
Table 1. compares the average PTV volumes for the patients treated using FF and FFF types for 6 MV. The dose
delivered to 95% of the target volume was 33.63 Gy for FF and 33.57 Gy for FFF. There is no statistically significant
difference between them (p-value was 0.23).
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The dose delivered to 98% of the target volume was 33.04 Gy for FF and 32.84 Gy for FFF. There is no significant
difference (p-value is 0.08). FFF delivers a slightly lower dose to 98% of the target compared to FF.

The dose received by 50% of the target volume (D50%), which typically represents the central and most intense
region of the target, was 35.3 Gy for FF and 35.33 Gy for FFF. The difference was minimal and not statistically significant
(p=0.34).

The dose delivered to the 2% of the target volume receiving the highest dose (D2%), representing the maximum
dose applied to a small portion of the target, was 36.43 Gy for FF and 36.48 Gy for FFF. This difference was also not
significant (p = 0.21).

Table 1. A comparison between the mean value of the PTV of the H&N patients treated using the VMAT technique with the energy
6 MV in both FF and FFF types, where SD means standard deviation.

6MV
Planning target volumes FF SD FFF SD
D95% 33.63  £1292 3357  £12.97
D98% 33.04 £12.67 3284 £12.83
D50% 353 +1346 3533  +13.54
D2% 36.43  +13.83 3648  +13.84

3.1.3. Comparison between the dosimetric parameters for both types at 6 MV

Table 2 compares the dosimetric parameters for FF and FFF types. Both types have a perfect conformity index (CI)
of 1, indicating that both techniques deliver an equally precise radiation dose to the target, with minimal exposure to
surrounding healthy tissues.

The homogeneity index (HI) in the case of FF (0.086) is significantly lower compared to FFF (0.104) with a p-value
of 0.023. The number of segments used in FF (259.42) was slightly lower than in FFF (290.69), but the difference was
not statistically significant (p = 0.15).

However, the monitor units (MU) for FF (1028.6) were significantly lower compared to FFF (1390.6), with a
significant difference (p = 0.0001).

Table 2. A comparison between the dosimetric parameters using the VMAT technique for the energy 6 MV in both FF and FFF types.

6MV
Dosimetric parameters FF SD FFF SD
Conformity index (CI) 1 Identical 1 Identical
Homogeneity index (HI) 0.086  £0.01 0.104  +0.02
Number of segments 259.42  £179.03 290.69  £215.97
Monitor unit (MU) 1028.6  +341.04 1390.6  +475.58

3.2. Comparison between FF and FFF beam type for the energy 10 MV
3.2.1. Comparison between the mean doses of the OARs for both types at 10 MV
Figure 2 shows a comparison of the mean doses received by the OARs in the twenty H&N patients treated using
VMAT of energy 10 MV for FF and FFF beams.

The results indicate that the brainstem (maximum dose) received the highest dose, with 35.26 Gy in FF beam type
and 36.33 Gy in FFF beam configuration, showing no significant difference between the two beam types (p = 0.20). In
contrast, the heart (mean dose) received the lowest dose, with 2.45 Gy in both FF and FFF types, also demonstrating no
notable difference (p = 0.50).

Some of the OARs received slightly higher doses in the case of using FF beam type, although the differences were
not statistically significant: right eye (maximum dose) (10.7 Gy FF, 10.3 Gy FFF; p = 0.14), left eye (maximum dose)
(20.52 Gy FF, 19.92 Gy FFF; p = 0.15), right lens (maximum dose) (6.38 Gy FF, 5.68 Gy FFF; p = 0.10), left lens
(maximum dose) (9.16 Gy FF, 8.8 Gy FFF; p = 0.30), right cochlea (mean dose) (18.78 Gy FF, 18.26 Gy FFF; p =0.16),
spinal cord (maximum dose) (27.43 Gy FF, 27.18 Gy FFF; p=0.34), and larynx (mean dose) (15.6 Gy FF, 15.07 Gy FFF;
p=0.34).

Conversely, some OARs exhibited slightly higher doses in the case of using FFF beam configuration, also without
statistically significant differences: right parotid (mean dose) (10.2 Gy FF, 10.32 Gy FFF; p = 0.36), left parotid (mean
dose) (12.38 Gy FF, 12.6 Gy FFF; p = 0.34), left cochlea (mean dose) (21.48 Gy FF, 21.95 Gy FFF; p = 0.26), right optic
nerve (maximum dose) (13.52 Gy FF, 14.1 Gy FFF; p = 0.32), left optic nerve (maximum dose) (17.66 Gy FF, 18.1 Gy
FFF; p = 0.35), optic chiasm (maximum dose) (29.62 Gy FF, 30.08 Gy FFF; p = 0.35), and esophagus (mean dose) (11.69
Gy FF, 11.92 Gy FFF; p=0.16).

However, significant differences were observed in the right lung (mean dose) (8.5 Gy FF, 8.85 Gy FFF; p = 0.04)
and left lung (mean dose) (8.85 Gy FF, 10 Gy FFF; p = 0.041). The oral cavity (mean dose) (7.03 Gy FF, 7.53 Gy FFF;
p = 0.09) did not exhibit a statistically significant difference.
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Figure 2. A comparison between the mean doses for the OARs of the H&N patients treated using the VMAT technique of the energy
10 MV in both FF and FFF modes.

3.2.2. Comparison between the planning target volumes for both types at 10 MV

Table 3 compares the average PTV volumes for the patients treated using FF and FFF types for 10 MV. The dose
delivered to 95% of the PTV (D95%) was comparable between the two techniques, with no statistically significant
difference (p = 0.11). The FFF technique delivered a slightly higher dose (33.17 Gy for FF and 33.4 Gy for FFF).

For the dose delivered to 98% of the PTV (D98%), both techniques produced similar results, with no notable
difference (p = 0.17). The FF technique delivered a slightly higher dose (32.79 Gy for FF and 32.68 Gy for FFF).

The dose to 50% of the PTV (D50%) was slightly higher with the FFF technique (34.97 Gy for FF and 35.21 Gy for
FFF and), though the difference was not statistically significant (p = 0.21).

The dose received by 2% of the PTV (D2%), representing the highest dose region, was 36.38 Gy for FF and 36.31
Gy for FFF. The difference between the two techniques was minimal and not statistically significant (p = 0.22).

Table 3. A comparison between the mean value of the PTV of the H&N patients treated using the VMAT technique with the energy 10
MYV in both FF and FFF types.

10MV
Planning target volumes FF SD FFF SD
D95% 33.17  +13.18 334 +12.96
D98% 3279 +£12.80  32.68  £12.67
D50% 3497 #1337 3521 +13.44
D2% 3638  +13.89  36.31  +13.81

3.2.3. Comparison between the dosimetric parameters for both types at 10 MV

Table 4 shows that both FF and FFF have the same conformity index (1), which indicates that techniques deliver
radiation doses that perfectly match the shape of the target volume.

Regarding the homogeneity index, the FFF technique demonstrates a slightly lower value compared to FF (0.1 for
FF vs.0.098 for FFF), though the difference is not statistically significant (p = 0.36).

In terms of treatment complexity, the FFF technique requires a greater number of segments (271 for FF vs. 328 for
FFF), though the difference is not statistically significant (p = 0.16). However, FFF requires a significantly higher number
of monitor units (MU) compared to FF (1093.8 MU for FF vs. 1579.4 MU for FFF), with a statistically significant
difference (p = 0.02).

Table 4. A comparison between the dosimetric parameters using the VMAT technique for the energy 10 MV in both FF and FFF types.

10MV
Dosimetric parameters FF SD FFF SD
conformity index (CI) 1 Identical 1 Identical
homogeneity index (HI) 0.1 +0.02 0.098 +0.02
Number of segments 271 +195.45 328 +243.88
Monitor unit 1093.8 +328.24 1579.4 +823.88

3.3.Comparison between the energies 6 and 10 MV for the FF beam type
3.3.1. Comparison between the mean doses of the OARs
Figure 3 compares the mean doses received by the OARs for 20 H&N patients treated using VMAT of 6 MV and 10
MYV with FF beams. Among the OARs, the brainstem (maximum dose) received the highest dose (34.53 Gy for 6 MV FF
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and 35.26 Gy for 10 MV FF), with no significant difference between the two energies (p = 0.19). Conversely, the heart
(mean dose) received the lowest dose (2.6 Gy for 6 MV FF and 2.45 Gy for 10 MV FF), also showing no significant
difference (p = 0.25).

While most OARs received slightly higher doses in the 10 MV FF beam type, the differences were not statistically
significant. These include the right parotid gland (mean dose) (9.78 Gy for 6MV FF, 10.2 Gy for 10MV FF; p = 0.08),
left parotid gland (mean dose) (12.36 Gy for 6MV FF, 12.38 Gy for 10MV FF; p = 0.47), right eye (maximum dose)
(10.52 Gy for 6MV FF, 10.7 Gy for 10MV FF; p =0.35), and left eye (maximum dose) (19.32 Gy for 6MV FF, 20.52 Gy
for I0OMV FF; p = 0.14). Similarly, the left lens (maximum dose) (8.78 Gy for 6MV FF, 9.16 Gy for 10MV FF; p =0.29),
left cochlea (mean dose) (20.7 Gy for 6MV FF, 21.48 Gy for 10MV FF; p = 0.18), and left optic nerve (maximum dose)
(17.32 Gy for 6MV FF, 17.66 Gy for 10MV FF; p = 0.39) showed no significant differences.

Additionally, the spinal cord (maximum dose) (26.68 Gy for 6MV FF, 27.43 Gy for l0OMV FF; p = 0.12), larynx
(mean dose) (14.52 Gy for 6MV FF, 15.6 Gy for 10MV FF; p = 0.09), and optic chiasm (maximum dose) (27.66 Gy for
6MV FF, 29.62 Gy for 10MV FF; p = 0.18) also exhibited no significant differences. Notably, the right lens (maximum
dose) showed a statistically significant difference (5.96 Gy for 6 MV FF, 6.38 Gy for 10 MV FF; p = 0.03).

A few OARs received slightly higher doses in the 6 MV FF beam type, but these differences were not statistically
significant: right cochlea (mean dose) (19.1 Gy for 6MV FF, 18.78 Gy for 10MV FF; p = 0.29), right optic nerve
(maximum dose) (14.66 Gy for 6MV FF, 13.52 Gy for 10MV FF; p = 0.13), right lung (mean dose) (8.6 Gy for 6MV FF,
8.5 Gy for 10MV FF; p = 0.35), left lung (mean dose) (9.75 Gy for 6MV FF, 8.85 Gy for 10MV FF; p = 0.18), oral cavity
(mean dose) (11.87 Gy for 6MV FF, 11.69 Gy for 10MV FF; p = 0.26), and esophagus (mean dose) (11.78 Gy for 6MV
FF, 11.69 Gy for 10MV FF; p =0.11).
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Figure 3. A comparison of the mean doses for the OARs of the H&N patients treated with VMAT technique with the FF beam type in
both energies 6 MV and 10 MV.

3.3.2. Comparison between the mean values of the planning target volumes for FF beam type at 6 MV and 10
MV

The planning target volumes (PTV) treated with VMAT flattening filter (FF) beams at both 6 MV and 10 MV
energies were analyzed. The dose received by 95% of the PTV (D95%) was nearly the same for both energies, with a
significant difference (p = 0.009), as the 10 MV FF beam showed a slight reduction (33.17 Gy) compared to the 6 MV
FF beam (33.63 Gy). Similarly, the dose to 98% of the PTV (D98%) was slightly reduced for the 10 MV beam (32.79 Gy)
compared to the 6 MV FF beam (33.04 Gy), with a significant difference (p = 0.02).

