608

East EUROPEAN JOURNAL OF PHYSICS. 3. 608-616 (2026)
DOI:10.26565/2312-4334-2026-3-56 ISSN 2312-4334

LATERAL PHOTOEFFECT IN METAL-OXIDE-SEMICONDUCTOR STRUCTURES BASED
ON MONOCRYSTALLINE SILICON

E.U. Arzikulov'?*, ® R.M. Usanov!, Sh.J. Quvondiqov', Teng Lui'?, D.T. Bobonov?,
S.A. Sattarov'?
ISamarkand State University named after Sharof Rashidov, 140001, University blv. 15, Samarkand, Uzbekistan
2School of Material Science and Engineering, Shenyang Aerospace University, 37 Daoyi South Avenue, Shenyang, China
3Jizzakh Polytechnic Institute, Jizzakh, Uzbekistan

*Corresponding author email: eshkuvata@gmail.com
Received June 10, 2026; revised August 10, 2026; accepted August 26, 2026

This paper presents the fabrication technology and experimental results of the lateral photoeffect (LPE) study in Co/SiO2/n-Si(P, Zn)
metal-oxide-semiconductor (MOS) structures. The structures were prepared based on initial n-type silicon samples (p=1.05 Qxcm),
thermally annealed samples (p=1.07 Qxcm), and highly Zn-compensated n-type silicon samples with specific resistivities of
5.04 Qxcm, 156.86 Qxcm, and 1800 Qxcm, respectively. According to the experimental results, the dependence of the lateral
photovoltage (LPV) magnitude on the distance between the contacts in the fabricated MOS structures exhibits a linear character. It was
found that the maximum value of the lateral photovoltage increases significantly with increasing specific electrical resistivity in highly
Zn-compensated n-type silicon samples. In particular, for the sample with p = 1800 QXxcm, the maximum LPV reached £16.83 mV at
a distance of 2.3 mm. This result demonstrates the high sensitivity of the LPE in structures based on highly compensated silicon. The
obtained results are in good agreement with the energy band diagrams that consider the influence of deep energy levels associated with
zinc atoms at the SiO2/Si interface and the charge carrier concentration.

Keywords: Lateral photoeffect; Highly compensated silicon;, Metal-oxide-semiconductor structure; Lateral photovoltage; Interface
states; Diffusion; Electron-beam evaporation; Thin film

INTRODUCTION

The rapid development of science and technology in the modern era has significantly increased the demand for
advanced materials with improved properties compared to existing ones. This trend has intensified the interest in the
synthesis of new materials and the in-depth investigation of their physical characteristics. In particular, MOS structures
play a crucial role in the development of modern nanoelectronics, high-sensitivity sensors, and position-sensitive detectors
(PSDs) [1-3]. The LPE observed in MOS structures can be effectively utilized in the fabrication of PSDs [1-5]. The LPE
is a phenomenon in which a photovoltage arises between the contacts when a focused light spot is incident on the
semiconductor surface. The magnitude of this effect and its linear dependence on the distance between the contacts
determine the accuracy and sensitivity of the detector.

In recent years, although the dependence of the LPE in MOS structures on the type and thickness of the metal and
oxide layers has been relatively well investigated [2, 3, 5], its dependence on key semiconductor substrate parameters —
such as the conductivity type, specific electrical resistivity, charge carrier concentration, and carrier mobility — remains
insufficiently studied. In particular, the investigation of the LPE in MOS structures based on highly compensated silicon
containing deep-level impurities is considered a highly relevant and topical issue.

Zinc (Zn) atoms, when diffused into silicon, create a series of deep acceptor and donor levels, significantly altering
the electrophysical, recombination, and photoelectric properties of silicon [6, 7, 18]. As a result, highly compensated n-
Si(P,Zn) samples exhibit high specific resistivity (10>~10* xcm). Consequently, MOS structures fabricated on the basis
of such samples can possess new functional properties.

The objective of this study is to develop the fabrication technology for Co/SiO2/n-Si(P, Zn) MOS structures and to
experimentally determine how the resistivity of the semiconductor substrate affects the magnitude and sensitivity of the
lateral photovoltage (LPV). Based on the above, the development of the fabrication technology for Co/SiO2/n-Si{P, Zn)
MOS structures and the experimental study of the LPE in these structures, particularly the determination of the effect of
specific resistivity on the magnitude and sensitivity of the LPV, are of significant scientific and practical importance. In
this work, Co/SiO2/n-Si{P) and Co/SiO2/n-Si(P, Zn) MOS structures were synthesized on the basis of initial Silicone
Electronic doped with Phosphorous (SEP-1).

Co/Si02/n-Si(P) and Co/SiO:/n-Si{P, Zn) MOS Structure Fabrication Technology
To fabricate the Co/SiO2/n-Si(P) and Co/SiO2/n-Si(P, Zn) MOS structures, monocrystalline silicon (n-Si(P)) wafers
doped with phosphorus atoms during crystal growth were initially used as substrates. The samples had dimensions of
8x4x1 mm?3, a room-temperature resistivity of approximately 1 Qxcm, and a crystallographic orientation of [111] along
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the longitudinal direction. Subsequently, highly compensated n-Si{P, Zn) samples exhibiting different conductivity types
and a wide range of room-temperature electrical resistivities were synthesized. For the preparation of these samples, the
high-temperature diffusion method was employed [19].

As is well known, the introduction of zinc atoms into silicon by the high-temperature diffusion method leads to the
formation of acceptor levels with ionization energies of E, + 0.31 eV and E, + 0.55 eV. In addition, shallow acceptor
levels with ionization energies of E, + 0.08 eV, E; + 0.09 eV, and E, + 0.13 eV are formed, which are generally attributed
to complexes of zinc atoms with Group III elements of the periodic table. In brief, the incorporation of zinc into silicon
substantially alters its electrophysical, recombination, and photoelectric properties. As a result, highly compensated
p(n)-Si<P, Zn> samples can be considered proMOSing novel materials for applications in modern micro- and
nanoelectronics.

These same initial n-Si(P) substrates (described above) were used for the diffusion process. Zinc with a purity of
99,96% was used as the diffusion source for introducing Zn atoms into the selected n-Si<P> samples. Using the
temperature-dependent expressions for the diffusion coefficient and solubility of zinc in silicon, the diffusion temperature
and duration required to obtain samples with different resistivities were determined in accordance with the procedure
described in Ref. [19].

Highly compensated n-Si<P, Zn> samples were synthesized by the high-temperature diffusion method using a
technique that takes into account the partial pressure of the diffusant vapor [20]. To remove the zinc-enriched surface
layers formed during the high-temperature diffusion process, both mechanical and chemical treatment procedures were
applied, and an average layer thickness of approximately 50 um was removed from each side of the samples. As a result,
relatively homogeneously doped, n-type, highly compensated n-Si<P, Zn> samples with room-temperature resistivities
in the range of 10%+10* Qxcm were obtained. MOS structures were fabricated using the initial n-Si<P> samples, the n-
Si<P> samples thermally annealed at the zinc diffusion temperature, and the synthesized highly compensated n-Si<P,
Zn> samples. The primary objective of fabricating these structures was to distinguish and clarify the effects of thermal
annealing and zinc incorporation on the measured characteristics.

The main parameters of the investigated samples before and after the diffusion process (electrical resistivity,
mobility, and charge carrier concentration) were determined by Hall effect measurements. In this procedure, the native
oxide layer on the initial samples and the zinc-enriched surface layers of the diffused samples were first removed.
Subsequently, ohmic contacts were formed on the lateral sides of the samples using silver-based conductive adhesive.
The corresponding measurements were then carried out as described in Ref. [9].

The parameters of the silicon samples before and after the diffusion process are presented in Table 1.

Table 1. Electrophysical parameters of the initial and Zn-diffused n-Si(P) and n-Si(P, Zn) samples before and after the diffusion process

Sample p, QXem , cm?/(V-s) n, cm Fermi level, eV
n-Si<P>, initial sample 1.05 1188.43 5.01-10% 0.254541
n—Si<P> (thermally annealed initial sample) 1.07 1167.32 4.99-10" 0.254659
n-Si<P, Zn> 5.04 650.8 1.9-10% 0.283144
n-Si<P, Zn> 156.86 690.26 5.77-1013 0.318301
n-Si<P, Zn> 1800 808 4.28:1012 0.39504

In the next stage, all samples whose parameters are presented in Table 2 were prepared for use as semiconductor
substrates for the fabrication of MOS structures. The formation of the required oxide layer on the surface of these
substrates was carried out in two steps. In the first step, the naturally formed oxide (SiO2) layer resulting from various
ambient processes was removed by immersing the samples in hydrofluoric acid (HF) for 15 s. The second step involved
the growth of a silicon dioxide layer with a thickness of 2+4 nm. This process was performed by immersing the samples
(after the first step) in nitric acid (HNOs) at a temperature of 121°C for 15 min [10]. It should be noted that oxidation in
nitric acid is known to produce a relatively high density of oxide traps and interface states at the Si—SiO: interface [22].

After the formation of the SiO: oxide layer with the required thickness, a thin layer of metallic cobalt was deposited
on top of it using electron-beam or thermal evaporation in vacuum, as well as magnetron sputtering techniques. The
thickness of the metal layer was experimentally verified by spectroscopic ellipsometry. In this case, the oxide layer
thickness was 3 nm, while the cobalt layer thickness was 10 nm.

For the investigation of the LFE in the synthesized Co/SiO2/n-Si(P) and Co/SiO2/n-Si<P, Zn> MOS structures, the
measurement setup described in Ref. [5] was used. The schematic diagram of the device is shown in Figure 1.

Since the magnitude of the LPV depends on parameters such as the charge carrier concentration and mobility in the
semiconductor substrate, it was studied at optimal values of the metal and oxide layer thicknesses (dox = 3 nm,
dm = 10 nm). To measure the LPV, two point-like ohmic contacts were formed on the surface of the metal layer of all
fabricated MOS structures using a conductive silver adhesive, as shown in Figure 1. A copper wire with a thickness of
50 um was then placed onto this contact area, after which an additional layer of silver paste was applied and the structure
was dried for 6 hours. After the silver paste had solidified, it was thermally treated using a Micro SET M RA laser welding
system to ensure mechanical stability, resulting in a mechanically robust and reliable ohmic contact. The ohmicity of the
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contacts was verified by measuring the current—voltage (I-V) characteristics between the contacts formed on the metal
surface of the fabricated structures. Figure 1b presents the I-V characteristics of the thin Co layer in Co/SiO2/n-Si<P, Zn>
MOS structure based on an n-Si<P, Zn> substrate with a resistivity of 1800 £xcm. As can be seen, the dependence of the
current flowing through the Co metal layer on the applied voltage between the surface contacts is linear.
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Figure 1. (a) Schematic view of the Co/SiO2/n-Si hybrid structure and the measurement setup for lateral photovoltage, and (b) I-
V characteristics of the metal layer of the Co/SiO»/n-Si hybrid structure.

Experimental Results and Their Analysis
The I-V characteristics of the synthesized Co/SiO2/n-Si<P> and Co/SiO:/p(n)-Si<P, Zn> MOS structures were
measured in the vertical direction with respect to the structure. In this configuration, one terminal of the external bias
voltage source was connected to the ohmic contact formed on the thin metal film, while the other terminal was connected
to the contact formed on the rear side of the semiconductor substrate. Subsequently, the polarity of the applied voltage
source was reversed, and the [-V characteristics were measured again. The obtained results are presented in Figure 2.
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Figure 2. [-V characteristics of Co/SiO2/n-Si<P> and Co/SiO2/n-Si<P, Zn> MOS structures.

As can be seen from Figure 2, the I-V characteristics of the MOS structures fabricated on the initial samples, the
samples annealed at the zinc diffusion temperature, and the samples with incorporated zinc atoms exhibit a typical
behavior characteristic of such structures. Using the experimentally measured [-V characteristics of all synthesized
Co/Si02/n-Si<P> and Co/SiO2/n-Si<P, Zn> structures, the barrier height was calculated based on Refs. [11] and [12]. The
calculated results are presented in Table 2.

Table 2. Schottky barrier heights of the Co/SiO:/n—Si(P) and Co/SiO:/n—Si(P, Zn) MOS structures, calculated from the I-V
characteristics.

Q. Structure Resistivity of the Si substrate, Potential barrier
Qxcm height, ¢z, eV
1 Co/Si02/n—Si<P> structure based on the initial sample 1.05 0.4734
Co/S102/n—Si<P> structure based on the initial sample
2 thermally annealed at 1150°C i 1.07 0.4722
3 Co/Si02/n—Si<P, Zn> structure 5.04 0.4378
4 Co/Si02/n-Si<P, Zn> structure 156.86 0.5463
5 Co/ SiO2/n—Si<P, Zn> structure 1800 0.4798
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As can be seen from Table 2, a well-defined potential barrier is formed in the investigated samples. The differences
in the barrier height values observed in the Co/SiO2/n-Si<P, Zn> structures may be associated with the modification of
impurity-induced surface states formed by zinc atoms, as well as changes in the charge states at the SiO2/n-Si<P, Zn>
interface.

Surface condition has a significant impact on the electrical parameters of MOS structures. Therefore, we studied the
surface condition of a pure semiconductor substrate, a substrate with a tunnel-thin oxide layer, and a substrate with a thin
metallic cobalt layer at room temperature using an FusionScope Scanning Electron Microscope (SEM). This modern SEM
microscope allows for surface examination of substrates in both SEM and Atomic Force Microscopy (AFM) modes. The
results are shown in Figure 3.

20.0um P 20.0um Pt

d) f)

Figure 3. SEM and AFM images of the Co/SiO2/n-Si hybrid structures: (a, b) initial silicon surface; (c, d) silicon surface after
chemical cleaning; (e, f) SEM and AFM images of the cobalt thin films.

Figure 3 presents the surface morphology of the Co/SiO2/n-Si hybrid structures at three critical stages: the initial
state, post-chemical cleaning, and following the deposition of the Co thin film, as characterised by Scanning Electron
Microscopy (SEM) and Atomic Force Microscopy (AFM). Figures 3(a) and 3(b) display the surface of the initial silicon
substrate. The SEM micrograph (Figure 3a) reveals the presence of residual macroscopic particulate contaminants on the
uncleaned surface. Corroborating this observation, the AFM topographical analysis (Figure 3b) demonstrates an initial
root-mean-square (RMS) surface roughness (R;) of 59.19 nm. Following the chemical cleaning procedure, a drastic
morphological improvement is observed. The SEM image in Figure 3(c) shows the successful elimination of the surface
impurities, yielding a highly pristine and uniform silicon surface. The corresponding AFM image (Figure 3d) confirms
this planarization, exhibiting a substantial decrease in the surface roughness to 2,42 nm, thereby validating the efficacy
of the chemical treatment. Figures 3(e) and 3(f) illustrate the surface characteristics after the Co thin film deposition.
While the macroscopic SEM image (Figure 3¢) suggests the formation of a highly smooth and uniform Co layer with an
apparent roughness of 2.69 nm, the high-resolution AFM topography (Figure 3f) provides a deeper insight into the
nanoscale growth dynamics. The AFM image reveals that the Co layer forms via the Volmer-Weber (island) [21] growth
mechanism, characterised by discrete nanostructured formations. In the regime of ultra-thin metallic films, this island-
like morphology plays a pivotal role in determining the electrical transport properties of the structure. The discrete
granular nature of the film significantly enhances conduction electron scattering at the boundaries of these islands, which
leads to a pronounced increase in the sheet resistance (Rg) of the metal layer.

The dependence of the measured LPV on the distance between the contacts in Co/SiO2/n-Si<P> and Co/SiO/p-
Si<P, Zn> MOS structures is shown in Figure 4.
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As can be seen from the figure, in all investigated structures the dependence of the LPV on the distance between the
contacts exhibits an approximately quasi-linear behavior.
20

10 T
e

L

¢ ¥ asaaast

5 - o v AAA‘A

v ]

¥, A.:'.".,,.."l

e
LY g

3

vV o? = Int n-Si<P>, p=1.05 Qxcm
» TA n-Si<P>, p=1.07 Qxcm
n-Si<P,Zn>, p=5.04 Qxem
n-Si<P,Zn>, p=156.86 Qxcm
n-Si<P,Zn>, p=1800 Qxcm

]
<
<
s

Laser position, (mm)

Figure 4. Dependence of the LPV magnitude on the laser beam position

To evaluate the linearity of such dependences, the nonlinearity coefficient J and the correlation coefficient r, defined
by the following expressions, are used [3].

2XRMS

Nonlinearity = & = maximum value of LPV’ M
here, RMS denotes the standard deviation (root mean square deviation), and r is the correlation coefficient
— o _
y—y=r0—y(x—x), )
X

where oy, 0, — are the standard (root mean square) deviations.

In addition, the sensitivity coefficient &k, which determines the practical applicability of the investigated structures
and is defined by the following expression, is calculated using Eq. (3):

d(LPV)

Under the given experimental conditions, it was found that the maximum LPV value in Co/SiO2/n-Si<P>-based
MOS structures strongly depends on the resistivity of the semiconductor substrate. In particular, in the initial and
thermally treated Co/SiO2/n-Si<P> samples with relatively low resistivity, the maximum LPV values were comparatively
small, amounting to +4.11 mV and £3.76 mV, respectively. At the same time, in Co/SiO2/n-Si<P, Zn> samples, the
maximum LPV value increased significantly with increasing resistivity. For samples with resistivities of 5.04 Qxcm,
156.86 Qxcm, and 1800 Qxcm, the corresponding LPV maxima reached £6.31 mV, £13.77 mV, and +£16.83 mV,
respectively.

The values of the parameters related to nonlinearity for the dependence of the LPV on the distance between contacts
in the synthesized Co/SiO2/n-Si<P> and Co/SiO-/p-Si<P, Zn> MOS structures, i.e., the quantities defined by Egs. (1)-(3),
were calculated based on the experimental results. The obtained calculation results are presented in Table 3.

Table 3. Position sensitivity (k), Correlation coefficient (r), and nonlinearity (5) coefficients of the LPV response for the investigated
Co/Si02/n-Si(P) and Co/SiO2/n—Si(P, Zn) MOS structures

Sample p, QXcm k, mV/mm r S %
Co/SiO2/n-Si<P> 1.05 1.9966 0.9944 7.18
Co/SiO2/n-Si<P> 1.07 1.9504 0.9950 7.34

Co/Si02/p—Si<P,Zn> 5.04 2.9929 0.9976 4.43
Co/SiO2/p-Si<P,Zn> 156.86 6.8451 0.9961 5.84
Co/Si02/p-Si<P,Zn> 1800 8.1887 0.9943 7.25

Within the scope of this study, the effect of the semiconductor substrate resistivity on the position sensitivity
characteristics of Co/SiO2/n-Si<P> and Co/SiO./p-Si<P, Zn> MOS structures was investigated. The obtained
experimental results demonstrate that with an increase in resistivity, the position sensitivity coefficient £ of the device
increases from 1.9966 mV/mm to 8.1887 mV/mm. This behavior can be explained by the redistribution of charge carriers
in high-resistivity samples.

The fact that the correlation coefficient » for all samples lies in the range 0,9943+0,9976 confirms a sufficiently high
degree of linearity between the LPV values and the coordinate. This represents an important advantage for the potential
application of MOS structures as position-sensing devices.
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The nonlinearity degree J was found to vary in the range of 4.43% to 7.34%, remaining within the accepted
technological criterion (6 < 15%) [13] in all cases. At the same time, the minimum nonlinearity value (4.43%) was
observed for the sample with a resistivity of 5.04 Qxcm, indicating an optimal operating regime of the device in this
range. Although high-resistivity samples provide higher sensitivity, they are also characterized by a slight increase in
nonlinearity, which indicates a trade-off between sensitivity and accuracy.

DISCUSSION OF EXPERIMENTAL RESULTS

To explain the obtained results from a physical point of view, the energy band diagrams of the investigated
Co/S102/n-Si<P> and Co/SiO2/n-Si<P, Zn> structures were constructed theoretically in analogy with Ref. [4].

In a Me/Si10-/Si structure, when the metal film is non-uniformly illuminated, the transmitted light generates electron—
hole pairs in the illuminated region of silicon. These carriers then diffuse toward the existing space-charge region in
silicon and are separated by the internal electric field of the structure. The magnitude and direction of this field depend
on the value and sign of the built-in potential barrier q¢;. This potential is determined by the difference between the work
functions of the metal and silicon. It should be noted that the electron work function of silicon depends on the type and
concentration of the doping impurity.

In this study, we used semiconductor substrates fabricated from industrial SEP-1 silicon, doped with phosphorus
during crystal growth, as well as highly compensated n-Si<P, Zn> samples obtained by high-temperature diffusion. The
electron work function of silicon can be estimated by the following equation:

qes = qxsi + (Er — E¢), 4

here qxs; = 4.05 eV —is the electron affinity of silicon, and Er — E — is the energy distance between the Fermi level and
the conduction band edge. For the n-Si<P> case, Er — E. — is determined by the expression: Ep — E; = kTIn(N./Np)
where N is the effective density of states at the conduction band edge, which at 300 K is N, = 2.8 - 10*° ¢m™3 [8], and Np
is the electron concentration in the sample at room temperature. For the n-Si<P> (111) sample with resistivity
p = 1.05 Qxcm, the donor concentration is N, = 5.01 - 10°cm™2 and Er — E; = 0.22 eV. Accordingly, the electron
work function is found to be 4.27 eV.

Similarly to the n-Si<P> sample, for n-Si<P, Zn> (111) samples with resistivities of p = 5.04, 156.86, and
1800 Qxcm, the donor (electron) concentrations are Np = 1.9 - 101%; 5.77 - 103; 4.28 - 10'2¢m™3, respectively. The
corresponding values of (Ex — E) are found to be 0.28 eV, 0.39 eV, and 0.46 eV.

For the energy band diagram of the Co/SiO2/n-Si<P, Zn> structure, the following values can be obtained. For
example, for an n-Si<P, Zn> sample with a room-temperature resistivity of p = 1800 Qxcm, the donor concentration is
Np = 4.28 - 102cm™3 and Er — E; = 0.46. Consequently, the electron work function for this sample is 4.51 eV. Using
the same approach, the electron work functions for the remaining n-Si<P, Zn> samples are found to be 4.33 eV and
4.44 eV, respectively.

Taking into account that the electron work function of cobalt is 4,40 eV, the resulting potential values in n-Si<P>
and n-Si<P, Zn> samples are found to be 0.13 eV, 0.07 eV, —0.04 ¢V, and —0.06 eV, respectively. In the initial samples
and in the n-Si<P, Zn> structure with a resistivity of 5.05 Q-cm, the energy bands at the SiO2/Si interface are bent upward,
and the resulting internal electric field is directed from silicon toward the cobalt film.

Based on these data, the equilibrium band diagrams of the Co/SiO2/n-Si<P> and Co/SiO./n-Si<P, Zn> structures were
constructed, as shown in Figure 6. The analysis of the band diagrams indicates that in the Co/SiO2/n-Si<P> structure, and in
the Co/Si02/n-Si<P, Zn> structure with a resistivity of 5.05 Qxcm, the upward band bending is more pronounced compared
to the Co/SiO2/n-Si<P, Zn> structures. In this case, @5 = E;(0) — E; = 0.13 eV and @ = Er — E; = 0.22 eV, and since
@s < @r, an accumulation layer is formed at the SiO2/Si interface instead of an inversion layer. In contrast, in Co/SiO2/n-
Si<P, Zn> structures with resistivities of 156.86 and 1800 Qxcm, the bands are bent downward, leading to the formation of
a depletion layer at the SiO2/Si interface (Figure 6b). In this case, the internal electric field is directed from the thin cobalt
film toward the silicon substrate. This, in turn, results in the drift of photogenerated holes toward the SiO-/Si interface in the
initial Co/SiO2/n-Si<P> structure and in the Co/SiO2/n-Si<P, Zn> structure with 5.05 Qxcm resistivity, whereas in the
Co/Si02/n-Si<P, Zn> structures with resistivities of 156,86 and 1800 Qxcm, electrons are attracted toward this interface.

Figures 6(a) and 6(b) show the energy band diagrams of the Co/SiO2/n-Si<P> and Co/SiO2/n-Si<P, Zn> structures,
respectively, taking into account interface states.

These figures clearly show that, for Co/SiO2/n-Si<P, Zn> structures with resistivities of 156.86 and 1800 Qxcm,
taking into account interface states leads to negative potential values (q; = —0.04 eV and — 0.06 eV, respectively) and
a reversal of the band bending direction. As a result, a depletion n-type layer is formed at the SiO/Si interface. The
direction of the electric field is also reversed, so that, unlike the ideal case, photogenerated holes rather than electrons are
attracted toward the SiO2/Si interface. For the Co/SiO2/n-Si<P> structure, the band bending is reduced to about 0.03 eV,
and, as in the ideal case, no inversion layer is formed at the SiO./Si interface (as shown in Figure 6a), where o5 = 0.13 eV/,
@r = 0.22 eV and @5 < @. Thus, considering only interface states at the SiO2/Si boundary leads to different directions
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of the internal electric field in Co/SiO2/n-Si<P> and Co/SiO2/n-Si<P, Zn> structures, which in turn results in
corresponding changes in the current transport mechanisms in the investigated structures.

As can be seen from Figure 4, under the given conditions, the observed maximum value of the LPV in the Co/SiO./p-
Si<P, Zn> structure is approximately four times higher than that in the Co/SiO/n-Si<P> structure.
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Figure 6. Energy band diagrams of Co/SiO2/n-Si<P> (a) and Co/SiO2/n-Si<P, Zn> (b) structures at the SiO2/Si interface, taking
into account interface states

These values correspond to the ohmic contact region and show a significant deviation from the results reported for
similar structures investigated in other studies [2]. Such a pronounced difference in the results may be attributed to several
factors. The first possible reason is the difference in the laser beam power used in our study and in other works [2,3] on
LPV investigation. The LPV value strongly and nonlinearly depends on the incident laser power; in particular, an increase
in laser power leads to an increase in LPV, which can cause significant discrepancies between the measured values in
different studies. The second reason may be the differences in the thicknesses of the oxide and metal layers in the
investigated structures. These layer thicknesses have a strong influence on the LPV magnitude [2]. The third reason may
be the differences in the semiconductor substrate parameters used in the fabrication of the structures, such as charge
carrier concentration and mobility, as well as the differences in interface states at the SiO2/Si boundary compared to those
reported in other studies [4]. All the factors mentioned above may lead to significant differences in the obtained
experimental results.

When the structure is illuminated, the reduction of the potential barrier is determined by the following expression [4]:

qV, = kTIn [1 + 3(1 - M)] )
0

1+aLeff

here £ is the Boltzmann constant, 7 is the temperature, g is the electron charge, F\ is the photon flux density incident on
the silicon surface, s = 97 /4 (where 9 — is the average thermal velocity of charge carriers), ny — is the concentration
of majority carriers at the SiO2/n-Si interface under dark conditions, @ —is the optical absorption coefficient, d —is the
space-charge region width, and L. s — is the effective diffusion length of minority carriers. By substituting the values of
the majority carrier concentration at the SiO»/Si interface for the Co/SiO2/n-Si<P> and Co/SiO2/n-Si<P, Zn> structures
into Eq. (1), the following approximately values of gV, are obtained: ~1.34:10° eV and ~2.21-107° eV, respectively.
As noted above, in Co/SiO2/n-Si<P> and Co/SiO2/n-Si<P, Zn> structures, a linear relationship between the laser
spot position and the lateral photovoltage is observed in some cases, while in other structures an exponential decay
behavior is also present. Such dependences can be explained by the fact that the metal film on the structure surface serves
only to induce band bending in the silicon near the SiO-/Si interface, whereas the LPV generation process takes place in
the near-surface region of silicon. Depending on the degree of band bending, accumulation, depletion, or inversion layers
are formed in the subsurface region of silicon, leading to the formation of p—n, p—n—, (n—n) or p*—n, (n*—n), etc. junctions,
to which the theory of the LPV effect can be applied. For example, in the Co/SiO2/n-Si<P> structure, an inversion layer
and a p—n junction formed by the silicon bulk are created at the SiO/Si interface. In this case, excess photogenerated
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carriers act as majority carriers in both p- and n-type regions. For this structure, the diffusion theory of the LPV effect,
based on the continuity equation of the total current of majority carriers and the linear dependence of LPV on the light
spot position, can be derived and is given in the following form [4]:

LPV = Ky[eP1oi](Ix,]| — Ix, ), ©)

Here K; — is the proportionality coefficient, f=q/(kT), ¢; — is the built-in potential, and x;, x, — are the distances
from the illumination point to the contacts. From Eq. (6), it can be seen that the magnitude of the LPV increases
exponentially with an increase in the generated potential and becomes zero at the midpoint between the contacts
(i.e., when x; = x;), exhibiting a linear variation across the contact spacing. This behavior is experimentally observed
in Co/Si02/n-Si<P> and Co/Si02/n-Si<P, Zn> structures, as shown in Figure 4.

CONCLUSIONS

In this study, Zn atoms were introduced into initial KEF-1 n-Si{P) samples (p = 1.05 Qxcm) using a high-temperature
diffusion method, resulting in the synthesis of strongly compensated n-Si(P, Zn) samples with various resistivity levels
(p=5.04,156.86, and 1800 Qxcm). Based on these substrates, Co/SiO2/n-Si(P, Zn) MOS structures were fabricated, and
a reproducible technology for their preparation was developed.

Based on the obtained results, it can be concluded that by optimizing the resistivity of the semiconductor substrate
in Co/Si02/n-Si<P, Zn> MOS structures, it is possible to develop position-sensitive devices with high sensitivity. These
findings broaden the prospects for the application of MOS-based PSD devices in optoelectronic and sensor systems
requiring high precision.

In Co/Si02/n-Si(P, Zn) MOS structures, an increase in the resistivity of the n-Si(P, Zn) substrate has a significant
influence on the fundamental physical mechanisms of the LPV effect. The experimental results showed that the
dependence of LPV on the distance between contacts exhibits a highly accurate linear behavior in the fabricated structures.
With increasing resistivity, a substantial increase in the maximum LPV value was observed. In particular, the maximum
LPV value of +4.11 mV in the initial n-Si(P) samples increased to +16.83 mV in the highly compensated sample with
p =1800 Qxcm, corresponding to an approximately fourfold enhancement. At the same time, the position sensitivity
coefficient increased from & = 1.9966 V/mm to 8.1887 V/mm. The correlation coefficient ranged within » = 0.9943—
0.9976, confirming a high degree of linearity, while the nonlinearity remained within J = 4.43-7.34%, fully satisfying the
accepted technological criterion (8 < 15%).

The obtained results are in good agreement with the energy band diagrams constructed by taking into account the
interface states at the SiO»/Si boundary and the redistribution of charge carrier concentration. In MOS structures fabricated
on strongly compensated (high-resistivity) silicon substrates obtained via Zn diffusion, an efficient formation of the internal
electric field and redistribution of charge carriers occur, which leads to a significant enhancement of LPV sensitivity.

The results of this study demonstrate the potential application of MOS structures based on Zn-high compensated n-
Si(P, Zn) as proMOSing materials for the development of position-sensitive detectors (PSDs), high-precision
optoelectronic sensors, and nanoelectronic devices. Furthermore, these findings establish a scientific basis for designing
high-sensitivity, high-linearity, and high-accuracy devices by further tailoring the semiconductor substrate resistivity and
interface states in MOS structures.

It is worth noting that some commercially available position-sensitive detectors, as well as certain devices reported
in the literature, reportedly employ silicon substrates with considerably higher resistivity than the maximum investigated
in the present work. It should be emphasized, however, that the present study already covers a broad resistivity range —
from ~1 Qxcm in the initial n-Si (P) samples to 1800 Qxcm in the highly Zn-compensated samples; extending this
range toward even higher resistivities represents a promising direction for future research. It is also worth noting that,
based on the physical mechanism underlying the LPE, deep-level-compensated silicon substrates such as those used in
this study are expected to provide considerably higher LPV sensitivity than nominally pure (uncompensated) high-
resistivity silicon of comparable resistivity, owing to the more efficient formation of the internal electric field associated
with deep-level compensation; a direct experimental comparison between the two substrate types remains an interesting
subject for future work. In addition, since the SiO: layer in this work was formed by oxidation in nitric acid, exploring
alternative oxidation methods to further reduce interface-state density and improve device performance represents another
promising direction for our future research.
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JATEPAJILHUI ®OTOE®EKT ¥ CTPYKTYPAX METAJI-OKCH/I-HAIIIBIPOBITHUK HA OCHOBI
MOHOKPUCTAJIIYHOI'O KPEMHIIO
E.Y. Apsikyaos'?, P.M. Ycanos', II1.JIz. Kysonaikos', Tenr Jlyii'?, JI.T. Bo6onos?, C.A. Carrapos'?
!Camapranodceruii depocasruil ynisepcumem imeni Illapogpa Pawudosa,
140001, Yuisepcumemcokuii oynveap, 15, Camaprano, Ysbexucman
2Illxona mamepianosnaécmea ma inoicenepii, Lllenvancokuti aepokocmivnutl yrisepcumem,
npocnexkm [laoi Caym, 37, Ulenvan, Kumaii
3 IIicusaxcoruii nonimexniunutl incmuntym, [ocusak, Yz6exucmarn

V wiit cTaTTi NPEACTABICHO TEXHOJIOTII0 BUTOTOBICHHS Ta €KCIEPUMEHTAIbHI Pe3yJIbTaTH AOCHIIKEHHS JaTepalibHOro (oroedexry
(JI®E) B meran-okcua-HamiBnpoBigaukoBux (MOII) crpykrypax Co/SiO:/n-Si(P, Zn). CtpykTypn Oyiu BUTOTOBIICHI Ha OCHOBI
BUXITHHX 3pa3kiB kpeMmHito n-tumy (p=1,05 Om*cwm), TepmiuHo BiamaneHux 3paskiB (p=1,07 OMXcM) Ta BUCOKOKOMITIEHCOBaHHX Zn
3pa3KiB KPEMHIIO N-THITY 3 TUTOMUM o1opoM 5,04 Omx*cm, 156,86 Omxcum Ta 1800 OMXcM BigmoBiAHO. 3TiAHO 3 eKCTIEPUMEHTATEHIMA
pe3yabpTaTaMu, 3aJIeKHICTh BETHYNHH J1aTepaibHoi (poto-epc (JIDE) Bin BincTani Mixk KoHTaKTaMu y BurotoBieHnx MOH-cTpykTypax
Mae JiHifHUHA Xapaktep. Byno BUsBIEHO, IO MakCHMalbHE 3HAYCHHS JlaTepaiabHOi (OTO-epc 3HAYHO 3pOCTae 3i 301IBLICHHSM
ITUTOMOTO €JIEKTPHYHOTO ONOpPY y BHCOKOKOMIIEHCOBAHUX Zn 3pa3Kax KpPeMHII0 n-Tuiry. 30kpeMa, st 3pazka 3 p = 1800 Omxcm
makcumaibhe JIOE nocsrno £16,83 MB Ha Bigcrani 2,3 mM. [leit pesynbrat 1eMoHCTpYe BUCOKY uyTiuBicTh JIOE B cTpykTypax Ha
OCHOBI BHMCOKOKOMIICHCOBAHOTO KpeMHiro. OTpuMaHi pe3yibTaTd Ao0pe y3TrO[KYIOThCS 3 AiarpaMaMd €HEepreTHYHUX 30H, SKi
BPaXOBYIOTb BIUTUB ITIMOOKHX SHEPreTHYHUX PiBHIB, HOB'SI3aHUX 3 aTOMaMH LIMHKY Ha Mexi po3ainy SiO»/Si, Ta KOHLIEHTpaLilo HOCITB
3apamy.

KuwuoBi caoBa: izamepanvhuii  ¢pomoeghexm,; 6UCOKOKOMNEHCOBAHUL KPEeMHill, CMPYKMypa Meman-oKCUO-HanienpogioHux,
Jamepanvua omoenepzisn; cmanu Ha medici po30iny, Ougysis; enekmpoHHO-npomMenese BUNApPOBYBAHHs, MOHKA NIiBKA
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The dependence of the degree of crystallinity, the dynamic mechanical modulus, and the shear at frequency of ~1 MHz on the content
of nanotubes was investigated for unirradiated PA-6/MWCNT nanocomposites. An increase in the degree of crystallinity and a decrease
in these moduli with increasing CNT content were found, which is explained by the fact that CNTs in the polymer matrix act as
nucleation centers of the crystalline a-phase, as well as nanoparticles disrupting interatomic bonds in chains and between
macromolecules. These nanocomposites were irradiated with electrons Ec =~ 1.8 MeV and an absorption dose of 10 MRad (100 kGy),
20 MRad (200 kGy). The dependence of electrical conductivity, dynamic mechanical moduli, Raman scattering, and fast
photoluminescence emission on the CNT content was measured. Irradiation has been shown to have complex effects on the properties
mentioned above. Electrons can contribute to both the destruction of chains and the establishment of the crystalline phase, as well as
the healing of damage caused by nanotubes through the recombination of electrons with free radicals. Radiation functionalization often
leads to changes in the Raman spectra and the energy structure of electrons within the band gap. These changes are associated with the
presence of local states related to the amorphous phase and structural defects. The restructuring of the FL spectra can also be affected,
potentially impacting the formation of the conducting cluster.

Keywords: Polyamide-6; Nanocomposites, Electrical conductivity; Degree of crystallinity, Dynamic moduli; Raman spectra;
Fluorescence, Electron irradiation

1. INTRODUCTION

Polyamides belong to a widespread class of acyclic and alicyclic polymers that include alkanes and amide groups —
NH-C-O. These polymers have a simpler molecular structure with single numbering [1] and a more complex structure
defined by double numbering [2]. The presence of polypeptide bonds in polyamides resembles the structure of proteins,
and therefore, such polymers can serve as a model for studying the structural features of these biosystems. Among
polyamides, polyamide-6 (PA-6, nylon-6) is the most affordable and widely used in various industries, especially in
textiles and medicine. Polyamide-6 is characterized by a wide range of important physical and mechanical properties and
high thermal and chemical resistance.

PA-6 is susceptible to the formation and rearrangement of crystalline phases with temperature changes. Thus, upon
rapid cooling from the melt to low temperatures, crystallization occurs, forming a metastable y phase. Its peculiarity is

the close values of the lattice basis parameters (|a| = |b|), due to the twisting of the macromolecular chains. When the
temperature is increased to 130 °C, a transition to a more stable a-phase with a triclinic structure is observed. This phase

is characterized by a significant difference in the lattice parameters m * |b—|)) . At a Brill temperature of Tgrin = 160 °C,

a Brill transition is observed in the a-phase, where |a| = |b|. In addition, a transition from the crystalline a-phase to the
a-phase with a pseudohexagonal structure is possible with increasing temperature [3, 4]. In contrast to the y-phase, for
which X-ray diffraction shows the presence of only one peak at 20 = 21.5° for Ac,, a similar pattern indicates the
appearance of two peaks 200 (26 =20.13°) and 002/202 (20 = 23.85°) [5].

