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A digital measurement technique of points coordinates along the tracks was developed for the stereo frame photonuclear reaction data
bank created in KIPT. The main procedure is the analysis of pixel intensity in the area of tracks. The '#N(y,2a)SLi reaction was chosen
as a test reaction for measurement. A kinematic scheme for calculating the physical parameters of the reaction was created assuming
a two-particle decay mode with the formation of an intermediate excited state. Experimental data and kinematic calculation were
compared. Events corresponding to the partial channel of the '“N(y,°Li)®Bey reaction with the subsequent two-particle decay *Be —
a +a were identified and the partial cross section of this channel was measured. The energy and angular distributions of particles at
each decay stage were analyzed.
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1. INTRODUCTION

Photoreactions on light nuclei are of particular interest to nuclear physics. They are driven by the well-known
electromagnetic interaction and therefore their study provides important information about the fundamental properties of
the nuclear forces. Photonuclear reactions are also important in nuclear fusion and astrophysical processes [1, 2]. It has
been accepted [3, 4] that at quantum energies E, up to the meson threshold, nucleus absorption mainly occurs through
two different reaction mechanisms: giant dipole resonance (at E,, < 40 MeV) and quasi-deuteron photoabsorption (at
E, > 40 MeV, where the photon wavelength is usually smaller than the nucleus size but close to the deuteron size).

The (y,N) and (y,NN) reactions were qualitatively explained in the framework of various modifications of these
interaction mechanisms. At the same time, in various nuclear reactions, not only protons and neutrons but also other
particles such as deuterons, tritons, a-particles, and other light and heavy nuclei, different in composition and properties
from the initial nucleus, are observed with significant probability. This led to the development of the model of the interaction
of constituent nuclear particles (nucleon associations, cluster model) [5, 6]. The use of this theory made it possible to
describe such effects that could not be explained by other methods. The simple cluster model assumes that the atomic
nucleus consists of two structureless fragments whose properties coincide or are close to the properties of the corresponding
nuclei in the free state. The two-cluster model assumes the presence of only two separate fragments — clusters, between
which all nucleons of the nucleus are redistributed. The photon does not enter into strong nuclear interactions with the
target nucleus, but only electromagnetic interactions with the cluster structure, the operators of which are exactly known.
Therefore, it is possible to take into account only nuclear interactions of related clusters, which greatly simplifies the
consideration in comparison with the three-body problem, when it is necessary to include the nuclear interaction of the
incoming particle along with intercluster forces.

The N nucleus is of interest as an intermediate between '2C and 'O nuclei, which in the cluster model are
considered coupled systems of 3a and 4« particles. Previously, we have studied in detail the reactions of '>C(y.,3)
and 160()/,4&) [7]. In the present work, we present information on the 1“N()/,Zcx)‘SLi reaction, which will provide new
information on the evolution of the cluster structure, which becomes more complicated beyond a-clustering. The reaction
1“N()/,chyz)éLi has not been studied before, but nuclear reactions with such final particles in the literature are (*He + ''B [8],
andd + "“C [9)).

2. EXPERIMENTAL TECHNIQUE

The experiment was performed using a track 4x-detector (the diffusion chamber placed in a magnetic field with a
strength of 1.5 T.) [10]. The chamber was exposed to a beam of bremsstrahlung photons with a maximum energy of
150 MeV emitted from a linear electron accelerator (LUE-300). The soft component of the bremsstrahlung spectrum was
removed by a beryllium filter 2.5 radiation-length units in thickness. The spectral distribution of photons was assumed to
be of a Schiff form corrected for its nonuniform attenuation by the filter.

To reduce the target density, the chamber was filled with a mixture of nitrogen (15%) and helium. This experimental
method makes it possible to obtain, for slow final nuclei, track lengths acceptable for measurements and sufficiently high
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sharpness of their image at pressures close to atmospheric pressure (1.5 atmospheres). The target—detector combination
made it possible to register the products of a low-energy reaction and analyze it practically from its threshold.

The error in measuring the particle momentum depends on its magnitude and track length, and ranges from 3 to
10%. The energy of the stopped particles was determined from the range-energy relationship. The range in the mixture
was obtained taking into account the ion charge exchange with the medium, using tabulated data for several target.

2.1. Digital Measurement of Point Coordinates Along Tracks

In the experiment, during the sessions of irradiation of the camera, the working area of the camera was photographed
by two 2-lens cameras. A large amount of information on multiparticle photoreactions was collected and an experimental
complex with a digital data bank of stereo frames and a set of graphic programs that allow to restore events and perform
physical analysis of the obtained data was created [11]. Photo frames have a structured name with the maximum necessary
information about the experiment session.