The dose received by 50% of the PTV (D50%) was very similar between the two energies. The 6MV beam delivered
a slightly higher dose (35.3 Gy) compared to the 10 MV FF beam (34.97 Gy), with no significant difference (p = 0.14).
The dose received by 2% of the PTV (D2%), representing the highest dose region of the target, was nearly the same for
both energy levels, with the 6 MV beam delivering a slightly higher dose (36.43 Gy) compared to the 10 MV FF beam
(36.3 Gy), with no significant difference (p = 0.24). Overall, the 6 MV FF beam tends to deliver slightly higher doses to
the PTV compared to the 10 MV FF beam.
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Table 5. A Comparison between the mean value of the PTV of the H&N patients treated using the VMAT technique in both energies 6
MV and 10 MV with FF beam configuration

. 6MV 10MV
Planning target volumes FF SD FF SD
D95% 33.63 +12.92 33.17 +13.18
D98% 33.04 +12.67 32.79 +12.80
D50 % 353 +13.46 34.97 +13.37
D2 % 36.43 +13.83 36.38 +13.89

3.3.3. Comparison between the dosimetric parameters for the FF beam type at 6 MV and 10 MV

A conformity index value of 1 indicates perfect alignment between the dose and the target volume for both 6MV
and 10MV beams. In this case, the 6 MV FF beam demonstrates a slightly better homogeneity index (0.086) compared to
the 10 MV FF beam (0.1), with a significant difference (p = 0.04) between the two energies.
Regarding the number of segments, the 10 MV FF beam requires slightly more segments (271) compared to the 6 MV FF
beam (259.42), with no significant difference (p = 0.3). Additionally, the 10 MV FF beam requires more monitor units
(1093.8 MU) than the 6 MV FF beam (1028.6 MU), with no significant difference (p = 0.19). Overall, while the 6 MV
FF beam shows slightly better homogeneity and higher doses to small volumes, both energies exhibit similar dosimetric
characteristics.

Table 6. A comparison between the dosimetric parameters using the VMAT technique in both energies 6 MV and 10 MV with FF beam

type
Dosimetric parameters SMV 10MV
FF SD FF SD
conformity index 1 Identical 1 Identical
homogeneity index 0.086 +0.01 0.1 +0.02
Number of segments 259.42 +179.03 271 +195.45
Monitor unit 1028.6 +341.04 1093.8 +328.24

3.4. Comparison between the energies 6 and 10 MV for the FFF beam configuration
3.4.1. Comparison between the mean doses of the OARs
Figure 4 compares the OARs for 20 head and neck (H&N) patients treated with 6 MV and 10 MV using the VMAT
technique with FFF beams. The brainstem (maximum dose) received the highest dose (35.03 Gy for 6MV FFF, 36.33 Gy
for 10MV FFF), with no significant difference between the two energies (p = 0.18). The heart (mean dose) received the
lowest dose (2.2 Gy for 6MV FFF, 2.45 Gy for 10MV FFF), also showing no significant difference (p = 0.17).
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Figure 4. A comparison of the mean doses for the OARs of the H&N patients treated with VMAT technique with the FFF beam type
in both energies 6 MV and 10 MV

Most OARSs received slightly higher doses in the 10MV FFF beam type. The right parotid gland (mean dose) (9.5 Gy
for 6MV FFF, 10.32 Gy for 10MV FFF) showed a significant difference (p = 0.03), while the left parotid gland (mean dose)
(12.28 Gy for 6MV FFF, 12.6 Gy for 10MV FFF; p = 0.23) did not show a significant difference. Other OARs with no
significant differences include the right eye (maximum dose) (10.04 Gy for 6MV FFF, 10.3 Gy for 10MV FFF; p = 0.35),
left cochlea (mean dose) (20.81 Gy for 6MV FFF, 21.95 Gy for I0MV FFF; p = 0.14), right optic nerve (maximum dose)
(13.34 Gy for 6MV FFF, 14.1 Gy for 10MV FFF; p = 0.27), right lung (mean dose) (7.75 Gy for 6MV FFF, 8.85 Gy for
10MV FFF; p = 0.15), left lung (mean dose) (8.5 Gy for 6MV FFF, 10 Gy for 10MV FFF; p = 0.14), larynx (mean dose)
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(14.97 Gy for 6MV FFF, 15.07 Gy for 10MV FFF; p = 0.44), optic chiasm (maximum dose) (28.82 Gy for 6MV FFF, 30.08
Gy for 10MV FFF; p = 0.20), and esophagus (mean dose) (11.91 Gy for 6MV FFF, 11.92 Gy for 10MV FFF; p = 0.46).

A few OARs received slightly higher doses in the 6MV FFF beam type, but these differences were not significant:
left eye (maximum dose) (20.72 Gy for 6MV FFF, 19.92 Gy for 10MV FFF; p = 0.28), right lens (maximum dose) (5.9
Gy for 6MV FFF, 5.69 Gy for 10MV FFF; p =0.29), left lens (maximum dose) (8.82 Gy for 6MV FFF, 8.8 Gy for I0MV
FFF; p = 0.48), right cochlea (mean dose) (18.28 Gy for 6MV FFF, 18.26 Gy for 10MV FFF; p = 0.48), left optic nerve
(maximum dose) (18.92 Gy for 6MV FFF, 18.1 Gy for 10MV FFF; p = 0.25), and spinal cord (maximum dose) (27.33
Gy for 6MV FFF, 27.18 Gy for 10MV FFF; p = 0.36).

3.4.2. Comparison between the mean values of the planning target volumes for FFF beam configuration at
6 MV and 10 MV

From Table 7, one can notice that the dose to 95% of the PTV (D95%) was slightly lower for the 10 MV FFF beam
(33.4 Gy) compared to the 6 MV FFF beam (33.57 Gy), with no significant difference (p = 0.13). Similarly, the dose to
98% of the PTV (D98%) was also slightly lower for the 10 MV FFF beam (32.68 Gy) compared to the 6 MV FFF beam
(32.83 Gy), showing no significant difference (p = 0.18). The dose to 50% of the PTV (D50%) was very similar between
the two energies, with a marginal difference (35.33 Gy for FFF 6 MV, 33.21 Gy for FFF 10 MV) and no significant
difference (p = 0.14).

The dose to the 2% of the PTV (D2%), which represents the highest dose region within the target volume, was

slightly lower with the 10 MV FFF beam (36.31 Gy) compared to the 6 MV FFF beam (36.48 Gy). This difference was
statistically significant (p = 0.01).

Overall, the results indicate that the 6 MV FFF beam delivers slightly higher doses to the PTV compared to the 10
MYV FFF beam, particularly in the highest dose region.

Table 7. A Comparison between the mean value of the PTV of the H&N patients treated using the VMAT technique in both energies 6
MV and 10 MV with FFF beam type.

6MV 10MV
planning target volume
FFF SD FFF SD
D95% 33.57 +12.97 334 +13.18
D98% 32.84 +12.83 32.68 +12.80
D50% 35.33 +13.54 35.21 +13.37
D2% 36.48 +13.84 36.31 +13.89

3.4.3. Comparison between the dosimetric parameters for the FFF beam type at 6 MV and 10 MV
From Table 8, The conformity index (CI) for both 6 MV and 10 MV with FFF beams is 1, indicating perfect
alignment between the dose and the target volume. The 10 MV FFF beam demonstrates a slightly better homogeneity
index (HI) of 0.098 compared to 0.104 for the 6MV FFF beam, with no statistically significant difference (p = 0.19).

The 10 MV FFF beam uses slightly more segments (328) compared to the 6 MV FFF beam (290.69), with no
statistically significant difference (p = 0.22). Additionally, the 10 MV FFF beam requires more monitor units (1579.4 MU)
compared to the 6 MV FFF beam (1390.6 MU), though this difference is not significant (p = 0.09).

In terms of delivery time on the Elekta linac using the VMAT technique for 20 head and neck cases, the FFF beam
configuration generally showed reduced delivery times compared to the FF beam type. The FF technique took about 3
minutes to 3 minutes and 20 seconds, while the FFF beam configuration was approximately a minute shorter, ranging
from 2 minutes to 2 minutes and 20 seconds.

Table 8. A comparison between the dosimetric parameters using the VMAT technique in both energies 6 MV and 10 MV with FFF
beam type.

. . 6MV 10MV
Dosimetric parameters
FFF SD FFF SD
conformity index (CI) 1 Identical 1 Identical
homogeneity index (HI) 0.104 +0.02 0.098 +0.02
Number of segments 290.69 +215.97 328 +243.88
Monitor unit 1390.6 +475.58 1579.4 +823.88

3.5. Biological parameters NTCP (%) and EUD (Gy) for the OARs
3.5.1 Comparison between the mean values of biological parameter (NTCP) of the organs at risk for both types
at 6 MV.
From Table 9, the spinal cord, esophagus, and heart showed identical values. The NTCP values of the brainstem
were higher compared to the other organs in both types. They also in case of using the FFF technique, it was slightly
lower than that in case of using FF, and there was a statistically significant difference, where the p-value is 0.0005.
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Table 9. A Comparison between the mean value of the NTCP (%) the H&N patients treated using the VMAT technique with the energy
6 MV in both FF and FFF types.

NTCP
6MV FF 6MV FFF
Spinal cord 0 0
esophagus 0 0
Heart 0 0
Brainstem 1.9 1.7

3.5.2 Comparison between the mean values of biological parameter (NTCP) of OARs for both beam types at 10 MV

From Table 10, it can be noticed that the heart and esophagus had identical values, but the spinal cord and brainstem
had different values, where in the spinal cord, there was no statistically significant difference (p-value = 0.2), unlike the
brainstem, which had slightly higher values. Also, FFF had a lower value. There was a significant difference, where the
p-value is 0.

Table 10. Comparison between the mean value of the NTCP (%) of the H&N patients treated using the VMAT technique with the
energy 10 MV in both FF and FFF beam types.

NTCP
10MV FF 10MV FFF
Spinal Cord 0.00018 0.00026
esophagus 0 0
Heart 0 0
Brainstem 1.75 0.54

3.5.3 Comparison between the mean values of biological parameter (NTCP) of organ at risk between the energies
6 and 10 MV for the FF beam type
According to Table 11, the heart and esophagus exhibited identical values across both techniques. In contrast, the
spinal cord showed slightly higher values with the 10 MV FF technique, although this difference was not statistically
significant (p = 0.2). The brainstem presented different values between techniques, with the 10 MV FF technique yielding
a slightly lower value, which was statistically significant (p = 0.0005).

Table 11. Comparison between the mean value of the NTCP (%) the H&N patients treated using the VMAT technique in both energies
6 MV and 10 MV with FF beam configuration.

NTCP
6MV FF 10MV FF
S. cord 0 0.00018
esophagus 0 0
Heart 0 0
Brainstem 1.9 1.75

3.5.4 Comparison between the mean values of biological parameter (NTCP) of organ at risk between the energies
6 and 10 MV for the FFF beam type
Table 12 shows that the heart and esophagus demonstrated identical values across both techniques. The spinal cord
exhibited a slightly higher value in the 10 MV FFF beam type; however, this difference was not statistically significant
(p = 0.2). In contrast, the brainstem showed a lower value in the 10MV FFF beam type, with the difference reaching
statistical significance (p = 0.00000332).