For PA-6 fibers, the crystallization temperature T, = 189°C and the melting point corresponding to reheating
Tm =222°C, respectively, the melting enthalpy AHm, = 52 J/g [6]. The sintering temperature for the amorphous
component is Ty = 54°C. The tensile modulus is 2590 MPa at an elongation of about 100%.

Physical properties of PA-6, whose molecular structure is given by:

[-NH-C-O—(CH3)s1x

depend significantly on the presence of a polar group capable of forming an interchain hydrogen bond (N-H...0=C),
which largely determines the crystal polymorphism. The presence of such bonds in the a-phase is accompanied by features
of the sheet structure.
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The appearance of such sheets leads to the indicated asymmetry of the lattice base plane in comparison with its
higher energy for the y-phase. The presence of different phases of amide polar groups in the chains of hydrogen bonds
between macromolecules indicates the possibility of a wide modification of PA-6 properties due to the structural and
radiation functionalization of this polymer, which is accompanied by changes in the important properties of these
materials. Numerous studies have shown that one of the potentially most important materials for structural
functionalization of polyomides is multi-walled carbon nanotubes (MWCNTs), which are characterized by high strength,
thermal and electrical conductivity, and are affordable nanostructures [7, 8]. A significant effect on the modification of
polyamide properties also occurs when irradiated with y-photons [9]. At the same time, most studies on the structural and
radiative functionalization of polyamides are aimed at studying mechanical and calorimetric properties and, to some
extent, various photophysical changes, such as fluorescence, which is of considerable interest.

The aim of this work is to study the electrical conductivity and optical properties of polyamide-6 and its composites
with MWCNTs under radiation functionalization via high-energy electron irradiation, to establish the mechanisms
underlying the modification of these properties with increasing dose rate.

2. MATERIALS AND METHODS

The composites investigated were based on polyamide 6 (PA-6) filled with multi-walled nanotubes (MWNTSs). The
composite samples were obtained by hot pressing; for this purpose, a mechanical mixture of polymer powder and
nanotubes was placed in a closed metal mold at T =230°C and an external pressure of 30 MPa. The samples were obtained
as discs with a diameter of 30 mm and a thickness of approximately 2 mm. The concentrations were 0-0.015 vol. pt. of
MWCNTs.

The crystal structure of PA-6/MWCNT nanocomposites was determined using an X-ray diffractometer (DRON-3
M) with monochromatic CuKa (A = 0.154178 nm) radiation.

To investigate the mechanical properties of PA-MWCNT nanocomposites, a computerized ultrasonic velocity meter
KERN-4 was used. The dynamic Young's modulus was determined by the formula E = pV?;, where p is the density of the
sample, V; is the velocity of quasi-longitudinal elastic ultrasonic waves. The dynamic shear modulus was obtained by the
equation: G = pV?,, where Vi, is the velocity of quasi-transverse ultrasonic elastic waves.

The Raman and FL spectra were recorded using a Horiba Jobin Yvon T64000 triple spectrometer (Japan) with Ar-
Krion (A.=488 nm) and He-Cd (A, =325 nm) lasers, respectively. The measurements were performed at room temperature.

The electron irradiation was carried out with the linear accelerator ILU-6 with energy E.=1.8 MeV, absorption doses
of 10 MRad (100 kGy) and 20 MRad (200 kGy) at the temperature T = 333 K.

3. RESULTS AND DISCUSSION
3.1. Quantum chemical calculations
Quantum chemical studies were performed on polyamide dimer and trimer molecules. Calculations were carried out
using the Gaussian 09 software package and the density functional theory (DFT) method, with the B3LYP hybrid
functional and 6-31G(d) basis set. Fig. 1-2 show the optimised geometry of the polyamide dimer and trimer molecules
(one of the conformers).
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Figure 1. Optimized geometry of the polyamide dimer
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Figure 2. Optimized geometry of the polyamide trimmer

The natural vibrations of polyamide molecules were calculated. A scale factor of 0.9614 was applied to the
frequencies [10]. As can be seen in Fig. 3, the Raman scattering spectra of the monomer, dimer, and trimer are almost
identical. The valence vibrations of C=O and N—H are not sensitive to the length of the polymer chain and are found at
frequencies of 1709 cm™ and 3483+1 cm'. The broad band near 3000 cm™! corresponds to the valence vibrations of C-H.

Figure 4 shows the calculated Raman scattering spectra resulting from the combination of polyamide molecules
within the frequency range of 800—1,600 cm™.
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Figure 3. Raman scattering spectra for the monomer (green Figure 4. Raman scattering spectra of the monomer (green
line), dimer (red line) and trimer (black line) of the polyamide line), dimer (red line) and trimer (black line) of the polyamide,

within the 800-1600 cm™! range
Table 1 presents the calculated frequencies of the main fundamental oscillations of polyamide chains.

Table 1. Frequencies of the main fundamental oscillations of polyamide chains.

monomer | dimer | trimer

Frequency, cm™
Valence vibrations N-H 3483 3482 3484
Valence vibrations C=0 1709 1709 1709
Deformation vibrations N-H - - 1500

3.2. Electrical conductivity and mechanical properties of PA-6-MWCNT nanocomposites

Filling PA-6 with nanotubes and increasing the concentration of nanotubes leads to a significant decrease in
resistivity. While the resistivity of pure PA-6 is p = 10'3 Q-cm, it drops to 1.4:107 Q-cm at 6 wt.% CNT content and to
2.8-10' Q-cm at 12 wt. % CNT content. A similar decrease in resistivity is also observed for other fillers, such as carbon
black, but at higher concentrations [11].

The electrical conductivity at AC current (cac) in the frequency range of 10--107 for pure PA-6 increases linearly,
and with the addition of MWCNTs, regions of constant conductivity appear for 6pc = cac at a nanotube concentration of
4 wt.%, the electrical conductivity is constant over the entire frequency range and is equal to opc = ac = 10 S/cm. At
the same time, the ratio of the intensities of the D- and G-bands inherent in MWCNTSs changes. The behavior of 6ac
changes when not only MWCNTs but also N.—A+A are added to PA-6. The latter compound improves the dispersion of
the MWCNTs in the PA-6 matrix, as shown by TEM images. The improvement in dispersion is accompanied by an
increase in opc by several orders of magnitude [12]. The electrical resistivity of PA-6 and other polyamides depends not
only on the CNT content, but also on the mixing temperature of the components and the rotational speed during the mixing
of the CNTs in the polymer matrix, which affects the filler dispersion index and, in turn, leads to changes in calorimetric
parameters such as melting point, crystallization temperature and their enthalpies [13]. The electrical conductivity of filler
networks is affected not only by the melt state but also by the crystallization of the polymer matrix [14].

Since the dispersion of the nanotubes plays a significant role in the electrical conductivity behavior, there are a large
number of nanotube modifications for their grafting to macrochains of polymers, including PA-6. One of these methods
involves the application of a thin layer of polyethylene to the surface of the CNTs. Such catalyzed polymerization of
nanotubes allows not only to take advantage of the significant aspect ratio inherent in CNTs, but also to significantly
improve their dispersion due to reduced aggregation while maintaining a low percolation threshold in nanocomposites.
At the same time, the properties of PA-6/MWCNT nanocomposites are enhanced, allowing for their wide use in antistatic
devices, in the production of sensors for absorbing electromagnetic radiation in radar applications, and in the production
of conductive rubber. Thus, the percolation threshold for uncoated PA-6/ MWCNT nanocomposites is 0.4 wt. %, and for
PA-6/ MWCNT nanocomposites (with polyethylene coating of the CNT surface) it decreases to 0.1 wt.%. The value of
60=6.0-10 S/cm for PA-6/MWCNT was significantly lower than 6o=3.0-10 S/cm for PA-6/ MWCNT (coated with PE).
These differences are explained by the morphology of the composites, depending on the modification of the polymer
matrix and fillers, in which the matrix area separating the conductive nanotubes changes. As a consequence, the
conductivity of the nanotubes in the matrix is attenuated by electron transfer through potential barriers present in the
region of the conductive cluster. In addition to reducing the percolation threshold in PA-6/MWCNT nanocomposites
(with a PE layer on the surface), the electrical conductivity at 1 wt.% MWCNT increases by eight orders of magnitude,
and for the PA-6/MWCNT nanocomposite by only five orders of magnitude compared to pure PA-6.
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The properties of PA-6/MWCNT nanocomposites are influenced not only by the modification of nanotubes aimed
at improving their dispersion but also by the method of nanocomposite production, which involves the creation of a
segregated heterophase structure of nanocomposites. This structure involves the formation of nanotube layers on the
surface of polymer matrix blocks. For PE and PVC nanocomposites, a significant decrease in the percolation threshold is
observed when these segregated structures are formed [15-19]. For other systems, such as PEG, and PPG, similar low
values of @, have not been observed [20]. For PA-6/ MWCNT nanocomposites it is interesting to use the method of
creating segregated structures. If the percolation thresholds for PE/'MWCNT and PVC/MWCNT are @cpe = 0.00099 vol.pt.
and @cpve = 0.0001 vol.pt., respectively, then @cpas = 0.041 vol.pt. (t=1.65, co=2.24 S/cm.) The electrical conductivity
of pure PA-6 exceeds its known value of ~10'* S/cm and is ~107!° S/cm. In the region below the percolation interval, a
slow increase in electrical conductivity is observed due to the jump charge transfer mechanism. In the percolation region,
the increase in electrical conductivity is about six orders of magnitude, which is typical for systems with percolation
behavior of conductivity. At the same time, the observed differences indicate the importance of the thermal history during
the preparation of the nanocomposites and the absence of the expected segregated structure.

It can be assumed that the result obtained is a consequence of the peculiarities of the morphology of PA-6 and PA-
6/MWCNT, which is different from other polymers in the formation of nanocomposites with CNTs.

Figure 5 shows the behavior of Young's modulus and dynamic mechanical properties obtained for the elastic state
at a frequency of 1 MHz.

a 10

16 - b
©
& 141 81
o &
@ [0}
= :
: 3
Q
w 10
_g) E 4
5 3
= 2 &
[9)] 5
6
T T T T T T 0 T T T T T T
0.000 0.005 0.010 0.015 0.020 0.025 0.000 0.005 0.010 0.015 0.020 0.025
Concentration of MWCNT, vol. part Concentration of MWCNT, vol. part
0.46
160 © . d
0.45 4
o 140 0.44 4
s
g 150 =. 0.43
Z il o
g E 0.42
S,
g 1001 © 041
- 5
2 g0l L] £ 040+
e S
A a—— 0 039
60 1 e
oo 0.38
40 0.37

T T T T T T T T T T T T
0.000 0.005 0.010 0.015 0.020 0.025 0.000 0.005 0.010 0.015 0.020 0.025
Concentration of MWCNTT, vol. part Concentration of MWCNT, vol. part

Figure 5. Dynamic moduli of Young's modulus (a) and shear (b), Poisson's ratio (c), Debye temperature (d) for PA-6/MWCNT
composites at different filler locations in the elastic region at a sound frequency of 1 MHz

These dependencies differ from the behavior of the statistical modulus, which takes into account not only the elastic
but also the relaxation properties of the deformation [11]. It can be seen that the highest values of the moduli occur for
pure PA-6. With the addition of nanotubes, the elastic properties of polyamide deteriorate. A slight increase in the modulus
occurs in the interval of conductive network formation. The presence of nanotubes may lead to the destruction of the
structure of the previously established a-phase, which is also formed by hydrogen bonds. Another reason may be the
interaction of nanotubes with amide groups of macrochains, which affects their elastic properties. On the other hand, the
above-mentioned interaction with macromolecules and the crystalline phase can counteract the formation of agglomerates
with nanotubes. This in turn helps the nanotubes to act as active centers of crystallite nucleation. As can be seen from
Figure 6, the degree of crystallinity increases as the nanotube content increases.

If the degree of crystallinity increases slowly from 55 to 60 % at a low MWCNT content, then as the concentration
of MWCNTs is further increased, the degree of crystallinity increases rapidly from 60 to 75 %. In the case of nanotube
agglomeration, the opposite effect is expected. The significant values of the degree of crystallinity are noteworthy. The
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presence of a large number of crystallites prevents the formation of a conductive cluster, which affects the increased
values of the percolation threshold and a decrease in the increase of electrical conductivity in the percolation region. The
absence of a segregated distribution of MWCNTs is also evidenced by the value of t=1.65, which is close to the
theoretical value of t =2 in the random distribution of nanotubes. On the other hand, the unusual nature of electrical
conductivity and mechanical properties is confirmed by the value of 6= 2.24 S/cm, although this value is significantly
lower for most nanocomposites [21].
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Figure 6. Dependence of the degree of crystallinity on the content of nanotubes in PA-6/ MWCNT composites

3.3. Radiation modification of the properties of PA-6 polyamide and PA-6/MWCNT nanocomposites

The peculiarities of the structure of polyamides, including PA-6, and the possibility of their modification within a
wide range will allow them to be used to solve various problems. For example, by annealing at different temperatures,
which allows to obtain different initial crystalline phases, it is possible to significantly influence the absorption in the
THz range caused by vibrations parallel and perpendicular to the molecular chain [22]. The addition of certain additives
can significantly increase the fire resistance [8]. Of interest is not only the filling of polyamides with CNTs, but also their
deposition on the surface of polymers, since this makes it possible to create surfaces that do not trap proteins from the
bloodstream, thus expanding the possibilities of using polyamides as implants in medicine [23]. A special place in
modifying the properties of polyamides is occupied by radiation functionalization. Such functionalization is mainly
performed using y-irradiation or high-energy electron bombardment with different absorption doses.

Upon y-irradiation of polyamide with 6,12 y-photons with a dose increase from 0 to 300 kGy, an increase in the
degree of crystallinity in the range of ~15 to ~19% is observed.

The melting point T, undergoes a more complex restructuring at similar doses. At lower doses (up to ~50 kGy), Tr,
increases and after passing the maximum, it decreases. The study of the IR absorption spectra of samples irradiated with
doses of 100 and 200 kGy, compared to the unirradiated ones, shows a significant restructuring of the spectra in the whole
range, but mainly in the region of N—H valence vibrations in interchain hydrogen bonds and amide bands caused by
vibrations in —-NH—C—O- groups. These results indicate that an increase in the dose of y-irradiation with an increase in
the degree of crystallinity leads mainly to the destruction of crystallites [22]. In addition, y-irradiation induces
morphological changes in polyamides [23].

Comparison of Raman spectra for polyamide 6,12 irradiated with y-photons at doses of 15, 50, 100, 200, and 300
kGy with unirradiated samples confirms the destruction of crystallites due to the destruction of molecular chains, which
leads to an increase in the molar content of oligomers with increasing dose.

This chain degradation is mainly realized as a consequence of radiation damage to amide groups [2, 9]. Raman
scattering for y-irradiated crystalline samples in the form of PA 6,12 fibers depends on their orientation and temperature
(dose of 50 kGy). At T = 110°C, sharp changes in the intensities of the bands associated with the valence vibrations of
the CH, and C—C groups are observed. Similar changes in intensity are observed for a temperature of 80 °C at different
doses. The obtained results indicate that y-irradiation affects not only the formation or degradation of crystallites but also
changes the Brill transition point with the appearance of a stable modified y-phase in the dose range from 50 to 100 kGy
[24]. In the case of electron irradiation of PA-6 with an energy of 1.3 MeV and doses of 100, 200, 300, and 400 kGy at
room temperature, there are noticeable changes in the intensity of many IR absorption bands.

The most significant changes are in the spectral regions caused by the vibrational modes of the amide, metal groups,
C—C bonds, and N-H groups responsible for hydrogen bonding between the chains. It is important to note that the nature
of these changes is not linearly related to the increase in dose. Exposure to different doses of PA-6 affects sample
morphology, melting point Ty, melting enthalpy, and X-ray diffraction. If for an unirradiated sample Tr, = 220 °C and
melting enthalpy AHy = 57.33 J/g, then these values decrease with increasing dose during irradiation, and at 400 kGy
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they are equal to 215 °C and 27.52 J/g, respectively. The surface of spherulites is destroyed with increasing dose for
irradiated samples. In addition, the diffraction peaks corresponding to the a-phase lose their intensity with increasing
dose. These results indicate that electron irradiation reduces crystal properties [25].

3.3.1. Electrical conductivity and mechanical properties of radiation functionalized PA-6/MWCNT
nanocomposites

Irradiation with electrons of energy E.1.8 MeV leads to the formation of the simplest class of radiation defects,
namely Frenkel pairs, and is accompanied by the appearance of free radicals due to the absence of dominant spontaneous
recombination. It is shown that the appearance of radiation-stimulated radicals can lead to the rupture of bonds in the
amide group of PA-6 chains, interchain hydrogen bonds, and cross-links in the region of methylene groups of CH.. It is
difficult to predict the mechanisms of radiation damage, but it is obvious that their priority depends on the dose level. At
high doses, radiation degradation of materials can also be expected. In nanocomposites with MWCNTs, the situation is
even more complicated due to the influence of incorporated nanotubes. At the same time, changes in the effect of
nanotubes on the polymer matrix due to radiation defect formation in CNTs cannot be included [26, 27].

To interpret the results of radiation functionalization of PA-6/MWCNT nanocomposites in a wide dose interval of
electron irradiation, it is advisable to extend the effect of low doses, e.g. 10-20 MRad (100-200 kGy).

Figure 7 shows the dependence of the electrical conductivity of the PA-6/MWCNT nanocomposite on the nanotube
content after electron irradiation with a dose of 10 MRad and 20 MRad(100-200 kGy).
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Figure 7. Dependence of the electrical conductivity at DC for PA-6/MWCNT nanocomposites on the content of nanotubes after
electron irradiation (E=1.8 MeV) with an absorption dose of 10 MRad (100 kGy) and 20 MRad (200 kGy)

The use of the scaling dependence to describe the behavior of the electrical conductivity at constant current, odc,
yields result that differ from those obtained for PA-6/MWCNT nanocomposites without irradiation [28]. Thus, the
following values were obtained for the composite irradiated with 10 MRad . = 0.0065 vol. pt., t =2.08, 6o = 4.46 S/cm.
When this composite was irradiated with a dose of 20 MRad, the values obtained for the fitting parameters of the
percolation equation were very close ¢. = 0.0065 vol. pt., t = 2.06, 6o =1.42 S/cm.

The electrical conductivity in the percolation region increases by a jump of about four orders of magnitude. We
observe a decrease in the percolation threshold and a slight decrease in electrical conductivity within the percolation
region. Additionally, there is a more homogeneous filler distribution and a slight increase in co. These changes result from
structural transformations in the PA-6 polymer matrix under irradiation, which affect the formation of the conductive
cluster. A decrease in the electrical conductivity of the composite after irradiation with a dose of 20 MRad in the pre-
percolation region may indicate radiation-induced damage to polymer chains and the formation of defects that impair
charge transfer.

Figure 8 shows the dynamic mechanical characteristics describing the elastic properties of PA-6/MWCNT
nanocomposites irradiated with a dose of 10 MRad (100 kGy) and 20 MRad (200 kGy).

Although a slight decrease in the studied values is observed, the dependencies of mechanical characteristics on the
absorbed dose of 20 Mrad remain similar. A radiation dose of 20 MRad is insufficient to cause significant changes to the
mechanical properties of composites.

Compared with the results presented in Fig. 5, the changes in dynamic and shear moduli with increasing nanotube
concentration are largely preserved relative to unirradiated composites and tend to decrease with increasing filler content.
At the same time, the values of shear moduli for irradiated composites exceed those of unirradiated samples at higher
nanotube contents.
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Figure 8. Dynamic Young's and shear moduli, Poisson's ratio, Debye temperature for PA-6/MWCNT composites at different
filler locations after electron irradiation (E. = 1.8 MeV) with an absorption dose of 10 MRad (100 kGy) and 20 MRad (200 kGy)
in the elastic region at a sound frequency of 1 MHz

3.3.2. Raman scattering and fluorescence of radiation functionalized PA-6/MWCNT nanocomposites

For unirradiated PA-6/MWCNT nanocomposites, a significant Raman spectrum restructuring was observed with
increasing nanotube content. Such changes occur for many bands of vibrational modes, especially those associated with
valence vibrations of asymmetric and symmetric vibrations of CH> (2931, 2901, 2,871 cm™"), amide-1 (C=0), 1631 cm™),
CH, (bending 1446 cm™), amide 111 (1276 cm™), valence stretching of C—C (1121 cm’!, etc.) [22].

Damage to the bonds within the chains by nanotubes contributes to a decrease in the elastic properties of the polymer
matrix.

Irradiation of nanocomposites leads to an additional restructuring of the Raman spectra, which can be seen in
Figure 9.

Compared to the unirradiated nanocomposite with 0.001 vol. pt. CNTs, irradiation resulted in slight changes in the
scattering spectrum. At the same time, while maintaining the general picture of the bands, a slight shift of them is
observed, for example, the amide I band from 1631 cm™ to 1636 cm™! and a redistribution of intensities, mainly for the
valence vibrations of CH> groups. When a nanocomposite with 0.005 vol. pt. CNTs is irradiated, the spectrum returns to
the appearance characteristic of nanocomposites with lower CNT content compared to the unirradiated one. While for the
unirradiated sample, the most intense band is at 1306 cm™' (CH., torsion), the less intense bands are at 1129 cm™ (C-C
valence), 1443 cm™ (CH; bending), 1639 cm™! (amide I), for the irradiated nanocomposite the bands at 1125 cm’!, 1445
cm!, 1636 cm™ are more intense. Similar deviations in the shifts and relative intensities of the bands also occur for higher
concentrations of MWCNTs.

Thus, the Raman spectra of each of the irradiated composites undergo changes indicating intramolecular vibrations
of both nanotubes and radiation damage. At the same time, despite the general deterioration of the elastic properties
induced by CNTs, a slight improvement is observed as a result of electron bombardment. The radiation damage may be
insignificant at the chosen dose (100 kGy), and due to the recombination of electrons with free radicals formed as a result
of the interaction of CNTs with the polymer matrix, the circuit damage is healed, leading to an improvement in the elastic
properties of the matrix. Other mechanisms of influence of mechanical and radiation damage to the chains and their
manifestations on the elastic properties of nanocomposites and the formation of conductive clusters in them are also
possible. It is known that PA-6 polymers are characterized by fast fluorescence, i.e. delayed fluorescence (FL) with
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backlighting. The fast fluorescence spectra for the a and y crystalline phases are different and their appearance depends
on the excitation wavelength. For example, when excited at Ax = 267 nm, the o phase band appears with emission maxima

at 34

0 and 390 nm, and the maximum of the y phase emission band is at 500 nm. Excitation at Acx = 400 nm gives the

same spectra for both phases with a maximum of 480 nm. Changing A.x from 300 to 312 nm for the a-phase results in a
switch in intensity from a band with a maximum of 340 nm to a band with a maximum of 390 nm. This behavior of fast
FL is explained as a consequence of the recombination of photoinduced charges with an almost continuous energy

distribution [24, 25].
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Figure 9. Raman spectra of PA-6/MWCNT nanocomposites with a nanotube content of 0 (a), 0.001 (b), 0.002 (c), 0.005 (d),
0.007 (e), 0.015 vol. pt. (f) after electron irradiation (Ec = 1.8 MeV) with an absorption dose of 10 MRad (100 kGy).
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Fig. 10 shows the fast FL spectra for pure PA-6 and PA-6/MWCNT composites after radiation functionalization.
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Figure 10. Fast FL spectra of PA-6/MWCNT nanocomposites with a nanotube content of 0 (a), 0.001 (b), 0.002 (c), 0.007 (d),
0.015 vol. pt. (e) after electron irradiation (Ee = 1.8 MeV) with an absorption dose of 10 MRad (100 kGy), individual bands
correspond to the fitting components

In the case of pure PA-6, irradiation leads to a restructuring of the FL spectrum, which is manifested in an increase
in the intensity of the spectrum. More significant band changes in the FL emission band are observed for the
nanocomposite with 0.001 vol. pt. MWCNTs. Thus, for the non-irradiated composite, the main component of the FL band
is located at 545 nm (Aex = 325 nm), and there are also kinks at 391, 467, 606, 742, and 782 nm. Irradiation leads to two
main emission components at 459 and 526 nm. The intensity of the components at 385 and 574 nm varies. The
introduction of 0.002 vol. pt. MWCNT for the unirradiated polymer composite does not change the shape of the band
much. At the same time, irradiation results in the appearance of two components at 448 and 511 nm and kinks at 386 and
557 nm.
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For an unirradiated nanocomposite with 0.007 vol. pt. MWCNTs, two main peaks appear at 464 and 540 nm, and
two peaks appear at 399 and 598 nm. In the irradiated nanocomposite, two main peaks appear at 471 and 477 nm and two
peaks at 404 and 544 nm. Similarly, in the case of the non-irradiated nanocomposite with 0.015 vol. pt. MWCNTs, there
are two peaks at 460 and 543 nm and two peaks at 391 and 600 nm. Irradiation at a dose of 10 MRad (100 kGy) is
accompanied by a significant band restructuring with the appearance of three components at 386, 448, and 514 nm and a
bend at 571 nm.

Thus, the introduction of fillers (MWCNTs) affects the nature of electronic transitions due to the presence of a quasi-
continuous spectrum of electron energy, which are local charge states. These local states correspond to the presence of
disorder due to the presence of an amorphous phase and defects in the crystal structure. The behavior of the FL spectra shows
that in unirradiated composites, the nanotubes have little effect on the rearrangement of the energy levels of the local charge
states. It can be assumed that this energy spectrum is primarily determined by the state of the polymer itself. On the other
hand, a certain restructuring of the spectra considered with an increase in the CNT content indicates that the nanotubes have
a greater effect not on the morphology of the composites, but on the structure of the chains. In this case, the destruction of
the chains is possible, accompanied by a decrease in the elastic properties of the Raman scattering spectra. The peculiarity
of functionalization of nanocomposites is associated with the effects of electron irradiation with the energy of bombarding
charges E~=1.8 MeV and a dose of 10 MRad (100 kGy). The mechanisms of irradiation have proved to be quite complex
and are associated not only with the possible degradation of intramolecular and intermolecular bonds, which in turn
determines the energy spectrum of electrons in the interstitial space, as well as the degree of crystallinity of the a-phase.

In addition, electrons can recombine with free radicals formed due to the presence of nanotubes. These mechanisms
can also affect the formation of conductive networks and thus lead to a decrease in the percolation threshold.

4. CONCLUSIONS
The preparation of PA-6/MWCNT nanocomposites leads to an increase in the degree of crystallinity with an increase
in the content of CNTs, which for this polymer matrix act as nucleation centers of crystallites of a more stable a-phase.
With an increase in the concentration of nanotubes in non-irradiated nanocomposites, the effect of electrical conductivity
percolation with a percolation threshold of 0.0141 vol. pt. is observed.

Simultaneously, the values of dynamic Young's modulus and shear measured at an ultrasonic frequency of 1 MHz
decrease, indicating mechanical damage of polymer macrochains by nanotubes. At the same time, the Raman light scattering
spectra are restructured with a shift of most bands and changes in their relative intensity. The fast phase spectra at different
MWCNT contents change little, indicating that the nanotubes have little effect on the morphology of the nanocomposites.

As a result, irradiation with electrons of Ec=1.8 MeV with a dose of 10 MRad (100 kGy) and 20 MRad (200 KGy)
affects the electrical conductivity (the percolation threshold decreases to 0.0065 vol. pt.), changes the nature of the drop
in the dynamic Young’s moduli and shear, which is explained by the healing of defects caused by the breakdown of bonds
in the circuits by nanotubes.

The destruction of bonds is also indicated by a significant restructuring of the spectra of Raman scattering. For
different irradiated PA-6/MWCNT nanocomposites, both the shift of vibrational modes and the restructuring of the
relative intensity are observed.

The appearance of intramolecular and intermolecular defects and changes in the amorphous phase occurring during
irradiation leads to changes in the energy spectra of local charge states, which in turn affects the behavior of recombination
transitions involving local states. As a result of such rearrangement, the fast fluorescence emission spectra for each of the
irradiated PA-6/MWCNT nanocomposites change. This, in turn, indicates that these nanocomposites have complex
mechanisms of degradation of the intramolecular structure of the presence of fillers, which, on the one hand, form the
energy structure within the gap, and, on the other hand, affect changes in the conducting cluster, which leads to a decrease
in the percolation threshold in the electrical conductivity of irradiated nanocomposites.
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EJIEKTPUYHI, MEXAHIYHI TA OIITUYHI BJJACTUBOCTI KOMIIO3HUTIB NIOJIIAMIZY-6 3 BYTJIEHEBUMHU
HAHOTPYBKAMM IIIJ{ BININBOM OITPOMIHEHHSI
T.M. Hinuyk-Pyramas!, O.IL JImutpenxo’, MLII. Kyaiu', A.I. Miciopa'?, A.I. Momot!, M.A. Anekcanapos’, .M.
Januienko’, F0.A. Onanko?, O.M. MeabHu4YeHKo®
Kuiscoxuii nayionanvnuii ynisepcumem imeni Tapaca Ileeuenxa, 6ya. Bonooumupcoka, 64/13, 01033, Kuis, Yxpaina
2Inemumym enexmpossapiosanns in. €.0. Ilamona HAH Vipainu, eéyn. Kasumupa Manesuua, 11, 03150, Kuis, Vrpaina
3Inemumym pizuxu nanienposionuxie imeni B.€. Jlawkapvosa HAH Yrpainu, npocnexm Hayku, 45, 02000, Kuis, Ykpaina
‘Incmumym 600nux npobnem i meniopayii HAAH, eyn. Bacunvkiecoka, 37, 03022, Kuis, Yxpaina
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JlocTiKeHO 3aJIeKHICTh CTYMEHS KPUCTATIYHOCTI, JUHAMIYHOIO MEXaHIYHOTrO0 MOIyJs Ta 3CyBy Ha 4acTori ~1 MI'I Bix BMicTy
HAHOTPYOOK 1J1st HeonpoMiHeHnX HaHOkoMNo3uTiB [TA-6/BBHT. BeTaHoBieHO 301IbIICHHS CTYNEHS KPUCTAIIYHOCTI Ta 3MEHILICHHS
BKa3aHMUX MOJYJIB 31 3pOCTaHHAM BMICTY BYTJICLIEBUX HAHOTPYOOK, IO MOSICHIOETHCS THM, III0 BYTJICLEBI HAHOTPYOKH B MOJIMEpHIl
MaTpHIl BHCTYMAIOTh K LEHTPH 3apaJKOYTBOPEHHS KPUCTATIYHOI 0-pa3u, a TakoK SK HAHOYACTHHKH, IO PYHHYIOTh MIDXKaTOMHI
3B'I3KM B JIAHIIOTaX Ta MDK MakpoMoJieKynamH. [IpoBesieHo ompoMiHeHHsT BKa3aHMX HAHOKOMMO3UTIB enekTpoHamu Ee = 1,8 MeB 3
nornuHyToI0 103010 10 MPan (100 kI'p) Ta 20 MPax (200 xI'p). BumipsiHO 3a1exKHICTB €JIEKTPOIPOBITHOCTI, AMHAMIYHAX MEXaHIYHIX
MOJyJTiB, KOMOIHAIIIHOTO PO3CiIOBaHHSA Ta INBUAKOI (POTONIOMIHICIICHINT BiJi BMICTYy BYyIJICleBHX HaHOTPyOok. IlokasaHo, 1o
ONPOMIHEHHsI Ma€ CKJIaJHUIl BIUIMB Ha BUIE3a3Ha4YCH] BIACTUBOCTI. EJEKTPOHU MOXYTh CIIPUSTH SIK PyHHYBaHHIO JAHIIOTIB, TaK i
BCTAHOBJICHHIO KpHCTaliuHOI ()a3u, a TaKoX 3arO€HHIO MOLIKO/DKCHb, CHPHYMHEHHX HAHOTPYOKaMH, LUIIXOM peKoMOiHarji
CJICKTPOHIB 3 BUIBHUMH pajukanamu. Pajtianiiina GpyHKIiOHaTI3a1isl HUPOKO MPOsBIsEThCs B 3MiHax crektpiB KPC Ta eneprerunyniit
CTPYKTYpi eNeKTPOHIB y 3a0opoHeHii 30Hi. L{i 3MiHM MOB'sI3aHI 3 HASBHICTIO JIOKAJIFHUX CTaHiB, 3B’SI3aHUX 3 aMOpHOI0 (a3oro Ta
cTpykTypHuMH aedekramu. lle, B cBOO depry, mposBiseTscs Ha nepeOynoBi cnektpis PJI i Moxke BIIMBAaTH Ha (HOPMYBaHHS
MIPOBIHOTO KJIacTepa

KawuoBi cioBa: noziamio-6; HAHOKOMNO3umu, eieKmponposioHicmb, CMYNniHb Kpucmaniynocmi; Ounamiyni mooyai;, KPC;
@ryopecyenyis; eneKmponHe OnpoMiHeH s
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A new method is proposed for determining the electron energy relaxation length in a DC glow discharge using nanoparticles as
diagnostic probes. The method is based on nanoparticle confinement near the first field reversal point in the negative glow. At this
position, a local maximum of the plasma potential forms a shallow potential pit for negatively charged nanoparticles. The position of
the field reversal point can therefore be determined from the location of a nanoparticle cloud visualized by laser light scattering.
Together with the measured cathode-layer thickness and the known interelectrode distance, this allows the electron energy relaxation
length to be estimated using an analytical relation between these quantities. The method was demonstrated experimentally in an
acetylene discharge, where nanoparticles are naturally formed by plasma polymerization. The electron energy relaxation length was
found to increase, on average, with increasing discharge voltage. The experimentally estimated values were approximately 1.5 times
larger than those calculated using an analytical model based on the first Townsend ionization coefficient. The discrepancy may partly
result from the assumption of a constant electric field in the cathode layer adopted in the analytical model. The proposed method can
also be extended to gases that do not form nanoparticles naturally by introducing preformed nanoparticles or by producing them
initially in a suitable gas mixture.

Keywords: Electron energy relaxation length; Nanoparticles; DC glow discharge; Potential pit; Ambipolar diffusion

L. INTRODUCTION

In gas-discharge plasmas and plasma technologies, nonlocal heating of charged particles is often encountered, in
which the regions where the particles gain high energy and where they dissipate this energy are spatially separated. For
example, in negative ion sources [1-6], positive or negative ions extracted from the plasma are accelerated by an
extractor and directed into a low-pressure gas volume (transport region) with no electric field, where they lose their
energy through collisions with gas molecules.

In a DC discharge, electrons released from the cathode surface due to ion-induced electron emission gain
considerable energy in the strong electric field of the cathode layer [7—15]. These electrons then leave the cathode layer
and enter the negative glow, where the electric field is weak and may even reverse its direction. Since the electrons cannot
gain energy in this region, they undergo elastic and inelastic collisions with gas molecules, lose the energy acquired in the
cathode layer, and, in a sufficiently long discharge gap, eventually thermalize [16-20]. The distance over which this
energy-loss process occurs is referred to as the electron energy relaxation length [7, 20]. Using known cross sections for
electron collisions with gas molecules, the electron energy relaxation length can be calculated. However, even for an inert
gas such as argon, the dependences of the energy relaxation length on electron energy calculated by different authors differ
considerably, not only quantitatively but also qualitatively [18,19]. Therefore, it is useful to obtain at least an estimate of
the electron energy relaxation length in various gases used in plasma technologies.

To our knowledge, micrometer-sized particles were first employed to estimate internal parameters of a gas-
discharge plasma by the authors of Ref. [21], who used them to determine the electron temperature. Subsequently,
charged micro- and nanoparticles have frequently been used to investigate electric fields in DC discharges and radio-
frequency capacitively coupled discharges (see, for example, Ref. [22] and references therein).

Four different methods are commonly used to introduce nanoparticles into a gas discharge. Nanoparticles can be
produced in advance, size-selected, and placed on an additional surface other than an electrode; a voltage pulse can then be
applied in the plasma to lift the particles from the surface and form a nanoparticle cloud [23,24]. Alternatively, the cathode
can be sputtered by ion bombardment in a DC discharge [25-29] or an arc discharge [30], with the sputtered atoms
subsequently forming nano- and microparticles in the plasma. Preformed nanoparticles can also be introduced directly into
the plasma volume using a dispenser [31-35]. Finally, a discharge can be generated in a gas whose molecules undergo
dissociation to form monomers capable of producing nanoparticles through volume plasma polymerization [36—43].

DC glow discharges in acetylene are of interest for plasma processing because plasma polymerization leads to the
deposition of carbon-containing films on electrode surfaces and discharge-tube walls [44—48]. By varying the discharge
conditions, coatings ranging from polymer-like films to graphite [47] and even graphene [48] can be obtained. Of
particular importance for the present work, however, is that under certain discharge conditions plasma polymerization
also occurs in the plasma volume, resulting in the formation of nanoparticles [40].
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These nanoparticles are formed predominantly in the negative glow and, after acquiring a negative charge, can be
confined near the first field reversal point [7,40]. At this position, the local maximum of the plasma potential forms a
shallow potential pit for negatively charged nanoparticles. The position of the first field reversal point is related to the
energy relaxation of high-energy electrons emerging from the cathode layer into the negative glow. Therefore, the
experimentally measurable position of the nanoparticle cloud can potentially be used as a diagnostic of the electron
energy relaxation length.

In this work, we develop the physical basis of this diagnostic method and demonstrate it experimentally in a DC
glow discharge in acetylene. The position of the nanoparticle cloud and the cathode-layer thickness are determined from
discharge images and used to estimate the electron energy relaxation length. The obtained values are compared with
those calculated using an analytical model based on the first Townsend ionization coefficient.

II. EXPERIMENTAL SETUP

The experimental setup used in this study is shown in Fig. 1. A cylindrical quartz discharge tube was positioned
horizontally. Its inner diameter was 80 mm. Both electrodes were planar and made of stainless steel. The stationary
cathode also served as a flange of the discharge tube and was supplied with a voltage of 0-1500 V from a power supply.
The movable inner electrode served as a grounded anode. In the experiments reported in this work, the distance between
the electrodes was fixed at 76.2 mm.

The experiments were performed in acetylene, which was introduced into the discharge chamber at a flow rate of
up to 5 scem (standard cubic centimeters per minute). Most experiments were carried out at a gas pressure of 0.2 Torr.
The pressure was measured using a capacitance manometer (Baratron, MKS Instruments, USA) with an operating range
from 1 mTorr to 1 Torr. A backing pump and a turbomolecular pump were used to evacuate the discharge chamber.
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Figure 1. Schematic of the discharge chamber with a DC glow discharge

The nanoparticles are too small to be observed with the naked eye. Therefore, a green laser with a wavelength of
532 nm was used for their in-situ visualization. A cylindrical lens was used to split the laser beam into a light sheet,
making it possible to observe a two-dimensional cross section of the nanoparticle cloud. This was sufficient for the
purposes of the present study. If necessary, however, the three-dimensional shape of the cloud could also be determined
by scanning it with the light sheet. Naturally, efficient light scattering by the nanoparticles requires sufficiently large
particle sizes (several tens of nanometers or larger) as well as a sufficiently high nanoparticle concentration. These
requirements determine the range of acetylene pressures investigated in this study (0.05-0.2 Torr). Under these
conditions, nanoparticle formation and the increase in their size and number are sufficiently intense, while the DC
discharge remains “short,” i.e., no positive column is formed. This issue is discussed in more detail below.