In [11], a method of digital semi-automatic measurement of the coordinates of points along the track was proposed.
This allowed us to compare the digital method and the method using special devices. Also, the procedure of correct
obtaining of physical information by digital measurement was created.

In this work, a fully automatic method of obtaining the kinematic parameters of particles is proposed, which reduces
the contribution of the meter error and significantly speeds up the image processing. For this purpose, a specialized
graphical application was created using the Python programming language on the platform of the Tkinter graphics library
with the use of additional modules - PIL, NumPy, SciPY, and Pandas. The PIL module allows you to access a two-
dimensional array of numbers, which is a function of the image intensity distribution on the plane. The intensity range
is from 0O (black) to 255 (white). The coordinate system starts in the upper left corner. The X coordinate increases from
left to right, and the Y coordinate increases from top to bottom. Next, we will present algorithms for the mathematical
processing of digital arrays (NumPy and SciPY) with further visualization of the results.

Fig. 1 shows two identical fragments of a photo frame with a three-beam event. The white segments emanating from
the same vertex correspond to a three-beam event. It should be noted that there are significant background emissions (light
objects in the frame) that can cause distortions during image analysis. They arise due to the complex gas structure of the
diffusion chamber. However, such background emissions are not systematic and the total intensity along the tracks should
be higher.

To implement an automatic method for obtaining kinematic parameters of reaction particles, an algorithm is proposed
in which the pixel intensity is scanned along a circular trajectory of a specified radius and the average intensity value is
calculated at each scanning step

Io= (), 1)/, ()
i=1

where n is the number of pixels (length radius), 8 - scaning angle, and I; - is the intensity of the i-th pixel.

In Fig. 1 above, for a visual example, dark segments of 50 pixels in length represent the procedure of scanning in a
circle. The scaning was performed along the clockwise trajectory with a step of 15 degrees. In the real study, the scanning
step was 1°. For the convenience of data analysis and searching for extremes, we introduced the relative intensity 1¢*" =
Iy /19V¢", where I4V¢" - is the average intensity of the circle.

In Fig. 2, the histogram shows the dependence of 1*’” on the scanning angle in the range from 0 to 360 degrees.
There is an irregular structure with several maxima corresponding to the deviation from the background in the scanning
area. To automatically determine the position of these maxima, we used the groupby() function from the Pandas module,
which performs grouping by one or more parameters and determines the inflection points (extremes). The positions of the
calculated extremes are shown as solid points. The three maxima in the positive region correspond to the three tracks in
Fig. 1, and the position of the maximum gives the value of the departure angle of the corresponding track.

Thus, knowing the top of the event, the angles of departure of the tracks, and the average intensity of the I1¢V¢" in the
selected direction, it is possible to calculate the coordinates of points along each track. For this purpose, the procedure
of sequential advancement of the scanning segment along the corresponding track was performed. The pixels in the
scanning segment were checked for intensity. A sharp change in intensity compared to I*V*" made it possible to determine
the boundary of the track. If all pixels corresponded to the track, the procedure was performed to move the start of the
scan to the last point of the scanning segment, and then the procedure of scanning the intensity of pixels along a circular
trajectory was performed again to determine the angle of departure of the track and further advancement along the track.
This sequence of actions was performed in a loop until the track boundary was determined. This algorithm allows us to
take into account the curvature of the track and at each stage of moving along the track it is possible to refine the departure
angle.

In Fig. 1 on the bottom image shows the result of the automatic digitization of all three event tracks. The points
describe the trajectory of the tracks well. Subsequently, we performed the functions of fitting the points with a second-order
linear curve and refining the coordinates of the middle of the track. After reconstructing the geometry of the event, a
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Figure 1. Digital image processing.
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Figure 2. Dependence of pixel intensity on scanning angle.

numerical matrix of this event is created, in which for each track there are guide cosines 1, m, n; the radius of curvature
and track length.

2.2. "N(y,2e)Li Reaction Events

For the measurement and processing of the '#N(y,2a)°Li reaction, we selected 3-ray stars close to compatibility,
two of whose rays belong to two-charged particles and one to a three-charged particle. The ionization density, its change
along the track at a known momentum, makes it possible to determine the charge of the particle. This identification was
performed visually at the stage of selecting events for measurements. The particle tracks usually ended in the working area
of the chamber, so the experimental data of their energy losses (the range-energy relationship) were used to determine the
kinetic energy of the particles [12].

The methodology for selecting events is traditional for this method of experiment and has been previously described
[13, 14].