Table 12. Comparison between the mean value of the NTCP (%) of H&N patients treated using the VMAT technique in both energies
6 MV and 10 MV with FFF beam configuration.

NTCP
6MV FFF 10MV FFF
S. cord 0 0.00026
esophagus 0 0
Heart 0 0
Brainstem 1.7 0.54

3.5.5 Comparison between the mean values of biological parameter (EUD) of organ at risk for both types at 6 MV

Figure 5 demonstrates that the variations between the FF and FFF techniques were marginal, with the FFF approach
producing marginally reduced doses in all examined organs at risk (OARs). Nonetheless, for the spinal cord and
esophagus, the observed discrepancies lacked statistical significance (p = 0.07 and p = 0.2, respectively). Conversely,
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pronounced differences were noted for the heart and brainstem, both exhibiting statistically significant deviations (p = 0.0
in each case). This hypothesizes that while the two techniques deliver largely similar doses to most OARs, the FFF beam
type may lead to slightly reduced exposure for certain critical structures, particularly the heart and brainstem.
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Figure 5. A Comparison between the mean value of the EUD of H&N patients treated using the VMAT technique with the energy 6
MV in both FF and FFF types.

3.5.6 Comparison between the mean values of the biological parameter (EUD) of the organ at risk for both beam
configurations at 10 MV

Figure 6 presents the Equivalent Uniform Dose (EUD) delivered to various organs at risk (OARs) using the I0MV
FF and 10MV FFF techniques. Overall, the differences in EUD between the two techniques are minimal. For the spinal
cord and esophagus, the EUD values are nearly identical, indicating no significant variation between FF and FFF beam
configurations (p = 0.4 and p = 0.2, respectively). In contrast, the heart shows a noticeable reduction in EUD with the FF
technique, although the absolute dose remains very low for both techniques. The brainstem exhibits the highest EUD
among all OARs, with a significantly lower value observed in the FF beam configuration compared to FFF (p = 0.0). This
suggests that while both techniques offer comparable protection for most OARs, the FF technique may offer improved
sparing of critical structures such as the brainstem and heart.
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Figure 6. A Comparison between the mean value of the EUD of H&N patients treated using the VMAT technique with the energy 10
MYV in both FF and FFF beam types.

3.5.7 Comparison between the mean values of biological parameter (EUD) of organ at risk between the energies
6 and 10 MV for the FF beam type

Figure 7 compares the Equivalent Uniform Dose (EUD) delivered to various organs at risk (OARs) using the 10MV
FF and 6MV FF techniques. The the I0OMV FF energy yielded slightly lower EUD values than 6MV FF across all OARs.
For the spinal cord and esophagus, no significant differences were observed between the two techniques (p = 0.13 and p
= (.24, respectively). In contrast, the heart and brainstem exhibited significant reductions in EUD with the 10MV FF
technique, with p-values of 0 and 0, respectively. These findings suggest that while both photon energies provide
comparable sparing for certain OARs, the 10MV FF technique may offer improved dose reduction for critical structures
such as the heart and brainstem.
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Figure 7. Comparison between the mean value of the EUD of H&N patients treated using the VMAT technique in both energies 6 MV
and 10 MV with FF beam type.

3.5.8 Comparison between the mean values of biological parameter (EUD) of organ at risk between the energies
6 and 10 MV for the FFF beam type

Figure 8 evaluates the dose distribution between 10MV FFF and 6MV FFF for selected organs at risk (OARs). The
esophagus and brainstem exhibited slightly lower doses with the l0MV FFF technique, whereas the heart and spinal cord
received marginally lower doses with 6MV FFF. No significant differences were observed between the two energies for
the spinal cord and esophagus (p = 0.2 for both). In contrast, statistically significant differences were found for the heart
and brainstem, with p-values of 0 and 0, respectively. These results indicate that while the two FFF energies perform
similarly for some OARs, the choice of energy may influence dose sparing in critical structures such as the heart and
brainstem.
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Figure 8. Comparison between the mean value of the EUD of H&N patients treated using the VMAT technique in both energies 6 MV
and 10 MV with FFF beam type.

3.6 Second cancer risk estimation (%) for OARs of 20 patients:
3.6.1 Comparison between the mean values of Second cancer risk estimation of organ at risk for both beam types
at 6MV.

Table 13 demonstrates subtle but notable differences between the two techniques. Both parotid glands received slightly
lower doses in FFF beam type, with statistically significant differences observed (right parotid: p = 0.00049; left parotid:
p =0.0013). In contrast, the larynx showed reduced dose exposure in FF beam configuration, though this difference was
also statistically significant (p = 0.0005). These findings suggest that while both techniques achieve clinically acceptable
dose distributions, the choice between FF and FFF beam configurations may impact specific anatomical structures
differently.

Table 13. Comparison between the mean value of the second cancer risk estimation (%) of H&N patients treated using the VMAT
technique in the energy 6MV in both FF and FFF beam types.

OAR 6MV FF SD 6MV FFF SD
Right parotid 0.49 +0.31 0.48 +0.30
Left parotid 0.62 +0.22 0.61 =£0.22

Larynx 0.73  £0.39 0.75 +0.35
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3.6.2 Comparison between the mean values of Second cancer risk estimation of organ at risk
for both beam types at 10MV.
Table 14 reveals consistent dose variations between the techniques. Both parotid glands demonstrated slightly higher
doses in FFF beam type (right parotid: p = 0.002; left parotid: p = 0.002), while the larynx received marginally higher
doses in FF beam type (p = 0.0002). All three comparisons showed statistically significant differences. These findings
suggest that while absolute dose differences are modest, they may warrant consideration in clinical applic+ations where
these organs are particularly at risk.

Table 14. Comparison between the mean value of the second cancer risk estimation (%) of H&N patients treated using the VMAT
technique in the energy 10MV in both FF and FFF beam configurations.

OAR 10MV FF SD 10MV FFF SD
Right parotid 0.51 +0.32 0.52 +0.3
Left parotid 0.62 +0.65 0.63 +0.58
Larynx 0.78 +0.38 0.75 +0.38

3.6.3 Comparison between the mean values of Second cancer risk estimation of organ at risk between the
energies 6 and 10MYV for the FF beam type.
Table 15 demonstrates differential dose distribution patterns between the techniques. While the left parotid showed
identical doses for both modalities, the 10MV FF technique yielded slightly higher doses to both the right parotid (p =
0.0001) and larynx (p = 0.0002), with these differences reaching statistical significance. These findings indicate that while
some structures may receive equivalent doses regardless of technique, others exhibit energy-dependent variations that
may warrant consideration in treatment planning.

Table 15. Comparison between the mean value of the second cancer risk estimation (%) of H&N treated using the VMAT technique in
both energies 6 MV and 10 MV with FF beam configuration.

10MV
OAR 6MVFF  SD FF SD
Right parotid 049 +0.31 0.51 =+0.32
Left parotid 0.62 +0.22 0.62 +0.65
Larynx 0.73 +0.39 0.78 +0.38

3.6.4 Comparison between the mean values of Second cancer risk estimation of organ at risk between the
energies 6 and 10MV for the FFF beam type
Table 16 reveals distinct dose distribution patterns between the evaluated techniques. While the larynx demonstrated
identical dose values for both modalities, both parotid glands exhibited slightly elevated doses with statistically significant
differences (right parotid: p = 0.0001; left parotid: p = 0.0005). This differential effect suggests that while laryngeal dose
remains consistent regardless of technique selection, parotid gland doses show technique-dependent variations that may
influence clinical decision-making, particularly in cases where parotid sparing is prioritized.

Table 16. Comparison between the mean value of the second cancer risk estimation (%) of H&N treated using the VMAT technique in
both energies 6 MV and 10 MV with FFF f.

OAR 6MV FFF _ SD 10MV FFF SD
Right parotid 0.48 +0.30 0.52 +0.3
Left parotid 0.61 +0.22 0.63 +0.58
Larynx 0.75 +0.35 0.75 +0.38

4. DISCUSSION

This study presents the dosimetric and biological differences in treatment plans using flattened (FF) and flattening-
filter-free (FFF) beams in the treatment of Head and Neck Cancer, focusing on the influence and impact of energy (6 MV
and 10 MV beams) on volumetric modulated arc therapy (VMAT) plans. While extensive research has been conducted
on Varian FFF beams (Varian Medical System, Palo Alto, CA, USA), limited literature is available on Elekta FF beams
(Elekta Oncology Systems, Crawley, UK) for this specific site.

Previous studies, such as those by Gasic et al. [9] and Ji et al. [10], have explored the potential of using FFF beams
for various treatment sites, including the head and neck, brain, prostate, and lung cancer. Our findings align with these
studies, demonstrating that the 6 MV FFF beam offers a slightly improved dose-sparing effect for most organs at risk
(OARs) compared to the 6 MV FF beam. This improvement means that the 6 MV FFF beam can more efficiently reduce
the radiation dose delivered to critical surrounding tissues, as supported by Kumar et al. [1].

According to the results of this study, the planning target volumes (PTV) for both 6 MV FF and FFF beams showed
very similar dose distributions, with only minor variations. This indicates that FFF VMAT plans provide comparable results
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to FF VMAT plans, as reported by Kumar et al. [S] and Manna et al. [11]. Both techniques exhibited equal conformity index
(CI), but the FF beam had a better homogeneity index (HI). Additionally, FFF beams required significantly higher monitor
units (MUs) due to their conic shape dose distribution, necessitating compensation through a greater number of smaller
segments and MUs, as observed in previous studies (Lechner et al. [13], Vassiliev et al. [14], and Sun et al. [15]).

Regarding the delivery time, the FFF beam type generally showed reduced times compared to the FF beam
configuration. This reduction in delivery time leads to less machine operating time, ultimately lowering the treatment
cost, and this is agreed with a study by Thomas et al. [16].

For the 10 MV FF beam, a more noticeable advantage in reducing the radiation dose delivered to critical structures
was observed, with a statistically significant difference in the dose to the lungs. Both 10 MV FF and FFF beam plans
delivered similar dose distributions, with FFF slightly outperforming FF in terms of dose to 95% and 50% of the target
volume. However, the differences between the plans were not significant.

Both 6 MV and 10 MV FF plans showed very similar dose distributions and coverage, with slight differences in
sparing OARs. The 6 MV FF plan demonstrated better dose homogeneity and a statistically significant difference for the
right lens compared to the 10 MV FF plan. The 10 MV FF plan required more segments and higher MUs, leading to
increased treatment time and cost.

Therefore, the differences in dose distribution between the 6 MV FFF and 10 MV FFF beams are minor, with the 6
MYV FFF beam delivering slightly higher doses at each percentile than the 10 MV FFF beam. Both configurations yield
comparable dosimetric results, with the 10 MV FFF beam offering marginally better dose homogeneity but requiring a
higher number of segments and MUs.

Previous research has shown that variations in dose can have a substantial impact on radiobiological factors related
to NTCP Srivastava et al. [17], potentially influencing the quality of radiotherapy. As a result, assessing NTCP is a critical
component when comparing the two technologies, Aly et al. [7], Wu et al. [18].

The biological parameter (NTCP) results were identical for all OARs across techniques and energies except for the
spinal cord, though this difference was not statistically significant (p>0.05). These findings align with Aras et al. [19] who
found FF and FFF beams produced similar results, and Kang et al. [20] who reported minimal radiobiological differences.
However, the brainstem showed significant differences (p<0.05) across all techniques and energies, with FFF beam type
demonstrating reduced values compared to FF, consistent with Wu et al. [18].