II1. DC DISCHARGE STRUCTURE AND NANOPARTICLE FORMATION AND CONFINEMENT

In general, the DC discharge is one of the most extensively studied types of gas discharges. It is commonly
generated in a cylindrical tube with planar electrodes located at its ends. After gas breakdown, a discharge with the
following sequence of regions is formed. Adjacent to the cathode is the so-called cathode layer, across which a high
voltage drop (several hundred volts or more) occurs. In Figs. 1 and 2, the cathode is denoted by C and the cathode layer
by CL. The next region is the negative glow (NG), which gradually transits into the Faraday dark space (FDS). If the
anode (A) is located within the Faraday dark space, such a discharge is conventionally referred to as a short discharge.
In contrast, in a sufficiently long tube and/or at high gas pressure, a positive column and an anode layer with an anode
glow may additionally appear. As mentioned above, all experiments were performed with a short discharge. Since the
voltage drops across the negative glow and the Faraday dark space are small (several volts or less) [7,10,15,49], the
voltage drop across the cathode layer can be considered approximately equal to the potential difference between the
electrodes.

Figure 2 shows two photographs of the discharge. First, immediately after ignition, the discharge was
photographed with the laser switched off [Fig. 2(a)]. The discharge structure described above, consisting of the cathode
layer, negative glow, and Faraday dark space, can be clearly seen. When the light sheet is subsequently switched on, a
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thin nanoparticle cloud appears in the negative glow after several seconds (or tens of seconds, depending on the gas
pressure and the voltage between the electrodes), as indicated by NPs in Fig. 2(b). With time, the cloud may expand and
become deformed [40], but in the present work we are specifically interested in the case of a thin nanoparticle cloud.

Figure 2. Photographs of the acetylene discharge at a pressure of 0.2 Torr with the light sheet (a) switched off and (b) switched
on, at an interelectrode voltage of 440 V

To clarify why the nanoparticle cloud forms specifically in the negative glow, we consider the processes occurring
in this region as well as in the cathode layer. Qualitative axial distributions of the electric field E, potential ¢, positive
ion density 7;, and electron density 7. in a short discharge are shown in Fig. 3.
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Figure 3. Axial distributions of the electric field £, potential ¢, electron density ze, and positive ion density #; in a short discharge
gap without a positive column

The cathode surface is bombarded by positive ions produced by ionization of acetylene molecules by high-energy
electrons in the cathode layer and in the adjacent part of the negative glow. A strong electric field exists in the cathode
layer. It reaches its maximum near the cathode surface and decreases almost linearly with increasing distance from the
cathode. At the cathode-layer boundary (x = d.), the electric field is small, but it reaches zero only within the negative
glow, where the axial distributions of the electron and positive ion densities exhibit maxima, at a distance x = xo from
the cathode. This position is referred to as the first field reversal point. The zero electric field means that the
electrostatic potential reaches an extremum at this point, a maximum in the present case. For negatively charged
particles, this local maximum of the electrostatic potential corresponds to a minimum of their potential energy and
therefore forms a shallow potential pit in the vicinity of xo. Its depth is usually small, less than 1 V [40]. A second field
reversal point, at x = x;, occurs near the boundary between the negative glow and the Faraday dark space.

Cold electrons and negatively charged nanoparticles can be confined in the shallow potential pit near the first field
reversal point xo. They cannot move toward the cathode because the strong electric field drives them back into the
negative glow. Nor can they move toward the anode, because the electric field on the other side of xo drives them back.
Therefore, the nanoparticle cloud initially formed in the negative glow is narrow and located near xo. Naturally, when
the nanoparticle concentration and particle size become sufficiently large, the cloud may broaden due to deformation of
the potential pit by the charged nanoparticles [40]. In the present work, however, we consider specifically the case of a
thin nanoparticle cloud.

Electrons are emitted from the cathode surface due to ion-induced electron emission and enter the strong electric
field of the cathode layer. As they travel through the layer, they acquire considerable energy and ionize gas molecules.
Some electrons emitted from the cathode or produced by ionization near its surface can traverse almost the entire
cathode layer with little energy loss, undergoing only one or a few inelastic collisions with gas molecules, and
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consequently acquire high energies approaching e-U., where e is the elementary charge and U, is the voltage drop
across the cathode layer. A flux of such high-energy electrons therefore emerges from the cathode layer into the
negative glow. There, these electrons begin to lose energy intensively through collisions with gas molecules, exciting
their electronic states and ionizing them. As a result, a bright negative glow is observed; its intensity maximum
coincides with the maximum plasma density, where the electric field reaches zero and reverses its direction.

High-energy electrons not only ionize and excite gas molecules. Collisions of these electrons with acetylene
molecules may lead to dissociation with the formation of C,H radicals, as well as to dissociative electron attachment
resulting in the formation of C,H™ negative ions. These C,H and C,H™ species can combine with C;H, molecules to
form more complex molecules; thus, they effectively act as monomers capable of forming long polymer chains. A list
of the corresponding reactions is given, for example, in Ref. [40]. As these reactions continue, nanoparticles are
eventually formed.

In general, the negative glow is an optimal region of a DC discharge for nanoparticle formation and confinement.
It contains fluxes of high-energy electrons capable of producing C;H and C,H". At the same time, it contains a potential
pit for negatively charged nanoparticles and negative ions, provided that negative ions can be formed in the gas under
investigation.

An additional requirement of our method is the horizontal orientation of the discharge tube containing vertically
oriented planar electrodes. If the electrodes are horizontal and the cathode is located at the bottom, sufficiently large
nanoparticles are not confined at the first field reversal point xo; instead, gravity causes them to settle toward the
cathode-layer boundary or even penetrate slightly into the cathode layer. If the anode is located at the bottom, the
nanoparticles formed in the plasma cannot be confined by the shallow potential pit [40] and fall onto the anode surface
[50]. With horizontal electrodes, the nanoparticles are confined in the plasma by the axial electric field responsible for
carrying the discharge current.

In our discharge chamber with vertically oriented electrodes, however, the situation is different. The axial electric
field is now directed horizontally, whereas gravity acts vertically. The nanoparticles are confined in the plasma volume
by the radial ambipolar electric field that arises because a fraction of the high-energy electrons escapes to the tube wall.
The wall becomes negatively charged and repels cold electrons back into the plasma. At the same time, a small flux of
positive ions reaches the wall from the plasma, accompanied by an equally small flux of high-energy electrons.
Therefore, unlike the axial electric field, the ambipolar electric field does not carry the discharge current [49].

The accumulation of negative ions and negatively charged nanoparticles in the plasma leads to a substantial
reduction in the ambipolar electric field [51-55]. At sufficiently high concentrations, the field may decrease to zero and
even reverse its direction [56]. More generally, the presence of negative ions, in addition to electrons and positive ions,
can substantially affect the structure and properties of discharge plasmas [57-68]. Negative ions are produced by
electron attachment to gas molecules [49]; this process therefore results in the loss of free electrons that would
otherwise ionize gas molecules and carry the discharge current.

IV. METHOD FOR DETERMINING THE ELECTRON ENERGY RELAXATION LENGTH USING
NANOPARTICLES

We now consider how nanoparticles synthesized in a DC discharge can be used as a diagnostic tool for estimating
the energy relaxation length of electrons that travel from the cathode surface to the cathode-layer boundary with almost
no collisions with gas molecules and, consequently, lose little energy. Such electrons have high energies, which can
reach e-U,, where U, is the voltage drop across the cathode layer. These electrons are responsible for the ionization of
gas molecules and for sustaining the discharge, and they also carry a substantial fraction of the discharge current
through the negative glow [16,17].

As shown experimentally above, the nanoparticle cloud forms and is confined in the negative glow near the so-
called first field reversal point, located at a distance x, from the cathode. We now consider the location of the first field
reversal point shown in Fig. 3. J. P. Boeuf and L. C. Pitchford [7] proposed an analytical model of a DC glow discharge
and obtained the following expression for the position of the field reversal:

xo—dc __ -
=M In[A-(1—e"VA)], )
where L is the distance between the electrodes, A = AM/(L — d.), and A is the distance over which the energy relaxation of
electrons accelerated in the cathode layer and entering the negative glow occurs.
Equation (1) can readily be rewritten as

Xg=d,—A-In [L—Adc : (1 —exp (— L;dc))]. )

Subsequently, in analytical models of a DC glow discharge, the authors of Ref. [20] obtained the same expression,
Eq. (2), but for the position of the maximum plasma density in the negative glow. We therefore conclude that the field
reversal occurs at the position where the plasma density reaches its maximum.
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Since the interelectrode distance L is known, while the cathode-layer thickness d. and the coordinate of the first
field reversal point xo can be determined from photographs of the discharge, Eq. (2) can be used to estimate the electron
energy relaxation length A. The corresponding results for an acetylene pressure of 0.2 Torr are shown in Fig. 4. Both the
cathode-layer thickness d. and the coordinate of the first field reversal point xy decrease monotonically with increasing
voltage between the electrodes. The electron energy relaxation lengths A obtained in the present work are shown by
solid blue squares. On average, A increases monotonically with the voltage U.
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Figure 4. Cathode-layer thickness d., coordinate of the first field reversal point xo, and electron energy relaxation length A as
functions of the interelectrode voltage U at an acetylene pressure of 0.2 Torr. Solid blue squares show the values obtained in the
present work; open blue squares show the values calculated using Eq. (3) [20]

The authors of Ref. [20] obtained the following expression for A:

_ Uc—Bpdc

A= 3)

acpBpdc’

where acr is the first Townsend ionization coefficient, for which Ref. [20] proposed the following expression:
Bpd
acp = Ap - exp (— SCC). )

Thus, the authors of Ref. [20] assumed that, in the strong electric field of the cathode layer, the ionization rate is
determined by the potential difference traversed by the electrons rather than by the local electric field. Therefore, Eqs.
(3) and (4) use the average electric field in the cathode layer, U./d..

We recall that all experiments were performed under conditions where no positive column was present in the DC
glow discharge. Since the voltage drops across the negative glow and the Faraday dark space are very small compared
with the voltage drop U. across the cathode layer, for the purposes of our estimates we can assume that U, is equal to
the voltage U between the electrodes, which can be readily measured.

It remains to determine the constants 4 and B to be used in Eq. (4) for acetylene. For this purpose, we used the
BOLSIG+ code [69] with electron—acetylene collision cross sections from Refs. [70,71]. The resulting values of the
first Townsend ionization coefficient are shown in Fig. 5 by solid circles and are well approximated by the following
expression:

a=33-p-exp(—ﬂ). (%)

=} -1
o 10 —e— Bolsig+ |
- R Formulae (5)
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Figure 5. Ratio of the first Townsend ionization coefficient o to the gas pressure p, as a function of the reduced electric field £/p for
acetylene. Solid circles show the results calculated using the BOLSIG+ code; the blue line represents the approximation given by Eq. (5)
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Thus, the constants 4 =33 cm™ Torr™' and B =450 V/(cm Torr) should be used in Eq. (4). These constants were
then substituted into Egs. (3) and (4), and the calculated results were added to Fig. 4 as open blue squares. As can be
seen from the figure, the experimentally estimated electron energy relaxation lengths A are approximately 1.5 times
larger than the values calculated using Eq. (3). However, that equation was derived assuming a constant electric field in
the cathode layer, i.c., a linear potential profile across the layer, which is a rather crude approximation.

V. CONCLUSIONS

In this work, we developed the physical basis of a new method for determining the electron energy relaxation
length in a DC glow discharge using nanoparticles as diagnostic probes. In a horizontal discharge tube with vertically
oriented electrodes, nanoparticles can be confined in the negative glow near the first field reversal point. The local
maximum of the plasma potential at this position forms a shallow potential pit for negatively charged nanoparticles.
Since the coordinate of the nanoparticle cloud can be determined experimentally using laser light scattering, it provides
a direct measure of the position of the first field reversal point. Combined with the measured cathode-layer thickness
and the known interelectrode distance, this coordinate makes it possible to estimate the electron energy relaxation
length using an analytical relation between these quantities.

The method was demonstrated experimentally for a DC glow discharge in acetylene, where nanoparticles are
formed naturally as a result of plasma polymerization. The cathode-layer thickness and the position of the nanoparticle
cloud were determined from discharge images over a range of discharge voltages, and the corresponding electron
energy relaxation lengths were obtained. The estimated relaxation length increased with increasing discharge voltage.
For comparison, the electron energy relaxation length was also calculated using an analytical model based on the first
Townsend ionization coefficient. The required Townsend coefficients for acetylene were obtained using BOLSIG+ and
approximated by the conventional exponential dependence on the reduced electric field. The experimentally estimated
electron energy relaxation lengths were approximately 1.5 times larger than those predicted by the analytical model.
This difference may be attributed, at least in part, to the assumption of a constant electric field in the cathode layer used
in the analytical model, whereas the actual electric field varies substantially across the layer.

The proposed method is not restricted to gases in which nanoparticles are formed naturally. Nanoparticles can first
be produced in a suitable gas mixture and subsequently retained in the discharge after the nanoparticle-forming
component is removed. Alternatively, preformed nanoparticles can be introduced into the plasma from an external
source. Once negatively charged and confined near the first field reversal point, the nanoparticles can serve as probes of
its position. Thus, the proposed approach can potentially be used to estimate the electron energy relaxation length in a
wide range of gases employed in low-pressure plasma applications.
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HAHOYACTHHKHM SIK 30HIU JJI1 BASHAYEHHS JOBKWHM PEJJAKCAII EHEPTTi EJIEKTPOHIB
V TJIFOYOMY PO3PAAI MOCTIMHOI'O CTPYMY
B. JlicoBcbkuid, C. lyain, A. lllaxnazapsH, C. Pe3yHeHnko
Xapxiecvruil nayionanvuuil ynieepcumem imeni B.H. Kapaszina, maiioan Ceoboou 4, Xapxis, 61022, Vxpaina

3anponoHOBaHO HOBY METOAWKY BH3HAYEHHs JOBXKHHH pelIaKcallii eHeprii eJIEKTPOHIB y TIII0YOMY PO3pSAIil MOCTIHHOTO CTPyMy 3
BUKOPHCTAHHSIM HAHOYACTHHOK SIK JIarHOCTHYHMX 30HJIB. METOAMKA IPYHTY€EThCSI HA YTPUMaHHI HAHOYACTHHOK IOOIM3Y IEpIIOi
TOYKH 3BOPOTHOCTI €JIEKTPUYHOTO HOJISI B HETaTUBHOMY CBITiHHI. Y I1iif 00J1acTi JOKaJIbHUH MaKCUMYM ITOTEHIIATY IIIa3MH YTBOPIOE
MOTEHLIIbHY SIMY ISl HETaTHBHO 3apsXKEHNX HAHOYACTUHOK. TaKHM YMHOM, MOJIOYKEHHS TOYKH 3BOPOTHOCTI EJIEKTPHYHOTO OIS
MOKHAa BHM3HAYMTH 3a PO3TAlIyBAaHHSAM XMapyd HAHOUYACTHHOK, Ky OyJO Bi3yasli30BaHO 3a JOMOMOIOK PO3CIFOBAaHHS JIa3€PHOTO
BUIPOMIHIOBaHHs. Pa3oM i3 BHUMIpSIHOIO TOBIIMHOIO KAaTOJHOTO MIApy Ta BiJOMOIO BiJICTAHHIO MiX €JIEKTPOJaMH II€ JO3BOJISE
OLIIHUTH JIOBXHHY peliakcallii eHeprii eJeKTPOHIB 3a JOMOMOI0I0 aHAIITHYHOTO CIiBBiJHOLICHHS MX LIUMH BelTUYHHAMU. METOANKY
eKCIEPUMEHTAIFHO NPOJEMOHCTPOBAHO B PO3pPAAl B ALETHICHI, I HAHOYACTUHKU NPHPOJHUM YMHOM YTBOPIOIOTHCS BHACIIJOK
IUTa3MOBOI MoJliMepu3anii. BcTaHOBIEHO, IO B cepeAHROMY JOBXKHHA peJlaKcallil eHeprii elIeKTPOHIB 30UIbIIY€EThCS 31 3pOCTAHHAM
HaTpyru po3psany. ExcrepruMeHTanbHO OmiHeH] 3HAYCHHS BUSABIIINCS MPUOIN3HO B 1,5 pa3a OUTPIIMMU 32 3HAUCHHS, pO3paxoBaHi 3a
JIOTIOMOTOI0 aHAJIITUYHOI MOJIEN, IO IPYHTYEThCS Ha IepimoMy KoedimienTi ionizamii Tayncennma. Ll po30ixHicTs Moxe OyTu
YaCTKOBO 3yMOBJICHA MPHIYLICHHSAM IPO MOCTifiHY HAIpPYKCHICTh CIEKTPHYHOrO MHOJSI B KaTOAHOMY LIapi, HNPUHAHATUM B
AQHATITHYHIA Mozeli. 3alpolOHOBaHy METOJUKY TAaKOX MOXKHA IOLIMPUTH HA a3, B SKUX HAHOYACTUHKHM NPHPOAHMM YHHOM HE
YTBOPIOIOTBCS, IIUIIXOM BBEACHHS IOIEPEIHBEO CHOPMOBAHMX HAHOYACTHHOK ab0 1X MOYATKOBOTO (OpMyBaHHS Y BiJIIOBiIHIM
rasoBiii cymiriri.

KurouoBi ciioBa: dosowcuna penaxcayii enepeii enekmpomie; HAHOUACMUHKYU, PO3PAO NOCMIUHOZO CMPYMY; NOMEHYIATbHA AMA;
ambinonapua ougysis
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The thermodynamics of redox reactions of the formation of lead oxide and impurity oxides during filtration in an argon atmosphere
and Pb distillation under vacuum (~0.5 Pa) was studied. The strength of impurity oxides relative to lead oxide during oxidizing
refining and distillation of lead was estimated by the absolute value of the change in Gibbs free energy. A comprehensive distillation
refining process of lead was investigated, which includes the stages, such as filtration (oxidizing refining) in an argon atmosphere
and lead purification from non-volatile and volatile impurities by evaporation of the metal in a vacuum with condensation of the
vapor into a hot liquid phase (Tcond = 0.85 Tevap). Experimental results of the application of a comprehensive process for obtaining
high-purity lead of the CO00 grade with a total content of majority impurities (in the amount) of 99.9996 mass % are presented.
Keywords: Lead; Impurity oxides;, Lead oxide; Oxygen potential; Gibbs free energy; Lead purification; Oxidizing refining;
Filtrtion, Vacuum distillation

1. INTRODUCTION

High-purity lead is characterized by the three grades: C0000 (99.9999 %, here and below the concentration of
elements is given in mass percent), C000 (99.9996 %), C00 (99.9985 %). The majority of impurities are Ag, Cu, Zn, Bi,
Sb, Fe, Tl, Hg, Cd, and Ni, with contents of 10-4—10"7 %. The above grades of high-purity lead are the product of after
purification of lead of lower grades: C0 (99.992 %), C1 (99.985 %), C2 (99.95 %), C3 (99.9 %), which are obtained by
processing crude lead, which has the following composition: 96-99 % Pb, 0.05-2.4 % Cu, up to 0.45 % As, 0.6-0.9 %
Sb, up to 0.2 % Sn, 0.005-0.07 % Bi, up to 0.6 % Ag [1]. Recently, archaeological lead has attracted particular interest,
as it is valued for its low content of the radioactive isotope 2'Pb.

High-purity lead (with a basic substance content of 99.99 % and above) is critical in industries where even trace
impurities of other metals can affect device accuracy or the stability of chemical reactions, particularly in nuclear
physics, semiconductor technology, the production of chemically pure reagents, and scientific applications. High-purity
lead serves as a standard reference for complex chemical analyses and spectroscopy. It is widely used as a reliable X-
ray and gamma radiation shield, for the manufacture of containers for transporting and storing radioactive substances
(isotopes) in medicine and industry, and in batteries for backup power systems where minimal self-discharge and a long
service life are required (for example, in space technology or submarine cables). High-purity lead is the basis for
precision instrument-making, where it is used to create special alloys and solders, and contact degradation because of
impurities that can cause corrosion or resistance changes is unacceptable. Lead is added to special types of glass (e.g.,
dense flint glass) to increase the refractive index and dispersion of light [2]. High-purity raw material ensures the
absence of extraneous color shades and bubbles in telescope and objective lenses. In scientific research (for example, in
low-background measurements), special purified archaeological lead with minimal natural radioactive isotopes is used
to avoid interfering with highly sensitive sensors. Scintillation crystals of *"PbWO4 and **"PbMoO, were grown of
such lead [3, 4]. Examples of promising applications of low-background experiments using scintillation crystals made
of purified archaeological lead can be found in [5-9].

The task of refining the crude alloy is to remove impurities and increase the lead content to standard norms.
During refining, noble metals, copper, bismuth, arsenic, antimony, and tin are extracted from lead. At present, most
plants use the pyrometallurgical method of lead refining. The fire (pyrometallurgical) method of crude metal refining
uses differences in the physical and chemical properties of lead and impurity elements: solubility, melting or boiling
point, oxidizing ability or affinity for sulfur, and the ability to form compounds that do not dissolve in the lead melt.
During pyrometallurgical refining, impurities are sequentially removed from crude lead in various ways: copper - by
liquation and by treating the melt with elemental sulfur; tellurium - by treating the melt with metallic sodium in the
presence of caustic soda; arsenic, antimony and tin - by their oxidation; silver and gold - by using metallic zinc; zinc -
by oxidation in a lead bath or in an alkaline melt, by vacuuming, and other methods; bismuth is removed with calcium,
magnesium, and antimony (in this case, lead is contaminated with these elements); calcium, magnesium, and antimony -
by high-quality refining [1].

One method of deep metal refining is vacuum distillation [10, 11]. Distillation is attractive because it can achieve
high metal purity with high yield and is environmentally clean. However, simple distillation does not provide the
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required degree of strong removal of separate impurities from lead. A more effective approach to purifying the metal is
a comprehensive one.

A feature of lead is that it belongs to fusible metals (Tmerr = 600.5 K) and is characterized by low vapor pressure at
the melting point (4.3:107 Pa) [12]. Analysis of the vapor-pressure dependence on temperature shows that an
acceptable rate of lead evaporation in vacuum distillation corresponds to a melt temperature of 1200 + 1250 K. These
physical features of lead require new approaches to distillation purification and the development of special devices for
their implementation.

In the ISSPMT NSC KIPT, a comprehensive process for lead purification was proposed and a special device for
distilling Pb in vacuum was patented. The proposed developments were implemented for the deep purification of
archaeological lead [13].

The comprehensive process includes filtration of the initial metal (oxidizing refining) to remove surface
contaminants, impurity oxides and lead, various inclusions, followed by vacuum distillation to remove volatile and non-
volatile impurities with condensation of metal vapor into the liquid phase at high temperature. This approach has proven
effective, but the influence of redox reactions between impurity oxides and lead oxide on impurity behavior during lead
filtration and distillation has not been investigated.

The purpose of this work is to study and analyze the thermodynamics of redox reactions of impurity oxides and
lead oxide during melting of the initial lead in an inert gas atmosphere and vacuum and its distillation in vacuum, as
well as experimental studies of the comprehensive process of the distillation method for obtaining high-purity
lead (> 99.9995 %).

2. THERMODYNAMIC ANALYSIS OF REDOX REACTIONS OF IMPURITIES DURING LEAD
MELTING AND DISTILLATION

In this work, we carried out a thermodynamic analysis of the oxidation reactions of Pb and the impurities
contained in it. We analyzed the content of the following oxygen-active impurities in lead: calcium, sodium,
magnesium, arsenic, zinc, silver, iron, copper, tin, antimony, and bismuth. They can be removed from Pb in the form of
their stable oxides CaO, Na,O, MgO, As;Os3, ZnO, Ag,0, FeO, CuO, Cu,0, SnO;, Sby0s;, Bi,Os. This removal of
impurities can be accomplished by the oxidizing refining of lead which in turn forms with oxygen the stable oxide PbO.
The removal of metal impurities from lead in the form of oxides occurs under the condition of greater strength of these
oxides compared to the strength of PbO in certain ranges of temperature and pressure changes in the surrounding gas
environment. The main characteristic of the strength (stability) of metal impurities oxides MeO is their oxygen potential
Tme0), Of the decrease in Gibbs free energy AGmeo during the formation of oxide compounds. To estimate the strength
of metal-impurity oxides in molten lead under atmospheric pressure, the change in standard Gibbs energy, AG%c0, can
be used. The main reaction of oxidizing refining is:

2 2
~Me + 2Pb0 = —Me,Op, + Pb, (1)

Here, m and n are indices reflecting the valence ratios of the atoms in the compounds. That is, impurities (Me)
replace lead in lead oxide, releasing pure lead, i.e., purifying it.

To compare the oxygen potentials of the formed impurity oxides with each other, the changes in AG%.0 were
determined per mole of oxygen, i.e. for reactions that in the general case proceed according to the equation:

Me + 0, = ZMe,On. @)
m m
aZ/m
In this case, the equilibrium constant of reaction (2) for partial pressures is of the form: K, = 2;}";1—“(01;"), where
ame (Fo2

aye and Aye,0,, — the activity of metal impurities and their oxides, accordingly; Po,— equilibrium oxygen pressure,
which the standard energy change AG® is associated by the relation:

1

AG® = —RT-InK, = —RT - In =RT - In(Po,) me, 0, 3)

(POZ)Menom

At a constant activity of Me,Om, which can be taken as unity, the partial pressure of oxygen in the system, which
serves as a measure of the strength of the oxide, will be determined by the vapor pressure of the metal being refined in
the gas phase. With a decrease in the metal vapor pressure at a constant temperature in the system, the value of
(Po,)Me,0,, increases. That is, a decrease in the metal vapor pressure reduces the strength of the oxide. The vapor
pressure of a metal in the gas phase can be reduced using a vacuum. We change the strength of the oxide by reducing
the overall pressure in the system. For practical calculations of the effect of vacuum on the strength of oxides, it is
convenient to use the change in the standard Gibbs energy corrected for the decrease in pressure from 1 atm., or
P = 10° Pa. The value of the correction for the transition from the condensed state to the gaseous that with pressure P is
determined by the expression (3).
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The cases of formation of divalent metal oxide MeO, provided that the boiling point of the metal Tyoi(Me) is less
than the boiling point of the oxide Thwoii(MeO), and also when Thwei(Me) > Troii(MeO) were considered in [14]. With
taking into account corresponded stoichiometric coefficients and generalizing the consideration to the case of the
formation of an oxide of the M,On type, for the first condition (Tpoil(MenOm) > Thoil(Me), the oxygen potential of the
formed oxides Me,On, is equal to:

Ttenon = AGYien0p— —RT-InP (4)

In a similar manner and in the case when the boiling point (sublimation) of the oxide Tyoii(MenOm) is lower than
the boiling point of the metal Tyi(Me), the correction for reduced pressure is introduced with the opposite sign:

Tten0n = AGenop + =RT-InP )

The detailed description of the model used to calculate the dependences of the change in Gibbs free energy AG on
temperature and pressure during the formation of impurity oxides in the liquid and vapor phases is also given in [15]
with using the example of oxidizing refining in the process of obtaining high-purity tellurium by a comprehensive
method.

When transforming to the base 10 logarithm In(x) = 2.3026-1g(x) and using the expression for the universal gas
constant in joules (R = 8.31 J/mol-K), we have:

10, = AGS 219,145 lg(——) (Tooi(MeyOn) > Thi(Me) ©)
0 _ 0 2 P
MMe,0, = AGY +;19-145T'lg(m) (Tooit(MenOm) < Thoir(Me)) @

It was necessary to investigate the influence of atmospheric pressure of the gas medium and vacuum on the
strength of oxides in the low-temperature range T = 600 + 1120 K. Calculations of changes in the standard Gibbs
energy AG%T) and AG(P, T) during the formation of base metal oxide (PbO) and impurity oxides in the liquid and
gaseous phases were performed using formulas (6) and (7). The graphs of the obtained dependences are shown in Fig. 1
and Fig. 2. The Ag,O compound decomposes already at the temperature of ~ 500 K [16], therefore it was not
considered.

AG, J/mol O, AG, J/mol O,

P=0.5 Pa

-2x10° 04

-4x10° 4 -2x10° 4
6%10° R0
-HX -
ZnO
-6x10° -
-8x10° -
2Pbyigiq+t0,=2PbO0 5y 8x10° -
T=606-1120 K \lgo
-1x10° <

-1x10° 4

1 L T LE 1
600 800 1000 1200 600 800 1000 1200

a) b)
Figure 1. Change in Gibbs potential during the formation of PbO and oxides of impurities Ca, Na, Mg, As, Zn, Fe, Cu, Sn, Sb, Bi in the
lead liquid phase during melting in an argon atmosphere, (a) and in a vacuum of 0.5 Pa, (b) in the temperature range of 600 + 1100 K

Analysis of the obtained calculations shows that when melting lead in an argon atmosphere, there are more stable
oxides (Ca0O, MgO, ZnO, Na,O, Fe,O, Sn0,) in it relative to PbO than when melting in a vacuum (CaO, MgO, Na,0).
The stable oxides concentrate in the lead oxide and are removed from the melt by filtration. As shown in the graphs, as
temperature increases, the change in Gibbs potential during oxide formation decreases slightly in absolute value,
indicating decreased stability.

Thus, calculations show that a more effective removal of impurities in the form of their oxides by oxidizing
refining of molten lead will be carrying out its filtration process in an argon atmosphere and at low temperatures (near
the melting temperature of lead in the range of ~ 600 + 650 K).



640
EEJP. 3 (2026) Olexii P. Shcherban, et al.

Fig. 2 shows calculated dependences of the change in the Gibbs potential during the formation of PbO and oxides
of impurities in the lead liquid phase in temperature region which includes the temperatures (1200 + 1250) K of the
distillation purification process of lead in the vacuum of 0.5 Pa.

It can be seen that at high temperatures, the oxides that are stable relative to PbO and the oxides of the remaining
impurities are CaO and MgO, which during the distillation process will collect on the surface of the melt and remain as
a residue in the crucible. The formation of metal impurity oxides located above PbO will be difficult, since they have a
low absolute change in Gibbs energy and therefore are not stable.

The thermodynamic calculations performed, along with their analysis, were taken into account when planning and
carrying out the lead purification process using a comprehensive refining method (oxidizing refining and vacuum
distillation).

AG, J/mol O,
P=0.5Pa
2x10° e o TS T o B o =
ig e =
------- L - Na,Ody = =7 /ZnOml
= = -—
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Figure 2. Change in the Gibbs potential during a formation of PbO and oxides of Ca, Na, Mg, As, Zn, Fe, Cu, Sn, Sb, Bi
impurities in the lead liquid phase in the vacuum of 0.5 Pa in the high-temperature region of 1120 + 1765 K

3. EXPERIMENTAL STUDIES OF THE COMPREHENSIVE PROCESS OF PRODUCING HIGH-PURITY
LEAD BY DISTILLATION METHOD
The distillation method of refining is based on the difference in the composition of the liquid mixture being
separated and the vapor formed of it. This difference is estimated by the value of the separation coefficient a. The
theoretical foundations of the distillation method of metal purification are presented in [17-19].
The ideal separation coefficient o; during molecular evaporation is defined as

2 /M

where p%, p3g - are the vapor pressures of the pure base and impurity components A and B; Ms and Mg are the
molecular weights of components A and B, respectively.

Using expression (8), the ideal impurity separation coefficients o; were calculated at different temperatures,
including the lead distillation temperature. By the value of o;, the impurities in lead can be divided into volatile (Zn, Te,
Mg, Sr, T1, Bi, Ca, Li etc.) with a; ~ 10>-10- and non-volatile (Mn, Ag, Al, Ni, Co, Cu, Sn, Si, Cr, Fe, U etc.) with
a; ~ 10>-10°. For most impurity elements, o; differs significantly from 1, suggesting effective purification of lead by
vacuum distillation. The values of o; allow us to estimate the lead refining efficiency of volatile and non-volatile
impurities, accounting for the yield of usable lead (losses) [13].

The basic stages of the integrated lead refining process were as follows. The first stage is filtration of liquid lead to
remove surface contaminants, oxides of impurities and base metal, various inclusions and partially low-melting metals.
The second stage is the distillation of the metal with condensation into a superheated liquid phase to remove volatile
and non-volatile impurities.

To implement the integrated method of deep refining, we used a previously developed special device for filtering
metals in an argon atmosphere [20] and a special distillation device for distilling Pb in a vacuum [13], the schemes are
given in the indicated references, where the processes of filtration and distillation of lead are also described in detail.
The filtration and distillation devices were made of high-purity dense graphite (MPG-7 grade) with minimal impurities,
characterized by chemical inertness towards lead. Filtration was carried out in a device that combines this process with
pouring the metal into measuring ingots. Fig. 3 shows the photos of ingots of filtered lead (a) and distillate (b) of refined
lead weighing ~ 1 kg each. If necessary, the lead distillate was also poured into measuring ingots through the filter.
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Figure 3. Ingots of filtered initial lead (a) and distillation-refined lead (b)

4. RESULTS AND DISCUSSIONS

The initial material for experimental studies of the efficiency of lead purification by the comprehensive method
was C0-grade technical lead. The concentration of impurities in it, as well as in that after filtration and distillation, is
given in Table 1.

The impurity content in the lead samples was determined by high-resolution laser mass spectrometry. The random
error of the analysis results is characterized by the relative standard deviation of 0.15-0.30.

Table 1 lists only the impurity elements regulated by standard norms for impurity content in lead. The purity of the
initial lead in terms of the sum of impurities is ~ 99.992 %, which corresponds to the standard CO grade. Analysis of the
results obtained shows that the efficiency of oxidizing refining for individual impurities is 2 - 4 times. The efficiency of
the oxidizing refining process can be increased by improving the device for intensifying the redox reactions of
impurities in the lead melt, more complete collection of oxides from the surface of the melt, and removal of oxides by
filtration.

Table 1. The content of majority impurities in the initial lead, after filtration and distillation in vacuum (distillate)

Mass fraction of impurities, no more
Impurity Initial (C0) | after filtration I distillate (C000)
n-10%%
Ca 3 1 0.2
Na 5 3 0.1
Mg 2 1 0.3
As 3 2 0.1
/n 7 5 0.2
Ag 2 1 0.1
Fe 8 2 1
Cu 5 2 0.2
Sn 4 2 1
Sb 6 3 0.3
Bi 35 10 0.4
Pb, % 99.992 99.997 99.9996

If we evaluate the efficiency of distillation purification relative to filtered lead, it ranges from 2 times (Fe, Sn) to
10-30 times (Sb, Na). The low lead purification of Fe and Sn is probably due to the deviation from the ideal behavior of
these impurities in lead (non-compliance with ideal separation coefficients). In general, an experimental study on the
use of a comprehensive distillation method for lead purification showed that it allows the production of lead C000 grade
(99.9996 %) from lead of technical CO grade (99.992 %), an improvement of almost two orders of magnitude.

The comprehensive process described in this work for obtaining high-purity metals using oxidizing refining was
applied to metals such as cadmium and zinc [21].

5. CONCLUSIONS

A thermodynamic analysis of the oxidation reactions of Pb and the impurities Ca, Na, Mg, As, Zn, Fe, Cu, Sn, Sb,
Bi present in it during the melting of lead in an argon atmosphere and distillation in a vacuum was carried out. Stable
and unstable impurity oxides in relation to the main lead oxide were determined by calculating the change (decrease) in
the Gibbs free energy AGwmeo. These calculations make it possible to determine impurity behavior and plan the choice of
technological conditions for the complex lead refining process.

The efficiency of oxidizing refining of lead by filtration of liquid metal according to the scheme of a
comprehensive process of distillation purification of lead was investigated. This method reduces the content of major
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impurities in the initial lead by 2-4 times. Improving the filtration device can increase the efficiency of the oxidizing
refining process.

This paper presents results from experimental investigations of the comprehensive process of distillation refining
of lead. Investigations show that the efficiency of this process increases by almost two orders of magnitude (from
99.992 % in the initial material to 99.9996 % in the purified product). The purity of such lead meets the standard norms
for high-purity lead of the C000 grade.
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OTPUMAHHSI CBUHI[IO BUCOKOI YUCTOTU KOMIITEKCHAM METOJI0OM PAG®IHYBAHHSI
Ounexciii I1. Hlep6anb, Onexcanap I. Konapuk, Imutpo O. Cononixin
Hayionanenuii naykosuii yenmp «Xapkiecokuil ¢izuxo-mexniunutl incmumymy HAH Yxpainu,
eyn. Axademiuna, 1, 61108, Xapkis, Ykpaina

JociipKeHo TepMOAMHAMIKY OKHCHO-BiHOBIIIOBAIIBHUX PEaKLiil yTBOPSHHs OKCHIY CBHHIIIO i OKCHIB IOMIIIOK pH QijabTpauii y
aTMocepi aprony i auctwsnii Pb y Bakyywmi ~ 0,5 ITa. ITo abcomoTHiit BenmuuHi 3MiHN BUTbHOT eHeprii ['i60ca oniHeHO MIITHOCTI
OKCHIIB JIOMIIIIOK IO BIJIHOUICHHIO 10 OKCHJY CBHUHIIO NpH OKUCHOMY padiHyBaHHI 1 AUCTWIsANII CBUHIO. JlOCHTimKeHO
KOMIUTEKCHUH TpoIec TUCTHIISALiitHOro padiHyBaHHs CBHHIIO, SIKMM BKIIIOYa€ Taki eTamu sk QijgpTpauito (okucHe padiHyBaHH:I) B
aTMocdepi aproHy i OYMCTKY CBHUHIIO Bifl Ba)KKOJETKUX 1 JIETKOJETKHUX IOMIIIOK HUISXOM BHUIIAPOBYBAaHHA METANIy y BaKyyMi 3
KoHJcHcaliero mapy y rapsay piaky ¢asy (Teoms = 0,85 Teun). HaBemeHo excreprMeHTadbHI pe3yabTaTH 3acTOCYBaHHS
KOMIIJIEKCHOT'O NPOLECY A1 OTPUMaHHS CBUHLIO BHCOKOI yncToTd Mapku CO00 3 cymMapHMM BMICTOM OCHOBHHX JIOMILIIOK Ha piBHI
99,9996 mac. %.