Events corresponding to the *N(y,2a)°Li reaction were selected after measurements based on the momentum
balance. Boundary conditions were imposed on the quantities Y, P%, 3, P;, and ), Pi, where P; ) -are the components
of the three-dimensional momentum of the i-t4 final particle. The projection of the imbalance onto the OX axis, along
which the y-quanta is directed, is equal to the sum of the projections of the momentum onto this axis minus the energy
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of the y-quanta, which was defined as the sum of the kinetic energies of the final particles and the reaction threshold. A
clearly pronounced peak in the distributions for P, ) in region O corresponds to the events of the examined reaction.
The laws of conservation of energy and momentum make it possible to refine the measurement results of one of the tracks,
usually the worst measured one. The measurement error of the momentum of charged particles depends on its size and
track length and ranges from 3 to 10%.

3. DATA PROCESSING
For the "“N(y,2a)®Li reaction events, the excitation energy of a pair of particles was determined as

E (aa) = MTF — (2my) (2)

where M7/ is effective mass equal to the total energy of a pair of a-particles in their resting state, and m,, is the mass of
the a-particle.

In Fig. 3, the histogram shows the distribution of E, (a«@) with a step of 0.25 MeV. The distribution has a structure:
a narrow near-threshold maximum and a concentration of events in the region of 3 MeV. The area of the first maximum
is 15% of the total area. There are three particles in the final state of the reaction, so three combinations of particle-pair
systems are possible. This means that the structure observed in Fig. 3, is formed either by the decay of the intermediate
excited state of the ®Be nucleus or is simulated by one of the background pairs during the decay of the intermediate excited
state of the '°B nucleus.

100 -
L experimental data
——1-100% "B (E, = 6.56 MeV)
——2-100% "B (E, = 9.58 MeV)
50| | —3-15%()+85%(2)
4
= )
2
o 3 2/
5 0 o
%5100 -
O
g experimental data
= ———4-100% "Be,
50 5\ 5-100% ‘Be,
4 A ——6-15%(4) +85% (5)
/ | b)
0 T T T T " ! ' !
0 3 6 9 12
E (aa), KeV

Figure 3. Distribution of events by excitation energy of 2a-particles. The curves are explained in the text

3.1. Kinematic Calculation

Experimental studies of nuclear reactions on light nuclei are usually accompanied by a mathematical model of the
process under study [15-16].

To analyze the experimental data and compare it with the kinematic calculation, a graphical application in the Python
programming language was created for this work. The matplotlib library is used for data visualization.

The kinematic model of the '#N(y,2a)SLi reaction was developed under the assumption of two-particle decay with
the formation of an intermediate excited state. In the system of the center of mass (s.c.m.) of a two-particle reaction, the
kinematics is determined by the fact that, regardless of the specific type of interaction, the reaction products scatter at an
angle of 180° and have equal modulus momentum, and their energies in the same system depend only on the masses of
the particles and the total energy of the system.

For the reaction of *N(y,2a)®Li, decay through two channels is possible:
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y+ 4N - a; + 19B* - o + a» + °Li (I)

and

y + “N = °Li + 8Be* — a1 + ay + °Li (I)

The mathematical calculation is based on the literature data on the parameters of the levels of '°B and ®Be nuclei
[17] and the corresponding assumptions about the angular distributions in the system of the reaction center of the particle
that first left the '*N nucleus and the particles in the intermediate state resting state. Each decay mode is reduced to three
two-particle systems:

- (y + "N) — the initial,

- (a + ''B*) or (°Li + 3Be*) — the intermediate,

- (°Li + @) or (@ + @) — the final.

To generate random values, a set of functions of the standard random library of the Python programming language
was used. Several excited states of '°B and ®Be nuclei can contribute to the reaction. A scheme was created that allows
you to select both the relative contribution for each channel (1) or (2) and the contribution of a separate level in each
channel. To do this, we used the random.randint(0,100) function, which creates random, uncorrelated numbers evenly
distributed in the range from 0 to 100. For the initial system, the numerical function of the distribution of the number
of events on the energy of quanta N(E, ) was taken from a real experiment, and random values of E, were generated by
the random.choice() function. The excitation curves f(E,) of the 1°B and 8Be states of the nuclei were taken as Gaussian
functions with a maximum position Eq and half-width at half-height (o) from a compilation of spectroscopic data [17].
Random values were generated by the function random.gauss(Eg,o).

In the non-relativistic approximation, in the case of a two-particle channel, the law of conservation of energy is E,, =
Tp1 + Tpz + Ex + Q, where T is the kinetic energy of particles P; and P, (P; = a1, P = 10B or P; = °Li, P, = 8Be), E, is
the excitation energy of the intermediate particle (Ex(1°B) in the case of channel (I) or E, (®Be) for channel (I1)), and Q is
the energy threshold of the corresponding channel.

Using a two-particle channel and an unambiguous connection between the particles, we obtain:

Mp,

Tpy = —————
Mp1 + Mp;

(Ey-Q-Ey) (3)

After the procedures for generating E, and E, Tp and, accordingly, the particle momentum Pp; was determined.