For the EUD, no significant difference was observed between FFF (Flattening-Filter-Free) and FF (Flattening-Filter)
beam types in the spinal cord and esophagus across all energy levels. However, statistically significant differences were
noted for the heart and brainstem in all beam types, as well as when comparing energy levels also the results were lower
in FFF but both beam configurations yields comparable results.

For the second cancer risk estimation, statistically significant differences were observed across all comparisons for
the left parotid, right parotid, and larynx except for two cases: (1) the left parotid risk was identical between 6MV FF and
10MV FF, and (2) the larynx risk was identical between 6MV FFF and 10MV FFF.

Overall, 6MV FFF beam type slightly reduced the risk to the parotids (supported by Alvarez et al. [21] and Treutwein
et al. [22, 23]) but increased the risk to the larynx. Conversely, I0MV FFF beam type increased the parotid risk while
reducing the larynx risk. When comparing energies, 10MV exhibited a slightly higher second cancer risk in the parotids
than 6MV, particularly in FFF beam configuration. For the larynx, the risk was similar between the two energies in FFF
beam type but higher with I0MV in FF beam type.

10MYV shows a slightly higher risk in some OARs, but again, the difference is very small, the choice between FF/FFF
or 6MV/10MV should prioritize target coverage and normal tissue sparing rather than second cancer risk, given the
minimal differences observed

This study contributes valuable insights by comparing both techniques (flattening filter and without the flattening
filter) at both energy levels (6 MV and 10 MV) in head and neck cancer treatments using the VMAT technique on the
Elekta Versa. However, it is important to note that these findings are based on planning data.

5. CONCLUSIONS

This study provides a comprehensive analysis of the dosimetric and biological and second cancer risk estimation
differences between flattened (FF) and flattening-filter-free (FFF) beams and the impact of using both 6 MV and 10 MV
energies for Head and Neck Cancer treatment plans using Volumetric Modulated Arc Therapy (VMAT). Our findings
indicate that both FF and FFF techniques yield comparable biological and dosimetric outcomes in terms of sparing organs
at risk (OARs) and target volume coverage, and second cancer risk estimation.

For the 6 MV FFF beam, there is a slight improvement in dose-sparing for OARs, while the 6 MV FF beam provides
a better homogeneity index. The 6 MV FFF configuration required more monitor units and segments (with statistically
significant differences) but offered reduced delivery times, leading to more efficient treatment and lower operational
costs.

In contrast, the 10 MV FFF beam showed marginally better dose homogeneity and a slight advantage in sparing
normal tissue at lower doses. The 10 MV FFF slightly outperformed FF in terms of dose coverage to 95% and 50% of the
target volume. The 10 MV FFF plan required additional segments and monitor units (with statistically significant
differences), resulting in a slight decrease in treatment time and cost.
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It can be concluded that when comparing the impact of the energies, results were very comparable, with a slight
advantage for the 6 MV over the 10 MV in sparing OARs and planning target volume coverage, as well as in dosimetric
parameters.

Also, this study demonstrates that while radiobiological outcomes between FF and FFF beam types are largely
comparable, FFF beams, particularly at 6MV, offer slight advantages in reducing doses to critical structures such as the
brainstem and parotids without compromising treatment efficacy. Overall, both FF and FFF beam configurations provided
similar outcomes, with minor variations in risk based on energy levels. These results suggest that FFF techniques,
particularly at 6MV, offer a feasible approach to reducing dose to critical organs while maintaining treatment efficacy,
without significantly altering the overall second cancer risk profile.
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ONTUMI3AIIISA MPOMEHEBOI TEPAIIi PAKY I'OJIOBH TA IIIHi: JO3UMETPUYHE ITOPIBHSAHHSA TPOMEHIB
FF TA FFF Y VMAT
Pexam C. Ilepid!, JTimam A. Hes?, Axmen M. Adaenaan?, Exaé M. Arrauia’, Pim X. Eab-Te6aui!
'Kagheopa biogpizuxu, Daxyremem npupoonuyux nayk, Kaipcoxuii ynieepcumem, I'iza, €2unem
2Incmumym Hacepa, Kaip, €2unem
3Kagheopa padiomepanii ma sdepnoi meouyunu, Hayionanonuti incmumym paxy, Kaipcoxuii ynisepcumem, Kaip, €2unem

Mera: Pak ronosu ta mui (PI'LI) € 3HauHOIO r106a15HOO IPOOIEMOI0 OXOPOHH 37I0POB's, 31 3pOCTAHHIM 3aXBOPIOBAHOCTI Ta BUCOKOIO
nomwupenicTio B [liBgenHiit A3sii, ocobmuso B [Hzii. [IpomeneBa Tepartis, BKITIOYAIO9YH IIEPEIOBI METOH, TaKi sIK 00'€MHO-MOAYIbOBaHA
nyrosa tepamisi (VMAT) ta inTencuBHO-MomynboBana paniorepamis (IMRT), Bimirpae BupimamsHy ponb y mikysanei PTIIH. Ile
JOCJIIJKEHHS] Ma€ Ha METi MOPIBHSITU JO3MMETPHYHI Ta 010JI0Ti4YHI BiIMIHHOCTI B OILHIII PU3HKY PaKy, a TAKO)XK BTOPUHHOT OLIIHKH MiX
crutronienumu (FF) ta crutrotnennmu myukamu 6e3 ¢instpa (FFF) y mnanax nikysauns HNC 3a gnonomoroto VMAT, 30cepeKy0drch
Ha BIUIHBi eHepriit 6 MV ta 10 MV. Meroan: J[paausats namieHaTiB 3 HNC npoiumi moBTOpHE IUTaHYBaHHS 3 BUKOpUCTaHHSIM VMAT
Ha niHiliHOMY npuckopioBadi ELEKTA VERSA HD 3 myuxamu noryxaictio 6 MV FF, 6 MV FFF, 10 MV FF Ta 10 MV FFF.
OI1iHIOBaHI JO3UMETPHYHI MTApaMeTPH BKITFOUAT PO3MOLT 103U Ha 00'eMu uiaHoBoi mimeHi (PTV) Ta 103y, 10 J0CTaBIAETHCS 10
98% wmimteni (D98), 50% (D50) ta 2% (D2), a Takox 103U Ha OpraHy, 0 3HAXOAATECS B rpymi pusuky (OAR), onvHNUII MOHITOPHHTY
Ha cermeHT (MU/cerment), kinbkicte MU/cGy, 4ac mpoBeIeHHs JTiKyBaHHs, iHACKC BiJIOBIJHOCTI Ta 1HAEKC OJHOPIIHOCTI, @ TAKOXK
Oynu omineHi 6iomoriuni napamerpu (NTCP ta EUD) Ta BropuHHa omiHKa pusuky paxy. PesyabraTu: Pesynbratn mokaszanu, 1mo 6-
MeraBonbTHI myukn FFF 3a6e3meunny gemo kpanry ekoHoMHIcTs 103 4t OAR mopiBHsHO 3 6-MeraBonstHEME FF, 63 cyTTeBHX
BIZIMIHHOCTEH y MMOKPHTTI iboBoro 06'emy. Sk myuxu FF, Tak i FFF nponemoHcTpyBanu nmopiBHsIHHI MOKa3HUKU KOH(POPMHOCTI, aie
nyukn FF mamu kpami mokasuuku omnopiguocti. ITyukun FFF Bumaranu 6inpiue monitopunx omuuuus (MU) Ta cermeHris, ane
MPOTIOHYBAJIM MEHIINI Yac MpoBeneHHs JikyBaHHs. s 10-meraBonbTHHX myukiB FFF moka3as He3HauHi mepeBaru B OJHOPIAHOCTI
JI03H Ta IaiHHI HOPMAJIBHUX TKAaHWH IPH HIDKYHX 033X, Xo4a i BuMaras Oinbire MU Ta cermentis. Lle nocuimkeHHs mokasaio, o
NTCP ta EUD 0ynu 3Ha4HO0 Mipoto nopiBHsHHI Mk Tiiamu FF ta FFF, 3 He3HauHnMy, ajne cTaTUCTUYHO 3HAYyIUMH BiIMiHHOCTSIMU
Jutst cToBOypa Mo3Ky (Ha kopucte FFF) Ta cepust. Pusnky BropuHHOTO paxy JAemio Bipi3HSUINCS 3aJIeXKHO BiJ] €Heprii Ta TeXHIKH. 6-
meraBonbTHUI FFF 3HN3UB pU3KKHU MPUBYIIHKX 327103 (X0ua 30UIBIIHB PU3UK TOpTaHi). BHCHOBOK: 6-MeraBosbTHI My4KH, 0COOIUBO
FFF, nokazanu He3Hauni nepesaru y maniHai OAR Ta mokpuTTi Hine0BOro 06'eMy mopiBHAHO 3 10-mMeraBonsTHUMHU Tydkamu. Lle
JIOCJILKEHHS MTIIKPECITIOE 103uMeTprdaHy nopiBHsHHIcTh myukiB FF ta FFF y nixyBanHi paky ronosu Ta mmi, nprdomy FFF npononye
MOTEHIIHHI TepeBary B eheKTUBHOCTI JTIKyBaHHS Ta CKOPOYCHHI Yacy MpoBEACHHS olpoMiHeHHs. Lle nociikeHHs TakoX ITOKa3ye, 1110
tunu FF ta FFF narots mopiBHsHHI pamioGionoriuui pesynsraru, xoda my4dku FFF motyxnictio 6 MV femio 3HIKYIOTH 03H Ha
KPUTUYHI OpraHu 0e3 mxoau i eektuBHOCTI. OOHIBa THUIH MPALIOIOTH ITOMIOHO, 3 HE3HAYHUMH BapiallisiMA PU3UKY 3aJIE)KHO Bil
eHeprii.

KuruoBi ciioBa: pax conosu ma wiui; 06'emno-modynvosana oyeosa mepanisi (VMAT); ginemp 3i cniowennsim (FF); 6e3ginomposuil
Ginemp 3i cnmowennsim (FFF); 6 MV; 10 MV
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Background: Affordable and locally manufacturable quality assurance (QA) phantoms are critical for maintaining accuracy in
radiation therapy, particularly in low-resource settings. This study evaluates the radiological and dosimetric performance of 3D-printed
homogeneous and heterogeneous phantoms against commercial standards.

Methods: Two phantom prototypes were developed: a homogeneous model fabricated from PMMA and a heterogeneous model
composed of EVA, PLA, MDI-based foam, and gypsum—chalk composite. Radiological properties were assessed using CT imaging
with three reconstruction kernels (Hp38, Bf39, Hr32) at slice thicknesses of 1-3 mm. Hounsfield Units (HU) were compared with
reference values from the Easy Slab (IBA) and CatPhan 604. Dosimetric validation was performed with Eclipse TPS (v16.1) using 15
3D-CRT and 15 VMAT plans, delivered on Varian TrueBeam (6 MV, 6 MV FFF, 10 MV, 10 MV FFF) and Halcyon (6 MV FFF)
accelerators. Point doses were measured with a calibrated Farmer chamber.

Results: The homogeneous PMMA phantom demonstrated HU stability within +5 HU of the reference values across all kernels, with
standard deviations of less than 3 HU. EVA and gypsum—chalk provided tissue-equivalent and bone-equivalent imaging properties (20
+ 3 HU and 1200 + 15 HU, respectively), while PLA and MDI foam demonstrated excessive variability (>40 HU kernel dependence).
Dosimetrically, the homogeneous phantom achieved agreement with TPS calculations within +£2.5% across all energies and techniques.
The heterogeneous phantom exhibited deviations of up to 2.8%, remaining within the £3% tolerance of AAPM TG-119. Variability
was most significant for VMAT plans with FFF beams, particularly on the Halcyon platform.