KimouoBi cinoBa: ceuneys, oxcuou OOMIuloK; OKCUO CUHYIO; KUCHegull nomenyian, einbha enepeis Iibbca, ouucmka ceunyio;
oKucHe paghinysanns; Qinempayis; OUCULAYISL Y 6AKYYMI
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In this work, we investigated intermolecular interactions in benzoic acid and its ethanol solutions using Raman spectroscopy and
quantum-chemical approaches. Analysis of the Raman spectra revealed that adding ethanol induces significant changes in benzoic
acid's vibrational spectrum. These changes are primarily due to solvent effects and hydrogen-bond formation and are most pronounced
in the vibrational modes corresponding to the carboxyl group. The near-invariance of the aromatic ring confirms the preservation of
the structural integrity of the molecule. Theoretical calculations were performed at the DFT level, providing a thorough analysis of the
system's electronic structure and energetic characteristics. The molecular electrostatic potential (MEP) surface was used to identify
reactive sites within the molecule; the oxygen atoms of the carboxyl group emerged as the principal electron-rich nucleophilic centers,
while the —OH group of ethanol played a significant role in hydrogen bond formation. HOMO-LUMO orbital analysis demonstrated
a redistribution of electron density during complex formation and an increase in the reactivity of the system. Molecular docking results
also confirmed benzoic acid's ability to interact with a biologically active binding site. During the calculations, the molecule adopted
a stable conformation within the protein's active site, forming a complex through hydrogen bonds and other weak intermolecular
interactions. These findings align with the MEP and electronic structure analyses, showing a close link between the molecule's
quantum-chemical properties and its potential biological activity. The investigations reveal the mechanism of intermolecular
interactions in the benzoic acid—ethanol system and provide a comprehensive explanation of how these interactions influence the
molecule's vibrational properties, electronic structure, and behavior in a biological environment.
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1. INTRODUCTION

One of the main directions of current scientific research is the in-depth study of biologically active compounds and
the elucidation of their mechanisms of action on living organisms. From this perspective, aromatic carboxylic acids—and
benzoic acid in particular—are among the compounds of significant importance in pharmaceuticals, the food industry,
and biological systems. Widely used as an antiseptic and preservative, this substance also attracts interest because it can
interact with biologically active molecules [1-5]. Modern computational methods, including molecular docking, are
among the most important tools for determining molecular behavior in biological systems [6]. This method allows the
determination of binding energy, stability, and optimal configuration between a ligand and a biological target (e.g., a
protein) [7]. As a result, it provides essential information about the compound's potential biological activity [8]. In
addition, HOMO-LUMO theory plays a central role in studying the electronic structure of a molecule [9]. The energy
levels of the HOMO (Highest Occupied Molecular Orbital) and LUMO (Lowest Unoccupied Molecular Orbital) enable
assessment of the molecule's chemical reactivity and stability [10]. Furthermore, Molecular Electrostatic Potential (MEP)
analysis reveals the electrostatic charge distribution within the molecule, allowing the identification of reactive centers
(electrophilic and nucleophilic attack sites) [11]. Atoms in Molecules (AIM) theory is widely used to deepen
understanding of intermolecular interactions [12]. This approach enables determination of bond nature and molecular
stability through topological analysis of electron-density distribution [13]. Experimentally, vibrational spectroscopy—
particularly Raman spectroscopy—is important for determining the structural and dynamic properties of molecules [14].
Raman spectra provide precise information about the bonds, functional groups, and intermolecular interactions within a
molecule [15].

In this work, we comprehensively study the molecular properties of benzoic acid and analyze its interaction with
biologically active systems using molecular docking [16]. In addition, the electronic structure and reactivity of the
molecule are evaluated using MEP, HOMO-LUMO, and AIM methods, and its vibrational properties are determined
based on Raman spectroscopy [17]. Together, these approaches deepen understanding of the compound's physicochemical
and biological properties [18].
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2. EXPERIMENTAL AND THEORETICAL METHODS

2.1 Experimental method

We used chemically pure benzoic acid and ethanol mixtures in the liquid state at concentrations of 0.9, 0.7, 0.5, 0.3,
and 0.1 mol/L. The samples were further purified according to the procedures described in [19].

All experiments were conducted at room temperature and ambient atmospheric pressure. We recorded benzoic acid
and its ethanol solutions at various concentrations on an InVia Raman spectrometer equipped with a diffraction grating
of 1200 lines/mm. The acquisition time was 10 s and the spectral resolution was 0.01 cm™. A Spectrum Stabilized Laser
Module (532 nm, 50 mW) was used as the excitation light source. The scattered radiation was recorded using a Renishaw
CCD Camera detector.

2.2 Computational method
Quantum-chemical calculations were performed using the Gaussian 09W program [20] at the density functional
theory (DFT) level, employing the 6-311++G(d,p) basis set and the B3LYP (Becke—3—-Lee—Yang—Parr) hybrid functional
[21-22]. Spectral analyses were performed using Origin 8.5 [23], and molecular geometry was optimized using
GaussView 6 [24]. Molecular docking calculations were performed using the PyRx platform, employing the AutoDock
Vina algorithm.

2.3 Molecular Docking Method

In this study, molecular docking calculations were performed to determine the probable interactions of the benzoic
acid molecule with the SIKR enzyme. The three-dimensional crystal structure of the protein was downloaded from the
RCSB Protein Data Bank (PDB ID: 5IKR) and prepared for subsequent calculations. During preparation, crystallographic
water molecules were removed, polar hydrogen atoms were added to the protein structure, and appropriate charges were
assigned. Benzoic acid was selected as the ligand, and its geometry was optimized by quantum-chemical methods. For
docking calculations, the neutral form of benzoic acid was employed. The optimized structure was then converted to the
PDBQT format required for docking calculations. Molecular docking calculations were performed using the PyRx
platform with the AutoDock Vina algorithm [25]. Grid parameters were set to fully encompass the active site of the
enzyme, enabling the identification of probable binding conformations of the ligand. The active site was defined using a
grid box centered at X =23.5 A, Y =28.7 A, and Z = 19.4 A, with dimensions of 25 x 25 x 25 A. These parameters
ensured complete coverage of the binding pocket and enabled the identification of probable binding conformations of the
ligand. The obtained results, including binding energies and ligand—protein interaction types, were visualized and
analyzed in detail using the Discovery Studio software [26].

3. RESULTS AND DISCUSSION
3.1. Vibrational Frequency Analysis

In this study, the Raman spectra of benzoic acid (BeAc) and its mixtures with ethanol (EtOH) were investigated
over a broad spectral range (5002000 cm™). The primary focus of the work was on identifying intermolecular
interactions—particularly the formation of hydrogen bonds and their effects on vibrational properties. Raman
spectroscopy enables the identification of the internal vibrational modes of molecules, thereby providing insight into
their structures and interaction mechanisms [27-28]. The spectrum of pure benzoic acid exhibited a series of well-
defined and intense peaks. In particular, the signal at 615 cm™! corresponds to the out-of-plane C—H deformation
vibration of the aromatic ring. The peak located near 790 cm™ represents C—H bending vibrations within the ring and
is characteristic of aromatic systems [29]. The strong peak observed at 1009 cm™! is associated with the symmetric
"breathing" vibration of the ring and serves as an important indicator for identifying the aromatic nucleus [30]. In the
mid-frequency region, C—H in-plane vibrations are observed at 1132 cm™', while C—O bond stretching vibrations of
the carboxyl group appear at 1288 cm™'. C—H deformation at 1442 cm™ and C=C vibrations of the aromatic ring at
1608 cm™! are also recorded. These results confirm that the aromatic structure and functional groups of the molecule
are preserved in their original state [31]. Upon addition of ethanol, significant changes were observed in the spectrum.
In the low-frequency region (618—628 cm™ and 792—-799 cm™), the peaks remain essentially unchanged, indicating
that the aromatic ring is stable with respect to external perturbations. However, a downshift of the main peak at 1009
cm! to the 990-1003 cm ™ range was observed. This red shift indicates an intensification of intermolecular interactions,
specifically the formation of hydrogen bonds [32]. A similar phenomenon is observed in the 1080-1092 cm™' region,
where the positions of the C—C and C—O bond vibrations undergo slight changes—evidence for the redistribution of
electron density within the system. The C—O stretching vibrations in the 1270-1280 cm™ range show the most
pronounced changes: the shift and increase in intensity of these peaks indicate the formation of hydrogen bonds
between benzoic acid and ethanol molecules [33]. In the high-frequency region, particularly in the 1448-1457 cm™!
range, peak intensities increase, confirming the participation of ethanol molecules in the mixture. At the same time,
the aromatic C=C vibrations in the 1600—-1608 cm™ range remain virtually unchanged. This result indicates that the
interaction occurs predominantly around the carboxyl group, while the aromatic ring remains structurally nearly
unaffected [34].
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Figure 1. Raman scattering spectra of benzoic acid (BeAc) and its ethanol solutions in the 500-2000 cm™ range

Within the scope of this study, the intermolecular interactions and solvation processes occurring in the binary
benzoic acid—ethanol system were thoroughly investigated by Raman spectroscopy (2800-3200 cm™ region), and it was
scientifically demonstrated that the observed changes in this system are not merely the result of physical mixing, but
rather a consequence of complex thermodynamic and structural reorganization, as evidenced by the following primary
mechanisms: (1) Observation of polarization and red-shift in aromatic C—H bonds. In the spectrum of the pure aromatic
compound, the peak at 3074 cm'—characteristic of the stretching vibrations of the =C—H bonds of the benzene ring and
observed with high intensity—was found to gradually shift toward lower wavenumbers, reaching 3066 cm™, as ethanol
was added to the system and as the concentration of the solution was progressively diluted (from 0.9 mol/L to 0.1 mol/L).
This spectral shift is directly attributed to the disruption of the stable dimer structures formed by benzoic acid molecules
and the subsequent formation of a completely new solvation shell involving ethanol molecules, because when the
hydroxyl groups of ethanol actively interact with the m-electron cloud of the aromatic ring and with the carboxyl group,
the electron density of the =C—H bond is redistributed, and the vibrational energy of this bond decreases appreciably. (2)
Dynamics of aliphatic chains and reorganization of solvent microstructure. The 2920-2980 cm™ region of the obtained
spectra directly reflects the symmetric and asymmetric stretching vibrations of the —.CHs and —CH2 groups of the ethanol
molecule. A change in acid concentration strongly affects the regional distribution of these aliphatic vibrations: in
particular, the strong peaks observed at 2930 cm™ and 2975 cm™ at a concentration of 0.9 mol/L were found to shift to
2922 cm™ and 2964 cm!, respectively, as the system was diluted to 0.1 mol/L. This microdynamics demonstrates that
the characteristic macrostructural hydrogen bond network of ethanol is disrupted under the influence of the solute and
transitions to a new energetic environment; that is, as the acid content increases, ethanol molecules tend to cluster around
acid molecules rather than forming mutual associates, which in turn leads to an increase in steric hindrance and a
redistribution of vibrational frequencies in the microenvironment.
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Figure 2. Raman scattering spectra of benzoic acid (BeAc) and its ethanol solutions in the 2000-3800 cm™* range
3.2 Molecular Electrostatic Potential (MEP)

The molecular electrostatic potential (MEP), also known as the molecular potential surface map, is useful for
visualizing the charge distribution in benzoic acid and its ethanol complexes, as well as for studying charge-dependent
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parameters such as electrophilic—nucleophilic processes and bonding interactions. Determining the MEP helps identify
the reactive sites of the molecule [35-37]. Figure 3 presents the MEP visualized using a color-coded scheme. Regions are
colored according to the level of electrostatic potential, increasing in the order: deep red < yellow < green < blue [38].
The molecular electrostatic potential (MEP) surface maps visually represent the charge distribution in the benzoic acid
monomer, dimer, and benzoic acid + ethanol complexes. They play an important role in studying charge-dependent
parameters such as electrophilic and nucleophilic reactions and bonding. An additional purpose of determining the
electrostatic potential is to identify the reactive regions of the molecule. The MEP map in the range of —4.389 x 1072 eV
to +4.389 x 1072 eV clearly shows the charge distribution in the benzoic acid monomer. The oxygen atoms of the carboxyl
(C=0) group appear in the deepest red, indicating a higher concentration of electrons—this region is therefore
nucleophilic. Yellow regions are moderately electron-rich, green regions are nearly neutral, and blue regions represent
electron-deficient electrophilic sites. Regarding vibrations, stretching vibrations of the C=0O and O—-H bonds, as well as
intra-ring C—C bond vibrations, are predominantly observed. The MEP map in the range of —3.127 x 1072 eV to +3.127
x 1072 eV shows the redistribution of charges in the benzoic acid dimer. The oxygen atoms of the carboxyl (C=0) group
again appear in red, indicating an electron-rich (nucleophilic) region. The intensification of colors between the two
molecules reflects their mutual attraction and the formation of hydrogen bonds. Blue regions are electron-deficient and
possess electrophilic character. In this configuration, the vibrations also change: in particular, the O-H bond is elongated
due to hydrogen bond formation, causing a downshift in its vibrational frequency, and the C=0 vibration shifts slightly
as well. The MEP map in the range of —3.841 x 102 eV to +3.841 x 1072 ¢V shows the charge distribution in the benzoic
acid + 1 ethanol complex. The oxygen atoms of the carboxyl (C=0) group appear in the deepest red, indicating an
electron-rich nucleophilic region. The hydrogen of the —OH group of ethanol is relatively positive, and it is precisely
between these two sites that a hydrogen bond forms. The color gradient (red—yellow—green—blue) represents a gradual
decrease in charge density: yellow regions are intermediate, green regions are nearly neutral, and blue regions are electron-
deficient electrophilic zones. As a result of this interaction, the vibrations of the O—H and C=O bonds shift slightly,
confirming the formation of the complex. The MEP map in the range of —5.464 x 102 eV to +5.464 x 102 eV shows an
even stronger redistribution of charges in the complex involving benzoic acid and 2 ethanol molecules. The oxygen atoms
of the carboxyl (C=0) group appear in the deepest red, confirming that they constitute the primary nucleophilic center.
The hydrogens of the -OH groups of the two ethanol molecules are more positive, and the formation of multiple hydrogen
bonds through them is clearly visible. The color gradient (red—yellow—green—blue) illustrates a stepwise decrease in
charge density: yellow regions are intermediate, green regions are nearly neutral, and blue regions are electron-deficient
electrophilic zones. Consequently, the intermolecular interactions in this complex are stronger, and the vibrations of the
O-H and C=0 bonds shift considerably.

-5.619 ¢ W m — 619 e? -3.127 ¢ mmm u 3 127 ¢

a) BA monomer b) BA dimer
-3.841 ¢ [ m — 3 341 e -5.464 ¢ mmw u — 5 464 ¢

c¢) BA+1EtOH d) BA+2 EtOH
Figure 3. MEP diagram for Benzoic Acid (BA) + Ethanol complexes
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3.3 Frontier Molecular Orbital (FMO) Analysis

Frontier molecular orbitals are regarded as important theoretical parameters for interpreting the electronic structure
of molecules and their chemical reactivity. The Highest Occupied Molecular Orbital (HOMO) and the Lowest
Unoccupied Molecular Orbital (LUMO) describe the outer electronic configuration of the molecule and are of
fundamental significance in explaining the mechanisms of reactions involving electron transfer. The HOMO energy level
reflects the electron-donating capability of the molecule. If the HOMO energy is relatively high, such molecules readily
participate as electron donors and exhibit high activity in nucleophilic or oxidation processes. The LUMO, in contrast, is
considered the orbital most susceptible to electron acceptance. If the energy level of this orbital is low, the molecule is
well-positioned to accept external electrons and may effectively participate in electrophilic reactions [39-40].
Accordingly, the energy gap (AE) between the HOMO and LUMO orbitals is considered one of the primary indicators
for assessing the reactivity and stability of a molecular system. A small energy gap indicates high sensitivity of the
molecule to external perturbations—particularly electronic excitation—reflecting its greater participation in chemical
processes. Conversely, a large AE value implies a lower probability of electron transfer, indicating that the molecular
system is relatively stable and less reactive. Frontier molecular orbital theory is one of the most widely used quantum-
chemical approaches for studying the electronic, optical, and chemical properties of molecules [41]. Based on HOMO
and LUMO energy values, a number of global reactivity parameters can also be determined. For instance, chemical

hardness (1)) is expressed through the difference between HOMO and LUMO energies as:
n= ELUMO;EHOMO (1)
This parameter characterizes the resistance of the molecular system to electronic perturbations. Chemical potential (p) is

determined from the following relation:

= EHOMO;'ELUMO 2)
This quantity reflects the tendency of the molecule to attract or donate electrons. Based on these parameters, the
electrophilicity index (o) is also calculated:

0= 3)
The electrophilicity index is an important indicator for evaluating the electron-accepting capability of the molecule.
Figure 4 displays the spatial distribution of HOMO and LUMO orbitals and the energy gap (AE) between them for

the benzoic acid molecule and its complexes with ethanol. Table 1 presents the quantum-chemical parameters determined

on the basis of HOMO and LUMO energy values, including chemical hardness (), softness (S), electrophilicity index

(o), and electronegativity ()). Analysis of the obtained results shows that the benzoic acid + 2 ethanol complex possesses

the largest dipole moment, indicating that the intermolecular interactions in this system are relatively strong. In contrast,

the benzoic acid + 1 ethanol complex exhibits a lower dipole moment, reflecting a relatively weaker degree of polarization
in the system.

Name of cluster HOMO LUMO

BeAc monomer

BeAc dimer
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BeAc + 1 ethanol

BeAc + 2 ethanol

Figure 4. Frontier molecular orbital diagram of benzoic acid and its solutions

The HOMO-LUMO energy gap is one of the key indicators characterizing the electronic structure and chemical
stability of a molecule. According to the calculation results, the HOMO-LUMO energy gap for the benzoic acid monomer
is 130.32 kcal/mol, and in the dimer form this value is 129.45 kcal/mol. In the complexes formed with a solvent, this
parameter was found to be 130.58 kcal/mol for benzoic acid + 1 ethanol, and 123.2 kcal/mol for the benzoic acid + 2
ethanol complex. The ionization potential was also analyzed, with values of 172.11 kcal/mol (benzoic acid monomer),
173.34 kcal/mol (benzoic acid dimer), 169.35 kcal/mol (benzoic acid + 1 ethanol), and 164.86 kcal/mol (benzoic acid +
2 ethanol), respectively. Furthermore, the largest value of the electrophilicity index was found to be 101.8367 kcal/mol,
belonging to the benzoic acid monomer.

Table 1. Thermodynamic and chemical parameters of the title compounds

Parameters BeAc monomer BeAc dimer BeAc + 1Ethanol BeAc + 2Ethanol
Dipole moment (Debye) pt 2.126105 0.005329 1.190733 2.624885
Total energy (Thermal) (kcal/mol) 76.731 155.274 131.706 186.431
Zero-point vibrational energy (kcal/mol) 72.24695 145.47773 123.78239 174.65551
Enomo -172.11 -173.34 -169.35 -164.86
Erumo -41.79 -43.89 -38.77 -41.66
Erumo - Enomo 130.32 129.45 130.58 123.2
Global hardness (1) = “2(ELumo-Enomo) 56.16 64.725 65.29 61.6
Chemical potential (1) = Y2(ELumo+EnoMo) -106.95 -108.61 -104.06 -103.26
IP = -Enomo 172.11 173.34 169.35 164.86
EA =-ErLumo 41.79 43.89 38.77 41.66
Electrophilicity index (o) = u?/2n 101.8367 91.1250 82.9260 86.5473

3.4 Atoms in Molecules (AIM) Analysis for Complexes of Benzoic Acid

Atoms in molecules (AIM) analysis is widely used to identify non-covalent interactions in molecular systems [42].
As a result of interactions between two atoms through electron density, a bond path emerges, giving rise to critical points
(CPs) in the electron density. At such points, the gradient of the electron density vanishes [43]. The presence of hydrogen
bonds or other interactions in molecular complexes is confirmed through the topological analysis of electron density.
Figure 5 presents topological parameters for the BeAc dimer, BeAc + 1 ethanol, and BeAc + 2 ethanol complexes: the
electron density p(r), the Laplacian of the electron density V?p(r), the energy density H(r), the Lagrangian kinetic energy
density G(r), and the potential energy density V(r) at the bond critical points (BCPs). These quantities provide extensive
information about the nature of the interactions (Table 2).

According to the data presented in Table 2, the Laplacian of the electron density V?p(r) varies in the following
ranges: 0.1386-0.1388 a.u. for the BeAc dimer, 0.0681-0.1249 a.u. for BeAc + 1 ethanol, and 0.0328-0.1304 a.u. for
BeAc + 2 ethanol. These positive values indicate a local depletion of electron density, confirming that the intermolecular
interactions belong to the closed-shell type and are characterized by hydrogen bonds.
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C) BeAc+ 2 ethanol

Figure 5. Molecular diagrams of the title complexes. (a) BeAc dimer; (b) BeAc + 1 ethanol; (c) BeAc + 2 ethanol

Table 2. Topological parameters of the title complexes (BeAc, BeAc + ethanol)

Density . Potential Laplacian of Bond
Name of Bond of all Lagrangian energy Energy electron energy
X(H)-bonds length kinetic : density . -
cluster B electrons energy G(¥) density Hr) density Eint = -V(1)/2,
’ p(1) il V(r) Vip(r) kcal/mol
BeAc dimer 2(0)...30(H) 1.66415 0.0478 0.0401 -0.0455 0.0054 0.1386 14.2758
15(H)...23(0) 1.66337  0.0479 0.0402 -0.0456 0.0054 0.1388 14.2758
BeAc + 1 2(0)...24(H) 2.01938  0.0232 0.0186 -0.0169 0.0016 0.0807 5.3023
ethanol 15(H)...16(0) 1.75013 0.0398 0.0334 -0.0356 0.0021 0.1249 11.1696
2(0)...24(H) 2.10706  0.0196 0.0155 -0.0139 0.0015 0.0681 4.3612
BeAc +2 2(0)...33(H) 1.92863 0.0241 0.0209 -0.0183 0.0026 0.0940 5.7417
ethanol 10(H)...25(0)  2.42144  0.0091 0.0068 -0.0054 0.0013 0.0328 1.6942
15(H)...16(0) 1.72156  0.0424 0.0357 -0.0389 0.0031 0.1304 12.2051

The energy density H(r) values for the BeAc dimer and its ethanol complexes are observed in different ranges:
0.0054 a.u. for the dimer, 0.0015-0.0021 a.u. for complexes with one ethanol molecule, and 0.0013—0.0031 a.u. for
systems involving two ethanol molecules. The positive values of H(r) in all cases indicate that the interactions present in
these systems are not covalent but rather predominantly electrostatic in nature. This further confirms that they are closed-
shell type interactions mediated by hydrogen bonds. This substantiates the existence of weak hydrogen bonds between
the presented complexes [44—45]. Such hydrogen bonds are analogous in nature to van der Waals interactions. The
formula Eiy = V(r)/2 was used to calculate the bond energy [46]. In this work, it was applied to determine hydrogen bond
energies, where V(1) is the potential energy density at the bond critical points. If the energy density value at the critical
points is negative (Hpcp, < 0), the bond has covalent character; if positive (Hpcp, > 0), it has electrostatic character.

3.5. Molecular Docking

Molecular docking is one of the modern computational approaches for modeling interactions between biomolecules.
In this method, the protein is treated as a receptor and the small molecule as a ligand, and their binding characteristics
and stability are evaluated. The degree of binding is typically expressed in terms of free energy values [47]. The Swiss
Target Prediction method was used to identify the target protein for molecular docking studies [48]. In this work, the
benzoic acid molecule was selected as the ligand, and molecular docking analysis was performed to evaluate its biological
activity. Cyclooxygenase-2 (PDB ID: 5IKR) was used as the target protein for the study. This protein is associated with
inflammatory processes and is one of the important biological targets extensively studied in pharmaceutical research.
Docking results showed that the benzoic acid molecule is accommodated appropriately within the active site of the protein
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and forms several significant interactions. The best binding pose exhibited a binding affinity of —5.8 kcal/mol, indicating
favorable interaction between benzoic acid and the active site of the protein.

ALA
B:199. ALA
B:202
N
7/
HIS
B:388 GLN
B:203
Interactions
[ van der waals [T Amide-Pi Stacked
[ conventional Hydrogen Bond [ pi-Alkyl

[ ] carbon Hydrogen Bond

Figure 6. 2D interaction diagram of benzoic acid within the active site of the SIKR protein

In particular, the hydrogen bond formed with the ALA (B:199) residue contributes significantly to the stability of
the complex. The hydrogen-bond distance was estimated to be approximately 2.04 A, indicating a relatively stable
intermolecular interaction. Additionally, a hydrophobic w-alkyl interaction between the aromatic ring of the ligand and
ALA (B:202) was observed. Furthermore, weak interactions—including van der Waals contacts and carbon—hydrogen
bonds—were identified with the HIS (B:388) and GLN (B:203) amino acid residues. Such interactions contribute to the
overall energetic stability of the complex. To provide a broader assessment of the docking results, the co-crystallized
ligand mefenamic acid (ID8) was used as a reference molecule. Benzoic acid retained a favorable orientation within the
binding cavity and formed intermolecular contacts that contributed to the stability of the resulting complex. The inclusion
of the co-crystallized ligand as a reference molecule provided additional confidence in the reliability of the docking results
and the predicted binding mode of benzoic acid. In general, the results demonstrate that the benzoic acid molecule
possesses the capacity to bind to the SIKR protein. This allows it to be considered as a potentially biologically active
compound. However, additional experimental and theoretical investigations are required to reach more definitive
conclusions.

Figure 7. (a) Overview of the 5IKR protein; (b) 3D interaction of benzoic acid with the SIKR protein

This figure shows the three-dimensional binding pose of benzoic acid within the active site of Cyclooxygenase-2
(PDB ID: SIKR). The interaction between the ligand and the protein is represented through hydrogen bond donor (pink)
and acceptor (green) regions, illustrating how it accommodates within the active site. As seen from the figure, the
functional groups of benzoic acid are positioned in close proximity to specific amino acid residues of the protein, forming
weak yet relatively stable interactions with them. In particular, hydrogen bonds formed through the carboxyl group make
a significant contribution to the spatial stability of the complex. Moreover, the donor and acceptor surfaces generated
around the ligand are related to its electron density distribution, which enhances its compatibility with the active site and
increases the probability of binding. These results confirm the existence of interactions between benzoic acid and the
5IKR protein and demonstrate its potential biological activity.

4. CONCLUSIONS
In this work, we investigated the intermolecular interactions in benzoic acid and ethanol mixtures in detail using
Raman spectroscopy. Analysis of spectra from solutions prepared at various mole fractions showed significant shifts in
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the principal vibrational bands due to changes in the solvent environment and, in particular, hydrogen-bond formation.
Specifically, the shift of the vibrational mode of the aromatic ring of benzoic acid—characteristic at ~1009 cm'—toward
lower frequencies (990-1003 cm™) unambiguously indicates the presence of intermolecular interactions. Additionally,
shifts in the vibrations associated with C—O and O—H bonds, along with changes in their intensities, confirm complex
formation. The analyses show that the aromatic ring structure remains virtually unchanged—that is, it is stable with
respect to external perturbations. Conversely, the principal changes occur around the carboxyl functional group,
identifying this region as the primary center of intermolecular interaction.

The quantum-chemical results fully corroborated the experimental observations. DFT calculations determined the
electronic structure, charge distribution, and energetic parameters of the molecules, showing that electron density
redistributes during complex formation. MEP maps identified the most reactive sites: the oxygen atoms of the carboxyl group
participate as electron-rich (nucleophilic) centers, while the hydrogen of the —OH group of ethanol acts as a positive
(electrophilic) center. HOMO-LUMO analysis revealed a decrease in the energy gap, indicating increased reactivity—an
effect that intensifies as the number of ethanol molecules increases. AIM results provided an even more precise picture of
the intermolecular interactions. The calculated parameters demonstrated that these bonds are non-covalent, being primarily
electrostatic and characterized by weak hydrogen bonding. This indicates the predominance of closed-shell type interactions
within the system. Molecular docking analysis allowed us to evaluate benzoic acid's ability to interact with biological
systems. The results showed that it can form a stable complex with the Cyclooxygenase-2 (SIKR) protein, in which hydrogen
bonds and hydrophobic interactions play a crucial role. This confirms the molecule's potential biological activity.

In conclusion, the investigations showed that intermolecular interactions in the benzoic acid—ethanol system are
mediated primarily through hydrogen bonds, and that this process significantly influences the molecule's vibrational
properties, electronic structure, and reactivity. The results are important not only for understanding the physicochemical
properties of this system, but also for elucidating the molecule's behavior in a biological environment.
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EJEKTPOHHA CTPYKTYPA TA MIDKMOJIEKYJISIPHI B3AEMOIII KOMILIEKCY BEH30MHA KHCJIOTA-
ETAHOJI: CHEKTPOCKOIIISI KOPOBIHALIMHOT'O PASMIHY, III® TA AHAJII3 MOJIEKYJISIPHOT'O JOKIHTY
A6aysaxin [lxkymabacs!, Xakivm Xymsakros!, Axman A6canos!, Acainnin Hopkyaos!, 3oxin Epnazapog!, Jleonin Bynagsin?
ICamapranocoruii depocasnuil ynisepcumem imeni Illapogha Pawudosa,

140104, m. Camaprano, Y3bexucmatn, Yunisepcumemcokuii 6yrveap, 15;

’Kuiscoxuii nayionanvnuii ynieepcumem imeni Tapaca Illesuenxa (eyn. Borooumupcvka, 64/13, Kuie 01601, Yxpaina)

VY miit pobOTi MM IOCTIKYBAIM MIXMOJIEKYJSIpHI B3aeMopii B OeH30iHil kucioTi Ta I €TaHONBHUX PO3YMHAX 33 JOIIOMOTOI0
paMaHiBCHKOI CHEKTPOCKOIII Ta KBAaHTOBO-XIMIYHMX HiJXOMiB. AHAJi3 CHEKTPiB KOMOIHAIIMHOTO pO3CIIOBaHHS MOKa3aB, IO
JIOZIaBaHHS €TAHOJy BUKJIMKA€ 3HAYHI 3MiHH B KOJMBAJBHOMY CHEKTpi OeH30HHOI Kucioru. Lli 3MiHM B mepiry depry 3yMOBIICHI
eeKTaMu PO3YMHHHMKA Ta YTBOPCHHSIM BOJHEBUX 3B’S3KiB 1 HAWOLIBII BHpPaKEHI B PEKUMAx KOJIUBAHb, IO BiINOBIIAIOTh
KapOOKCHIIBHIN rpymi. Maiixke iHBapiaHTHICT apOMaTUYHOTO KUIBILS MiATBEPIUKYE 30epekEHHs CTPYKTYPHOI LUIICHOCTI MOJISKYJIH.
Teopernuni po3paxyHku Oynu BukoHaHi Ha piBHi DFT, mio 3a6e3neuye petenbHuUil aHai3 €IEKTPOHHOI CTPYKTYPH Ta €HEPreTUUHHUX
XapaKTepUCTHK cucTeMu. [I0OBEpXHIO MOJIEKYJIIpHOTO enekTpoctaruuHoro norenuiany (MEP) BukoprucToByBamu s ineHTrdikamii
PeaKmiifHO3IaTHUX LIEHTPIB y MOJICKYJIi; aTOMH KHCHIO KapOOKCHIIBHOI TPy BUHUKIIN SIK OCHOBHI 0araTi eJleKTpOHaMH HyKJI1eo(iIbHi
LEHTpH, Toi sk rpyna —OH eTaHomy Bigirpana 3Ha4HY poJib Yy GOpMyBaHHI BOAHEBHX 3B’s13KiB. OpbitansHuii anainis HOMO-LUMO
IIPOJIEMOHCTPYBAB IEPEPO3IIO LI eIEKTPOHHOI I'yCTHHH ITiJT YaC YTBOPEHHS KOMILIEKCY Ta 30UIBIICHHS peaKIiifHO 31aTHOCTI CUCTEMHU.
Pe3ynbTaTté MOJICKYIJISIPHOTO JOKIHTY TaKOK HiITBEPIHIN 3[aTHICTh OCH30HHOI KHCIOTH B3a€EMOMISATH 3 610JI0TI9HO aKTHBHUM CaiiTOM
3B’s13yBanHs. [1i 4yac po3paxyHKIB MoJIeKyJa NpHHHsIIAa CTaOLIbHY KOH(OPMAIil0 B MEKax aKTHBHOTO LEHTPY OilIka, YTBOPIOIOYU
KOMIUIEKC Yepe3 BOJHEBI 3B’SI3KM Ta iHIII cyabki MbKMonekymsapHi B3aemonii. Lli BucHoBkM y3romkyrothest 3 MEP ta anamizom
CJICKTPOHHOI CTPYKTYpH, AEMOHCTPYIOUH TICHHI 3B’SI30K MiXK KBaHTOBO-XIMIYHHMH BIACTHBOCTSIMH MOJICKYJH Ta ii HOTEHLIHHOO
610J10r14HOI0 aKTHBHICTIO. JIOCIiKEHHS PO3KPUBAIOTH MEXaHi3M MIKMOJICKYJISIPHUX B3a€MO/IIH y cUcTeMi OeH30iHa KUCIIOTa—eTaHOI
1 1al0Th BUYEPITHE MOSCHEHHS TOTO, SK LI B3a€EMOJi1 BIUIMBAIOTh Ha KOJMHMBAJbHI BIACTUBOCTI MOJICKYJIH, EIEKTPOHHY CTPYKTYpY Ta

MOBEIHKY B 0i0JIOTTYHOMY CEPEIOBHIILI.
KuouoBi cioBa: pamaniecerka cnekmpockonis; ab initio po3paxyHku; 600HesUil 36'5130K; OEH30UHA KUCIOMA, eMAaHON, NOBEPXHs
MonekynapHozo erekmpocmamuynoeo nomenyiany (MEIL); AIM; FMO; monexyaspuuil OoKine
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Technetium-99m (*™Tc) is the most widespread radionuclide with physicochemical characteristics highly suitable for diagnostic
nuclear medicine. The radiopharmaceuticals obtained by complexation of *™Tc with ligating agents or targeting biomolecules are
increasingly used for diagnostic purposes in oncology, cardiology, nephrology, neurology and other fields of medical practice. One
factor that may influence clinical efficiency of ™Tc radiotracers involves their interactions with the proteins of human blood plasma.
Most studies of such kind of interactions have been focused on albumin, while much less attention was given to other protein
components of blood plasma. In the present work the molecular docking technique was employed to evaluate the possibility of
association between a series of *™Tc radiopharmaceuticals and plasma proteins including transthyretin, fibrinogen, alphal-acid
glycoprotein, Fc and Fab fragments of immunoglobulin G. It was found that the investigated *™Tc compounds (except pertechnetate)
form the strongest complexes with alphal-acid glycoprotein and fibrinogen. The affinities of TcMED, TcDTPA, TcMAG, TcECD,
TcDIS and TcMEB for alphal-acid glycoprotein and fibrinogen appeared to be higher than those for albumin. The structural
characteristics of both plasma proteins and *™Tc radiotracers were demonstrated to determine the amino acid composition of the
binding sites. The presence of peptide fragments in the structure of *™Tc compounds was assumed to markedly increase their affinity
for plasma proteins. The results obtained may be helpful for gaining deeper insights into biodistribution pattern of %°™Tc
radiopharmaceuticals.

Keywords: Technetium-based radiotracers; Transthyretin, Fibrinogen, Alphal-acid glycoprotein;, Immunoglobulin G; Molecular
docking

Technetium 99m (**Tc) is known as a main radionuclide currently used for obtaining a variety of diagnostic
radiopharmaceuticals for nuclear medicine [1-3]. Among the advantages of ™ Tc-based radiotracers are their half-life (6
h) and gamma ray energy (140 keV) resulting in a minimum dose of patient irradiation, ability to accumulate in targeting
tissues or organs, rapid blood clearance, availability from *Mo/**™Tc generator, relatively low cost, etc. [4-6]. Due to its
unique coordination chemistry with oxidation states ranging from -1 to +7, **™Tc can form complexes with diverse ligands
containing O—, C—, N—, P—, S— donor centers [7-10]. The radiopharmaceuticals with N- and S-centers appeared to be most
effective in assessment of renal function, the compounds with O-centers are highly suitable for myocardial imaging, while
those with S- or P-centers can be used for heart imaging and bone scintigraphy [1]. Along with these characteristics, the
efficiency of radiotracers is determined by their physicochemical parameters, including size and charge, partition
coefficient, stability in vitro and in vivo, pharmacokinetic behavior and plasma protein binding [11, 12]. In our previous
work we employed the molecular docking technique to perform a comparative analysis of the binding affinities of *™Tc
radiopharmaceuticals for albumin, the most abundant plasma protein [13]. The aim of the present study was to analyze
the binding of **™Tc-based radiotracers to other plasma proteins, such as transthyretin, fibrinogen, alphal-acid
glycoprotein, Fc and Fab fragments of immunoglobulin G. A set of twelve examined *™Tc-based radiotracers included
Pertechnetate [*™Tc]TcOs—(TcPER), [*™Tc]Tc-Sestamibi (TcSES), [*™Tc]Tc-Tetrofosmin (TcTET), [*™Tc]Tec-
Medronate (TcMED), [*™Tc]Tc-dimercaptosuccinic acid (TcDMSA), [*™Tc]Tc-diethylenetriaminepentaacetate
(TeDTPA), [*™Tc]Tc-mercaptoacetyltriglycine (TcMAG), [*™Tc]Tc-Exametazime (TcEXA), [**Tc]Te-diisopropyl
iminodiacetic acid (TcDIS), [**™Tc]Tc-ethylene cysteine dimer (TcECD), [*™Tc]Tc-Mebrofenin (TcMEB), and [*™Tc]Tc-
hydrazinonicotinic acid conjugate-H6F (TcHYN). The plasma proteins selected for this study play significant role in
many biological processes. Transthyretin is responsible for transport of the thyroid hormone thyroxine and the retinol-
binding protein. Mutations in this protein lead to its misfolding and aggregation into amyloid fibrils associated with
cardiomyopathy or polyneuropathy on the development of inherited transthyretin amyloidosis [14]. Fibrinogen has
multiple biological functions among which are promotion of platelet adhesion and aggregation, regulation of
inflammatory response, triggering of hemostasis, leukocyte activation, wound healing, etc. [15]. Alphal-acid glycoprotein
has immunomodulatory properties and affects pharmacokinetics and pharmacodynamics of drugs and endogeneous
ligands [16}. Immunoglobulin G is the major serum antibody capable of binding to and neutralizing various pathogens
and toxins [17].
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METHODS

The structures of the investigated **™Tc radiopharmaceuticals [18] were built in MarvinSketch (version 18.10.0)
and the geometries were further optimized in Avogadro (version 1.1.0). Five human plasma proteins such as transthyretin
(TTR, PDB ID 1BMZ), fibrinogen (FIB, PDB ID 3GHQG), alphal-acid glycoprotein (AGL, PDB ID 3KQO0), Fc fragment
of immunoglobulin G (IFC, PDB ID 5JII) and Fab fragment of immunoglobulin G (IFA, PDB ID 7FAB) were selected
as receptors for *"Tc radiotracers. Molecular docking was conducted using the HDOCK  server
(https://hdock.phys.hust.edu.cn/), a hybrid docking software which combines template-based modeling and free docking
[19]. The most energetically favorable docking complexes were visualized with the VMD software (version 1.14).

RESULTS AND DISCUSSION

Presented in Table 1 are the best docking scores correlating with the binding affinities of the examined **™Tc
radiopharmaceuticals for plasma proteins. The analysis of the docking results revealed that TcPER has the lowest binding
affinities decreasing in the order TTR > FIB > IFC > AGL > IFA. Notably, the complxes of TcPER with TTR, FIB, IFC
and AGL appeared to be stronger than that with albumin (the best docking score -57.77 [20]). For the other compounds
under study the binding affinities were found to decrease in the rows: TeSES: FIB > AGL > IFA > TTR > IFC; Tc¢TET:
FIB > AGL > IFA >TTR = IFC; TeMED: FIB = AGL >IFC> TTR > IFA; TcDMSA: AGL > FIB > IFC> TTR > IFA;
TeDTPA: AGL > FIB > TTR > IFC > IFA; TceMAG: AGL > FIB > TTR > IFA 2 IFC; TcEXA: AGL > FIB > TTR > [FA
> [FC; TeDIS: AGL > FIB > [FA > [FC > TTR; TcECD: AGL > FIB > TTR > IFA > IFC; TcHYN: AGL > IFA > FIB >
IFC>TTR; TeMEB: AGL > FIB > TTR > IFA > IFC.

Table 1. Best docking scores characterizing the binding affinities of technetium-99m radiopharmaceuticals for plasma proteins

9mTe Transthyretin Fibrinogen Alphal acid Fe fragment of Fab fragment of
radiotracer glycoprotein immunoglobulin G immunoglobulin G
TcPER -72.28 -67.18 -62.15 -63.11 -57.68
TcSES -130.04 -150.47 -147.49 -126.96 -133.99
TcTET -128.87 -143.11S -136.31 -128.64 -132.76
TcMED -128.69 -144.68 -142.03 -129.35 -124.69
TcDMSA -125.36 -150.29 -159.60 -128.40 -119.23
TcDTPA -179.19 -188.16 -209.74 -153.90 -148.29
TcMAG -139.62 -148.47 -154.83 -114.04 -116.00
TcEXA -137.69 -139.34 -155.74 -110.53 -119.11
TcDIS -146.40 -193.71 -229.05 -148.80 -167.56
TcECD -126.08 -142.34 -154.67 -110.03 -113.64
TcHYN -185.84 -233.39 -270.04 -213.38 -251.22
TcMEB -159.73 -195.19 -223.21 -148.14 -156.76

It appeared that the investigated **™Tc radiotracers (except TcPER) display the highest affinity for AGL and FIB,
while the lowest affinities in most cases are observed for IFC and IFA. The comparison of the best binding scores
presented here with those obtained in our previous work for albumin [13] indicates that some *™Tc compounds are capable
of associating with plasma proteins stronger than with albumin. These systems include: TcMED — FIB / AGL, TcDTPA —

AGL, TcMAG — AGL / FIB, TcECD — AGL, TcDIS — AGL / FIB, TcMEB — AGL / FIB.

Table 2. Interface residues in the complexes of technetium-99m radiopharmaceuticals with plasma proteins

9mTe Transthyretin Fibrinogen Alphal acid Fc fragment of Fab fragment of
radiotracer glycoprotein immunoglobulin G | immunoglobulin G
THR758 LYS7B | TRP293e  LEU204e | PHE32a  TYR37a | ASP3ooa  SER400a | VAL3A ARGoiA
TRP798  PROsss | GLY295e ASNaose | HISo7a PHEosa | PHE40sa  ASN3o0s | VALo2a PHEo3a
PHEs7B HISss | ASP297e ILE299e | PHE114a ASP11sa | TYR3918  LYS3928 | LEUasss GLUu46B
TcPER HISoos  ALAgiB | SER300e PHE320e | ASN117a ASNi21a | LYS4098 LEUasi08 | TRP478 ILE4ss
LEU111s8 SERi128 | VAL331e GLN332e | TRP1224a GLY123a | THR4118 ASPsoB
PRO1138 TYRi4s | TYR33se PHE7se
SERi158 TYR116B TRP403
ILEs4a SERssa | ARGiaoc TYR422n | TYR27a  ALA29a | LEU2siB MET2528 | PROsga GLN4oa
PROssa PRO113a | TRP4a24n  HISa20n | SER30a  PHE32a | ILE2s3B HIS4338 | LEU41a PRO42a
PHEg7a TYRi14a | GLY4304 THR4311 | TYR374  SER40a | ASNa34s HIS4358 | GLY 434 THR44a
THRoes ALA978 | ASP4son SER4s3n | VALaia  GLUasa | TYRazes  THRuz7s | GLU78a ALA79A
TeSES ASNogg  ASPoos | TRP4ssan  GLY1s | ILEsa THR47a | GLNa43ss ASPgoa TYRs2a
SERi00B ARGio3ss | HIS2s ARGss | LEUs2a  GLUs4a GLYo95A GLY96A
TYRi0s8 VAL122s | PROss GLNe¢sa ARGesa THRo7a LY Sosa
LEU79a ILEssa LEUogoa THR1s9a
ARGoa TYRoia PRO160a SERi61a
VALoa GLY93a LYSi62a  TYRiesa
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9mTe Transthyretin Fibrinogen Alphal acid Fc fragment of Fab fragment of
radiotracer glycoprotein immunoglobulin G | immunoglobulin G
HIS97a PHEosa GLN39B GLY42B
LEUi2a PHE114a ARGu438 GLY14B
ASN117a LEU124A
SER 1254 TYR1274
LYS76a LYSsoa | CYS4sc  PROssc | PHE32a  TYR37a | PRO24a4aa PRO24sa | SER110a  THRi12a
SERssa  PROssa | SER476 GLYasc | VALsia  VALo2a | LYS246a  PRO247a | SER1334 ASP134a
PHEs7a  HISssa | CYSa6  CYS76n | GLUgsa  HIS97a | THR2s0a  LEUa2s1a | GLN163a  ASNiessa
GLUs9a TYRi14a | PRO77u THR7sn | PHEosa  ALAogoa | HIS310a TRP313a | ALA1soa  ALA14iB
PHE9se  THRoss | GLY798 CYSson | PHE114a ASP11sa | LEU3sisa SER337a | GLY1668  VALi67
ALAo7B  ASNogs | LEUson CYSio1 | VAL116a ASNi17a | LYS338a  ALA339a | HIS1688 PHE 1708
TeMED ASPos  SERiooB | PRO201 THR211 | ASNi21a TRPi22a | PROsaa ASP37a | VALi1sss VALises
GLY1018 ARGioss | THR22z1 TYR435 | GLY 1234 ILE377a HIS420a | THR1s78
TYRios8 VAL122B | LY Sa44s CYS4s1 GLU430a
PROue; SER47;
GLYss1 THR7sk
GLY79x  CYSsok
CYSio.  PRO20L
THR21L THR22L
LYS76a PROssa | LEU73; TYR765 | TYR27a  SER30a | PRO244a  PRO245a | GLNa4oa LEU41a
PHEs7a  HISssa | GLN7z7 ASN79; | PHE32a  TYR37a | LYS246a  PRO247a | PRO42a GLY43a
TYRi14a PHEgss | ASNgos SERs3; | VALs1a  ILEa4a | LYS24sa  THR2s0a | THR4aa ALA79A
THRoss  ASNogp | HISg4s THRs7 | THR47a  PHEa9a | LEU2sia  TRP313a | ASPsoa TYRs2a
TcDMSA ASPo9s  SER100B | SER10sk THRiiok | LEUs2a GLUesa | LEUs14a ILE336a | LY Sosa GLN39B
GLY 1018 ARGio3s | SER111xk SER114k | GLNesa  ARGooa | SER337a  LYS338a | PRO4os PROu41B
TYRios8 VAL1228 | PHE11sk  LEUa7L | VALo2a  HIS97a | ALA339a  PRO374a | GLY 428 ARGu43B
THR1238 VALso. GLUsiL | LEUii2a PHE114a | ASP376a ILE377a | VAL92B TYRo4B
THRs4L VALs7L SER125A TYR127a | MET428a  HIS420a
GLU430a
PHE9sa THRosa | PRO20ax VAL20sk | TYR27a VAL4ia | VAL273a  LYS274a | SER110a  VAL111a
ALA97a  ASNoga | VAL2osk GLY218x | ILEssaa  THR47a | PHE275a  ASN276a | THRi124  LEUi31a
ASPo9a  SERi00a | GLY219xk GLU220k | PHE49a  PHEsia | TRP277a  GLUa283a | ILE132a SER133a
GLY101a ARG1o3a | THR221k SER222k | LEUs2a  GLUssa | VAL2gaa  HIS285a | ASP1zaa GLNiesa
TYRi0sa VAL122a | GLU223x TYR225k | GLNesa LEU79a | ASN2gssa  ALA287a | ASNissa  GLY 1668
TcDTPA THRi23a LYS768 | ASN2gak TYR2ssk | ILEssa  ARGooa | LYS288a  THRo2soa | VALie7 HIS16s8
SERsse PROsss | SER201 VAL2o2L | TYR110a LEU112a | SER304a LEU306A PHE1708  VALisss
PHEzs78 HISsse | ASP2os LYSa206. | PHE114a SER1254 VALisss THR1s78
GLUsos TYR114B GLN21o. GLY214L | TYR127a
PHE215s. GLY216L
HIS217L
LYS76a SERssa | ASN79a ASNsgoa | TYR27a  SER3z0a | VAL2738 LY S2748 | GLN4oa LEU41a
PROssa  PHEs7a | SERs3a HISs4a | THR47a PHEa9a | PHE2758°  ASN2768 | PRO424 GLY43A
HISssa  GLUsoa | THRs7a SER111B | PHEsia  LEUs2a | TRP27788 GLU2838 | THR44a ASPgoa
TYRi14a PHEose | SER112 SER114B | GLUssa LEU79a | VAL2s4B HIS2858 | TYRs2a GLN39B
TcMAG THRoss ALA978 | PHE11s8 GLNi16 | ILEssa  ARGooa | ALA2s78  THR2898 | PRO4oB PRO4iB
ASNogs  ASPoos | TYR1178 MET1188 | TYR110a LEU112a | SER304B GLY42B ARGu43B
SER1008 GLY101B | THRsac  SERssc | PHE114a SER125a GLY44B VALgp
ARGi038 TYRi0s8 | VALs7c LYSssc | TYRi27a TYRosB
VALi228 ILEs¢1c
TRPsia  LYS70a | TYR76a ASN79a | TYR274  SEr3oa | VAL273a  LYS274a | GLY 324 HIS33a
GLU72a  HISo0a | ASNsoa  SERs3a | PHE32a  VAL4ia | PHE27sa  ASNa276a | ASN34a LYSs6a
GLU9a VALosa | HISsaa  THRg7a | ILE44a  THR47a | TRP277a  GLU283a | TYRs6a ARGssa
TRPsis LYS78 | THRi108 SER1118 | PHE49a  PHEsia | VAL2gaa  HIS285a | SERsoa ARGoiA
TcEXA GLU2B HISoos | SER1148 PHE11s8 | LEUs2a GLUsg4a | ASN2gsa  ALA2s7a | ILE1008 ALA0iB
GLUog2B TYRi178 ET1sB | GLNesa LEU79a | THR280a  SER304a | GLY 1028 GLY 1038
LYSssic  THRsac | ARGooa TYRiioa | LEU306a
VALs;c  LYSssc | LEUi2a PHE 144
ILEs1C SER125a TYR1274
LYS76a LYSsoa | TYR7a ASN79) | TYR27a  SER30a | PRO244a  PRO24sa | THRi12a  LEUi31a
SERgsa  PROsea | ASNgoy SERs3; | PHEs2a  VALs1a | LYS246a  PRO247a | SER1334 ASPi34a
TeECD PHEs7a  HISssa | HISs4s LEUser | ILEs4a  THR47a | THR250a LEU2s1a | GLNis3sa  SER164a
GLUgoa TYRi14a | THRs7w  SERi11ik | PHEswa  PHEsia | TRP313a LEU3s1aa | ASNiesa HIS16s8
PHEoss THRoes | SER114k  PHE115sx | LEUs2a  GLUsgsa | SER337a  LYSs33sa | THRieoB PHE 1708
ALAg78 ASNogs | TYR117xk  LYSs3L | GLNgsa LEU79a | ALA3zon  PROs7aa | VALisss THRig78
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9mTe Transthyretin Fibrinogen Alphal acid Fc fragment of Fab fragment of
radiotracer glycoprotein immunoglobulin G | immunoglobulin G
ASPoos  ARGio3s | THRsa  SERssi | ILEssa ARGooa | ASP376a ILE377a
TYRios8 VAL1228 | VALs7.  LYSss. | TYR110a LEUr12a | HIS4294 GLU430a
ILEsiL PHE114a SER125a
TYRi274
THRosa ALA97a | SER222k TYR239k | TYR274a  SER30a | SER354a  ARGsssa | SER110a VALi11a
ASNosa  ASPgoa | ASPaaix ASN2ask | PHE32a  TYR37a | ASPsssa TYRsa98 | THRi1124 SER133a
SER100A GLY101a | THR244k VAL2sik | SER40a VALasia | THR3s08 LEU3sis | ASPizaa GLNis3a
ARGi103a TYRi05a | GLN25s3xk ASN2sak | ILE4aa THR47a | PRO3s2s TRP4178 | THR1398  ALA141B
VAL122a LYS78 | ARG2ssk GLN2s¢k | LEUs2a  GLUs4a | LY Sa398 SER4408 | GLY1668 VALie7B
TcMEB LYSsos PROses | GLY287x LEU2s8sk | GLNesa ARGesa | LEUaai SER4428 | HIS1688 PHE 1708
PHEs78 TYR114B PRO2sox GLUsisk | ARGooa VALg2a | LEU4438 SER4448 VALisss  VALisen
MET314k GLUs1sk | GLY93a  HIS97a THR 878
LYS31x LYSsx | PHE114a SER1254
MET4s0xk SERssix | TYRi27a
MET4s2k LY Sas3k

The analysis of interfacial amino acid residues showed that TcSES, TcMED, TcDMSA, TcDTPA, TcMAG, TcECD
and TcMEB associate with essentially similar binding sites located at the interface between identical A and B chains of
homotetrameric transthyretin molecule, while TcPER and TcEXA occupy distinct sites (Table 2). In contrast to
transthyretin, for fibrinogen the similarity between the amino acids constituting the binding sites was observed only for
TcMAG, TcEXA and TcECD, while the other compounds interacted with completely different sets of amino acid residues.
In the case of AGL the binding motif common for TcSES, TcDMSA, TcDTPA, TcMAG, TcEXA, TcECD and TcMEB
involves the residues TYR27A VAL41A ILE44A THR47A PHE49A LEU62A GLU64A GLN66A ARGQOA LEU112A PHE114A SER125A
TYRi27a, while the binding sites for TCPER and TcMED contain the only residue (PHE 144) from the above binding motif.
The Fc fragment of immunoglobulin G has essentially similar binding sites for TcMED, TcDMSA and TcECD, all
containing the residues PR0244A PR0245A LYSz46A PR0247A THR250A LEUzs]A TRP313A LEU314A SER337A LYS338A ALA339A
PRO374a ASP376a ILE3774 HIS420a GLU430a. Analogously, the sites for TcDTPA, TcMAG and TcEXA include similar
residues such as VAL273B LYS274B PHE2753 ASN276}3 TRP277B GLU233B VAL284B HISzgsg ALA287B THR289B SER304B. For
the Fab fragment of immunoglobulin G similar binding modes were revealed for TcMED, TcDTPA and TcMEB, as well
as for TcDMSA and TcMAG.

Overall, the above findings indicate that structural peculiarities of both ***Tc¢ radiopharmaceutical and plasma
protein determine the mode and strength of their complexation. For instance, the highest binding affinities observed for
TcHYN for all examined proteins seem to arise from the presence of specific peptide (YLFFVFER) in its structure, in
contrast to the other *™Tc compounds.

CONCLUSIONS

In summary, the molecular docking study of the interactions between twelve structurally different **™Tc
radiopharmaceuticals and five functionally important proteins of human blood plasma revealed that: (i) the explored **™Tc
compounds (except pertechnetate) showed the highest affinity for alphal-acid glycoprotein and fibrinogen, while the
lowest affinities were observed for Fc and Fab fragments of immunoglobulin G; (ii) the affinities of TCMED, TcDTPA,
TcMAG, TcECD, TcDIS, TcMEB for alphal-acid glycoprotein, and the affinities of TcMED, TcMAG, TcDIS, TcMEB
for fibrinogen are higher than the corresponding parameters for albumin; (iii) among the *™Tc compounds under study
TcHYN forms the strongest complexes with plasma proteins; iv) the amino acid composition of the binding sites shows
both similarities and differences depending on the structural features of **™Tc radiotracers and plasma proteins. These
findings suggest that pharmacokinetics and pharmacodynamics of *™Tc radiopharmaceuticals can be affected by their
complexation with functional proteins of human blood plasma that have to be taken into account while using these
compounds in clinical practice.
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B3AEMO/IT MIJK PAJIIO®APMITPENTIAPATAMHY TEXHEIIIIO 99m TA BIVIKAMM I1JIA3SMU:
JOCHII)KEHHSI METOJOM MOJIEKYJISIPHOI'O JOKIHI'Y
Bauepist Tpycosa', ITuaun Kysneuos?, Isan SIkumenko?, Fanuna TopGenko’
'Kagheopa meduunoi ¢izuxu ma biomeduunux nanomexnonoziii, Xapxiscoxuii nayionansnuii ynisepcumem imeni B.H. Kapasina
m. Ceoboou 4, Xapxis, 61022, Vrpaina
’Kagpeopa izuxu sopa ma eucoxux enepeiii imeni O.1. Axiesepa, Xapkiecvkuii nayionanohuti ynieepcumem imeni B.H. Kapasina
m. Ceoboou 4, Xapxis, 61022, Yrpaina

Texueninn-99m (**Tc) € HalH6LILLI PO3NOBCIOIKEHUM PAMIOHYKIINOM 3 (Di3UKO-XIMIYHMMH XapaKTEPUCTUKAMM, HEOOXiIHUMHU IJIst
JIarHOCTUYHOT SlepHOi MeIMUMHM. PagiodapMipenapary, OTpUMaHi IUISXOM KOMIUIEKCOYTBOPEHHS Mix *°™Tc Ta JiraHaamu uu
TapreTHUMHU 010MOJIEKYJIaMH BCE LIMPIIIE 3aCTOCOBYIOTHCS JUIS JIarHOCTHYHHUX LJICH B OHKOJIOTIT, KapAioJorii, Hedposorii, HeBpoJoril
Ta iHIKX cpepax KIiHigHOT npakTuky. OJIHUM i3 YHHHHKIB, IO MOXKYTh BIUIMBATH HA KIiHIYHY e(eKTHBHICTH crnionyk *™Tc, € ixui
B3aeMopii 3 OimkamMu TuIa3MH KpoBi JroauHH. IlepeBakHa OUIBIIICTD AOCIHIIPKEHb TaKOTO THITy B3aeMopiil Oymu cdoxycoBaHi Ha
anpOyMiHi, TOIl SK 3HAYHO MEHIIE yBarW HPHIULUIOCH IHIMMM OLITKOBUM KOMIIOHEHTaM IUIa3MH KpoBi. Y maHii po6GOTI MeTon
MOJIEKYJIAPHOTO JOKIHTY OYB 3aCTOCOBAHMH /ISl OLIHKK MOXKIMBOCTI acoianii Mixk cepieto *"Tc paniodapmmpenaparis ta Giikamu
IUIa3MH BKJIFOYAIOYM TpaHCTUpeTHH, (ibpuHoreH, anbgal kucimii rmikonpoteid, Fc ta Fab ¢parmentn imyHornoGyniny G. Byrno
M0Ka3aHo, 110 JOCIIPKYBaHi CHOIYKH TeXHEl 0 99m (OKpiM IepTexHeTary) yTBOPIOIOTh HAWMILIHIII KOMIUIEKCH 3 anbdal Kucinm
mrikonporeiHom Ta ¢iopunoresom. Cropigaenicte TcMED, TcDTPA, TcMAG, TcECD, TcDIS ta TcMEB 1o anbdal kucnoro
mTikonpoTeiny Ta (GiOpHHOreHy BHsBWIACH BHIIOIO, HDK CIIOPIIHEHICTh IMX CHONIYK 10 anbOymiHy. Byno mpomemoHcTpoBaHO, 1o
CTPYKTYPHI XapaKTEPHCTUKH SK OUIKIB IUIa3MH, TaK i KOMIUIEKCIB TeXHeUil0 99m BHU3HAYAIOTh aMiHOKHCIOTHHH CKJal CalTiB
3B’3yBaHHsA. BHCIOBIEHO MPUITYIIEHHS, 0 HASBHICTh NENTUAHOTO (parMeHTy B CTPYKTYpi **™TC CHOJNYK 3HAYHO IiABHIILYE iXHIO
criopiziHenicTs 10 6UIKIB mwiasmMu. OTpUMaHi pe3yJbTaTH MOXKYTh OyTH KOPUCHUMHE JUIsL GLIbII MGOKOro po3yMiHHs posmnoaity 2™ Tc
paniogpapMipenapariB B Opratizmi.

KuarouoBi cioBa: padiopapmnpenapamu na ocnosi mexueyiio 99m, mpancmupemun, @ibpunocen, arvgpal kucnuii enikonpomeit,
imynoenobynin G, MOLEKYIAPHULL OOKIHS
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Amyloid fibrils are increasingly regarded as versatile protein-based nanomaterials whose functional properties depend not only on their
molecular cross-f architecture but also on their supramolecular morphology. The present study was undertaken to compare the
mesoscale organization of albumin, insulin, and lysozyme fibrillar assemblies using quantitative transmission electron microscopy.
Representative TEM images were analyzed by a standardized image-processing workflow based on segmentation, skeletonization,
orientation analysis, and connected-object morphometry. The resulting descriptors included projected fibril/aggregate area fraction,
skeleton length density, apparent junction/crossover and endpoint densities, local width, object density, Feret length, aspect ratio, and
orientation anisotropy. Insulin displayed the highest projected area fraction, skeleton length density, object density, endpoint density,
and apparent junction/crossover density, indicating a compact and highly fragmented architecture dominated by numerous short rod-
like elements. In contrast, lysozyme fibrils exhibited the greatest median Feret length and aspect ratio, consistent with a stronger
contribution of longitudinal elongation and the formation of more anisometric structures. Albumin showed an intermediate morphology
characterized by comparatively sparse, curvilinear fibrils and lower densities of discrete objects and endpoints. Orientation distributions
were broad for all three systems, and the corresponding anisotropy indices remained low, demonstrating predominantly isotropic rather
than globally aligned organization. These findings indicate that the three protein systems occupy distinct regimes of amyloid assembly,
ranging from fragmentation-dominated architectures to more elongated fibrillar networks. The quantitative framework established here
provides a basis for relating amyloid morphology to surface accessibility, connectivity, mechanical behavior, and the design of fibril-
based hydrogels, biosensors, drug-delivery platforms, and nanocomposites.

Keywords: Amyloid fibrils; Transmission electron microscopy; Quantitative image analysis; Fibril morphology; Supramolecular
organization, Skeletonization; Orientation anisotropy; Protein nanomaterial

Amyloid fibrils constitute a broad class of highly ordered protein assemblies characterized by a conserved cross-f3
structural motif [1,2]. Despite this common molecular architecture, their supramolecular morphology can vary
substantially depending on protein sequence, solution conditions, aggregation pathway, fibril maturation, and sample
preparation [3,4]. Accordingly, amyloid assemblies may form long isolated filaments, short rod-like fragments, laterally
associated bundles, dense interconnected networks, or heterogeneous mixtures containing both fibrillar and non-fibrillar
material. This mesoscale organization is functionally relevant because fibril dimensions, fragmentation, bundling, packing
density, and network connectivity can influence gel formation, mechanical behavior, colloidal stability, molecular
accessibility, and interactions with other biomolecular or nanoscale components [5].

Transmission electron microscopy (TEM) is among the most widely used techniques for direct visualization of
amyloid fibrils because it enables assessment of their morphology at nanometer-scale resolution [6,7]. However, TEM-
based assessment of amyloid morphology often remains predominantly descriptive, which limits the objectivity,
reproducibility, and cross-sample comparability of structural interpretations. This limitation becomes particularly relevant
when protein systems differ simultaneously in fibril abundance, contour organization, degree of overlap, and local
connectivity. Quantitative image analysis is therefore essential for translating visually apparent morphological differences
into reproducible and biologically interpretable structural descriptors. The need for such analysis becomes especially
evident when fibrillar systems display fundamentally different modes of organization [8]. A relatively sparse population
of elongated filaments cannot be compared meaningfully with a dense field of short overlapping rods using a single
descriptor alone. Likewise, parameters derived from isolated fibrils may not adequately represent highly entangled or
locally bundled networks. A comprehensive comparison should therefore consider several complementary features of the
fibrillar architecture, including projected material coverage, fibrillar density, degree of fragmentation, apparent
connectivity, directional organization, and object elongation.

In the present work, the morphology of albumin (BSAF), insulin (InsF), and lysozyme (LzF) fibrillar assemblies
was examined comparatively using quantitative analysis of representative TEM images. These three systems were
selected because they exhibit markedly different supramolecular organizations, ranging from relatively sparse elongated
fibrils to dense populations of short fragments and extended network-like structures. The study aimed to identify and
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quantify the principal morphological distinctions between the protein assemblies and to establish a coherent framework
for interpreting their projected density, structural organization, connectivity, orientation, and characteristic dimensions.
By integrating complementary image-derived parameters, the analysis provides a more objective description of fibril
morphology than qualitative inspection alone and highlights the distinct modes of supramolecular organization adopted
by the three protein systems.

METHODS

Amyloid fibrils of human insulin, chicken hen egg white lysozyme and bovine serum albumin were prepared by
dissolving 10 mg of corresponding protein in 10 ml of glycine buffer, pH 2.0, followed by incubation at 60 °C for 14
days [9]. Fibril formation was confirmed by transmission electron microscopy. For sample preparation, a 10 puL aliquot
of each fibril suspension was applied to a carbon-coated TEM grid and allowed to adsorb for 1 min, after which excess
liquid was removed by blotting. The grids were subsequently negatively stained with 10 pL of 1.5% (w/v)
phosphotungstic acid for 30 s, blotted, rinsed three times with deionized water, and air-dried. Electron micrographs
were acquired using an EM-125 transmission electron microscope (Selmi, Ukraine). Representative micrographs were
selected for comparative morphometric analysis in Fiji [10]. Each image was cropped to exclude scale bars, labels,
montage borders, and other non-biological elements. The analyzed images had identical dimensions of 1382x876
pixels and were calibrated using a spatial resolution of 0.8 nm per pixel. Accordingly, each field represented an arca
of approximately 0.775 um?, allowing direct comparison of area-normalized descriptors among the three protein
systems. Quantitative image analysis was performed using a standardized digital morphometry workflow designed to
characterize the projected organization of fibrillar assemblies at the field level. The same preprocessing and
segmentation procedure was applied to all images to minimize operator-dependent variability. The analyzed parameters
and their description are given in Table 1.

Table 1. Quantitative descriptors used for comparative TEM morphometry

Parameter

Operational definition

Morphological significance

Projected fibril/aggregate
area fraction, %

Percentage of pixels within the
analyzed field assigned to fibrillar or
aggregate material

Describes the proportion of the projected TEM field
occupied by protein assemblies

Projected skeleton length
density, pm'!

Total length of the skeletonized
fibrillar network normalized to the
analyzed field area

Reflects the amount of projected fibrillar backbone per
unit area

Apparent junction/crossover
density, pm

Number of skeleton junctions
normalized to the analyzed field area

Describes the apparent connectivity or frequency of
projected fibril intersections

Endpoint density, pm

Number of skeleton endpoints
normalized to the analyzed field area

Provides an indicator of fragmentation and object
discontinuity

Orientation anisotropy index

Axial concentration of fibril
orientations on a scale from 0 to 1

Values close to 0 indicate an isotropic or randomly
oriented field, whereas values approaching 1 indicate
strong preferential alignment

Orientation dispersion, °

Angular spread of the fibril-orientation
distribution

Indicates a distribution of orientations

Mask-derived local width,
nm

Local thickness of the segmented
structure estimated from the binary
mask around the skeleton centerline

Provides a comparative measure of apparent projected
thickness

Connected-object density,
um-

Number of spatially separated
threshold-positive objects normalized
to the field area

Reflects the abundance of individually segmented
structures

Feret length, nm

Maximum caliper distance across a
connected segmented object

Represents the maximum projected dimension of an
object and provides an approximate measure of
fragment or rod length.

Aspect ratio

Ratio of the major projected object
dimension to its minor dimension

Describes the fibril elongation

RESULTS AND DISCUSSION

As seen in Fig. 1, all three proteins are characterized by distinct modes of supramolecular organization despite the
common cross-f3 character of amyloid fibrils. Specifically, BSAF formed an open population of long, curved fibrils
separated by large fibril-poor regions. InsF, in turn, produced a markedly denser field dominated by numerous short rod-
like elements, whereas LzF formed fewer, more extended fibrillar objects with occasional crossings and local bundling.
These morphologies reflect different physical states of fibrillar matter rather than simple differences in fibril abundance.
Amyloid polymorphism extends from the molecular packing of protofilaments to their mesoscale length, curvature, lateral
association, and spatial organization, all of which are shaped by the balance among nucleation, elongation, fragmentation,
and fibril-fibril interactions [11,12].

The conservative segmentation and skeletonization outputs are shown in Fig. 2. These images were used primarily
to confirm that the quantified signal followed the visible fibrillar contours rather than broad staining gradients. The
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numerical values therefore represent projected descriptors of the selected TEM fields, not bulk fibril concentration or

three-dimensional network structure.

Albumin
1pm 1pm 100 nm
— TP S
_ g TR R - ;
Insulin frh Y 4 { . ; \
5 Yy i - : \ - A
it \ o P
e - ]
: s # |
=3 . & § 4
J % ¥ A e K { i
; y = 5 i
ks s > Y
ooy 3 -~ ‘oS8 YN 4, 3 - A
R a 7, : i b g
& . B 4
100 nm | ; ) . VENFIR ... 10nm{] 100 nm
) 2 I.‘ ¢ i/ &N 17 :Piq \ 3
“F o & # [y - WO .
Lysozyme |
|
o |
| |
100 nm 100 nm 100 nm |
—— E— -—
Figure 1. TEM images of albumin, insulin and lysozyme amyloid fibrils
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Figure 2. Quality-control representation of the image-analysis workflow. Original TEM images, extracted fibril-associated signal, binary
masks, skeletons, and overlays are shown for each protein. The analysis retained the principal fibrillar structures while limiting inclusion

of the heterogeneous TEM background

The quantitative parameters derived from image analysis are summarized in Table 2. Evaluation of these parameters
revealed that InsF represents the most crowded and fragmentation-rich system. It showed the highest projected area fraction
(14.58%), skeleton length density (30.98 pm™), connected-object density (232.32 um2), endpoint density (2358.01 pm™),
and apparent junction/crossover density (1600.40 um™). Relatively high values of these quantities indicate that the dense
insulin network is generated predominantly by a large number of short fibrillar units rather than by a few massive aggregates.
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From mechanical perspective, the observed pattern of InsF is compatible with an assembly regime in which
longitudinal growth is counterbalanced by breakage, repeated nucleation, or limited fibril maturation. Though TEM
cannot distinguish among these pathways, it clearly demonstrates, however, a high-end-density population. Such a state
can be biologically relevant because fibril ends and newly generated surfaces influence seeding, monomer recruitment,
membrane contact, and cellular handling. Shortening of amyloid fibrils has been associated with enhanced particle number
and altered cytotoxicity in other systems [13], although toxicity cannot be inferred from morphology alone.

Table 2. Quantitative morphometric parameters of amyloid fibrils obtained from TEM images

Metric BSAF InsF LzF

Projected fibril/aggregate area fraction, % 10.41 14.58 9.85

Skeleton length density, pm-! 21.09 30.98 19.34
Apparent junction/crossover density, pm-=2 929.27 1600.40 984.76
Endpoint density, pm-2 1201.59 2358.01 1259.67

Connected-object density, pm=2 101.96 232.32 80.02
Orientation anisotropy index 0.0027 0.0653 0.0634

Mean mask-derived local width, nm 5.77 5.06 5.77

Mean Feret length, nm 43.54 44.32 48.84

Mean aspect ratio 2.36 2.66 3.15

The same architecture may also be advantageous in engineered amyloid materials. A large number of short fibrillar
objects provide abundant accessible surface and terminal sites for molecular adsorption or functionalization. Conversely,
the limited contour length of individual rods may reduce their capacity to bridge large distances unless the particle
concentration is sufficiently high to produce frequent contacts. The elevated junction density observed for InsF suggests
that this requirement is met within the deposited layer, making the system potentially suitable for dense composite phases
or highly populated interfacial coatings rather than sparse load-bearing networks.

In turn, LzF displayed the opposite tendency. Its projected coverage and object density were lower, yet the median
Feret length (48.84 nm) and aspect ratio (3.15) were the highest among the three proteins under study. This combination
indicates an elongation-dominated organization in which fewer fibrils extend over larger distances. Lysozyme is known to
form extended amyloid fibrils under acidic conditions and to propagate through seeded growth, while protofibril association
may also contribute to fibril development [14]. In physical terms, increased aspect ratio improves the ability of a fibril to
connect spatially separated regions and lowers the concentration required for entanglement or network spanning.
Accordingly, the lysozyme morphology is more compatible with reinforcement, bridging, and scaffold formation than the
highly fragmented insulin architecture, although direct rheological or mechanical measurements would be required to test
this prediction.

Fig. 3 illustrates the orientation plots which describe how frequently fibrillar segments are aligned at each angle
within the image plane. A narrow histogram with a pronounced peak would indicate that a large fraction of fibrils shares
a common preferred direction, whereas a broad or nearly uniform distribution reflects a predominantly isotropic
arrangement with no dominant macroscopic alignment. The anisotropy index provides a complementary scalar measure
of the same behavior: values approaching 0 correspond to random orientation, while values approaching 1 indicate strong
directional ordering. As seen from this figure, all proteins exhibited broad orientation distributions. Furthermore, BSAF
showed anisotropy index close to zero, whereas insulin and lysozyme displayed only slightly higher values, both below
0.07. These results indicate that none of the fibrillar populations formed a globally aligned architecture within the analyzed
fields. Instead, the fibrils were distributed over many directions, consistent with isotropic deposition and local network
formation. Although individual fibrils or bundles may exhibit locally coherent orientation, such local alignment does not
translate into long-range orientational order at the scale of the full TEM field. In the present context, it should be noted
that macroscopic alignment of amyloid fibrils emerges only when orientational interactions between elongated objects
are sufficiently strong, typically at high effective concentration and aspect ratio or under external fields, flow,
confinement, or surface-mediated ordering. In the absence of these conditions, fibrils may remain globally isotropic even
when individual filaments are rigid and highly elongated. The broad histograms observed here, therefore suggest that the
dominant differences among the three systems arise primarily from fibril abundance, fragmentation, elongation, and
connectivity rather than from nematic-like ordering. This orientational isotropy also has functional implications.
Accordingly, isotropic fibrillar networks are expected to exhibit more direction-independent mechanical and transport
properties, whereas highly aligned assemblies may display anisotropic stiffness, diffusion, and molecular accessibility.
Thus, the weak global orientation observed in all three samples indicates that their projected architectures are unlikely to
impose a strong directional bias on interactions with solvent, biomolecules, or nanoscale cargo. Nevertheless, the distinct
differences in fibril density and network connectivity among the samples may still lead to substantial variation in gelation
behavior, surface accessibility, and mechanical reinforcement.