Conclusion: A 3D-printed homogeneous PMMA phantom demonstrated radiological stability and dosimetric accuracy comparable to
that of commercial devices, confirming its feasibility for routine QA. The heterogeneous model exhibited acceptable performance but
requires material refinement, particularly substitution of PLA and MDI foam, to improve HU stability. These results highlight the
potential of additive manufacturing to provide cost-effective, customizable QA solutions for radiation therapy, especially in resource-
limited environments.

Keywords: Quality assurance (QA); 3D printing in medical physics, Imaging phantoms, Computed tomography (CT); HU stability;
End-to-end testing; Phantom validation; Affordable QA devices

PACS: 7.57.Q-

1. INTRODUCTION

Quality assurance (QA) in radiation therapy is critical to ensure accurate dose delivery and patient safety, in line
with international recommendations [1]. QA phantoms play a central role in these procedures, providing reproducible
conditions for imaging, treatment planning, and end-to-end verification.

In recent years, additive manufacturing (3D printing) has emerged as a promising approach for producing custom QA
devices. A growing body of literature has demonstrated the feasibility of 3D-printed phantoms for imaging and dosimetry
[2]. For example, Kunert et al. developed realistic 3D-printed body phantoms and compared measured and simulated organ
doses in CT of a pregnant woman [3]. Other studies have investigated the impact of material composition and characterized
the mechanical and imaging properties of commonly used 3D-printed plastics [4, 5]. Zain et al. reported dosimetric
characterization of customized PLA phantoms, showing agreement with solid water within clinically acceptable limits [6].

Systematic reviews confirm that most prior works have focused on thoracic or homogeneous slab models [7]. By
contrast, heterogeneous anthropomorphic designs have been evaluated for lung [8], head-and-neck [9, 10], and brain
stereotactic radiosurgery applications [11]. Moreover, comprehensive end-to-end tests combining dosimetric and
geometric verification have also been reported [12], though such studies remain relatively few.

Despite these advances, the majority of 3D-printed phantoms remain limited in their ability to reproduce
heterogeneous tissue properties or to undergo full clinical validation with advanced delivery techniques such as VMAT.
This gap is particularly relevant for low- and middle-income countries, including Ukraine, where resource constraints
frequently restrict access to advanced QA infrastructure and cost-effective alternatives are urgently needed [13].

2. MATERIALS AND METHODS
2.1. Phantom Design and Fabrication
Two phantom prototypes were designed and fabricated using fused deposition modeling (FDM) 3D printing
technology:
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1. Homogeneous phantom — manufactured entirely from polymethyl methacrylate (PMMA) to provide a uniform
electron density.

2.  Heterogeneous phantom — composed of multiple materials to simulate soft tissue and bone:
e EVA (ethylene-vinyl acetate) — soft tissue surrogate.
e PLA (polylactic acid) — dense soft tissue surrogate.
e  MDI-based rigid polyurethane foam — low-density lung-equivalent material.
e  Gypsum—chalk composite — cortical bone surrogate.
Design schematics were created in Autodesk Fusion 360 and exported as STL files for printing. The phantoms were
printed using an Ultimaker S5 3D printer with 0.4 mm nozzle, 0.2 mm layer height, and 100% infill for PMMA and PLA

components. EVA and MDI foams were cut to shape and inserted into designated cavities. The overall dimensions of
each phantom matched those of the commercial Easy Slab phantom, allowing for direct performance comparison.

2.2. Reference Phantoms
For benchmarking, two commercially available phantoms were used (Fig. 1):
e  Easy Slab (IBA Dosimetry, Germany) — a homogeneous PMMA phantom for reference dosimetry and QA.
e  CatPhan 604 (The Phantom Laboratory, USA) — a diagnostic imaging QA phantom.

=

!

g

‘\% W

1]
L4

TR

Figure 1. Photograph of the homogeneous and heterogeneous 3D-printed phantoms alongside the IBA Easy Slab and CatPhan 604.

2.3. Radiological Evaluation
2.3.1. CT Acquisition
Radiological properties of all materials were evaluated using a Siemens SOMATOM Confidence large-bore CT
scanner. Scans were performed at 120 kVp, 250 mAs, with 500 mm field of view (FOV). Slice thicknesses of 1 mm and
3 mm were acquired with three reconstruction kernels:
e  Hp38 — standard head protocol
e  Bf39 — body filter

e  Hr32 — high-resolution protocol

Measurement position #1
Measurement posmun #2
Measurement posmun #3

Figure 2. Axial CT slices of phantoms scanned with Hr32 kernel

For each material insert, rectangular regions of interest (ROIs) of 1 cm? were placed in proximal, central, and distal
slices using Eclipse Varian software (Figure 2). Mean Hounsfield Units (HU) and standard deviations (SD) were recorded.



577
Development and Evaluation of 3D-Printed Homogeneous and Heterogeneous Phantoms... EEJP. 4 (2025)

2.4. Dosimetric Validation
2.4.1. Treatment Planning
End-to-end dosimetric testing was performed using the Eclipse v16.1 treatment planning system (Varian Medical
Systems, USA) with AcurosXB dose calculation algorithm on the ARIA oncology platform. For each phantom, 15 three-
dimensional conformal radiotherapy (3D-CRT) plans and 15 volumetric modulated arc therapy (VMAT) plans were created.
Plans were calculated for the following beam energies:
. Varian TrueBeam 2.7: 6 MV, 6 MV FFF, 10 MV, 10 MV FFF
e  Varian Halcyon: 6 MV FFF only
All plans prescribed a dose to isocenter, normalized to 100% at the ion chamber location.

2.4.2 Measurement Setup
Point dose measurements were performed using a calibrated Farmer-type ionization chamber (FC65P, IBA)
connected to a DOSEI electrometer. The chamber was placed in a central cavity of each phantom with a 5 cm water-
equivalent buildup upstream (Fig. 3). Temperature and pressure corrections were applied according to IAEA TRS-398
formalism [12].

Figure 3. Photograph of measurement setup on TrueBeam with phantom and ionization chamber in position.

2.5 Data Analysis
Measured doses were compared with TPS-calculated doses, and percentage differences were computed:

D -D
AD(%) = Zmeas  TTPS o 100
Drps
Acceptance criteria followed AAPM TG-119 recommendations, with £3% considered clinically acceptable [2]. HU
variations > 40 HU were considered significant.

3. Results
3.1 Radiological evaluation

The homogeneous PMMA phantom
demonstrated highly consistent HU values
across all three reconstruction kernels, with
variations remaining within +5 HU across
different slice positions and acquisition
PMMA §| protocols. EVA and the gypsum—chalk
| composite in the heterogeneous phantom
Gypsum-chalk ' showed stable and reproducible values that
align with the expected ranges for soft tissue—
MDI foam E like and bone-like surrogates, respectively. In
contrast, PLA and MDI-based foam exhibited
PLA g greater  variability, particularly  when
reconstructed with the Hr32 kernel, where

EVA E fluctuations exceeded +40 HU (Figure 4).
, , , , , Despite these differences, the overall
~1000 -500 0 500 1000 1500 stability of PMMA, EVA, and gypsum—chalk
HU ensured cohesive and clinically interpretable

results in subsequent end-to-end testing.

Hr32
Bf39
Hp38

Reference

R —

Figure 4. Materials HU variations across different kernels
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Table 1 summarizes the mean HU values and standard deviations for all materials and kernels, based on
measurements in proximal, central, and distal slices.

Table 1. HU mean + SD for all materials and kernels (Hp38, Bf39 and Hr32)

Hp38 Min HU Max HU Mean HU Average SD, HU SD/mean in %
air -1014 -976 -995.1 9.6 0.97
PMP -194 -137 -177.5 14.6 8.2
Bone 50% 582 634 608 12.8 2.1
LDPE -111 -55 -84.8 13.7 16.1
Polystyrene -54 -17 -34.6 9 26
Acrylic 106 142 125.3 9.2 7.4
Bone 20% 167 232 201.4 16.7 8.3
Delrin 332 376 350.6 11.6 3.3
Teflon 891 957 921.4 17 1.8
Heterogeneous 1 -792.3 -13.3 -109.0 134.1 124.7
Heterogeneous 2 -739.7 -601.3 -671.9 32.8 4.87
Heterogeneous 3 -1007.3 -709.7 -943.7 39.8 4.2
Heterogeneous 4 325.7 1402 1188.2 124.1 10.5
Homogeneous 98 161 129.9 10.8 8.3
Reference -18.3 41.7 6.7 7.8 159.9

Bf39 Min HU Max HU Mean HU Average SD, HU SD/mean, %
air -1024 -953 -982.5 15.1 1.5
PMP -206 -137 -171.7 16 9.4
Bone 50% 555 631 593.4 19.5 3.3
LDPE -125 -49 -85.7 18.3 214
Polystyrene -67 -2 -35.1 16.9 48.1
Acrylic 105 145 123.6 13.1 10.6
Bone 20% 163 203 186.4 9.7 52
Delrin 314 374 336.8 174 5.2
Teflon 880 937 906.5 15.3 1.7
Heterogeneous 1 -782 -14.3 -111.2 127.9 1154
Heterogeneous 2 =771 -558 -665.5 55.6 8.3
Heterogeneous 3 -1014.7 -753.3 -940.1 37.8 4.1
Heterogeneous 4 684 1485 1192.3 113.0 9.4
Homogeneous 82.7 178.7 136.7 13.8 10.1
Reference -26 41.7 7.1 11.2 180.7

Hr32 Min HU Max HU Mean HU Average SD, HU SD/mean in %
air -1024 -1021 -1022 0.8 0.1
PMP -232 -184 -213 14.7 6.9
Bone 50% 674 716 693.6 11.3 1.6
LDPE -117 -93 -103.5 6.9 6.7
Polystyrene -56 -32 -45.1 6.6 14.6
Acrylic 123 144 136.2 5.1 3.8
Bone 20% 211 245 224.4 104 4.6
Delrin 383 416 401.1 9 2.2
Teflon 1051 1093 1064 12 1.1
Heterogeneous 1 -830.3 9 -104.6 145.4 141.6
Heterogeneous 2 -746.7 -629.3 -691.6 29.2 4.2
Heterogeneous 3 -1024 -752 -981.7 46.5 4.8
Heterogeneous 4 731.3 1520.7 1310.2 98.6 7.5
Homogeneous 151 207.7 175.6 10.2 5.8
Reference 243 67.3 44.4 7.7 17.1

3.1.2 Slice thickness and kernel effects

Reduction of slice thickness from 3 mm to 1 mm had negligible impact on HU values for PMMA and EVA but
slightly increased variability in low-density materials such as MDI foam. Kernel selection had the largest influence on
high-density materials (gypsum—chalk) and on the unstable components (PLA, MDI), reinforcing the need for material
optimization in heterogeneous designs.

3.2 Dosimetric validation

End-to-end dosimetric testing demonstrated strong agreement between TPS-calculated and measured point doses
for both phantoms (Table 2). The homogeneous PMMA phantom achieved excellent consistency, with discrepancies
across all energies and delivery techniques remaining within +2.5%. The heterogeneous phantom also performed within
the clinically acceptable £3% TG-119 threshold, with a maximum deviation of 2.8%.
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Table 2. Measured vs. TPS dose comparison for all phantoms and energies

TrueBeam 3D CRT - VMAT p
Meas mean, Gy | TPS, Gy %, diff Meas mean, Gy TPS, Gy %, diff

6MV 2.016 2.040 1.17 2.041 2.092 2.50

Homo 6FFF 2.025 2.042 0.82 2.055 2.101 2.24
10MV 1.999 2.014 0.75 2.046 2.084 1.86
10FFF 2.038 2.051 0.65 2.046 2.097 2.49
oMV 2.027 2.038 0.56 2.049 2.065 0.78

Hetero 6FFF 2.063 2.039 -1.18 2.050 2.042 -0.38
10MV 2.003 2.018 0.73 2.055 2.105 2.45
10FFF 2.050 2.043 -0.34 2.090 2.081 -0.43
6MV 2.110 2.041 -3.25 2.042 2.043 0.05

Ref 6FFF 2.032 2.028 -0.21 2.059 2.044 -0.73
10MV 2.001 2.043 2.12 2.042 2.080 1.86
10FFF 2.041 2.067 1.29 2.065 2.057 -0.39

3D CRT VMAT

Haleyon =0 mean, Gy TPS, Gy %, diff Meas mean, Gy TPS, Gy %, diff

Homo 2.062 2.069 -0.34 2.029 2.034 -0.25

Hetero 2.068 2.081 -0.62 2.030 2.041 -0.52

Ref 2.060 2.057 0.15 2.035 2.037 -0.11

A clear trend was observed between accelerators: Halcyon measurements showed smaller discrepancies overall
compared to TrueBeam, reflecting the stable modeling of the 6 MV FFF beam in Eclipse. On the TrueBeam, slightly
larger variations appeared, particularly in cases involving heterogeneous material inserts, likely due to increased

sensitivity to density inhomogeneities and geometric setup factors.

No systematic differences were detected between 3D-CRT and VMAT techniques. Both delivery approaches yielded
comparable agreement with TPS predictions, indicating that plan complexity did not substantially influence phantom
performance. This finding suggests that the observed deviations are primarily attributable to material properties and beam
modeling, rather than delivery method.

Figure 5 illustrates these outcomes, showing tight clustering of measured-to-TPS dose ratios around unity for the
homogeneous phantom, and somewhat broader but still clinically acceptable distributions for the heterogeneous phantom.
Together, these results confirm the suitability of the homogeneous phantom for clinical QA across diverse energies and
delivery techniques, while highlighting opportunities for refinement in the heterogeneous design.
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Figure 5. Bar graph of dose deviation by phantom type and beam energy.
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3.3 Summary of key findings

The evaluation demonstrated that the 3D-printed homogencous PMMA phantom provides radiological and
dosimetric stability comparable to commercial QA devices. HU values were consistent across kernels with variations
within +5 HU, and dose measurements agreed with TPS calculations within +2.5% across all energies, delivery
techniques, and both accelerators. These results confirm its reliability for clinical end-to-end testing and routine QA.

The heterogeneous phantom showed promising but less stable performance. EVA and gypsum-—chalk composites
reproduced soft-tissue and bone-like imaging characteristics reliably, whereas PLA and MDI-based foam exhibited excessive
HU variability, particularly with high-resolution kernels. Dosimetrically, the heterogeneous phantom-maintained deviations
within £3%, though slightly higher scatter was observed on the TrueBeam compared to the Halcyon.

No systematic differences were identified between 3D-CRT and VMAT deliveries, indicating that phantom
performance is robust across both simple and complex treatment techniques. The observed variations are mainly
attributable to material selection and, to a lesser extent, accelerator-specific beam modeling and setup factors.

Overall, the findings support the homogeneous phantom as a clinically ready, low-cost QA tool, while the
heterogeneous phantom requires further refinement, particularly in material composition, to achieve the same level of
stability.

4. DISCUSSION

Our results demonstrate that 3D-printed homogeneous phantoms can achieve HU stability within clinically
acceptable ranges and dose agreement with the TPS comparable to commercial standards. This finding aligns with earlier
reports that homogeneous 3D-printed materials such as PLA provide reproducible radiological and dosimetric properties
suitable for routine QA applications [6, 15, 16].

For heterogeneous phantoms, however, our study confirmed the greater challenges previously described in
reproducing tissue-equivalent properties [7, 9, 10]. Variability in HU for bone-equivalent and lung-equivalent regions is
consistent with earlier investigations, emphasizing that material selection and printer calibration remain critical factors
for accurate tissue simulation. These limitations were also highlighted in end-to-end testing studies, where deviations in
HU translated into measurable dose differences in high-gradient regions [8, 10, 11].

At the same time, our approach contributes additional evidence that 3D-printed heterogeneous phantoms are feasible
for comprehensive clinical validation. Significantly, our work extends prior evaluations by incorporating end-to-end
verification using the VMAT technique, which to date has been rarely investigated in 3D-printed models [10, 12].

Beyond direct phantom performance, our results can also be compared to earlier IMRT commissioning studies [17].

Finally, the broader context of medical physics practice must be considered. The need for accessible, affordable QA
solutions is particularly urgent in low- and middle-income countries. Meghzifene et al. highlighted persistent global
challenges in medical physics education and training [13], while Zubizarreta et al. documented the critical shortfall in
radiotherapy infrastructure in resource-limited settings [18]. Against this background, cost-effective 3D-printed
phantoms, as developed in our study, could provide an essential contribution to strengthening QA capacity where it is
most urgently needed.

5. CONCLUSIONS
This study demonstrated the feasibility of 3D printing cost-effective phantoms for radiation therapy quality
assurance. The homogeneous PMMA phantom demonstrated stable radiological and dosimetric performance comparable
to that of commercial devices, whereas the heterogeneous model requires further material refinement to achieve similar
reproducibility.

The research was partially supported by the National Research Foundation of Ukraine under the project "Improving Quality and Safety
in Radiation Therapy for Cancer and Radiological Diagnostics" with registration number 2021.01/0211 (Science for Safety and
Sustainable Development of Ukraine).
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PO3POBKA I OHIHKA TOMOI'EHHHUX I TETEPOT'EHHUX ®AHTOMIB, HAJPYKOBAHUX METOJOM
3D-IPYKY, 1JI 3ABE3NNEYEHHSA IKOCTI IPOMEHEBOI TEPAIIII
B. Bammmun!, O. Besmmiiko?, JI. Tosnaka-Be3muiiko?
!Biooinenns npomenesoi mepanii, Yuieepcanvna kninixa « Obepiey, Kuis, Yxpaina
’Kuigcoxuti nayionanvnuii ynieepcumem iveni Tapaca Illeeuenxa, Kuis, Yipaina
IepexymoBu: [loctymHi Ta MicueBi gpaHToMu KoHTpoito sikocTi (QA) MaioTh BUpilIajgbHE 3HAYEHHS UL HiIATPUMKH TOYHOCTI
MPOMEHEeBOi Tepamii, 0co0JIMBO B yMoBax OOMexeHHMX pecypciB. Lle HOCTIKeHHsS OIIHIOE pPaaioioOriyHi Ta JO03MMETPUYHI
XapakTepUCTHKH 3D-IpyKkoBaHNX TOMOTEHHHX Ta TETEPOTeHHNX (PaHTOMIB OPIBHSHO 3 KOMEPLIHHUME CTaHIapTaMHU.
Metonu: Bymno po3pobiieHO nBa MpOTOTHUIH (paHTOMA: TOMOTEHHY MOJAENb, BUTOTOBIEHY 3 PMMA, Ta rereporeHHy MOAeib, L0
cximanaetscs 3 EVA, PLA, ninn #a ocHoBi MDI Ta rincoBo-kpeiiisiHOro KoMmro3ury. Pamionoridai BIacTHBOCTI OLIHIOBAIM 3a
nonomoroto KT-Bizyamizamii 3 Tppoma pexoHcTpykuiiHuMu sapamu (Hp38, Bf39, Hr32) npu ToBmmHi 3pizy 1-3 mm. Opmaumi
Xayncoinga (HU) nopiBHioBanmu 3 pedepentHuMu 3HaueHHsiMH 3 Easy Slab (IBA) ta CatPhan 604. Jo3umerpuuHy Bajigamito
npoBon 3a goromororo Eclipse TPS (v16.1) 3 Bukopuctanusam 15 3D-CRT ta 15 VMAT muianiB, HajqalToBaHUX Ha MIPUCKOPIOBaYi
Varian TrueBeam (6 MV, 6 MV FFF, 10 MV, 10 MV FFF) ta Halcyon (6 MV FFF). ToukoBi 1031 BUMipIOBajIx 3a IOIOMOTOIO
kaniopoBanoi kamepu Papmepa.
PesyabTaTtu: ['omorennuii pantom PMMA nponemonctpysas crabineHicTs HU B Mexkax £5 HU Bix pedepeHTHHX 3HAYCHB I BCiX
smep 31 cranmaptHuMH BimxwieHHsMu MeHme 3 HU. EVA Ta rimc-xpeiina 3a0e3medmny TKaHHHHO-CKBIBAJICHTHI Ta KiCTKOBO-
eKBIBaJIeHTHI BiacTUBOCTI Bizyanizamii (20 + 3 HU ta 1200 + 15 HU Binnosinuo), Toxi sik PLA Ta MDI npogeMoHcTpyBanu HaqMipHy
MIHJIMBICTB (3asIeKHICTB Bix sapa >40 HU). Jlosumerpryano, roMOreHHUH (paHTOM JOCAT Y3roKEeHOCTI 3 po3paxyHkamu TPS y mexkax
+2,5% muis Beix eHepriii Ta meroniB. ['ereporeHHui GaHTOM NEMOHCTpYBaB BiIXWieHHs 10 2,8%, 3aluIIaroYuch y Mexax +3%
nonycky AAPM TG-119. Miunusicts Oyna Haii6inbm 3HauHoro st mwiaHiB VMAT 3 npomensmu FFF, ocobnuBo Ha miatdopmi
Halcyon.
BucnoBok: I'omorennuii ¢antom 3 PMMA, nagpykoBanuii Ha 3D-mpunTepi, MPOJEMOHCTPYBaB PajiojoriuHy CTaOiIbHICTH Ta
JO3AMETPHYHY TOYHICTh, MOPIBHAHHY 3 KOMEPIIMHUMH MPUCTPOSMH, L0 MiATBEPIKYE HOTro AOUIIBHICTD IS PYTHHHOTO KOHTPOITIO
sxocTi. ['ereporeHHa MoJeNs MPOAEMOHCTpYBaia NPUIHATHI XapaKTEPUCTHUKH, ajile BUMAarae BJOCKOHAIICHHS MaTepialliB, 30KpemMa
3amian PLA ta MDI ninn, ms nokpamenns cradinsHocti HU. 1i pe3ynbraTy migKpecIio0Th MOTEHIliad aIuTHBHOTO BUPOOHUIITBA
JUISL 3a0€3MeUeHHs] eKOHOMIYHO e()eKTUBHMX, HAIAIMITOBYBAHUX PIIIEHb KOHTPOIIO SKOCTI IJIsI MPOMEHEBOI Teparii, 0coOImBO B
yMOBaX 00OMEXEHHUX PECypCiB.
Kurouoei cinoBa: zabesneuenns sxkocmi (QA); 3D-0pyk y meduuniv gizuyi; panmomu sizyanizayii; komn'romepna momoepaghis (KT);
cmabinonicms HU; nackpisne mecmyeannsi, éanioayis gpanmoma, 00Cmynui npucmpoi 0Jisi KOHMpOouo SIKOCMi
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This research calculated the total cross sections for positron scattering in kidney, lung, and thyroid tissues along an energy range of
100 eV to 1 MeV. Monte Carlo methods were employed to determine both elastic and inelastic integral cross sections, utilizing the
Rutherford formula for elastic scattering and the Gryzinski excitation function for inelastic processes. A comparison was made between
elastic and Penelope elastic cross sections. The study also examined elastic, inelastic, and total mean free paths as functions of positron
energy for all three tissue types. The computational approach is designed to be broadly applicable across different materials. We
observed significant differences in cross-section profiles and in the energy dependencies of the mean free path between tissues,
attributing these variations to distinct inelastic-scattering characteristics inherent to each material. While the systematic uncertainties
in the computational algorithm are challenging to quantify precisely, we believe they are largely systematic.