CONCLUSIONS
In summary, quantitative analysis of electron microscopy images demonstrated that albumin, insulin, and lysozyme
fibrils adopt distinct modes of supramolecular organization despite sharing a common amyloid-like structural framework.
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The main findings are as follows: i) insulin exhibited the highest projected area fraction, skeleton length density, object
density, endpoint density, and apparent junction/crossover density, indicating a compact and highly fragmented architecture
dominated by numerous short rod-like elements; ii) lysozyme showed the highest median Feret length and aspect ratio,
consistent with the formation of more elongated fibrillar objects and a stronger contribution of longitudinal growth; iii)
albumin displayed an intermediate morphology characterized by relatively sparse, curvilinear fibrils and lower densities of
discrete objects and endpoints; and iv) all three systems were globally weakly oriented, as reflected by broad angular
distributions and low anisotropy indices, indicating predominantly isotropic rather than nematically ordered assemblies.
From the perspective of amyloid physics, these results suggest that insulin occupies a fragmentation-dominated regime with
a high density of fibril ends and potential interaction sites, whereas lysozyme is characterized by more extended anisometric
objects that may favor the formation of continuous fibrillar pathways. Albumin represents an intermediate organizational
state between these two regimes. Such differences are expected to influence surface accessibility, intermolecular association,
network connectivity, diffusion within fibrillar matrices, and the mechanical behavior of amyloid-based materials. The
combined use of projected area fraction, skeleton length density, endpoint density, apparent connectivity, local width, Feret
length, aspect ratio, and orientation analysis provides a coherent framework for comparative fibril morphometry. These
descriptors may support the rational selection of protein fibrils for hydrogels, biosensing, biomolecular immobilization, drug
delivery, and nanocomposite development.
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KIJIbKICHUI AHAJII3 MOP®OJIOTTT AMIJIOITHUX ®IBPUJI METOJOM
TPAHCMICIHOI EJTEKTPOHHOI MIKPOCKOMII
Bauepist Tpycosa', Yasna Manosuus', Onbra dKurnskiscbka', Katepuna Ukyacedi',
Cepriii Borarupenko?, I'anuna TopGenko’
'Kagpeopa meouunoi gizuxu ma biomeduunux nanomexnonozit, Xapriecoxuii nayionansnuti ynisepcumem iveni B.H. Kapasina, m.
Ce0600u 4, Xapxis, 61022, Yrpaina
’Kagheopa mamepianie peaxmopobyodyeanns ma izuunux mexnono2iti, Xapkiecokuii nayionanonuii ynieepcumem imeni B.H.
Kapasina, m. Ceoboou 4, Xapxis, 61022, Vkpaina
Awminoinai ¢ibpunn nemanmi dacrimie po3rISIAIOTH SK yHiBepcanbHi OUTKOBI HaHOMaTepiand, (QyHKI[IOHANbHI BIACTHBOCTI SKHX
BH3HAYAIOTHCA HE JIMIIE MOJICKYJSIPHOIO KPOC-B-apXiTeKTYporo, a i OCOOMUBOCTIMHU IXHBOT HaAMOICKYIISIPHOT Mopdoorii. MeToro
uiei poOoTu Oyno TOpIBHSHHA Me30MacIuTaOHOI oprasizauii (GiOpwIsipHHX arperaTiB anbOyMiHy, iHCYNiHY Ta Ji30omuMy i3
3aCTOCYBaHHSAM KUIBKICHOI TpaHcMiciiiHOi emekTponHOi Mikpockomii (TEM). PenpesenratuBHi TEM-300pakenHs Oyio
MIPOAHATI30BaHO 32 JONOMOTIOI0 CTAaHIAPTU30BAHOIO aJTOPUTMY LU(GPOBOi 0OpOOKHM, IO BKIIOYAB CETMEHTAIII0, CKEJICTH3Alilo,
aHami3 opieHTaUil Ta MOpPQOMETPil0 3B’SI3HUX KOMIIOHEHTIB. BH3Ha4YeHO NpOEKLiiHY 4YacTKy Iutomli, 3aiHATY (ibpuinamu i
arperaTtaMy, LIUIBHICTh JNOBXHHU CKEJIETH30BAaHUX CTPYKTYD, YSABHY IIUIBHICTH BY3JIB/IIEPETHHIB i KIHIEBUX TOYOK, JIOKAIBHY
LIMPUHY, MITBHICTh 00’ €KTiB, 10oBXKHY Depe, CriBBIAHOIICHHS CTOPIH Ta aHi30Tpomito opieHTaii. s iHCyniHy Oyi10 BCTAHOBJICHO
HaWBUIL 3HAYCHHS MPOEKIIIMHOT YaCTKH UIOLI], IIIBHOCTI JOBKHHU CKEIETH30BaHUX CTPYKTYP, LIIJIBHOCTI 00’ €KTIB, KIHIIEBUX TOYOK
1 ySBHUX BY3JIiB/IIEPETHHIB, IO CBITYUTH MpO (pOpMyBaHHS KOMIIAKTHOI, BUCOKO(pPAarMEHTOBAHOI apXiTEKTypH 3 IMepeBakaHHAM
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YHUCIICHHUX KOPOTKHUX MaINYKONOAIOHNX eneMenTiB. HatomicTb, GiOpuitu mi301uMy XapakTepu3yBaiics HailOUTbIIMMU MeliaHHIMHU
3HAYCHHSIMU T0BKUHU Depe Ta CITiBBiIHOIICHHS CTOPIH, 10 Y3TOKYETHCS 3 OLIBLI BUPAKESHUM MO3I0BKHIM POCTOM i POpMyBaHHIM
AHI30METPUYHUX CTPYKTYp. st anpOymiHy Oysio BHSBIECHO MPOMDKHHMN THUI MOPQOIOTrii, sIKMHl XapaKTepu3yeThbCsl MOPiBHIHO
PO3pLIKEHUME KPHBOMIHIHHAME (hiOpHIIaMH Ta HIDKYOKO HIUTBHICTIO TUCKPETHUX 00’ €KTIB 1 KIHIEBHX TOYOK. J[JIs BCiX TphOX cHCTEM
CIIOCTEpITranucs MUPOKI PO3NOAUIN Opi€HTALIH 1 HU3bKI 1HAEKCH aHi30TPOIIii, IO BKa3y€e Ha MEPEBAYKHO i30TPOIHY, a HE TII00AIEHO
BIIOPSAKOBaHy opraizanito. OTpuMaHi pe3yabTaTH CBiI4aTh, IO JOCIIDKEHI OLIKOBI CHCTEMH Peai3yIoTh Pi3HI PEKHMMH aMiJIoiTHOT
caMooprasizatii, BiJ apXiTeKTyp i3 HOMiHyBaHHSIM (parMeHTamii X0 OLIBII HMPOTHKHUX (QIOPIILIPHUX MepeX. 3arporoHOBaHUM
KUTBKICHHI MIZXiJ] CTBOPIOE OCHOBY JUISi BCTAHOBJICHHS B3a€MO3B’S3Ky MDK MOPQOJIOTI€I0 aMiNOifiB, IOCTYNHICTIO MOBEpPXHi,
3B’SI3HICTIO, MEXaHIYHUMH BJIACTHBOCTSIMHU Ta MPOEKTYBaHHAM (GiOPMISIPHUX TiIporesiB, 6i0CEHCOPIB, CHCTEM JOCTaBKH JTiKAPCHKHX
3aco0iB i HAHOKOMITIO3HUTIB.

KurouoBi ciioBa: aminoioni ¢ibpunu; mpancmicitina erekmponna Mikpockonis,; KilbKiCHull ananiz 306pasicens; mopgonoeis giopun;
HAOMOJIEKYIAPHA OP2aHi3ayis, cKeremu3ayisa, anizomponisa opienmayii; 6inkoei Hanomamepiaiu
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In this study, we have investigated the structural, optoelectronic, and thermodynamic properties of the quaternary compound
AgAl(SxSeix)2. This research employed the FP-LAPW method implemented in the Wien2k program and integrated into the density
functional theory (DFT) framework. The generalized gradient approximation (WC-GGA) is used to handle the exchange and
correlation potential. We have studied the impact of composition on the formation strength, apparent elastic modulus, and volume of
the crystal lattice. According to the data collected, no deviation is noted in the compressibility modulus compared to the LCD law,
nor in the lattice constant compared to Vegard's law. The approach of Zunger and his collaborators was used to determine the
microscopic source of spatial curvature. Compared to previous theoretical research, the band gap values derived from band structure
calculations based on the modified Becke-Johnson (mBJ) potential approximation show notable improvements and align much better
with experimental results for ternary compounds. The optical properties indicate that the static dielectric constant €1(0) increases with
an increase in concentration x, while the optical gap energy decreases simultaneously; meanwhile, the dielectric function exhibits
significant anisotropy in the zz direction. The study of the effects of thermal energy on certain macroscopic characteristics was
carried out using Debye's quasi-harmonic model. Nevertheless, the alloys examined showed stability at intermediate temperatures
ranging from 0 to 800 K.

Keywords: AgAl(SiSei-x)2; FP-LAPW; WC-GGA; mBJ; Vegard law,; Debye's quasi-harmonic

1. INTRODUCTION

Ternary semiconductor materials, valued for their distinct structures and physical properties, are attracting
increased interest within the scientific research community because of their well-localized band gap, which makes them
suitable for a variety of electronic applications [1-3]. These crystalline compounds belonging to the ternary systems
[-III-VI; and I-IV-VI; are particularly significant [4,5]. Under standard thermodynamic conditions, these materials
have a crystal structure similar to that of chalcopyrite. [6]. The initial study of chalcopyrite compounds was conducted
because of their low conductivity [7]. They offer a multitude of applications [8], including in photovoltaic detectors,
optical modulators, optical filters [9], and light-emitting diodes (LEDs) [10]. In addition, these materials can be
deliberately doped with various impurities, including magnetic elements, which promotes the emergence of new
categories of materials such as dispersed magnetic semiconductors (DMS) [11]. These doped chalcopyrite compounds
have considerable potential for emerging technologies in the fields of spintronics [12], optoelectronic devices [13], and
advanced photovoltaic systems [14].

Among the advantages of chalcopyrite semiconductors are that they are manufactured in thin layers, either p-type
or n-type [15], enabling low-cost production of a variety of homo junction and hetero junction components [16]. They
are direct-band gap semiconductors, a factor that minimizes the diffusion length of minority charge carriers [17]. and
have a band gap energy within the optimal range for converting solar energy into electrical energy at the Earth's surface
(AML1.5) [18].

The first researchers to use density functional theory (DFT) to determine the electronic structures and optical
characteristics of a variety of Cu-III-VI, chalcopyrite ternary materials were Jaffe and Zunger [19]. Several studies [20-23]
have been conducted on the electronic and electro-optical characteristics of AgAIX, (X = S, Se, Te) at atmospheric
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pressure, which crystallize according to the tetragonal structure of space group I'2d and exhibit a direct band gap. In-depth
study of these chalcopyrite semiconductors under high pressure has generated considerable scientific interest due to their
phase change behavior and unique electronic characteristics. The ternary chalcopyrites AgAlS, and AgAlSe, Crystallize in
a tetragonal structure of space group 1-42d (No. 122), which is typical of chalcopyrite-type semiconductors. The lattice
parameters reported for AgAlIS, are a = 5.48 A and ¢ = 10.93 A, while those for AgAlSe, are slightly larger due to the
substitution of sulfur by selenium, with a = 5.71 A and ¢ = 11.37 A [24, 25]. These materials have a derived structure of
the sphalerite type, in which Ag* and Al**cations occupy distinct tetrahedral sites [19]. At 300°C and a pressure of 25 kbar
(=2.5 GPa), the AgAIS, chalcopyrite phase transitions to a high-pressure phase known as AgAIS,—II, with trigonal P3ml
symmetry and crystal parameters a = 3.50 A, ¢ = 6.84 A, and Z = 1 [26]. In their very first research, Honeyman and
Wilkinson [27] utilized iodine vapor transport to expand single crystals of CuGaS,, CuAlTe,, AgGaS,, AgAlS,, and
AgAlSe; in order to measure the band gap and refractive index of the systems. Previous research has mainly focused on
the use of AgInS, for photo catalysis and luminescence emission in silver-based I-III-VI, compounds [28]. Previous
experiments carried out with similar compounds such as AgAlSe, and AgAlS, have shown that chalcopyrite materials are
capable of structural phase transitions [29]. Among the chalcopyrite materials studied in this work are the compounds
AgAl(SxSei)2 with x=0, 0.25, 0.5, and 1, which belong to the I-III-VI, groups.

The band gap is a critical parameter for electronic performance [30]. This is because an increase in sulfur content
(x) causes the gap to widen, typically from around 1.9 eV for AgAlSe; to nearly 2.6 eV for AgAlS, [26]. In addition,
these materials have good chemical stability and favorable electronic transport properties, making it possible to
integrate them into thin-film solar cells or infrared sensors [31]. The partial substitution of Se by S also makes it
possible to optimize the position of the Fermi level and adapt the density of electronic states around the gap, thereby
influencing the mobility of charge carriers [32].From a thermodynamic perspective, studies on similar materials such as
AgGaS, show anisotropic behavior in terms of thermal expansion and thermal conductivity; for example, AgGaS,
exhibits negative thermal expansion along the c-axis, with expansion coefficients varying depending on the
crystallographic axes [33].Furthermore, investigations using modeling of vibrational and thermodynamic phenomena
(via the quasi-harmonic approximation) reveal that thermal conductivity can be reduced under external pressure, while
quantities such as Helmholtz free energy, entropy, and heat capacity (Cv) change significantly with temperature and
pressure in AgGaS, systems [34].

The theoretical principles of the calculation are presented in Based on this principle, AgAI(Si.«<Sex), quaternary alloys
can be studied in detail and comprehensively in order to optimize their properties according to chemical composition. It is
important to note that this system has not yet been studied. This research aims to analyze the structural, electronic, optical,
thermal, and thermodynamic properties of AgAI(S;xSex), quaternary alloys. The first part also addresses the concept of the
FP-LAPW method and the fundamentals of density functional theory (DFT). The second part presents the results obtained,
their analysis, a discussion, and a comparison with various theoretical and experimental studies found in academic
publications. Finally, the main conclusions are summarized in an overall summary.

2.COMPUTATIONAL DETAILS

We perform our calculations using the linearized augmented plane wave method and the local orbital technique
(FP-LAPW+lo) [35]. This process provides a self-consistent solution to the Kohn-Sham equations, falling within the
framework of density functional theory (DFT) [36, 37]. These techniques are applied in the WIEN2k code [38-40]. The
generalized gradient approximation (GGA) function of Wu and Cohen (WC) [41] was used to treat the exchange and
correlation potential. This method is also used to determine structural characteristics, with the aim of broadening and
contrasting the various results obtained [42]. It should be noted that the GGA method tends to overestimate the lattice
parameter while underestimating the band gap energies. The recent design of the Tran-Blaha technique based on the
modified Becke-Johnson potential (TB-mBJ) parameterized by Koller et al. [43] represents an optimal and useful
approach for determining the electronic characteristics of materials. The unit cell is divided into two zones: the first
comprises non-overlapping spheres centered on each atom with a radius of Rmt, while the second represents the
interstitial zone.

The wave functions, electron densities, and potentials are formulated as the product of spherical harmonics
multiplied by radial functions around the atomic sites, i.e., in muffin-tin spheres with a cutoff radius Lmax = 10. They are
also represented by Fourier series in the interstitial zone with a cutoff radius Rmex Kmax = 6 (where RMT denotes the
smallest radius of the MT sphere and Kmax represents the amplitude of the largest wave vector used to expand the eigen
functions of the plane wave). The separation between the core and valence electronic states is determined by an energy
cutoff set at -6 Ry. In addition, we chose to set the Fourier expansion parameter Gmax, Which corresponds to the
maximum reciprocal vector of the lattice responsible for accurately describing the charge density, to a value of 14. The
iteration process is repeated until the total energy reaches stability at 10 Ry. The standard Monkhorst and Pack (MP)
special point approach [44] was analyzed to obtain accurate Brillouin zone (BZ) integrations. For each group of 16
atoms, the k-mesh for the zinc-blende phase consisted of 7x7x4 K special points (12 K special points located in the
irreducible corner of the Brillouin zone). To ensure correct convergence of the results, the choice was made on the k-
meshes and basis sets.
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3.RESULTS AND DISCUSSIONS
3.1. Structural properties

The structural stability of the quaternary alloy AgAl(Si.xSex), was investigated by optimizing the equilibrium
lattice parameters (@ and ¢) and the bulk modulus (B) for Se concentrations ranging from x = 0 to 1. A periodically
repeated 16-atom ordered supercell was employed, where one, two, and three sulfur atoms were replaced by selenium
for x = 0.25, 0.50, and 0.75, respectively (Fig. 1). This approach, widely used in first-principles studies of
semiconductor alloys, efficiently captures the main effects of S/Se substitution on the structural, electronic, optical, and
thermodynamic properties. Although real alloys exhibit substitutional disorder, the present calculations represent
ordered configurations and should therefore be regarded as describing the general compositional trends. More advanced
approaches, such as Special Quasirandom Structures (SQS) or the Coherent Potential Approximation (CPA), could
provide a more realistic description of chemical disorder and are left for future work.

The equilibrium structure of each composition was determined by total-energy minimization through optimization
of the internal parameter (1) and the c¢/a ratio. Here, u is the anion internal displacement parameter, which describes the
deviation of the anion from its ideal tetrahedral position in the chalcopyrite structure and characterizes the distortion of
the cation—anion tetrahedra. Since u directly affects the bond lengths and electronic structure, its optimization is
essential for obtaining reliable structural and electronic properties.

For the parent compounds AgAIS: and AgAlSe:, the optimized value of # was found to be in good agreement with
the available experimental data and was therefore adopted in the subsequent calculations.
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Figure 1. Cell structure of the five alloys AgAl(SixSex)2

The optimized structural parameters are summarized in Table 1. No theoretical or experimental data for the
AgAl(SiSey): quaternary alloys are currently available in the literature, making the present results a valuable reference
for future investigations. For the compounds AgAIS: and AgAlSe:, the calculated lattice constants (a and c¢) and the
corresponding c/a ratios are in excellent agreement with the available experimental data, with deviations of only 0.17%
and 1.02% for AgAlS:, and 1.56% and 0.50% (or 1.80% and 0.56%, depending on the experimental reference) for
AgAlSez. These small discrepancies confirm the high accuracy of the present computational approach and validate the
reliability of the predicted structural properties.

Table 1. The equilibrium constants, calculated as a, ¢, and the compressibility modulus B for AgAl(SixSex)2, are compared with
existing experimental and theoretical data.

Compounds Methods a(A) c(A) u B(GPa) E ot (eV)
Present work 5.60 10.49 0.29 79.22 -50857.60
Experiment 5.72# 10.132 0.29¢ 78,70 ¢
AgAlS: 5.69P 10.26° 0.30°
5.13¢ 10.30¢ 0.30 ¢
Other work 5.48f 10.90f 0.256f - -
Present work 5.65 10.72 0.29 73.69 -58980.91
AgAlSo.258€0.75 Experiment - - - - -
Other work - - - - -
Present work 5.83 10.45 0.29 70.59 -67104.03
AgAlSosSeos Experiment - - - - -
Other work - - - - -
Present work 5.81 10.96 0.29 67.46 -67104.03
AgAlSo.755€0.25 Experiment - - - - -
Other work - - - - -
Present work 5.89 11.07 0.28 64.45 -83350.31
Experiment 5.95¢ 10.752 0272 78,70 °¢
AgAlSe: 5.95° 10.75° 0.27°%
5.96 4 10.754
Other work 5.78f 11.52F 0.263f - -

Ref: 2[24], °[45], °[46], 9[29], [47], [28].

Figure 2 presents the variation of the crystal volume as a function of the Se concentration x for the quaternary
alloy AgAl(Si«Sey). For comparison, the volume predicted by Vegard's law [48] is also included in figure. It can be
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seen that the crystal volume deviates positively or negatively from linearity. For an AgAl(S:«Sex): alloy compound, the
volume of the crystal lattice is formulated as follows:

Vagey_wpy = X-Vape + (1 —x) - Vapp. (D

Where Vagc and Vagp denote the equilibrium crystal volumes of the ternary compounds ABC and ABD,
respectively. For the AgAl(Si.x<Sex) alloys, the fitted bowing parameter is found to be only 0.01 (a.u.)?, indicating a
negligible deviation from the linear behavior predicted Vegard's law. We observe that the alloys analyzed comply with
Vegard's law. This phenomenon can be explained by the slight modification of the lattice parameters of the parent
ternary compounds constituting the alloy.

In the same figure the variation in compressibility coefficient in relation to concentration for AgAI(S;Sex)>
systems. A comparison is made between the graphs obtained and those derived from the linear concentration
dependence (LCD) law. A small divergence is noted in the change in the compressibility modulus in relation to
concentration compared to the LCD, with a curvature index of 5.72 GPa. This small difference is mainly attributed to
the slight disparity between the compressibility modulus values of the ternary compounds. It is observed that the
compressibility modulus decreases as the atomic number of the substitution chalcogenide increases.
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Figure 2. Variation in volume and compressibility modulus in relation to concentration, and comparison with Vegard's law for ideal
ternary compounds. AgAIlS, and AgAlSe,

3.2. Electronic properties

The band gap is often considered a crucial criterion in the selection of a semiconductor element for optoelectronic
applications, given its direct link to the wavelength at which the device operates. In this context, the dependence of the
fundamental band gap on the alloy composition is of paramount importance. Thus, the electronic characteristics of
AgAIl(Si1«Sey), quaternary alloys are examined, taking into account the lattice parameters that have been previously
optimized.

The band structure was established along the high symmetry directions in the Brillouin zone. To refine the
accuracy of the band gap values, in addition to the WC-GGA approximation, the mBJ approximation was also used.
This method is known to provide band gap values that rival those measured experimentally. For the alloys analyzed, the
valence band peak and the conduction band trough are located at the I' point (see Figure 3). allows them to be classified
as direct bandgap semiconductors. Table 2 presents the results for these alloys at concentrations of x = 0, 0.25, 0.50,
0.75, and 1. It also includes experimental and theoretical data for ternary compounds.

Table 2. The calculated band gaps of AgAl(SixSex)2

Present work
Compounds Experimental Other work
WC-GGA mBJ

AgAIS: 1.787 3.202 3.13% 3.186° 1.87¢, 2.69°, 1.98¢
AgAlSeo.75S0.25 1.616 2.935 - -
AgAlSeo.50S0.50 1.424 2.766 - -
AgAlSeo25S0.75 1.214 2.589 - -

AgAlSes 1.038 2412 2.552 0.98¢1.8¢ 1.59°

Ref: [49], P[50], [51], 9[45], °[46]
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This study only compares its results with existing experimental and theoretical data for ternary alloys, due to the
lack of experimental information for the quaternary system. It should be noted that the band gap energy values
determined using the WC-GGA method are lower than the expected experimental results. It is well known that DFT is a
ground state-based technique and is not capable of reproducing excited states. However, the use of the mBJ
approximation prevents us from accurately determining the band gap value. Figure 4 illustrates how the band gap of
AgAIl(SixSex), quaternary alloys varies as a function of concentration x.
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Figure 3. Band Structure of AgAl(SxSei1-x)2 alloys

The mBJ results indicate that the band gap energy decreases as a function of Se concentration, following a
nonlinear trend. The curves represent a quadratic fit. It has been proven that the curvature parameter is mainly attributed
to the difference between the lattice parameters and the ionic elements of the original ternary compounds [52, 53]. For a
better understanding and explanation of the physical origins of the curvature parameter, the method developed by
Bernard and Zunger [54] was adopted. This approach comprises three distinct elements that form the disorder parameter
b: volume deformation (byp), charge transfer (bcg), and structural relaxation (bsr).

The calculations were restricted to a concentration of x = 0.5 due to the weak dependence of the curvature
parameter on chemical composition. The first task is to determine the influence of volume deformation (Vp) on the
disorder parameter. The comparative response of the band structures of the ternary compounds ABC and ABD to
hydrostatic pressure is illustrated by their corresponding byp contribution. In this context, this response stems from the
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adjustment of their specific structural configurations relative to those of the alloy V =V (x) (Vegard's law). The second
contribution concerns charge transfer (CE), where the contribution bcg summarizes the impact of charge transfer
attributed to the behavior of atomic bonds on the value of the structural parameter a.The final step involves evaluating
the variation caused by structural relaxation (Sr), from the unrelaxed alloy to the relaxed alloy by bsr. Consequently,
the total disorder parameter is obtained by combining these three elements.
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Figure 4. Variation of gap energy with concentration and comparison with Vegard’s law
3.3. Optical properties

The complex dielectric function entirely determines the optical properties of materials, which are theoutcome of
their interactions with electromagnetic waves and given by the following formula [55]

£(w) = & (w) + ig(w). @

Where ¢;(w) and &>(w) by using the Kramers—Kronig denote the real and imaginary parts of the dielectric function,
respectively [55,56]

2, eale(w)
g =1 +;Pf0 — dw'. 3)

The following relations were used to calculate other optical quantities from €;(®w) and &(®), including the
absorption coefficient a(w), the optical conductivity a(w), the refractive index n(w), the extinction coefficient K(w), the
reflection coefficient R (w), and the absorption coefficient a(w) were calculated from €;(®) and &2(®) and are given by
the following relations [57]:

n(0) = S(e () + & (@) + & @), o
K@) = £ [(62 () +&2(@) )2 — & (@) ]2, )
Re 0(w) = - Im £(w). (©)

(@) Tk(w), )

R(w) = 220 @®)

The physical properties of AgAl(S<Sey): alloys with a tetragonal crystal structure and space group D12-142d
require two shaded tensor components in the subfigures €**(w) and £7%(w) to perform the calculations [57].

Figures 5.a and 5.b illustrate the evolution of real and imaginary parts of the dielectric function as a function of
photon energy in both crystal directions for each alloy. The static dielectric constant &(0) increases, independently of
the alloy composition, in the order of magnitude between 4.31 and 4.85 for &4« (0) and between 4.46 and 5.01 for &, (0)
(see Table 3). Consequently, the anisotropy of AgAlSe,is the most significant.

The €1(0) component is different from the other constituent €ix(0) for the same compound, which indicates that
the optical anisotropy in the zz direction is the most significant. The zero crossing of &;(w)= 0 corresponds to the
maximum of the imaginary part &(w). This is to be expected, since when dispersion is minimal, the absorption is
maximal.
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Figure 5. Real part(a) and imaginary part (b) of the dielectric function for AgAl(SxSei-x)2 alloys
Table 3. Dielectric constant and refractive index (n) for AgAl(SixSex)2

&1’ (0) IR () Emoy n1" (0) it (0) An

AgAlS: 431 4.46 4385 2.11 2.07 0.04
AgAISeo.75S0.25 457 4.49 453 2.12 2.13 0.01
AgAlSeos0S0.50 4.77 4.51 4.64 2.12 2.17 0.05
AgAISe025S0.7s 4.72 4.83 4775 2.17 2.20 0.03
AgAlSe: 4.85 5.02 4.935 2.19 2.23 0.06

Table 3 presents the static dielectric constants €(0), the average dielectric constant €noy, the static refractive
indices n(0), and the birefringence An of AgAI(S;.x<Sey)> alloys. The obtained results reveal a systematic evolution of the
optical response with increasing Se concentration, reflecting the modification of the electronic polarization induced by
the substitution of S with Se.

The static dielectric constant exhibits a gradual increase with increasing Se content in both crystallographic
directions. Specifically, €1//(0) increases from 4.31 for AgAIS, to 4.85 for AgAlSe,, while €, L(0) increases from 4.46 to
5.02. Consequently, the average dielectric constant rises continuously from 4.385 to 4.935, corresponding to an
enhancement of approximately 12.5%. This behavior is mainly attributed to the higher electronic polarizability of Se
atoms compared with S atoms, as well as to the progressive reduction of the electronic band gap. According to the Penn
model, the static dielectric constant is inversely proportional to the square of the band gap; therefore, the decrease in E,
naturally leads to stronger dielectric screening and higher dielectric constants.

The static dielectric constant was estimated using the Penn model, which relates the dielectric response to the band
gap and the plasma frequency [58]:

hw 2

£0) =1+ (—”) . ©)
Eg

Where # is the reduced Planck constant, E, is the fundamental band gap, and ®, is the plasma frequency, which

characterizes the collective oscillation of the valence electrons in the material. The values of £;(0) and €,,(0) are listed

in Table 3.

Figure 6.a illustrates the absorption a(w) of AgAI(SixSex)qalloys. It is clear that the spectra of AgAlSe, have the
highest intensity and the shortest width at half height Aw. The optical conductivity curves show the same results (Fig. 6.b),
with the conductivity threshold beings lightly lower than the band gap value. These results can be explained by the fact that
optical conductivity is due to inter band transitions on the one hand and intra band transitions on the other.

The variation of the refractive index n(m) is illustrated in Figure 6c. It can be seen a variation of n(®) between the
three compounds follows the same trend as the spectrum of &(®). This is evident from the static refractive index n(0)
values of 2.05, 2.12, and 2.23 for AgAl(Si-xSex)2, respectively. This value is located in the static limit and follows the
relationship:

n(w) = +/£(0). (10)

The reflectivity spectra (Fig. 6.e) demonstrate a low reflected intensity in the strong absorption interval, and its
decrease coincides with the minimum of the real part &;(w). The spectra of the energy-loss function, shown in
Figure 6.1, reflect the energy-loss of fast electrons as they pass through the material and the plasma resonance frequency
wp [59] is also observed in the reflectivity spectrum.
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Figure 6. Calculated optical properties of AgAl(SxSeix)2 alloys:
(a) absorption coefficient (a), (b) optical conductivity (o), (c) refractive index (n), (d) extinction coefficient (k), (e) reflectivity (R),
and (f) energy-loss function (L), as functions of photon energy.

3.4. Thermodynamic properties
The thermodynamic properties of AgAl(SixSex), alloys were studied using the Debye quasi-harmonic model
(QHDM) based on the FP-LAPW method. While density functional theory (DFT) provides an accurate description of
the ground-state properties at 0 K, the quasi-harmonic Debye approximations can be used to extend these calculations at
finite temperatures and pressures by incorporating the vibrational contribution to the free energy.
The properties at specific temperatures and pressures are obtained from the Gibbs energy of non-equilibrium
systems as follows: [60]

G(V,P,T) = E(V) + PV + Ay, (V, T). an

Where E(V) is the total energy, P is the external pressure, V is the crystal volume, and A.i, is the Helmholtz vibrational
free energy calculated using the Debye approximation.

For each temperature and pressure, the equilibrium volume was obtained by minimizing the Gibbs free energy
according to the condition: [61]
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aG
(%) s = (12)
The variation in crystal volume as a function of temperature at different pressures for quaternary AgAl(Si«Sex)>
alloys is illustrated in Figure 7. It is clear that as the temperature increases, the volume also increases, but the rate of this
increase is moderate as the pressure increases. However, for a given temperature, the volume decreases as the pressure
increases. Furthermore, it is noted that the volume is almost constant in the temperature range 0-800 K with a setting in
the range 0-20 GPa. The expansion of volume V (bohr?) is almost negligible above this temperature.
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Figure 7. Volume as a function of temperature at various pressures

The same trend can be observed in the evolution of the compressibility modulus B of AgAl(S;.«Sex),alloys as a
function of temperature and pressure variations; see Figure 8. It can be seen that at a given temperature, the
compressibility modulus increases with pressure, but it decreases at a given pressure. However, the rate of increase in
the compressibility modulus as a function of temperature is greater at low pressure, because at these pressures, the
compressibility modulus is higher.

The Debye temperature 6, is a crucial fundamental parameter in solids that is connected to physical
characteristics, including specifiche at and melting temperature [62]:

h ([ 6m?n) /3 Bs
o =+ (%) f(a)\/;.
Where n is the number of atoms per formula unit, V is the molecular volume, Bs is the adiabatic bulk modulus, M is the

molecular mass per formula unit, f(c) is a function of Poisson's ratio o, % is the reduced Planck constant, and kg is the
Boltzmann constant.

(13)



674

EEJP. 3 (2026) Nabil Beloufa, et al.
220 180 180
|+UGPa+5GPa+1c|GPa+15&Pa 20GPa = DGPa_# 5GPa—& 10GPa_y 16GPa ¢ 20GPFa }+UGP3+EGDa‘L1EIGPa+15GPa 20GPa
2
160 180
Er x=0%
x=25%
wr 1401 x=50% o M
e - M =
T 120 £ 120
3 % & M Qo %
2 = ]
@ g o 100 |
ol M
80 4 80 -
a0
ol . _w - %
20 . . . . . . ; : T T T T
] 200 200 00 800 ] 200 200 200 200 0 200 200 200 800
Temperature (K) Temperature (K) Temperature (K)
180 180
m— 0GPa—8— 5GPa—i 10 GPa—y—15GPa—4— 20 GPa }—I—Elt?a—O—EGPa—&—mG?a—v—ﬁGPa 20GPa
180 | 140 b
= x=T5% x=100%

QW WM

] 200 P a0 800 ] 20 00 0 200
Temperature (K) Temperature (K)

Figure 8. Bulk modulus as a function of temperature at various pressures.
Bs is the static adiabatic bulk modulus determined by the relation [63] and M is the molecular mass per unit cell:

d2E(V)

Bs=B(V) =V o (14)
and f (o) is a function of the Poisson ratio o expressed as [64]:
2 1+ 11+0\]7 1
r@r =3[2(5:5) + (i) (15)

where o is taken as 0.25 [65].

In the present work, a constant Poisson's ratio (¢ = 0.25) was adopted for all alloy compositions within the quasi-
harmonic Debye model. This approximation is commonly used in first-principles thermodynamic studies when the
complete set of elastic constants is unavailable and provides a reasonable description of the average elastic behavior of
semiconductor alloys. Although the Debye temperature depends on Poisson's ratio, moderate variations in ¢ have only a
minor influence on the calculated thermodynamic properties compared with the effects of the equilibrium volume and
bulk modulus [66]. Therefore, the use of a constant value of o = 0.25 is expected to preserve the overall compositional
trends and the main conclusions of this work.

The variation of the Debye temperature Op as a function of temperature at different pressures for the materials
studied is illustrated in Figure 9. When the pressure is constant, the Debye temperature decreases almost linearly with
increasing temperature, and at a given temperature, the Debye temperature increases with the applied pressure. This
behavior has been observed in the evolution of the compressibility modulus when temperature and pressure vary. This
is explained by the fact that a hard material has a high Debye temperature. Research on the heat capacity of crystals is
well known in the field of condensed matter physics [67].

The heat capacity of a substance provides important information about its vibrational characteristics and is
required in many applications. Figure 10 graphically illustrates how the heat capacityat constant volume Cy varies with
temperature at different pressures for the AgAI(S;«Sex), alloys studied. Following the example of the Debye
temperature parameter, there are two steps observed:

At high temperatures, the value of Cy tends towards the limit of Dulong-Petit, which all solids exhibit when heated
at high temperatures. From Fig. 10, when the temperature increases, the value of Cy increases drastically at low
temperatures, then the increase becomes slow at high temperatures until reaching the limit of Dulong-Petit as expected
by theory. The Cy values obtainedat T = 300 K and P = 0 GPa are 371.56, 369.39, 373.72, 376.91, and 379.07 J/mol.K
for AgAIS,, AgAlSy.55¢€0.75, AgALSy.55¢€0.5, AgAIS.755¢€0.25, and AgAlSe,, respectively.

For the variation of the heat capacity at constant pressure C, as a function of temperature at different pressures for
the AgAl(SixSex)ssystems, as shown in Fig. 11, it can be seen that at low temperature, C, behaves similarly to Cy, i.e.,
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an evolution in T>. But at high temperatures, C, behaves differently than Cy; rather than trending toward a constant
value, it keeps rising. At 300K and atzero pressure, the obtained values for C, are 427.63, 466.32, 489.81, 513.58, and
532.54 J/mol K for AgAIS,, AgAlSy.255¢€0.75, AgAlSo.55¢€0.5, AgAISy.755€0.25, and AgAlSe,, respectively. It is noted
that pressure does not have a significant effect on heat capacity. Where the heat capacity C, and the Griineisen
parameter y are calculated with the following relations [60]:

0 30p/T
Cy = 3nky [4D (22) - 211 |, (16)
_ —dinfp(V)
T dinv a7

In the above expressions, D(x) denotes the Debye function, defined as:

D) =2 [*2 ar, (18)

x370 et—1

6 . . .
where = ?D, 0, is the Debye temperature, and T is the absolute temperature. The Debye function accounts for the
contribution of lattice vibrations to the thermodynamic properties within the quasi-harmonic Debye approximation.
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Figure 9. Debye temperature as a function of temperature at various pressures

The thermal expansion coefficient a indicates the dependence of volume on temperature at constant pressure:

YClv
= (19)
The variation of the thermal expansion coefficient, a as a function of temperature at different pressures for the
investigated AgAl(Si«Sex), alloys is represented in Fig. 12. It is noted that, at a given pressure, the coefficient of
thermal expansion o increases sharply for low temperatures (up to 800 K) irrespective of the alloy composition. When
the temperature is greater than 800 K, the coefficient of thermal expansion o exhibits an approximately linear
dependence trend and the increase rate becomes moderate, indicating that the temperature dependence of a is negligible
for high temperatures. At high temperature and pressure, the coefficient of thermal expansion tends to converge towards
a constant value.
The entropy S describes the distribution of matter and energy. Entropy is a metric used to quantify the disorder of
a system. It has the following relation [19, 67]:

S = nlg [4D (%2) - 3im(1 - e—BD/T)]. (20)
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The variation of the entropy S with respect to temperature and pressure is presented in Fig. 13. The entropy
increases sharply with increasing temperature but decreases with increasing pressure. The calculated values of entropy
at 7= 800 K and P = 0 GPa are 813.80, 869.26, 897.84, 923.88, and 936.89 J/mol.K for AgAlS,, AgAlS,.sSeo s,

AgAlSysSeos, AgAlSe75Seo s, and AgAlSe,, respectively.
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4. CONCLUSIONS

In conclusion, the structural, electronic, optical, and thermodynamic properties of AgAl(Si.xSex): quaternary alloys
were systematically investigated using the all-electron FP-LAPW method within the framework of density functional
theory. The calculated structural parameters are in good agreement with available theoretical and experimental data,
confirming the reliability of the computational approach. The lattice parameters exhibit a nearly linear dependence on
Se concentration, in accordance with Vegard's law, whereas the bulk modulus shows a noticeable deviation from linear

Temperature (K)
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concentration dependence. Electronic structure calculations based on the modified Becke—Johnson (mBJ) potential
reveal that both the parent compounds and the quaternary alloys are direct-band-gap semiconductors with the valence-
band maximum and conduction-band minimum located at the I" point. The nonlinear evolution of the band gap with
composition is well described by the Zunger bowing model.