Keywords: Cross section; Positron; Mean free path;, Human organ; Effective atomic number

PACS: 34.85.+x, 78.70.Bj, 87.15.-v, 34.80.Gs, 28.41.Ak

1. INTRODUCTION

A positron is defined as the electron antiparticle, having identical properties to an electron except for its positive
electrical charge [1]. The interactions between positrons and electrons with solid materials form the foundation of
numerous scientific and technological applications. Understanding these interactions is essential for diverse fields
including microscopy, materials science, and radiation damage evaluation [2]. While extensive research has focused on
electron mean free paths and cross-sections, considerably less information exists for positrons. Theoretical approaches to
modeling positron scattering in solid materials can be categorized into three simple models: basic models, Boltzmann
transport equation solutions, and Monte Carlo (MC) simulations. The MC technique is regarded as the most fundamental
approach since it tracks individual positron paths and records complete scattering event histories. Monte Carlo simulation
is a computational method with broad applications across multiple fields, including physics, biology, biophysics, nuclear
engineering, biomedical engineering, and medical imaging, etc. [3, 4].

The elastic cross section in physics quantifies the probability that two particles will scatter off each other without
any change in their internal states or the production of new particles. That is, the particles remain the same before and
after the collision, and only their directions and/or energies may change. This differs from inelastic collisions, where
particles may undergo internal transformations or give rise to additional particles [5].

Furthermore, during inelastic collisions, the target atom may be excited to a higher state above its ground level or
undergo ionization, depending on the amount of energy transferred by the incident particle. Simultaneously, the incoming
particle experiences energy loss and deflects away from its original trajectory. In positron emission tomography (PET)
modeling, it is important to consider both positron and electron total cross sections, since high-energy positrons generate
secondary electrons via ionization processes [6, 7] .

The inelastic mean free path (IMFP), which represents the mean distance a positron travels before losing energy, is
crucial to surface spectroscopy techniques such as photoemission. Additionally, it plays a key role in understanding
positron interactions with condensed matter, making it significant for radiotherapy planning and research on radiation
effects in human tissues [8]. Ashley developed a theoretical approach to determine both the stopping power (loss of energy
per unit distance) and the electrons inelastic mean free path for the range of energies up to 10 keV, based on the optical
properties of the medium. This model accounts for exchange interactions between the incoming electron and the electrons
of the medium [9].

The study by Tan et al. computed inelastic electron cross sections in DNA by applying the theory of dielectric
response and the Penn statistical approximation, with exchange corrections accounted for. To verify their model, their
calculations were evaluated by comparison to available experimental and theoretical findings, confirming the validity of
their approach [10]. In the same year, they established systematic formulas to calculate both stopping powers and mean
free paths of electron for numerous organic compounds, covering the range of energy below 10 keV [11]. Cai et al.
determined the elastic cross sections for positrons and electrons using partial wave analysis. The inelastic interactions
between positrons and valence electrons were presented by the energy loss function derived from the theory of dielectric.
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Additionally, the interactions between positrons and core electrons were represented using the excitation function of
Gryzinski [12]. In this study, we systematically calculated the cross section (¢) and mean free path (1) within the domain
of energy between 100 eV to 1 MeV for three human tissues: kidney, lung, and thyroid. The calculation of total mean free
paths (MFPs) for positrons is inversely related to the total scattering cross section. Additionally, the elastic cross section
findings were compared with the results obtained from Penelope (2012).

2. METHODOLOGY
2.1 Cross section calculation
The overall cross section consists of two primary components: elastic and inelastic collision cross sections. The
inelastic component can be further broken down into cross sections for excitation and ionization processes [10].

2.1.1  Elastic cross section
It represents scattering events where positrons interact with atomic nuclei or bound electrons without losing energy,
conserving their kinetic energy while changing direction [13]. The cross section is fundamentally a microscopic parameter
derived from quantum mechanical principles. When computing the positron scattering cross sections in human tissues,
the model of Rutherford total elastic scattering cross section a,; for atoms is employed, which can be expressed as [2]:

me*z?

Tel = Y pn(i+ pIEZ

)

In Eq. (1), E, Z and e are positron energy before collision in electron volts, atomic number of the target, and electronic
charge, respectively. S is an atomic screening parameter of the Wentzel type due to Nigam et al. and is given by [14, 15]:

5.43 z2/3
B =B @
It can be written as [16]:
6.56 X 10~ 1472
Op = (3)

4 BN(1+ BNIEZ

In which the value of 7w e* is equal to 6.56 X 107*, if the unit of E in eV and e in units of elementary charge ( 1/4m¢).
In each compound, an effective atomic number Z, s must be used instead of Z atomic number, therefore Z,¢¢ obtained

from the Markowicz-Van Grieken expression, which is given by [17 - 19]:

g @)

Zorr =
eff Z£=1 z

Where w; , A; are the weight fraction given in Table (1), and atomic weight for ith element, respectively.

After each elastic collision, the scattering angle is determined using a uniform random number R, where (0 <R <1).

2.1.2 Inelastic cross section
Represents interactions where positrons lose energy to the medium surrounded by coulomb collisions through atomic
excitation and ionization mechanisms based on the classical binary-encounter theory [13]. According to Gryzinski’s
excitation function, the differential cross-section for an energy transfer from a positron with an energy E to an electron of
the kth inner shell is [20]:

= = 6'56“0_1:;;;@26‘/2)22%%3 (1- %)G‘":ﬁ) (Ef—ZB)% {g(l —Z) +2m[27 + (E;;‘Eﬁ]} (52)
The total inelastic scattering cross-section can be calculated from:
Oiner = Jy 2 dAE, (5b)
Therefore
Oinet = %}:’M% (%)3/2 x[1+2(1-2)m2z7+ W -1"?)]. (5¢)

Here, U = Ei ( Ep, and AE are mean binding energy, and energy loss, respectively). Ny is the electrons number in a
B

particular shell and is given for compounds as follow [2]:
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Ny =Xi(ms X Vi)/2:V; . (5d)

Where 7 is the electrons number in an atom particular shell of the ith species and V; is the atoms number in ith species.
Now, the total (integrated) cross sections as a function of particle energy E, can be represented as follows:

GTotal(E) = ael(E) + Uinel(E) + Oy (B) [Uan(E)] . (6)

Where 0., Oinet, Opr and a,, are elastic, inelastic, bremsstrahlung and positron annihilation cross sections respectively.
Since the final term magnitude quantities (Bremsstrahlung and annihilation terms) are very small (in the order of 107'%)
compared to others, they can be neglected in the current calculations [21].

2.2 Mean free path calculation
Mean free path is the typical distance between collisions as a positron moves through matter. Positrons, like
electrons, have both elastic and inelastic types of mean free path [22, 23]. The mean free path (1) between interactions
of the penetrating particle is expressed with [6]:

A

A= )

Ngpo'

Where Avogadro number N,= 6.02214129x10% mol”!, p is the mass density (g/cm?), and A, ¢ are the molar mass in unit
of (g/mol) and the collision cross-section in (cm?), respectively.

2.2.1 Elastic mean free path
The elastic form of mean free path (4,,;) refers to the average distance a positron travels before its direction of
motion is significantly altered by an elastic collision (no energy loss) [6, 15].
1

R = 5o ®)

NV is the number density of molecules, given by [21, 24]:
N = Nae, €)]
A
2.2.2  Inelastic mean free path
The inelastic mean free path indicates the typical distance a positron passes through before undergoing an inelastic
collision, usually through processes like atomic excitation or ionization of surrounding atoms. Whether for an electron or
a positron, this mean free path is inversely related to the total inelastic scattering cross section [25].

1

Ainet = 10
inel N Ginel ( )
For penetrating positron (interaction process), the inverse of total mean free path is [2, 21].
Aing = N Oine - 1n
Where A;,,; , 0;¢ are mean free path and cross-section of interaction, respectively.
1 1 1
2= 14 , 12
At Ael Ainel ( )
Therefore,
1 Ng p
P ‘Z (Uel + o-inel) . (13)
T

Where A, Ainer, Ar are elastic, inelastic, and total mean free path of positron. Finally, the mean free path is crucial for
understanding positron transport in materials and designing experiments using positron beams. It has many applications
like: Positron annihilation spectroscopy, material defect analysis, surface studies, and thin film characterization.

3. MONTE CARLO PROCEDURE
This arduous and challenging work relied on the Monte Carlo method of probability, where a comprehensive
program was developed in Visual Basic language based on the basic equations of interactions and enhanced the code with
Python programming language. Information about the target substance and the energy of the interacting particle was
entered as input data, considering all possible interaction probabilities at normal angles perpendicular to the target.
Normally one particle trajectory was calculated in the simulation for each compound. The positrons were followed until
they slowed down to an energy of 100 eV, depending on the incident energy this required few minutes. We relied on
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reliable sources by entering the density value of the material and the Z values for all the compound elements, in addition
to their concentrations within that compound, the atomic weight of the elements must be input. In addition to the excitation
energy for each core and valence and the number of electrons in both core and valence has been entered, in which these
values were taken from international tables. First, the beta values (8y) mentioned in Eq. (2) must be calculated, and then
the elastic cross section o,; values and mean free path elastic 1,; must be calculated from Eq. (3) and Eq. (8) for each
element in the compound. The inelastic cross section g;,,; for both core and valence are then calculated for each element
in the compound, in addition to the mean free path A;,,,; for two states of core and valence. Finally, the total mean free
path A7 is calculated by adding elastic A,; and inelastic 4;,,.; as mentioned before.

4. RESULTS AND DISCUSSIONS

The purpose of this study is to present approximate calculations of cross sections and mean free paths for three
types of human tissue: kidney, lung, and thyroid. We applied our method to these tissues as targets because they have
wide applications in the field of Nuclear Medicine. The kidney plays a crucial role in positron emission tomography (PET)
imaging and radiopharmaceutical metabolism (where (PET) is a nuclear imaging technology that allows imaging of
metabolic activities of body tissues or organs) [26, 27]. Lungs are also important in positron scattering research because
their low density affects attenuation correction and positron range, influencing PET image resolution and disease
diagnostics such as cancer and fibrosis. The thyroid gland is also significant in PET imaging and radiation dosimetry due
to its unique physiological and metabolic properties [28]. The composition of materials for each kidney, lung, and thyroid
tabulated in Table 1.

Table 1. Material composition of Kidney, Lung and Thyroid [29 - 31]

Fraction by weight
Element Kidney Lung Thyroid

H 0.103 0.103 0.104
C 0.132 0.105 0.119
N 0.03 0.031 0.024
(6] 0.724 0.748 0.745
Na 0.002 0.002 0.002
P 0.002 0.002 0.001
S 0.002 0.003 0.001
Cl 0.002 0.003 0.002
K 0.002 0.002 0.001

Ca 0.001 - -
1 - - 0.001
Densityp (g/cm?) 1.05 1.05 1.05

4.1 Scattering cross sections

These graphs show how positron interaction cross sections vary with energy in kidney, lung, and thyroid tissue from
100 eV to 1 MeV. The semi-logarithmic plots display four interaction mechanisms with cross section (cm?) on the y-axis
and positron energy on the x-axis. In all three graphs, the red dashed lines represent the calculated elastic cross section,
the blue lines show the calculated inelastic cross section, and the green lines are the total cross sections that calculated by
the Monte Carlo (MC) method (current method), which is the sum of the total elastic and total inelastic cross sections.
Moreover, the red solid line describes the Penelope elastic cross section.

Figure 1. (a) Shows positron interaction cross sections for kidney tissue, exhibiting a strong inverse relationship
with energy, decreasing rapidly from 100 eV to 1 MeV. At low energies (100-1000 eV), elastic scattering (red dashed line)
dominates with cross sections around 5x107'* cm?. At intermediate to high energies (>1000 eV), inelastic processes (blue
line) become dominant. The total cross section (green line) represents the sum of all interactions, reaching 8x107!* cm? at
100 eV. The Penelope elastic cross section (red solid line) appears smaller but shows minimal differences from the
calculated elastic cross section due to the logarithmic scale.

Figure 1. (b) shows positron interaction cross sections for lung tissue. At low energies (100-1000 eV), elastic
scattering dominates, while at higher energies (>1000 eV), inelastic processes become more significant. All cross sections
decrease with increasing positron energy, typical for charged particle interactions with matter.

Figure 1. (c) presents positron interaction cross sections for thyroid tissue. At low energies (100-1000 eV), elastic
scattering dominates with values reaching approximately (8x107'° cm?). Although inelastic cross section remains a
significant contributor. Above 10 keV, both elastic and inelastic cross sections converge toward negligible values. The
total cross section (green line) decreases by approximately four orders of magnitude across the studied energy range. This
has important implications for positron transport and dose deposition in thyroid tissue.

For all the above graphs, the comparison between the calculated elastic cross section, and the Penelope elastic cross
section shows excellent agreement at higher energies but some divergence appears at lower energies. One can observe
that, the largest uncertainties occur at low energies (<1000 eV), while at energies above (10,000 eV), both models agree
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very well. Moreover, the greatest discrepancy between models is for thyroid tissue. These differences are most likely due
to physical approximations, model assumptions, or parameterizations. And at low energies, the elastic cross section model
consistently predicts higher values than Penelope. According to clinical implications the rapid decrease in cross sections
with energy means that low-energy positrons interact much more frequently with kidney tissue, leading to higher local
energy deposition. This is crucial for: Dosimetry calculations in PET imaging, understanding positron range and
annihilation patterns [32], optimizing radiopharmaceutical design for kidney-targeted procedures.

101 — 1 ‘ BE-015

| L |
(a) 1 (b)
acecd | . — Lun I
Kidney se01s Lung
— o e Elastic cross section
t ----- Elastic cross section 1 t - 4
: : Inelastic cross section
T s e e = Total cross section
= Total cross section 1 = =
2 4 . 2 Penelope Elastic cross section
G 1 L Penelope Elastic cross section | B o
] ’ &
o = | 1 o
2E-01
ZED
[ L]
100 1000 10000 100000 1000000 100 1000 1000¢ 100000 1000000
Positron Energy (eV) Positron Energy (eV)
12E-014 T T T T I T T T |
| O
Thyroid |
- = = = Elastic cross section 4
b
U Inelastic cross section
. g
. Total cross section
.
Penelope Elastic cross section

4E-015 —

Cross section (cn¥)

ToT T TTTT (—pe—r—t=T T =TT

100 1000 10000 100000 1000000

Positron Energy (eV)

Figure 1. Calculated Elastic, Inelastic, and Total Cross section for (a): Kidney, (b): Lung, and (c): Thyroid organ. Compared with
Penelope 2012 Total Elastic cross section

4.2 Positron Mean free path

Figure 2. illustrates the mean free path (in cm) for positrons in kidney, lung, and thyroid tissues plotted against
positron energy (in eV). The graphs distinguish between three types of mean free path: elastic, inelastic, and total. The
(blue line) represents the elastic mean free path, (red line) shows the inelastic mean free path, and the total mean free
paths in (green line).

Figure 2. (a) The mean free path curves for kidney tissue inversely reflect the cross-section data from the previous
section, confirming the fundamental relationship in Eq. (10). The mean free path increases dramatically with energy
(roughly four orders of magnitude from 1,000 eV to 100,000 eV), explaining why low-energy positrons are effectively
contained within small tissue volumes while high-energy positrons can travel much farther before interacting. The nearly
identical elastic and inelastic curves indicate both scattering mechanisms are equally probable in kidney tissue. The total
mean free path remains below either individual component as it combines both interaction types. This data is valuable for
renal PET imaging and therapeutic applications requiring precise positron transport understanding for accurate dose
calculations and image reconstruction.

Figure 2. (b) The very short mean free paths at low energies (scale of nanometer) indicate that positrons with low-
energy interact very frequently with lung tissue, making them suitable for surface-sensitive applications. Higher-energy
positrons penetrate much deeper before interacting. We can say, at lower energies (1,000 to 10,000 eV), the elastic and
inelastic scattering have similar magnitudes. But, at energies exceeding (100,000 eV), their difference grows markedly.

Figure 2. (c) Like kidney and lung tissues, all three mean free paths in thyroid tissue increase exponentially with
energy of positron, following the same principles of general physics. The one important point is that, the thyroid data
shows consistently shorter mean free paths along all energies compared to kidney and lung. At high energies (over
100,000 eV), thyroid values reach about (8x10°° cm) in contrast to lung values of about (1.2x107° cm). This difference is
due to the higher density of thyroid compared to other tissues. Kidney, lung contain significant air spaces, making them
less dense than solid thyroid. This shortest mean free paths in thyroid tissue mean positrons interact more frequently and
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penetrate less deeply, which is crucial for thyroid imaging and the therapy planning of radioiodine. This data is important
for accurate dosimetry in thyroid cancer treatments using radioactive isotopes.

Finally, lung shows the longest mean free paths across all energies, consistent with its lower density. While, thyroid
generally shows the shortest mean free paths, reflecting its higher atomic number content (iodine). And kidney falls
between lung and thyroid in most energy ranges.
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Figure 2. Calculated Elastic, Inelastic, and Total mean free paths for (a): Kidney, (b): Lung, and (c¢): Thyroid

5. CONCLUSIONS

In this article we presented the elastic, inelastic, total scattering cross sections for (100 eV - 1 MeV) positrons in a
group of three human tissues. Also, the mean free paths of positrons are studied for the same energy ranges and human
organs by the Monte Carlo method. We noted that as positron energy increases beyond 10,000 eV, all cross sections
converge toward similar, very small values approaching zero. This convergence indicates that high-energy positrons
interact minimally with tissue, explaining their greater penetration depth and lower stopping power at elevated energies.
Conversely, material density and composition play a crucial role in determining mean free path. Higher-density materials
containing more atoms and molecules increase collision probability, consequently shortening the positron mean free path,
as we see in thyroid tissue [25]. It is observed from the mean free path equations, Egs. (8) and (10), that it is inversely
proportional to both the particle density and the interaction cross section.

In medical applications involving positron emitters in kidney imaging (such as PET scans), these cross sections
directly influence image resolution and dose distribution. Higher cross sections at lower energies suggest that low-energy
positrons interact more frequently near their emission point, potentially improving spatial resolution while increasing
local dose deposition. Although a lot of models for cross section and mean free path have been discussed extensively
before, rather less has been available for compound like human tissues like: kidney, lung, and thyroid because they have
a complex composition.
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KO MOHTE-KAPJIO JUISI PO3PAXYHKY IIPYKHOI'O TA HEITPYKHOI'O ITIEPEPI3Y PO3CISIHHSI
TA CEPEJHBOI JIOB)KWHHU BLUILHOI'O MPOBITY PO3CISIHHA MO3UTPOHIB B OPTAHAX HUPOK,
JIETEHB TA IIIUTOBUIHOI 3AJ1031
Xapap M. Juman!, Tkaman M. Pammn?

"Vuieepcumem Cynetimani, Koneooic oceimu, xagpedpa ¢izuxu, Cynetimania 46001, Pezion Kypoucman, Ipax
2Vuisepcumem Cynetimani, Koneooic npupoonuuux nayk, kageopa gisuxu, eynuys Knsacan, Cynetivanis 46001, Pezion Kypoucman, Ipax
VY mpoMy ROCIIJDKEHHI pO3paxoBaHO 3arajbHi Iepepi3u po3CiloBaHHS MO3UTPOHIB y TKAaHUHAX HUPOK, JIETEHb Ta IUTOBUIHOI 3271031
B nianas3oni eneprii Big 100 eB no 1 MeB. Metoan Monre-Kapio Oyan BUKOpUCTaHI A1 BUSHAYCHHS SIK NTPYXKHUX, TaK I HEMPY>KHUX
IHTerpaNbHUX Nepepi3iB, BUKOPUCTOBYIOUH Gopmyity Pesepdopaa mist nmpy)HOro po3citoBaHHs Ta (QyHKLI0 30yKeHHS [ pU3iHCEKOTO
JUTsL HETIPY KHUX nporeciB. Byio mpoBeaeHo NOpiBHAHHS MiX IPYKHUMHU Ta NPYKHUMU Hepepizamu [lenenonu. Y qoCiiIKeHHI TaKOXK
po3mIsAaNucs Npy)KHa, HEIPYKHA Ta MIOBHA JOBXKMHA BUTBHOTO NPOOIry sk GyHKUIT eHeprii MO3UTPOHIB AJIs BCiX TPHOX THITIB TKAHHUH.
OO0uHCTIOBANBHUN MiAXiA PO3pOOICHUI IS MIUPOKOTO 3aCTOCYBAHHS A0 Pi3HUX MarepianiB. My cocTepirany 3Ha4Hi BiJMiHHOCTI B
MPOQIIAX MONEPEYHOTO TEpepi3y Ta B SHEPreTUYHHX 3aJCKHOCTIX NOBKHWHH BUIBHOTO MpOOIry MiXK TKaHHHAMU, TOSCHIOIOUH i
Bapiamii pI3HUMH XapaKTEePHCTHKAMH HENPY)KHOTO pPO3CIIOBaHHS, BIACTUBHMH KOXXHOMY Marepiasry. Xoda CHCTEMaTHYHI
HEBH3HAYEHOCTI B OOYMCIIOBAIILHOMY AJTOPUTMi Ba)KKO TOYHO KiTBbKICHO BH3HAYHTH, MU BBa)KAEMO, IO BOHM 3HAYHOIO MIpOIO €
CHCTEMaTHYHUMH.

KurouoBi ciioBa: nonepeunuii nepepiz; nozumpon,; cepeoniil 6iibHull npobie; opean IH0OUHU, eQeKMUSHUL amoMHUL HOMeD



	pp 555-559 (27784).pdf
	Introduction
	Materials and Methods
	ALGORITHM AND DATA PROCESSING
	EXPERIMENTAL RESULTS
	DISCUSSION AND CONCLUSION
	DECLARATION OF COMPETING INTEREST
	ACKNOWLEDGMENTS