The Optical calculations demonstrate strong ultraviolet absorption and pronounced optical anisotropy, while the
thermodynamic properties exhibit a significant dependence on temperature and pressure, indicating good thermal
stability under varying operating conditions. Although the alloy compositions were modeled using ordered supercells,
which do not explicitly account for configurational disorder, this approach successfully captures the essential
composition-dependent trends. Overall, the present findings provide a comprehensive theoretical understanding of
AgAl(Si«Sey): alloys and demonstrate their strong potential for ultraviolet optoelectronic applications, while offering a
reliable foundation for future experimental studies and advanced device design.
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DFT AHAJII3 CTPYKTYPHUX, OIITOEJEKTPOHHUX TA TEPMOANHAMIYHUX XAPAKTEPUCTHUK
XAJBKOIIIPUTY AgAl(S1xSex)2
Haoian Beayda'?, Moxammen Yien Aui>?, Xamsa Pexa6-/Ixaopi>*, 1. Beadenname’, P. €xaed’, Xaman M. Axpece Xacan®,
Xanan @. Empaiien’, Xanioan Cain Xara6’, Faga M. Canem®
Tiopomemeoponoziunuii incmumym naguanns ma oociioxcens IHFR, 161nyPowo.Bp 7019, Opan, Anocup
2Jlabopamopis mixpo- ma nanoizuxu (LaMiN), Hayionanena nonimexniuna wixona Opan,
ENPO-MA, BP 1523, Eno-M'Hayep, 31000, Opan, Anicup
3@axynomem nayx npo pevosury, mamemamuxu ma Komn'jomepuux nayx, Yuisepcumem Axmeoa Jpai, Aopap, Anocup
‘Daxynemem nayk npo npupody ma xcumms ma Hayk npo 3emmo, Yuisepcumem AxniMoxanoa-Yaexadaica, 10000, Byipa, Anoicup
3 ocnionuyvkuti yenmp npomucnosux mexuonoziii CRTI, P.O. A/c 64, Yepaza, 16014 Anocup, Anscup
*Kagpedpa ximii, haxynvmem npupoonuuux nayk, Yuisepcumem Omapa ano-Myxmapa, Jlisis
"@axynemem oceimu, Ans-Mapooc, Yuieepcumem Benzasi, Jligis
8 Misiticoke ynpaeninus naykosux oociiosicenv, Tpunoni, Jlieis
VYV miii poGOTI MM JOCTIIKYBaJIM CTPYKTYpHI, ONTOENEKTPOHHI Ta TEPMOJUHAMIYHI BIIACTUBOCTI YETBEPTHUHHOI CIIOIYKH
AgAl(SxSei1x)2. Y upomy nociipkenHi BukopucroBysascst Meton FP-LAPW, peanizoBanuii y nporpami Wien2k Ta iHTerposanuii y
cTpykTypy Teopii ¢ynkmionany rycturu (DFT). [Jlns o6poOku OOMIHHOTO Ta KOPEJAMIHHOrO MOTEHI[aly BHKOPHCTOBYETHCS
y3araibpHene rpagientHe HaOmkeHHs (WC-GGA). Mu BuBuaiM BIUIMB CKJIaAy Ha MIlHICTh YTBOPCHHS, BHANMHH MOZYIb
OPYXKHOCTI Ta 00'€M KPUCTAIIYHOI PeIiTKH. 3TifHO i3 3i0paHMMM JaHUMH, HE CHOCTEpIracThCs MKOMHHUX BIIXWIICHb y MOIYJIi
CTHCJIMBOCTI MOPIiBHSHO i3 3akoHOM LCD, a Takox y MOCTilHi# pemriTku mopiBHAHO i3 3akoHOM Berapaa. I[lixxin Llynrepa Ta iforo
Koser OyJ0 BHKOPHCTaHO JUIA BU3HAUCHHS MIKPOCKOIIYHOTO JKepesia MPOCTOpOBOi KpuBU3HH. [lOpiBHAHO 3 momepeaHiMu
TEOPETUYHUMH JOCHIIKCHHSIMH, 3HAUCHHS IIMPHHHU 3a00pOHEHOi 30HM, OTPHMaHi 3 PO3PAaXyHKIB 30HHOI CTPYKTYpH Ha OCHOBI
Moau(ikoBaHOTO HaOMIDKeHHS moTeHmiany bekke-/xoncona (mBJ), mokasyroTh IOMITHI MOKpalleHHS Ta Habarato Kparie
Y3TODKYIOTBCS 3 €KCIIEPUMEHTAIBHIMH Pe3yJIbTaTaMy JUlsl TIOTPIHHKX croyiyK. ONTHYHI BIACTUBOCTI BKa3ylOTh Ha Te, IO CTaTHYHA
nienekTpuyHa NpoHUKHICTH ¢1(0) 3pocrae 31 30UABLICHHSM KOHIEHTpalil X, TOAl SK €Heprisi ONTHYHOI ILIIJIMHK OXHOYACHO
3MEHIIYEThCS; BOAHOYAC [TieJeKTpUUHa (QYHKISI AEMOHCTPYE 3HAYHY aHI30TPOIII0 B HANPIMKY zz. J[OCHiIKEeHHSs BIUIMBY TEIIOBOT
eHeprii Ha MeBHI MaKpOCKOMIYHI XapaKTepUCTHKU OyJIO0 MPOBEICHO 3 BUKOPHUCTAHHSAM KBasirapmonidnoi moxeni [lebas. Tum He
MEHIII, JOCTI/KEHI CIUIaBH MMOKA3aJH CTa0UIBHICT IPH NPOMDKHUX TemriepaTtypax Big 0 mo 800 K.
Kurouosi cinoBa: AgAl(SxSeix)2; FP-LAPW; WC-GGA; mBJ; 3axon Becapoa; keasicapmonixa /lebas
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In this work, the influence of Ar/N2 gas mixture composition and auxiliary plasma-assisted activation on the structural-phase evolution
of tungsten nitride (WN) coatings deposited via planar magnetron sputtering was systematically investigated. The coatings were
synthesized using a 100-mm diameter tungsten target under varying reactive gas regimes (from 50% to 10% N:) and two electrical
configurations: an additional biased anode (+200 V) and a standard grounded anode setup. X-ray diffraction coupled with qualitative
and quantitative optimization proved that the coatings possess a complex heterophase structure composed of hexagonal hep-WN and
cubic fcc-W2N phases. It has been established that the persistent dominance of the hep-WN phase with a highly stable (111) texture
acts as a rigid energetically favored framework across all gas flow ratios. Decreasing the nitrogen content primarily affects the
secondary, more compliant cubic phase component. At a critical nitrogen deficiency of 10%, the growth of the preferred (200) cubic
planes becomes heavily suppressed, forcing the matrix towards grain refinement (nanocrystallization) and stimulating the structural
integration of mixed-phase (220)fcc + (102)hcep configuration. Furthermore, shifting to the grounded anode configuration collapses the
auxiliary glow discharge zone, dropping the near-substrate plasma density from 7.5 x 10! cm™ to 4 x 10'° cm 3. The resulting reduction
in adatom surface diffusion length causes rapid thermal quenching, leading to complete texture randomization, a sharp fourfold increase
in the isotropic (111)fcc + (100)hep reflection, and the accumulation of structurally imperfect phase boundaries. The application of an
auxiliary biased anode serves as an effective tool to decouple the destructive effects of high-energy ion bombardment from the
beneficial structural ordering induced by high-flux, low-energy plasma activation.

Keywords: Magnetron Sputtering; Nitrides; Tungsten; XRD; Phase,; Structure; Gas flow

INTRODUCTION

Transition-metal nitrides, particularly tungsten nitrides, have garnered significant academic and industrial interest
owing to their exceptional mechanical hardness, high thermal stability, remarkable wear resistance, and reliable chemical
inertness [1-5]. These properties make them highly attractive for a wide range of cutting-edge applications, including
diffusion barriers in microelectronics, protective coatings for high-temperature machining tools, and active components
in catalytic energy conversion systems [6-10]. In the field of surface engineering, magnetron sputtering stands out as the
premier deposition technique for synthesizing such thin films due to its excellent scalability, high reproducibility, and
capability to deposit dense, adherent coatings at relatively low substrate temperatures [11-13].

However, the deterministic synthesis of multi-phase tungsten nitride coatings remains a complex materials science
challenge. Unlike other transition metal nitrides, the W-N system exhibits a rich and complex phase diagram comprising
several distinct structural configurations, primarily the hexagonal hcp-WN and cubic fcc-W>N phases [14-15]. The
competitive nucleation and spatial orientation of these phases are heavily dictated by the thermodynamic driving forces
of chemical reactions at the substrate and the kinetic energy transfer to the growing film interface. Consequently, precise
control over the structural-phase evolution and texturing is essential, as the final performance of the coating is inherently
linked to its precise phase boundary configuration and grain orientation.

To systematically optimize the performance of the WN coatings, two critical deposition parameters can be
comprehensively evaluated. The first one is a reactive gas mixture composition (i.e. Ar/N, flow ratio). This parameter
directly regulates the chemical stoichiometry and nitrogen saturation degree of the tungsten lattice [16-17]. A precise
balance of the reactive gas is critical to avoid either a total collapse of the stoichiometric crystalline phase or severe target
poisoning during the sputtering process. The second one is a low-energy ion bombardment kinetics. Controlling the
plasma parameters at the growth front is paramount for modulating film density, grain size, and texture crystallization
[16-17]. Traditional methods often rely on high negative substrate bias voltages to accelerate ions; however, this approach
frequently induces high intrinsic macrostrains, atomic displacement, and destructive lattice defects.

To overcome these structural limitations, auxiliary plasma assistance via an additional biased anode emerges as a
crucial engineering tool for magnetron sputtering. This configuration enables an effective decoupling of the destructive
high-energy ion impacts from the highly beneficial structural ordering driven by a high-flux, low-energy plasma
activation. By effectively doubling the local plasma density without altering the safe ion impact energy threshold, the
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auxiliary anode dramatically accelerates the lateral surface diffusion of arriving adatoms, allowing the system to easily
overcome local potential barriers and crystallize into thermodynamically preferred textures.

While separate studies have addressed either gas flow dynamics or plasma assistance [18-19], a systematic
understanding of their synergistic influence on the phase transition kinetics of heterophase WN/W,N nanocomposite
systems remains insufficient.

The aim of this work is to systematically investigate the combined effects of the Ar/N, gas flow ratio and auxiliary
biased anode configuration on the stoichiometric evolution, and phase boundary perfection of multi-phase tungsten nitride
coatings deposited via reactive magnetron sputtering.

EXPERIMENTAL DETAILS
Deposition

A planar magnetron sputtering system equipped with a 100-mm diameter tungsten target and an additional anode
was employed for the deposition of WN and WC coatings (see Figure 1). Prior to deposition, the vacuum chamber was
evacuated using a turbomolecular pump to a base pressure of approximately 5x107 Torr. For the WN deposition, high-
purity argon and nitrogen were introduced into the chamber at different Ar/N, flow-rate ratios. The total working pressure
was maintained at approximately 9x107* Torr.

The magnetron was operated with a 100 Hz sinusoidal voltage waveform, with a peak cathode voltage of
approximately 450 V and a peak discharge current of approximately 1.5 A. An additional anode was biased at
approximately +200 V to generate an additional glow-discharge plasma in the region between the magnetron and the
substrate. The substrate was positioned at a distance of 140 mm from the target and was electrically insulated during
deposition. Under the deposition conditions, the ion energy incident on the substrate, measured using a retarding-field
analyzer (RFA), was approximately (10 + 12) eV with respect to substrate floating potential. Plasma density measured
with Langmuir probe near the substrate was approximately 7.5x10'° cm™3 with electron temperature of about 2 eV.

The deposition time was fixed at 30 min for all experiments. The coating thickness was monitored using a quartz
crystal microbalance and was approximately 500 nm for the WN coatings.

O N ©)

Figure 1. The scheme of experimental device: 1 — tungsten target; 2 — insulated cylinder; 3 — anode

For the deposition of WN coatings at different gas regimes, a precise gas mixing procedure based on partial pressure
management was implemented. The total working pressure within the vacuum chamber was strictly maintained at a
constant value of approximately 9 x 10™* Torr, which was defined as 100% of the total gas volume. Prior to the introduction
of the reactive gas, high-purity argon (Ar) was admitted into the chamber via a dedicated piezoceramic leak valve until
its partial pressure reached the specific required percentage of the total working pressure (i.e., 50%, 70%, 80%, or 90%,
respectively). Subsequently, high-purity nitrogen (N>) was introduced through a separate independent leak valve to act as
the reactive gas, adjusting the total pressure upward until the final working threshold of 9 x 107 Torr was precisely
achieved. This sequential gas-feeding method ensured highly reproducible Ar/N, flow-rate ratios, corresponding to
discrete concentrations of 50%, 30%, 20%, and 10% of N in the plasma volume.

For the comparative study, a series of WN coatings was also deposited under the conventional magnetron sputtering
configuration, where the additional anode was kept at the ground potential (referred to as the “grounded anode” mode).
This setup represents the standard operating regime of the magnetron system without the generation of an auxiliary plasma
enhancement zone. Under these conditions, the plasma density measured with the Langmuir probe in the vicinity of the
substrate dropped by approximately a factor of two, yielding a value of 4 x 10!° cm™. Despite the significant decrease in
plasma density, the average energy of the ions incident on the substrate surface remained practically unaltered at
approximately 12 eV. All other deposition variables, including the target-to-substrate distance, working gas pressure
(80 Ar/ 20 N»), and total deposition time, were maintained identical to those utilized in the biased anode experiments to
ensure a direct comparison of the structural-phase evolution.

The crystal structure, phase composition, and substructural characteristics of the WN coatings were evaluated by
X-ray diffraction (XRD). The XRD measurements were performed on a diffractometer utilizing a Cu-Ka radiation source
(L= 1.540600 A) operating at an accelerating voltage of 30.0 kV and a tube current of 30.0 mA. The optical configuration
of the goniometer included a 1.0° divergence slit, a 1.0° scatter slit, and a 0.15 mm receiving slit. The diffraction patterns
were recorded in the theta—2theta coupled scanning mode over a 2theta angular range of 10.0°-100.0° with a step size
(sampling pitch) of 0.02° and a continuous scanning speed of 2.000°/min.
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Phase identification and qualitative/quantitative analysis were carried out using the Match! phase analysis software
package (Crystal Impact, Bonn, Germany), coupled with the PDF-2 (Release 2004) reference database. Quantitative phase
evaluation was performed via the Reference Intensity Ratio (RIR) method based on integrated profile areas. The
experimental diffraction data was smoothed prior to analysis without subtracting the background or the o2 radiation
component.

According to the quantitative search-match optimization, the matrix consists of a complex multi-phase nitride system
dominated by two major tungsten nitride phases: a hexagonal hep-WN phase (space group P6m2, lattice parameters
a=2.89 A and ¢ = 2.83 A, entry No. 03-065-9410) and a cubic fcc-WN phase (space group Fm3m, lattice parameter
a=4.126 A, entry No. 00-025-1257).

EXPERIMENTAL RESULTS
Structural-phase analysis at standard configuration

Figure 2 illustrates the X-ray diffraction patterns of the WN coatings deposited via magnetron sputtering under
various working gas flow ratios (Ar/N). The corresponding substructural and phase parameters calculated from the
diffraction peak profiles are summarized in Table 1.

A detailed analysis of the phase composition of individual samples revealed the important trends.

For the WN (50 Ar / 50 N) coating, at the maximum concentration of the reactive gas (nitrogen) in the deposition
chamber, a heterophase structure is formed, consisting of a dominant hexagonal phase hcp-WN and a cubic phase fcc-
W:N. The XRD pattern exhibits a low-intensity, broadened peak at 2theta = 35.98°, corresponding to the superposition
of the (111)fcc + (100)hep planes. The main contribution to the diffraction pattern comes from the peaks at 2theta =42.95°
the (200)fcc-WsN plane, relative intensity 1/Ip = 562.88 a.u. and 2theta = 73.36° (111)hcp-WN. The latter exhibits the
maximum intensity 1000.00 a.u., indicating the formation of a pronounced axial growth texture of the hexagonal phase.
A (400)fcc-WsN peak is also detected at higher angles 2theta = 88.90°.

For the WN (70 Ar / 30 N») coating, the reducing the nitrogen content to 30% does not lead to a qualitative
rearrangement of the crystal lattice; however, it activates structural ordering processes. The combined peak around
2theta = 35.38° becomes more pronounced I/Ip = 63.59 a.u., (FWHM = 1.2800). A moderate increase in intensity for the
(200)fcc-WoN ' plane to 1/1g = 644.97 a.u. is observed, while the full width at half maximum (FWHM) broadens slightly
to 0.4000, which may indicate the generation of local microstrains due to changes in the stoichiometric coefficient. The
texture of (111)hcp-WN at 2theta = 73.24° retains its dominant position.
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Figure 2. XRD patterns of the WN coatings deposited at different gas regimes

For the WN (80 Ar/ 20 N») coating, at a nitrogen partial pressure of 20%, the cubic component begins to crystallize
more clearly. The intensity of the (111)fcc + (100)hcp reflex doubles compared to the previous regime, reaching the
intensity of I/Ip = 135.23 a.u. Notably, in the mid-angle region of 2theta = 62.54°, the appearance of a combined (220)fcc
+ (102)hep phase formation is recorded. This indicates the initiation of structural modification and the rearrangement of
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the spatial orientation spectrum of the crystallites under conditions of progressive nitrogen deficiency. This indicates an
expansion of the spatial orientation spectrum of the cubic crystallites under conditions of moderate nitrogen deficiency.
The texture peak of the hexagonal phase at 2theta = 73.37° remains stable.

For the WN (90 Ar / 10 N2) coating, under extreme nitrogen deficiency (10%), the phase-structural state of the
system undergoes drastic changes. A sharp drop in the intensity of the (200)fcc-W,N peak to a minimum value of
I/Io = 49.09 a.u. is recorded, accompanied by a significant increase in its full width at half maximum to FWHM = 1.2000.
In parallel, a sharp spike in the intensity of the first peak at 2theta = 35.88° up to I/Ip = 415.78 a.u. occurs. In the mid-
angle region of 2theta = 62.40°, the doublet of the (220)fcc + (102)hcp planes becomes still integrated into the structural
matrix. The development of the (101)hcp-WN reflex at 2theta = 49.98° reaches its maximum I/Ip = 611.13 a.u..

Summarizing the obtained data allows establishing a fundamental relationship between the partial pressure of the
reactive gas N, and the phase formation kinetics in the W-N system during magnetron sputtering.

Throughout the investigated range of nitrogen concentrations (10% + 50%), the framework of the coatings remains
the highly textured hexagonal hcp-WN phase with a preferred orientation of the (111) crystallographic planes. The
constancy of the full width at half maximum of this peak FWHM = 0.4800 and the stability of the interplanar spacing d
=(1.289 + 1.291) A indicate that the average size of the coherent scattering domains (grain size) of the hexagonal matrix
and its macrostrain level remain invariant to the gas mixture composition in this specific system configuration. However,
the dynamics of the accompanying peaks indicate a distinct competition between the growth planes of the cubic fcc-W,N
phase. At high nitrogen flows (30% + 50%), the growth of cubic grains along the (200) axis is energetically more
favorable. When the N» concentration drops critically to 10%, growth along the (200) direction is heavily suppressed
(intensity drops from 622.90 to 49.09 a.u.), with a simultaneous step-like increase in the intensity of the
(111)fce / (100)hep planes.

The observed substructural effects are explained by changes in the nitrogen saturation degree of the tungsten lattice.
In the range of N> = (20% + 50%), the high density of the reactive gas ensures an efficient chemical reaction on the
substrate, stabilizing the higher nitride phase WN and the ordered semi-nitride phase W>N with larger, more ordered
crystallites (as indicated by the narrow line of the (200)fcc peak with FWHM = (0.3600 + 0.4000). Transitioning to the
20% and 10% N, regimes, the chemical reactivity of nitrogen becomes insufficient to complete the phase formation of
stoichiometric W,N along the stable axes. This results in grain refinement (nanocrystallization) of the cubic phase, an
increase in lattice microstrains (growth of FWHM to 1.2000 for the (200) plane), and a forced restructuring of the matrix,
which manifests as the emergence and integration of the mixed (220)fcc + (102)hcp phase structures.

Thus, varying the composition of the Ar/N, gas mixture serves as a precise tool for controlling the ratio between the
cubic and hexagonal phases, and allows radically shifting the preferred orientation of the crystallites without degrading
the dominant axial (111)hcp-WN texture.

Table 1. Structural-phase data of the WN coatings deposited at different gas regimes (based on XRD patterns presented in Figure 2)

No. 2 theta, deg. | d-spacing, A | Intensity 1/Io, a.u. | FWHM | Phase | (hkl)
WN (50 Ar /50 N2)
1 35.98 - - - fcc-WaN + hep-WN (111) +(100)
2 42.95 2.1040 562.88 0.3600 fec-WaN (200)
3 49.97 1.8236 173.65 0.4800 hep-WN (101)
4 73.36 1.2896 1000.00 0.4800 hep-WN (111)
5 88.90 1.0999 172.22 0.6800 fce-WaN (400)
WN (70 Ar /30 N2)
1 35.38 2.5349 63.59 1.2800 fcc-WaN + hep-WN (111) +(100)
2 42.86 2.1083 644.97 0.4000 fec-WaN (200)
3 49.90 1.8260 218.83 0.4400 hep-WN (101)
4 73.24 1.2913 1000.00 0.4800 hep-WN (111)
5 88.83 1.1007 181.84 0.6400 fce-WaN (400)
WN (80 Ar /20 N2)
1 3542 2.5349 135.23 1.2800 fcc-WaN + hep-WN (111) +(100)
2 42.94 2.1083 622.90 0.4000 fec-WaN (200)
3 49.96 1.8260 202.65 0.4800 hep-WN (101)
4 62.54 1.4638 - - fcc-WaN + hep-WN (220) + (102)
5 73.37 1.2893 1000.00 0.4800 hep-WN (111)
6 88.93 1.0997 199.40 0.6800 fcc-WaN (400)
No. 2 theta, deg. d-spacing, A | Intensity I/o, a.u. FWHM Phase (hkl)
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No. 2 theta, deg. d-spacing, A | Intensity 1/Io, a.u. | FWHM Phase | (hki)
WN (90 Ar/ 10 N)
1 35.88 2.5011 415.78 1.1200 foc-WaN + hep-WN (111) + (100)
2 4293 2.1342 49.09 1.2000 fcec-WaN (200)
3 49.98 1.8234 611.13 0.4000 hep-WN (101)
4 62.40 - ] - foc-WaN + hep-WN (220) + (102)
5 73.37 1.2894 1000.00 0.4800 hep-WN (111)
6 88.92 1.0998 201.03 0.6000 fcc-WaN (400)

Influence of anode configuration on the structural-phase state

To understand the role of plasma density and ion bombardment kinetics during the deposition process, a comparative
analysis was performed on the WN coatings deposited at a fixed gas regime of 80 Ar /20 N2 under two distinct electrical
configurations: an additional biased anode (+200 V) and a grounded anode setup. The respective XRD patterns are shown
in Figure 3, and the extracted substructural parameters are listed in Table 2.

A detailed phase and structural evaluation of the individual configurations revealed the following features.

For the WN (80 Ar /20 N,) coating with an additional biased anode (+200 V), under the assistance of an additional
biased anode, which generates an enhanced glow-discharge plasma zone (plasma density = 7.5 -10'° cm™3), the coating
stabilizes into a distinct heterophase structure composed of hcp-WN and fcc-W>N phases. The diffraction profile is
dominated by a highly intense and sharp peak at 2theta = 73.37°, corresponding to the (111)hcp-WN plane
(I/Ty = 1000.00 a.u.), FWHM = 0.4800). The cubic phase exhibits a strong preferred growth along the (200)fcc-W,N plane
at 2theta = 42.94° with a high relative intensity of I/Ip = 622.90 a.u. and a narrow full width at half maximum
FWHM = 0.4000. The low-angle combined reflex (111)fcc + (100)hcp at 2theta = 35.42° remains suppressed with
intensity of I/Ip = 135.23 a.u., while a weak, broad features of the mixed (220)fcc + (102)hcp phase assembly is barely
traceable in the mid-angle range.

For the WN (80 Ar / 20 N,) coating with a grounded anode, shifting to the grounded anode configuration, which
represents the standard magnetron operation mode without additional plasma enhancement (plasma
density = 4 -10' cm ™), induces a profound redistribution of the diffraction intensities. While the dominant texture peak
of the hexagonal matrix at 2theta = 73.36° (111)hcp-WN retains its absolute intensity of I/Ip = 1000.00 a.u, its shape
remains unchanged (FWHM = 0.4400). However, a drastic structural rearrangement occurs at lower angles: the combined
(111)fce + (100)hep peak at 2theta = 36.02° experiences a fourfold intensity spike, rising to 1/Ip = 544.00 a.u. Concurrently,
the (200)fcc-W>N peak at 2theta = 42.95° drops to 1/1p = 449.85 a.u., and its width broadens slightly to FWHM = 0.4400.
Furthermore, a poorly resolved, highly diffused mixed-phase doublet of (220)fcc + (102)hcp becomes clearly visible at
2theta = 62.66°.
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Figure 3. XRD patterns of the WN coatings deposited at 80 Ar and 20 N> gas regime and at non- and grounded anodes

The comparative analysis reveals the fundamental physical role of the additional biased anode in governing the
phase configuration, texture development, and crystallinity of W-N systems.

1. Ion current density and surface adatom mobility. The primary mechanism driving the structural divergence
between the two modes is the alteration of the plasma density near the growth front. When the additional anode is biased
at +200 V, it roughly doubles the plasma density of 7.5 - 10'° cm™ vs. 4 - 10'° cm™ while maintaining a nearly constant
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low ion impact energy of approximately 12 eV. This significant increase in ion flux delivers a continuous supply of low-
energy momentum to the surface, effectively accelerating the lateral diffusion of arriving tungsten and nitrogen adatoms
without generating structural lattice defects or severe resputtering.

This enhanced adatom mobility provides the system with the activation energy required to overcome local potential
barriers, enabling the cubic W>N phase to crystallize into its thermodynamically preferential orientation along the (200)
plane. This is directly manifested in the narrow profile (FWHM = 0.4000) and high intensity of the (200)fcc peak,
signaling the formation of larger, highly ordered crystalline domains.

2. Texture randomization and phase degradation via anode grounding. Upon grounding the additional anode, the
auxiliary glow discharge is deactivated, causing the local ion current density to drop. Lacking sufficient plasma-assisted
energy activation, the surface diffusion length of the adatoms shrinks dramatically. The arriving species are rapidly
quenched at or near their landing sites, obstructing the orderly, long-range growth of the cubic lattice along preferred
axes.

As aresult, the texturing of the cubic component is randomized, leading to the observed deterioration of the (200)fcc
growth direction and a dramatic, competitive enhancement of the isotropic (111)fce + (100)hcp orientation at 2theta =
36.02°. The limitation in diffusion energy also hinders complete chemical phase separation, which promotes the growth
of disordered, poorly crystalline interstitial networks. This directly accounts for the broadening of the existing peaks
(FWHM) increases from 0.4000 to 0.4400 and the clear emergence of the highly distorted, mixed (220)fcc + (102)hcp
phase doublet at 2theta = 62.66°.

In summary, the implementation of an additional biased anode acts as a crucial energetic modifier. It enables precise
control over the texture and phase perfection of WN/W,N nanocomposite coatings by substituting high-energy destructive
ion bombardment with high-flux, low-energy plasma activation.

Table 2. Structural-phase data of the WN coatings deposited at different gas regimes (based on XRD patterns presented in Figure 3)

No. | 2 theta, deg. | d-spacing, A | Intensity I/Io, a.u. | FWHM | Phase | (hkl)
WN (80 Ar /20 N2)
1 3542 2.5349 135.23 1.2800 fec-WaN + hep-WN (111) + (100)
2 42.94 2.1083 622.90 0.4000 fec-WaN (200)
3 49.96 1.8260 202.65 0.4800 hep-WN (101)
4 62.54 1.4638 - - fcc-WaN + hep-WN (220) +(102)
5 73.37 1.2893 1000.00 0.4800 hep-WN (111)
6 88.93 1.0997 199.40 0.6800 fcc-WaN (400)
WN (80 Ar /20 N2) [grounded anode]
1 36.02 2.4914 544.00 1.1200 fec-WaN + hep-WN (111) + (100)
2 42.95 2.1042 449.85 0.4400 fec-W2N (200)
3 50.00 1.8228 147.08 0.5200 hep-WN (101)
4 62.66 - - - fec-WaN + hep-WN (220) + (102)
5 73.36 1.2896 1000.00 0.4400 hep-WN (111)
6 88.91 1.0998 192.82 0.6400 fec-WaN (400)
4. DISCUSSIONS

The structural-phase evolution of the magnetron-sputtered WN coatings is governed by a complex interplay between
the thermodynamic driving forces of chemical synthesis (controlled by nitrogen partial pressure) and the kinetic energy
delivered to the growing film surface via ion bombardment (governed by the auxiliary anode configuration).

The persistent dominance of the hexagonal hcp-WN phase with a highly stable (111) texture across all gas flow
ratios indicates that this structural matrix acts as a rigid energetically favored framework under the given non-equilibrium
deposition conditions. The structural invariance of the hcp phase suggests that excess or deficiency of nitrogen primarily
affects the secondary, more compliant cubic phase component.

During standard configuration experiments with high nitrogen concentrations (30%—50% of N), the high chemical
activity of nitrogen facilitates the formation of stoichiometric cubic W,N phase domains alongside hcp-WN. The
preferential growth of these cubic crystallites along the (200) crystallographic orientation represents the minimizing of
surface and strain energy under steady-state adatom diffusion. However, as the system transitions into progressive
nitrogen deficiency (10% of N»), the severe restriction of reactive species disrupts the standard nucleation pathways. The
growth of the (200) cubic planes becomes heavily suppressed due to the inability to maintain proper stoichiometry along
this direction. This induces a state of forced recrystallization and lattice distortion, pushing the cubic matrix towards grain
refinement (nanocrystallization) and stimulating the structural integration of mixed-phase structures like the (220)fcc +
(102)hep configurations as a mechanism to accommodate high localized microstrains.

When analyzing the influence of the electrical configuration at a fixed gas regime (80 Ar / 20 N,), the drastic
restructuring observed upon applying the +200 V bias to the additional anode highlights the role of energy transfer at the
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film-substrate interface. The biased anode effectively doubles the plasma density (and thus the ion current density) while
maintaining a low, non-destructive ion energy profile (~12 eV). From a physical standpoint, this configuration acts as a
targeted external energy deliverer that drastically enhances the lateral adatom mobility (surface diffusion length) of
arriving W and N species without introducing lattice defects via atomic displacement or resputtering. The accelerated
diffusion allows atoms to easily overcome local potential barriers, promoting long-range crystalline ordering and
maximizing the crystallization of the thermodynamically stable cubic (200) orientation.

Conversely, when the additional anode is grounded, the auxiliary glow discharge zone collapses, causing a sharp
drop in local ion flux. Under these low-flux conditions, arriving adatoms suffer from rapid thermal quenching at or near
their immediate landing sites. The restricted surface diffusion prevents the system from undergoing orderly phase
separation and structural relaxation. Consequently, the texturing of the cubic component undergoes complete
randomization, manifesting as a competitive surge of the isotropic (111)fcc + (100)hep reflection at 2theta = 36.02°. The
lack of plasma-assisted kinetic energy halts the complete chemical synthesis, leading to the accumulation of highly
distorted interstitial network boundaries and the emergence of diffused, structurally imperfect mixed-phase
configurations. Thus, the auxiliary biased anode serves as an effective tool to decouple the destructive effects of high-
energy ion bombardment from the beneficial structural ordering induced by high-flux, low-energy plasma activation.

CONCLUSIONS
In this study, multi-phase tungsten nitride coatings were successfully synthesized under purposefully varied
deposition configurations, encompassing a wide range of reactive gas mixture ratios and distinct auxiliary anode
connections, specifically tailored to systematically evaluate the competing roles of chemical stoichiometry and low-
energy plasma kinetics. Based on the comprehensive structural, phase, and substructural investigation, the following
conclusions can be drawn:

1. Magnetron-sputtered tungsten nitride coatings form a complex nanocomposite heterophase structure consisting
of a dominant hexagonal hecp-WN phase and a secondary cubic fcc-W,N phase. The hcp-WN matrix exhibits a
rigid, invariant axial growth texture along the (111) crystallographic orientation across the entire investigated
range of nitrogen concentrations (10% — 50%).

2. The partial pressure of the reactive gas selectively governs the nucleation kinetics of the compliant cubic phase.
High nitrogen contents (30% — 50%) promote orderly growth along the thermodynamically favorable (200)fcc
direction. Progressive nitrogen deficiency down to 10% heavily suppresses the (200) growth due to
stoichiometry loss, triggering localized microstrains, nanocrystallization, and a forced restructuring into mixed
(220)fcc + (102)hep phase assemblies.

3. The implementation of an auxiliary biased anode (+200 V) doubles the local plasma density to 7.5 - 10! cm™
while preserving a non-destructive ion impact energy of approximately 12 eV. This high-flux, low-energy
configuration acts as a targeted external energy deliverer that drastically enhances the lateral surface diffusion
of arriving W and N adatoms, allowing them to easily overcome potential barriers and form large, highly ordered
crystalline domains along the preferred (200) orientation.

4. Operating the system in the standard grounded anode mode (without auxiliary plasma) causes a sharp drop in
ion current density. The restricted diffusion energy forces arriving adatoms to undergo rapid thermal quenching
at their immediate landing sites, obstructing orderly phase separation. This leads to total texture randomization,
a massive fourfold enhancement of the isotropic (111)fcc + (100)hcp peak reflection at 2theta = 36.02°, and the
emergence of highly distorted interstitial network boundaries.
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CTEXIOMETPUYHA EBOJIIOLISI BATATO®A3HUX HITPUIAIB BOJIb®PAMY 3A 3MIHHOTI'O IIOTOKY T'A3Y TA
BILIMBY JTOJATKOBOI IIJIA3MHA I YAC MATHETPOHHOI'O PO3ITAJIEHHSA
0.B. MakcakoBa, B.M. Bepecunes, .M. Cepena, 51.0. I'peuxo, A.O. Ckpunuuk, C.I. Borarupenko,
C.B. JIutoBuenko, b.0. Masiiin
Xapxiecvkuil Hayionanvhuil ynieepcumem imeni B.H. Kapasina, maiio. Ceoboou, 4, 61000 Xapxis, Yxpaina

Y po6oTi cHcTeMaTHYHO TOCTIKEHO BIUTUB CKJIay ra3oBoi cymiriri Ar/N2 Ta JOIOMIKHOI I71a3MOBOT aKTHBallii Ha CTPYKTYpHO-(a30By
€BOJIIOIII0 TOKPUTTIB HiTpuay Bombhpamy (WN), Oca/yKCeHHX METOIOM IUIAHAPHOTO MAarHETPOHHOTO PO3MMICHHA. [IOKpUTTS
CHHTE3yBaJIM 3 BUKOPHCTaHHIM BOIb(ppaMoBoi MimreHi AiamerpoM 100 MM 3a pi3HUX pexHUMIB MOAadi peaKTUBHOTO rasy (Bix 50 % mo
10 % N>) Ta 3a 1BOX eNeKTpUYHHUX KOH(DIirypamiii: 3 qogaTkoBuM 3mimeHnM anogoM (+200 B) i 31 crangapTHUM 3a3eMJIEHHM aHOZOM.
Pesynbrati peHTICHOCTPYKTYPHOIO aHaJi3y B IO€AHAHHI 3 SKICHOK Ta KiJBbKICHOK ONTHUMI3alLi€r0 MOKa3alH, 0 HOKPHTTS MarTh
CKJIJIHY TeTepodasHy CTPYKTYPY, YTBOPEHY rekcaroHasbHO0 (ha3zoro hep-WN ta kybivnoro dasoro fec-WaN. BeranosieHo, 1110 crilike
nominyBaHHs (aszu hcp-WN 3 Bucoko crabinbHOI0 Tekctyporo (111) Bimirpae poib »KOPCTKOTO €HEPreTHYHO BHIITHOTO Kapkaca B
yChOMY Jliala3oHi CIiBBiIHOIICHb Ta30BUX MIOTOKIB. 3MEHILICHHS BMICTy a30Ty HacaMIIepe/l BIUTUBAE HA BTOPUHHUIMA, O1JIbII CTPYKTYPHO
MOJATINBHI KOMIOHEHT KyOiuHOi (asu. 3a kputnunoro nediuuty asory (10 %) 3pocTaHHS NMPIOPUTETHO OPi€HTOBAHMX KyOIYHMX
wiomnH (200) iCTOTHO NPUTHIYYETHCS, WO NPU3BOAUTH A0 MOAPIOHEHHsS 3epeH Marpulli (HAHOKPHCTANi3alii) Ta CTUMYJIIOE
CTPYKTYpHY iHTerpamito 3Mimanoi ¢a3oBoi koHpirypamii (220)fcc + (102)hep. Kpim Toro, 3acrocyBanHS KOH(}Iryparii 3 3a3eMICHIM
AQHOZIOM HPH3BOAUTH 0 3HUKHEHHS 30HH JONOMDKHOIO TJIIIOYOTO PO3PSIY Ta 3HIDKCHHS TYCTHMHH IUIa3MH HOOJH3Y MiAKIAAKH 3
7,5%10'0 cm3 mo 4x10'°0 ¢cm>. BHACHIZOK IBOrO CKOPOUYETHCS TOBKUHA MOBEPXHEBOI Auy3ii aqaroMiB, 10 CIPUYUHSE [IBUIKE
TepMiYHE 3arapTyBaHHS CTPYKTYpH, HOBHY BTpaTy TEKCTYpPOBAaHOCTI, pi3Ke YOTHPHUpPA30BE 3POCTaHHS IHTEHCHBHOCTI i30TPOIHOIO
pednekcy (111)fcc + (100)hcp Ta HakOmMMYEHHS CTPYKTYPHO HEJOCKOHAIMX MiX(a3HUX TPAaHUIlb. 3aCTOCYBaHHS JOMOMIXXHOTO
3MIIIEHOTO aHO/a € €(PEKTUBHUM IHCTPYMEHTOM JUIsl PO3JUICHHS pyHHIBHOTO BILUIMBY BHCOKOECHEPIeTHYHOTO i0HHOTO O0oMbap tyBaHHs
Ta IMO3UTHBHOIO €(EKTY CTPYKTYPHOTO BIIODSIKYBAHHS, iHIYKOBAaHOIO BHCOKOIHTEHCHBHOIO HHM3bKOGHEPI€THYHOIO IIa3MOBOIO
aKTHBALI€IO.

Ku11040Bi ci10Ba: maznemponte posnunents; Himpuou, 601b@pam; penmaeniecoka oudparyisi; asza; cmpykmypa, nomix 2asy
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A comprehensive investigation of the elastic, mechanical, and thermo-acoustic properties of lead monochalcogenides PbX (X = S,
Se) has been carried out along the principal crystallographic directions (100), (110) and (111) within the temperature range of
0-300 K using the ultrasonic non-destructive evaluation method. The second- and third-order elastic constants (SOECs and TOECs)
were computed using the Coulomb and Born—Mayer potential frameworks, confirming the elastic stability of the materials under
study. Derived mechanical parameters and ultrasonic velocities were obtained from SOECs, indicating brittle mechanical behavior
based on Pugh’s ratio. At 300 K, the Debye temperature, Debye velocity, lattice thermal conductivity, acoustic nonlinearity
parameter, and ultrasonic attenuation coefficient were evaluated along the studied orientations. Among all the directions, the (111)
orientation exhibited the highest Debye temperature and Debye velocity. The dominant mechanism of ultrasonic attenuation was
identified as Akhiezer-type, emphasizing its relevance in thermal dissipation and acoustic damping. The findings suggest that PbSe
possesses superior elastic stiffness, whereas PbS exhibits enhanced thermal conductivity and stronger phonon interactions. These
characteristics underscore the potential of PbS and PbSe for applications in thermoelectric and ultrasonic sensing technologies.

Keywords: Lead monochalcogenides; Elastic properties; Mechanical constants; Thermal conductivity, Ultrasonic attenuation

1. INTRODUCTION

To meet the growing global demand for energy, researchers are increasingly focusing on renewable energy sources,
including solar energy, biofuels, wind energy, thermoelectric power, and fuel cells. Among the materials explored for these
applications, lead-based chalcogenides, especially lead sulfide (PbS) and lead selenide (PbSe), have gained significant
recognition in both fundamental research and practical applications due to their distinctive properties [1]. In terms of
theoretical and experimental studies, the work of Zhang et al. [2] has provided important insights into the anharmonic
properties of lead chalcogenides. Using density functional theory (DFT) and first-principles calculations, their research
elucidates the complex interplay between phonon interactions and thermal transport properties in these materials. This
foundational work underscores the importance of a detailed understanding of both the electronic and photonic
contributions to the overall performance of thermoelectric materials. These materials are important in a variety of high-
technology applications, including thermoelectric devices, infrared detectors, and photovoltaic cells [3]. The unique
properties of PbX (X: S,Se), such as their narrow bandgap, high carrier mobility, and low thermal conductivity, make them
ideal candidates for these applications [4]. Kang and Wise [5] also studied the optical properties and electronic structure of
lead sulfide and lead selenide quantum dots. The elastic properties of PbX materials are crucial for understanding their
mechanical stability and potential for device integration. Tripathi et al. [6] have investigated the non-linear elastic and
acoustic properties of PbTe and found that the ultrasonic attenuation is lowest at 100K which is a highly stable condition.
Thermophysical properties, including thermal expansion and thermal conductivity, are equally important for applications
where thermal management is crucial. PbS and PbSe exhibit interesting thermal behavior, which is essential for optimizing
their performance in thermoelectric applications [7]. Studies have shown that ultrasonic attenuation in chalcogenide
materials varies with temperature and frequency, providing the potential for their use in temperature-sensitive
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applications [8]. Recent advances in the study of lead chalcogenides have provided even greater insight into their thermal,
mechanical, and electronic properties. Skelton et al. [9] carried out first-principles investigations into the thermophysical
properties of PbX, focusing on their lattice dynamics and temperature-dependent behaviour. Their study provided
important insights into phonon softening, a phenomenon crucial for understanding the temperature dependence of thermal
conductivity, which has a major impact on the thermoelectric performance of these materials. By modeling phonon-
phonon interactions, the research highlights the ability of PbSe and PbTe to maintain high thermoelectric performance at
high temperatures. Anwar et al. [10] explored the influence of synthesis conditions, particularly the bath temperature, on
the structural and thermoelectric properties of PbSe thin films. The study found that higher temperatures during chemical
bath deposition improved the crystallinity and particle size of the PbSe films, leading to better thermoelectric performance.
This finding underscores the importance of controlled synthesis processes in optimizing the functional properties of PbSe
for practical applications in energy conversion technologies. Chen et al. [11] demonstrated that the synthesis medium
directly affects the size and morphology of PbSe nanostructures, with nanorods exhibiting superior electrochemical
properties compared to other morphologies. The study also highlights the importance of structural stability in
nanostructures for energy storage and conversion applications, demonstrating that smaller nanostructures exhibit better
electrochemical performance, thereby further strengthening the role of PbSe in next-generation energy technologies.
Jahromi and Moaddeli [12] used density functional theory to study the band structure of PbS, revealing its potential for
ultraviolet photoconductive devices. The study highlights the wide applicability of PbS, which has traditionally been used
in infrared technologies but is now being considered for ultraviolet applications as well, highlighting its versatility.
Abe [13] observed phase transformations between PbS and PbSe during thin-film deposition, revealing significant changes
in the crystalline structure that affect the material's optical properties. This transformation from PbS to PbSe during film
deposition suggests new possibilities for tuning the material's properties through controlled synthesis. As studied by
Bandoh et al. [14], annealing of PbSe films improved both optical and structural properties, increasing crystallite size and
reducing lattice defects. This improvement in material quality translates into enhanced performance in optoelectronic
devices, where crystal structure and purity are crucial to the device's efficiency. Nanocrystalline PbS thin films, as
investigated by Bayisa et al. [15], were also shown to exhibit excellent optical and structural properties, with the size of the
crystallites increasing as the film thickness was varied. These findings suggest that controlling the film thickness during
deposition can improve the material properties, thereby enhancing the performance of PbS-based devices. Recent research
has also focused on developing PbSe-based multifunctional devices. Khusayfan et al. [16] successfully produced PbSe thin
films for use in photovoltaic devices, microwave resonators, and X-ray sensors. Their work highlighted the adaptability of
PbSe for various high-tech applications, especially wireless communication technologies such as 5G. The structural and
optical properties of PbSe thin films make them ideal for use in next-generation devices, demonstrating the material's
versatility. Yang et al. [17] developed a novel electrochemical synthesis method to fabricate hierarchically porous PbSe
films, which showed excellent infrared photodetection properties. These porous structures provide a large surface area,
thereby improving the material's photoconductive sensitivity and making it highly effective for infrared detection at room
temperature. This advancement opens new doors for the use of PbSe in low-cost, high-performance photodetectors.

The limited exploration of ultrasonic attenuation in PbX compounds motivated a detailed investigation employing
ultrasonic non-destructive evaluation techniques. This study presents a systematic analysis of the anisotropic and
temperature-dependent elastic, mechanical, thermal, and acoustic properties of PbX (X = S, Se) across principal
crystallographic directions and within the temperature range of 0-300 K. The results provide critical insights into the
behavior of these materials under varying thermal and structural conditions, emphasizing their potential relevance in
industrial and functional applications. The calculated parameters are benchmarked against established data to validate
the reliability of the theoretical framework, which is grounded in the Born—Mayer interaction potential model.

2. COMPUTATIONAL APPROACH
2.1 Nonlinear Elastic Behavior: SOECs and TOECs
SOEC and TOEC serve as important links between mechanical properties and dynamic behavior in crystalline
materials. We have estimated the temperature-dependent SOECs and TOECs using the methodology proposed by
Brugger [18]. The potential used to evaluate these elastic constants is obtained by combining the electrostatic and
repulsive potentials.

F ()= FS(r) + FB(1). (1)

The Born Mayer / repulsive potential, F¢(r) and FE(r) are prearranged as

F¢(r) =+ (?) and FB(r) = Aexp (_Tr) )

Here, b characterizes the stiffness parameter, » denotes the distance between nearest-neighbour atoms, e refers to the
electronic charge, and 4 corresponds to the interaction strength factor [18].

The lattice dynamics framework has been proposed by Leibfried and Ludwig [19], Ghate [20], Mori and Hiki [21]
and the lattice energy is found to vary with temperature. Combining the static and vibrational part SOECs and TOECs
(Cijand Cjjy) can be defined as
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Ci=Cy+ClP and Cyu=Cly +Clj¢ 3)

Here, the superscript ‘vib’ indicates the vibrational component of SOECs and TOECs at elevated temperature and 0’
depicts the static component at OK. The formulae for computing the C;; and Cjjy, are given in literature [22].

2.2 Mechanical Parameters
The SOECs were used to estimate the mechanical parameters [23] like bulk modulus (B), shear modulus (G),
Young’s modulus (F), Tetragonal modulus (Cs), shear modulus (G), Cauchy pressure (Cp), Zener anisotropic factor
(Z4), Pugh’s indicator (B/G) and Poisson’s ratio (#) [23] and their values are placed in Table 1.

Table 1. The formulae for the mechanical parameters of PbX

= Lt i) G= (C11=C12+3Caq) | 2.5(C11=C12)Cas
3 10 4[C44+3(C11-C12)]
_ 9GB _ G-Ci2, ~» _
E=s Cs= =55 (= Cip-Caa
2C, 3B-2G
ZA: ik y=
C11-C1z 6B+26G

2.3 The Nonlinearity Parameter
The transmission of ultrasonic waves through a solid medium leads to waveform distortion, primarily influenced
by the material's microstructural features. The acoustic nonlinearity parameter quantifies this effect and is defined as the
negative ratio of the nonlinear to the linear terms in the finite-amplitude longitudinal wave equation, evaluated along
various crystallographic directions. Breazeale’s nonlinearity constant, which captures this behavior, is expressed as a
linear combination SOECs and TOECs, and is given by:

B =-(3K:+ K3)/K>
where K and K3 depends on SOECs and TOECs. The detailed expression of K> and K are described in literature [6].

2.4 Direction-Dependent Ultrasonic Velocities
The three modes of ultrasonic wave velocities described due to ultrasonic wave propagation are namely one
longitudinal (V7), and two transverse modes namely quasi-shear (Vs;) and shear (Vs;) velocities respectively, propagating
along different crystallographic orientations [24]. Due to crystal symmetry, the two shear modes degenerate along (100)
and (111) directions, polarised along (100),(001),(110) and (110) planes. The formulae for these velocities are
described in literature [24]. The average of these velocities defined at Debye average velocity (Vp) given as

1

S RIS ST |
VD - [3 {VL3 + V$13 + V523}] (4)

2.5 Thermoacoustic Properties
Another important parameter that describes the material thermophysical characteristics is Debye temperature (6p)

which depends on material parameters and Debye velocity [25] given as
1

0 h (anP)EVD. (5)

" kg \ 4nM

Where 4, ks, n, N, p, M and Vp are Planck constant, Boltzmann constant, number of atoms per unit cell, Avogadro
number, density of substance, molecular weight of substance and Debye average velocity, respectively.
The thermal conductivity  is directly influenced by Debye temperature 8p [26] given as
= AMST3n/3
V2T

(6)

Where A = 3.04x10%; M is defined as average atomic mass in amu; & (in A) is the cube root of volume per atom; y is
the Griineisen parameter calculated in different directions of ultrasonic wave propagation within the temperature regime
0-300K.

Thermal relaxation time 7, [27] determined as the time taken by phonon particles to regain thermal equilibrium given as

O]

Where Cy represents the specific heat at constant volume, calculated with the help of the AIP Handbook [28]. The
transformation of thermal to acoustic energy defined as the acoustic coupling constant [29] is given as

. J2
3<y/>2pcyT
D=9<(y/y> 2V
L EO

3k

1
th =5 °L S CVVL%

®

The propagation of ultrasonic waves through matter can be used to provide details about it. The details provided
by the wave are related to amplitude and phase, yet they can be interpreted to reveal many features within matter. When
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ultrasonic waves are generated and propagate within a material, energy is lost due to scattering, absorption, and the
difference in acoustic impedance of two different materials at their interface [30].

The factors affecting the ultrasonic attenuation coefficient in an ideal crystal are thermoelastic relaxation
mechanism (TRM), phonon-phonon interaction (PPI), and electron-phonon interaction (EPI). The thermal attenuation
caused during the maintenance of the equilibrium process for the transfer of energy between compressed and rarefied
region when the ultrasonic wave passes through the crystal [31,32], defined as

a 74n2<yij>2kT
(Sum ©)

The ultrasonic attenuation resulting from p-p interactions, applicable to both longitudinal and shear waves under
defined conditions, is given as follows: @11 (where t denotes the thermal relaxation time and ® represents the
angular frequency) is [33].

@, _ 47 tnEo (D1/3)
(v2 1= 20V . (10)
@, _ 4ntpEo (Ds/3)
(Vz)S - 2pVS3 (1 1)

Here E) represents the thermal energy density obtained from the AIP handbook, while V7 and Vg represent the velocities
for the longitudinal and shear modes of propagation, respectively.

3. RESULTS AND DISCUSSION
The SOECs and TOECs for PbS and PbSe in the temperature range of 0 to 300 K are evaluated using the lattice
parameter obtained from literature [2,34] and hardness parameters (b = 0.303A) for PbS and PbSe [35]. The SOECs and
TOECs are affected by both the anharmonic lattice vibrations and thermal expansion coefficient [36]. The obtained
values of SOECs and TOEC:s for PbX are listed in Table 2.

Table 2. SOECs and TOECs of PbX [in (GPa)]

Temp. (K) Material Ci; Ci2 Cu Cin Ciz Ciz Cru Cies Cys6

0 93.92 11.28 11.28 -1198.5 -39.05 16.84 16.84 -39.05 16.84
50 97.66 10.80 10.90 -2022.3 -37.18  14.31 16.88 -39.16 16.84
100 98.56 10.33 10.86 -2021.5 -35.59  11.77 16.85 -38.98 16.84
150 99.93 9.83 10.82 -2026.2 -33.81  9.20 16.83 -38.82 16.84
200 PbS 101.39  9.32 10.76 -2032.1 -31.96  6.61 16.78 -38.86 16.84
300 10443  8.30 10.64 -2045.7 -28.22 142 16.68 -38.20 16.84
0 100.86  13.08 13.08 -2089.8 -45.53  19.29 19.29 -45.53 19.29
50 103.89 12.61 12.64 -2116.4 -43.85 16.82 19.34 -45.63 19.29
100 PbSe 105.19 12.10 12.60 -2119.7 -42.11 14.28 19.32 -45.46 19.29
150 106.71  11.57 12.54 -2125.8 -40.24  11.71 19.28 -45.25 19.29
200 108.29  11.03 12.48 -2132.7 -38.33  9.13 19.22 -45.01 19.29
300 111.34  9.92 12.30 -2145.1 -34.36  3.89 19.05 -44.37 19.29

As shown in Table 2, the longitudinal elastic constant C;; increases with temperature, while the compression
coefficient C;; and elastic constant Cyy decrease with increasing temperature. The elastic constant Cyy, which is
responsible for the shear modulus perpendicular to the applied stress, is slightly decreasing with temperature. From the
increasing Ci; and decreasing Ci», Cyy, it can be inferred that the selected PbX becomes stiffer and softer at higher
temperatures. Cauchy's criterion for isotropic cubic crystals is derived from the assumption that the internal forces of
the material are perfectly central and the material is stress free. The Cauchy criteria C,= CY,, CL1, = Css, Ca3 = Cyu=
Clse. [37] proposed by Cousin [38] are valid at absolute OK, for PbS and PbSe but fail at higher temperatures, which
implies that at OK the interaction forces are central but have increasing ionic character as the temperature increases. The
TOECs estimated using the theory proposed by Brugger [18] and are utilized to analyze the acoustical and thermal
phonon interactions and other anharmonic properties of the material under examination. It is obvious from Table 2 that
the magnitude of C;;; is decreasing with increasing temperature, while the magnitude of C;;;, Ci2; and Cies are
increasing with temperature. The elastic constant C;44 is nearly constant due to the small effect of the vibrational part,
while Cys6 is constant at every temperature due to the absence of vibrational energy. The TOECs pattern of PbX (X:
S,Se) are similar to that of lead telluride [6] and tin monochalcogenides [38].

Figure 1 depicts the deviation plot for SOECs of the present work with previously reported values by experimental
and theoretical methods [2, 39, 40]. The variation of SOECs obtained in the present work relative to previously reported
values in the literature is = £10%, due to differences in the computational approach. The observed variations in elastic
constants as depicted in Fig. 1, with previously reported values are due to their dependency on temperature-dependent
lattice parameters, anharmonic phonon contribution and thermal expansion effect which is linked through the Griineisen
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parameters which connect the mechanical (elastic) and thermal properties of a crystalline solid. The elastic constants at
elevated temperatures can be attributed to the increased contribution of vibrational energy. This implies that, with rising
temperature, atomic interactions and the corresponding interaction potentials within the crystal lattice are modified due
to the influence of non-central forces. Consequently, a comprehensive understanding of the temperature dependence of
elastic constants is essential for accurately predicting the effects of thermal conditions on a material’s mechanical
strength, stiffness, and the interatomic force dynamics across adjacent crystallographic planes. The Born stability
criterion,{[(Cy1 + 2C13)/3] > 0; C4y > 0; [(Cy1 — C12)/3] > 0}is satisfactorily fulfilled by the obtained values of
elastic constants.
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Figure 1. Deviation plot for SOECs of PbS and PbSe

Therefore, while PbX (X: S,Se) is confirmed to be mechanically stable under the Born criterion, it remains
imperative to analyze the evolution of its mechanical parameters with temperature to assess its suitability for high-
temperature applications. To analyze the mechanical properties of PbX (X: S, Se), various mechanical parameters are
calculated for PbS and PbSe using the expressions defined in Table 1, within the temperature regime 0—300K and are
depicted in Table 3.

Table 3. The mechanical parameters of PbX (X; S,Se)

Material Temp. E B B G B/G Z4 v Hy Cr Cs
(K) (GPa)  (GPa) (GPa) (GPa) (GPa)  (GPa)

PbS 0 50.34 38.83 54.6 19.60 1.66 0.27 0.28 3.27 0 41.32
50 50.82 39.75 53.6 19.74 1.66 0.26 0.28 3.31 -0.10 43.43
100 51.06 39.74 51.6 19.85 1.64 0.25 0.28 3.41 -0.53 44.16
150 51.46 3986 495 20.02 1.62 0.24 0.28 3.53 -0.98 45.04
200 51.86 40.04 472 20.19 1.60 0.23 0.28 3.65 -1.43 46.03
300 52.67 4034 423 20.53 1.57 0.22 0.28 3.88 -2.34 48.06

PbSe 0 55.81 4234 484 21.79 1.66 0.29 0.28 3.67 0 43.88
50 55.99 43.04 47.6 21.82 1.66 0.28 0.28 3.68 -0.03 45.64
100 56.38 43.13 46.2 21.98 1.64 0.27 0.28 3.79 -0.49 46.53
150 56.81 43.28 44.7 22.16 1.63 0.26 0.28 391 -0.96 47.56
200 57.23 43.45 43.1 22.34 1.61 0.25 0.28 4.03 -1.44 48.62
300 57.96 43.73 39.9 22.65 1.58 0.24 0.27 4.26 -2.37 50.71

*Ref [2]

As depicted in Table 3, Young’s modulus, responsible for the stiffness of the material, is increasing with an
increase in temperature for PbX (X: S, Se), and the value of for PbSe is higher than PbS. Thus, PbSe is stiffer than PbS,
which is highest at 300 K. The obtained values of £ for PbX (X: S, Se) are nearly similar to those reported by Seetawan
et al. [41] at 300 K using the molecular dynamics method. The bulk modulus indicates a material's resistance to changes
in volume. PbS is more compressible than PbSe, which is highest at 300 K for PbX. The reported values of B for PbS
are 62.8 GPa by experimental method [39] and equal 55.7 GPa and 65.6 GPa, calculated by GGA and LDA methods
[2], respectively. As depicted in Table 3, the estimated value of B in the present work at 300 K is 40.34 GPa, indicating
deviations of 5.4% to 19% due to differences in the approach used.

Modulus of rigidity (G) represents the behaviour of the material to resist change in size and shape. In the present
study, G values increase with increasing temperature for selected PbX (X: S, Se). As the reported values of Cs and
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Shear modulus for PbSe are higher than those of PbS at 300K, as depicted in Table 3, it indicates that PbSe is stiffer and
harder than PbS, as it resists deformation more under both shear and elastic distortions. A similar result has been
reported by Seetawan et al. [41] at elevated temperatures, which justifies our approach.

Pugh's index (B/G) compares fracture to toughness which measures the ductility and brittleness of materials. If the
Pugh index is more than 1.75, then the selected compound is ductile; otherwise, it is brittle. It is evident from Table 3
that Pugh's ratio for both PbS and PbSe is less than 1.75, indicating that both materials are brittle at all temperatures
examined in the present work. Poisson's ratio is an important variable for defining the behavior of intermolecular forces.
The relation 0.5>»>0.2 is valid for non-central forces and ionic values are around 0.25. In the present case as Table 3
shows, values are approximately 0.28 which satisfy the relation of non-central. Thus, the » values predict that the inter-
atomic forces are non-central and ionic in nature. For brittle materials, the Cauchy pressure is Cp=(C1,-C4s) <0 and the
Poisson ratio is ¥ < 0.3. Table 3 shows that Cp <0 and »<0.3, which predicts that PbS and PbSe are brittle in nature,
which validates our previous prediction (on the basis of Pugh’s index) of the brittle nature of both materials in the
present investigation. The Zener anisotropy index (Z4) is a dimensionless quantity that measures the isotropy of a cubic
crystal. For isotropic materials Z, value is equal to 1. Table 3 shows that the Zener index is different from 1, which
indicates that the selected PbX are anisotropic in the temperature range 0-300 K. Figure 2 presents the combined plot of
the Cauchy pressure Cp/Y versus the G/B ratio for PbX (X: S, Se) over the temperature range of 0—300 K. The observed
downward trend toward the lower right corner of the plot is attributed to the directional nature of bonding in the
material, which promotes brittle behaviour, revealing the anticipated mechanical response based on theoretical
predictions.

0.02 T T 0.02 T T
Pugh Criterion Pugh Criterion
0.014 0.01 4
Pettifor Criterion - Pettifor Criterion =
0.00 4 oo OK = 0.00 1 . 0K
-0.014 = 100K -0.01 4 = 100K |
% 002 " 150K % 0024 " 150K
[§] 6]
003 W = 0034 " 200K -
-0.04 4 .0.04
300K 300K 7
-0.05 1 -0.05 1
-0.06 T T T T T T -0.06 T T T T T T
01 0.2 03 04 05 06 0:7 0.1 02 03 04 05 0.6 07
G/B G/B
(a) (b)

Figure 2. Renormalized Pugh and Pettifor criteria for (a) PbS, (b) PbSe within the temperature range 0-300K

The estimated SOECs and TOECs were utilized to compute the nonlinearity parameters K2 and K3 [6], which are
subsequently used to evaluate the temperature-dependent Breazeale’s nonlinearity parameter [ across the temperature
range of 0-300 K. The variation of f along different principal directions of wave propagation is illustrated in Fig. 3,
highlighting the anisotropic nonlinear elastic behavior of PbX (X:S,Se) with respect to temperature.
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Figure 3. Orientation-dependent Breazeale’s nonlinearity constant with temperature (a) PbS (b) (PbSe)
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Figure 3 reveals that the maximum value of the nonlinearity parameter £ is observed along the (100)
crystallographic direction, while the minimum value is recorded along the (111) direction. Furthermore, it is evident
that the nonlinear parameter § for PbX (X= S, Se) does not exhibit a consistent trend with increasing temperature,
indicating a complex dependence on thermal effects. The nonlinearity parameter f does not remain uniform across
different crystallographic orientations; however, a general linear decreasing trend in its value is observed as the
temperature increases. Ultrasonic velocity measurements are employed to gain insights into the microstructural
characteristics of the material.

To validate and extend our calculations, 3D visualizations showing the directional dependence of Young's
modulus (E), bulk modulus (B), and shear modulus (G) are presented in Figs. 4,5, and 6 respectively. These
visualizations also include their 2D projections on the (100), (010) and (001) planes. The calculations for B and G are
based on established relations given in the literature [42], while the values of G are further elaborated using references
from the literature [43].

—= (S + 25 )+ B +13) (12)

1_ 1 272 272 272
5—511_2(511_512_5544) 715 + 315 + 151%) (13)
= = S4s = 4(S11— S12 = 3544 (sin® 0 cos? 6 + 0125 sin* H)(1 — cos 4¢) (14)

Here, §;; = Ci;1 denotes the elastic compliance matrix, which is obtained as the inverse of the elastic constant matrix.
The terms /;, [>, and 13 denote the 3D directional cosines corresponding to the x-, y-, and z-axes, respectively.

A material is classified as isotropic if its 3D and 2D plots exhibit spherical and circular symmetries, respectively;
deviation from these symmetries indicates anisotropy. As shown in Figs. 4, 5, and 6, the bulk modulus exhibits isotropic
behavior, maintaining consistent spherical symmetry in its 3D representation. In contrast, both Young's modulus (E)
and shear modulus (G) deviate significantly from spherical symmetry in their 3D diagrams and from circular symmetry
in their 2D projections, highlighting their inherent anisotropic properties.

Bz \GPa)

8z \GPa)

Figure 4. 3D-directional dependence of the bulk modulus (B, in GPa) for PbX and its projection in dissimilar planes



696

Sudhanshu Tripathi, et al.

EEJP. 3 (2026)

|PbS

(ed0) 29

(ed9) 20

Figure 5. 3D-directional dependence of the shear modulus (G, in GPa) and its projections in dissimilar planes for PbX

Figure 6. 3D-directional dependence of the Young’s modulus (£, in GPa) and its projections in dissimilar planes for PbX
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Ultrasonic velocity provides information about the microstructure, texture, and damage in materials [44]. The
temperature-dependent ultrasonic velocities e.g., longitudinal ultrasonic velocity, shear ultrasonic velocity and quasi-
shear ultrasonic velocity along the (100),(110)and (111) direction, with the direction of polarization along
(100),(001),(110) and (110) are evaluated using SOECs and densities of PbX in the temperature range 0 - 300K are
depicted in Table 4.

Table 4. Ultrasonic velocities (in 103m/s) of PbS and PbSe

Orientation Temp. PbS PbSe
) VL Vo1 Vs2 Vb 43 Vo1 Vs2 Vb
0 3.5107 1.2169 1.2169 1.3840 3.5255 1.2698 1.2698 1.4429
50 3.5789 1.1964 1.1964 1.3616 3.5782 1.2485 1.2485 1.4197
(100) 100 3.5963 1.1939 1.1939 1.3589 3.6003 1.2464 1.2464 1.4175
150 3.6212 1.1916 1.1916 1.3565 3.6264 1.2435 1.2435 1.4104
200 3.6475 1.1885 1.1885 1.3532 3.6531 1.2401 1.2401 1.4109
300 3.7018 1.1820 1.1820 1.3462 3.7043 1.2313 1.2313 1.4015
0 2.8955 1.2169 3.2930 1.6883 2.9382 1.2698 3.2889 1.7546
50 2.9237 1.1964 3.3760 1.6656 2.9560 1.2485 3.3539 1.7309
(110) 100 2.9274 1.1939 3.4026 1.6631 2.9632 1.2464 3.3868 1.7293
150 2.9362 1.1916 3.4384 1.6611 2.9724 1.2435 3.4240 1.7269
200 2.9465 1.1885 3.4757 1.6582 2.9817 1.2401 3.4619 1.7239
300 2.9653 1.1820 3.5516 1.6519 2.9981 1.2313 3.5353 1.7150
0 2.6590 2.0269 2.0269 2.1712 2.7144 2.0354 2.0354 2.1868
50 2.6694 2.0679 2.0679 2.2086 2.7171 2.0662 2.0662 2.2143
100 2.6674 2.0819 2.0819 2.2204 2.7179 2.0836 2.0836 2.2297
(111) 150 2.6692 2.1010 2.1010 2.2370 2.7196 2.1032 2.1032 2.2470
200 2.6709 2.1208 2.1208 2.2542 2.7214 2.1231 2.1231 2.2645
300 2.6752 2.1611 2.1611 2.2890 2.7223 2.1614 2.1614 2.2974

Table 4 predicts that the longitudinal ultrasonic velocities for PbX dominate the shear velocities, suggesting that
the compressional mode plays a key role in ultrasonic wave propagation. The longitudinal velocity for PbS is highest at
300 K and occurs along the along (100) direction and remains almost constant along the (111) direction in the 0-300 K
temperature regime due to the dependence of velocity on the second order elastic constants. The shear velocity Vs, due
to transverse propagation is highest for PbS with (110) at 300 K. The Debye velocity is increasing with temperature,
when the wave is propagating in (111) direction and decreasing with temperature for other two directions of
propagation for both PbS and PbSe. Pei and Liu [45] reported the longitudinal, transverse and average velocity for PbS
4.08x10° ms!, 1.84x10° ms™!, 2.04x10° ms™! respectively at 300K and for PbSe 3.82x10° ms™!, 1.72x10° ms’!, 1.91x103
ms™! respectively at 300K. The obtained longitudinal, shear and Debye average velocities for PbS for ultrasonic wave
propagating in (100) direction is 3.70x10° ms™!, 1.18x10° ms™!, 1.34x10° ms™ respectively and for PbSe is 3.70x10°
ms™, 1.23x10° ms™!, 1.40x103 ms™! respectively at 300K. Hence the present investigated values of the wave velocities
are comparable with the previous findings reported experimentally [45]. The slight variations in the wave velocities of
present investigations observed may be due to the consideration of wave propagation in all three directions along the
(100),(110)and (111) direction, with the direction of polarization along (100),{001),(110) and (110), however
experimentally reported data have not considered the same and may also involve experimental errors during the

measurement process.

(a) s T\\

Debye average velocity (km/s)
Debye average velocity (kmy/s)

Figure 7. Debye average velocity in 100-300K temperature range along (100), (110) and (111) for (a) PbS (b) PbSe

Table 4 and Fig.7 show that the Debye mean velocities are highest in the (111) and lowest in the (100) direction
respectively. The Debye characteristic temperature of a solid material provides details about the vibration spectrum,
elastic properties and thermodynamic properties of the material. It is the highest normal mode of oscillation of a
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crystalline material and combines elastic properties such as thermal expansion, phonon dispersion, specific heat,
thermal conductivity and lattice enthalpy [42]. The Debye temperature, as a bridge between elastic and thermal

properties, is calculated by Eq. (5). The Debye temperature for PbS and PbSe is shown in Figures 8,9.
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Figure 9. Debye average temperature in 100-300K temperature range along (100),(110) and (111) for (a) PbS (b) PbSe

Figure 9 shows that the Debye characteristic temperature for PbSe is lower than that for PbS because 6p is inversely
proportional to the cube of the molecular weight. The decreasing value of the Debye temperature as temperature
increases is due to its dependence on the Debye velocity, which is a function of the second-order elastic constant. The
Debye characteristic temperature is highest in the (111) direction, while it is lowest in the (100) direction for PbX. The
Debye mean velocity is used to calculate the Debye characteristic temperature, which is used to estimate the thermal
conductivity. The thermal conductivity is then used to calculate the thermal relaxation time, which is further used to
calculate the nonlinearity parameter (acoustic coupling constant) and acoustic attenuation. The calculated values of
thermal conductivity, nonlinearity parameter, and attenuation for PbS and PbSe are given in Tables 5 and 6,
respectively. The thermal relaxation time along three crystallographic directions (100),(110) and (111) at 300K for PbS

and PbSe is shown in Fig. 10.
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Figure 10. Thermal relaxation time at 300K along (100),(110) and (111) for (a) PbS (b) PbSe
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Thermal conductivity is an indicator of thermal performance that is highest for PbS along the (110) direction at
300K. Thus, PbS along (110) has better thermal behavior than PbSe. Ultrasonic wave propagation through the material
causes distortion in the phonon distribution. Wei et. al [46] reported the lattice thermal conductivity for PbS as 2.19
W/mK, while experimentally reported values are 2.52 W/mK, 2.38 W/mK, and 2.56 W/mK, respectively [45,47,48]. As
depicted in Table 5, the thermal conductivity for PbS at 300 K under the present investigation is 3.84, 4.87, and 4.43
along the (100), (110) and (111) direction of wave propagation, respectively.

Table 5. x(w/mK), D1, Dsi1, Dsz, (‘%)m, (%)1, (=)L, (%)sz, (1%)10131 (x10°"7 Nps?m™') for PbS

v

Direction Temp. K Dy Ds;1 Ds> (Vlylh (%)1 (Vlgm (vlysz (l%)lotal
50 3.78 32.12 1.023 1.023 0.01 16.79 7.166 7.166 31.141

100 3.79 31.95 1.023 1.023 0.03 46.66 20.41 20.41 87.515

(100) 150 3.80 31.39 1.022 1.022 0.04 77.38 35.36 35.36 148.14
200 3.81 30.82 1.022 1.022 0.05 108.36 51.93 51.93 212.27

300 3.84 29.74 1.021 1.021 0.07 163.64 86.38 86.38 336.47

50 474 39.85 0.622 62.77 0.16 28.57 3.257 14.61 46.593

100 4.74 40.58 0.621 62.05 0.32 84.82 9.571 41.29 136.00

(110) 150 4.79 40.32 0.619 61.28 0.45 147.05 16.90 69.59 233.99
200 4.81 39.92 0.618 60.63 0.56 211.71 24.95 97.86 335.08

300 4.87 39.07 0.615 59.62 0.73 342.60 42.58 152.16 538.07

50 4.30 28.19 40.23 40.23 0.33 11.67 17.91 17.91 47.823

100 4.32 29.49 39.77 39.77 0.64 35.86 50.86 50.86 138.22

(111) 150 4.35 29.18 39.26 39.26 0.92 63.28 87.29 87.29 238.78
200 4.37 28.50 38.83 38.83 1.18 90.57 123.25 123.25 338.25

300 4.43 26.91 38.13 38.13 1.64 141.83 190.62 190.62 524.71

Table 6. x(w/mK), D1, Ds1, Ds2, (5. (o1 (st (C)s2. (5ot (10717 Nps?m!) for PbSe

Direction Temp. K Dy Ds; Ds, (%)th (1%)1 (%)51 (- v%)sz (%)total
50 3.56 30.84 1.003 1.003 0.016 20.36 7.801 7.801 35.978

(100) 100 3.57 30.68 1.003 1.003 0.031 34.88 15.05 15.05 65.013
150 3.58 29.53 1.002 1.002 0.043 59.00 24.83 24.83 108.71

200 3.59 28.97 1.002 1.002 0.052 82.20 36.34 36.34 154.93

300 3.61 27.92 1.001 1.001 0.067 125.16 61.12 61.12 247.46

50 4.43 36.88 0.619 58.61 0.1441 20.767 2.315 11.29 34,522

100 4.45 39.54 0.618 57.74 0.2731 35.051 19.76 92.03 147.12

(110) 150 4.47 37.37 0.616 56.92 0.3837 106.68 12.01 53.15 172.22
200 4.50 36.96 0.614 56.20 0.4784 153.49 17.71 74.54 246.23

300 4.55 36.15 0.610 55.11 0.6267 248.25 30.25 115.3 394.51

50 4.01 27.02 37.73 37.73 0.2582 9.3199 14.79 14.79 39.170

100 4.03 31.40 37.17 37.17 0.4989 19.763 153.0 153.0 90.869

(111) 150 4.05 27.99 36.65 36.65 0.7197 51.832 73.36 73.36 199.27
200 4.08 27.34 36.18 36.18 0.9219 74.480 103.7 103.7 282.96

300 4.12 25.75 35.45 35.45 1.283 112.46 154.7 154.7 423.14

The thermal relaxation time, 7, for PbS and PbSe is of the order of 107'' second, which confirms the
semiconducting nature of the chosen materials [49]. 7., is shortest along (110) and the highest along (111) as shown
in Fig. 10, from which it can be inferred that the change in thermal energy to recover the phonon shape is faster along
the (110) direction. The non-linearity parameter i.e. acoustic coupling constant is the parameter that quantifies the
conversion of acoustic energy into thermal energy via the phonon interaction mechanism. The longitudinal coupling
constant is higher in the (110) direction at 100K while the shear coupling constant is higher in the (111)direction at
50K. The total coupling constant sum of longitudinal and shear coupling constants, is highest in the (110) direction,
from which it can be inferred that the conversion of thermal to acoustic energy is highest in the (110) direction. The
higher value of the coupling constant of PbS compared to PbSe shows that the conversion rate from thermal to acoustic
energy is higher for PbS than for PbSe. It is clear from Table 5 that the loss due to the phonon-phonon (p-p) viscous
process (Akheizer loss) dominates the thermal loss. The Ultrasonic attenuation due to the thermoelastic relaxation
process is inversely proportional to the acoustic velocity [50].

Tables 5 and 6 clearly shows that ultrasonic attenuation caused by the thermoelastic relaxation mechanism is
minimal compared to that from p-p interaction. This indicates that most of the ultrasonic energy loss happens as the
system reaches equilibrium among different phonon branches and wave propagation directions. The similar values for
ultrasonic attenuation among different directions of wave propagation reported previously [51] validate our findings and
the approach we performed. The acoustic attenuation due to the thermoelastic relaxation process is largest in the (111)
direction and smallest in the (100) direction for PbS and PbSe. The Akheizer damping at 300K is larger in the (111)
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direction and smaller in the (100) direction. Ultrasonic attenuation refers to the loss of energy in ultrasonic waves as
they propagate through a material. It provides information on the microstructure, particle size, porosity, stress state and
heterogeneity of the material. The total ultrasonic attenuation of PbS and PbSe is shown in Fig. 11 in the (100),(110)
and (111) directions.
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Figure 11. Total attenuation of PbS and PbSe along <100>, <110>, <111> direction

Figure 11 shows that PbS has higher attenuation values than PbSe, which imposes limitations on the applications
of PbS. The ultrasonic attenuation coefficient shows that PbS is more suitable for applications that require minimal
signal loss, such as in ultrasonic transducers and sensors. PbSe with large attenuation is used for applications where
controlled energy dissipation is beneficial.

4. CONCLUSIONS

The Born potential model has been successfully applied to calculate the second- and third-order elastic constants
and compared with existing results to validate the theory. The elastic constants are highest for PbSe indicating that PbSe
is highly elastically stable. Pugh index, Cauchy pressure and Poisson ratio confirm that PbS and PbSe are brittle in
nature in the temperature range 0-300 K. Zener anisotropy index indicates that PbS and PbSe are anisotropic. The
thermal performance of PbS is better due to higher values of thermal conductivity and Debye temperature. The
relaxation time is of the order of 10! second which validates the semiconducting nature of PbS and PbSe in the
temperature range 0- 300K and in (100),(110) and (111) direction. The thermal energy to acoustic energy conversion
is highest in the (111) direction for PbX. The attenuation coefficient of PbS is lower than that of PbSe. The total
attenuation for both PbS and PbSe is the lowest in the(100) direction, indicating that the (100) direction is the most
suitable direction for wave propagation. These results offer a baseline for designing and improving PbX-based
thermoelectric materials, sensors, and non-destructive ultrasonic evaluation systems.
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IIpoBeneHo BceOiuHE MOCHTIMKCHHS MPY)KHUX, MEXaHIYHHX Ta TEPMOAKyCTHYHHUX BIACTUBOCTCH MOHOXaJbKOTCHIMIB CBHHIKO PbX
(X =S, Se) B310BXK OCHOBHMX KpucTaiorpapiunux Hanmpsmkis <100) , 110) Ta (111) y nmiamasoni Temmeparyp 0-300 K 3
BUKOPHCTaHHSM YIBTPa3ByKOBOTO HEpyHHIBHOTO MeTony omiHku. IIpyxHi moctiitai npyroro ta tpersoro mnopsaky (SOEC ta TOEC)
Oyny po3paxoBaHi 3 BUKOPHCTAHHSIM KYJIOHIBCHKOI Ta GOPHIBCBKO-MaM€PiBCHKOI MOTEHLIHHUX MOJENEH, [0 MiITBEPIDKYIOTh MPYXHY
CTaOUIbHICTh AOCTIMKYyBaHUX MatepiaiiB. [ToxiqHi MexaHiYHI mapamMeTpu Ta MIBHIKOCTI YAbTpa3ByKy Oyam orpumani 3 SOEC, mio
BKa3y€ Ha TCHAITHY MEXaHIUHY IOBEIIHKY, 3acHOBaHy Ha koedimieHTi Kuyta. [Ipn Temmeparypi 300 K Gynu Bu3HaveHi TeMmneparypa
[ebas, mBuakicts Jlebast, TEIIONPOBIAHICTE Ipat, MapamMeTp aKyCTHYHO! HENHIMHOCTI Ta KOSQIIli€HT YIBTPa3BYKOBOTO 3racaHHs
B3JIOBXK JIOCII/PKYBaHUX HarpsimkiB. Cepert ycix HampsMkis opientaris {111) mnokasana Haiteurry Temmeparypy Jle6ast Ta MBHIKICTE
Jebas. JIoMiHyIOUMM MEXaHi3MOM YIBTPa3ByKOBOTO 3racaHHs Oyllo iI€HTH(IKOBAaHO MEXaHI3M THITy AXie3epa, IO MiIKPeciIroe Horo
pOJb y TEIUIOBi/Iavi Ta aKyCTHYHOMY JemiipyBaHHI. Pe3ynbrari mokasyrors, mo PbSe mae uynoBy npyxHY »KOpCTKICTb, Toal Ik PbS
JIEMOHCTPYE Mi/IBUIIEHY TEIUIONPOBIAHICTS 1 CHIbHINT ()oHOHHI B3aeMonil. Lli XapakTeprcTHKH HigKpecooTh notenmian PbS Ta PbSe

JUTS 3aCTOCYBAHHS B TEPMOCIIEKTPUYHHX 1 YIBTPa3BYKOBHX CEHCOPHHX TEXHOJIOTIsX.
Ki11040Bi c10Ba: MoHoXaMbKO2EHIOU CBUHYIO; NPYHCHI BAACTNUBOCII, MEXAHIUHI KOHCIMAHMU, enIonpoioHIiCmy,; YIbmpazeyKose
32acaHHA