The distributions over the polar angle 6 for particle P; were taken in form f(6)=c, sin’6 + c,sin’cos@ + c3sin*6cos>0
+ c4, Where ¢ _4 - are coeflicients containing information about the reaction mechanism and wave functions of the nuclei.
Parameters c|_4 were determined from the quantum values of the intermediate excited nucleus [18]. The distribution in
the azimuthal angle ¢ is isotropic and was generated by multiplying the random number random.randint(0,1) by 2.

The longitudinal and transverse projections of the particle P;’s momentum were determined, based on the generated
values of the polar (6) and azimuthal (¢) angles. The values of the projections and the total momentum of nucleus P, were
calculated from the two-particle process.

A similar procedure was carried out for the final system, provided that the energy of the system is the excitation
energy of the particle P,. The kinematic parameters of the particles were transferred from the s.c.m. reaction to the
laboratory system. The laws of conservation of energy and momentum for the kinematic parameters of the particles were
checked. An event was considered formed if it satisfied the conservation laws.

3.2. Decay Channel Identification

For example, let us compare the kinematic calculation with the experiment (Fig. 3). Using the kinematic model, we
constructed several distributions of events according to E, (@a) under the assumption of each decay channel - (I) or (II).

In Fig. 3a, three curves are presented in the framework of decay through a channel (I): curve 1 - with 100% production
of the narrow 1°B nucleus level (Eg = 6.56 MeV, o~ = 0.025 MeV); curve 2 - with 100% formation of the broad '°B nucleus
level (Ep = 9.58 MeV, o = 0.257 MeV); curve 3 - with 15% of the narrow !B nucleus level and 85% of the broad '°B
nucleus level formation. Level parameters are taken from a compilation of spectroscopic data [17]. The dependence of
15% and 85% is taken from the ratio of the areas of the maxima of the distribution of the number of events for E, (aa)
in the experiment (Fig. 3, histogram). The calculated curves were normalized to the experimental area distribution. The
curves do not fully describe the near-threshold maximum at E, (e@) < 0.25 MeV. In addition, they give only one maximum,
which has almost the same position (at ~ 1.5 MeV) with different widths. It was checked that any combinations of the
relative contributions of curves 1 and 2 also do not describe the experimental distribution.

Two levels of ®Be nucleus were chosen for a channel (II): the ground state (GS) with Eg = 0.092 MeV, o = 0.025
MeV, and 1% excited state with Ey = 3.04 MeV, o = 0.75 MeV. Fig. 3b shows three curves corresponding to the following
ratios: curve 4 - with 100% GS; curve 5 - with 100% of the 157 level of the 8Be nucleus; curve 6 - with 15% GS and 85%
of the 1°7 level of the ®Be nucleus. Curves 4 and 5 are consistent with the experiment when describing the first and second
maxima, respectively. And curve 6 satisfactorily describes the total experimental distribution. Thus, it can be concluded
that in the *N(y,2a)°Li reaction, decay occurs mainly through the formation of an intermediate excited ®Be nucleus.
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4. BE GROUND STATE FORMATION CHANNEL

The maximum up to 0.25 MeV (Fig. 3) is shown in Fig. 4b as data points with a 20 keV step. The errors are statistical.
A fit was performed using a Gaussian distribution (solid curve) with a peak position Ey = 0.096 + 0.005 MeV and full
width at half maximum o = 0.064 + 0.01 MeV. From spectrometric measurements [17], it is known that the parameters of
the ground state (GS) of the 8Be nucleus: Eg = 0.092 MeV, I = 5.57 eV, quantum numbers - J* = 0%,
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Figure 4. a) ground state 3Be nucleus, b) partial cross-section of the channel for the formation of the ground state of the
8Be nucleus in the '*N(y,2a)®Li reaction.

The positions of the maxima (experimental and tabular) coincide within the error. Therefore, the concentration of
events in the region of 0.1 MeV can be explained by the formation of the GS of the 3Be nucleus. Due to insufficient energy
resolution and low statistical power, the task of specifying the GS parameters was not set in this experiment. The width
observed in this experiment is instrumental. Events (N¢3), in which a pair of a-particles corresponds to the formation of
the GS of the ®Be, nucleus, are reliably distinguished. The relative yield of this partial channel is — 7=14.98% (y=N%S/N,
where N — is the total number of reaction events). The histogram in Fig. 4b presents the partial cross-section for the
formation channel of the ®Be nucleus GS in the "*N(y,°Li)®Bey reaction with a 0.5 MeV step for E,. A structure is
observed in the distribution. The solid line shows the fit of the cross-section with a combination of two Gaussian functions
(dashed lines), which resulted in the determination of the energy positions of the maxima and their widths - E,,1 =19.66
+0.25 MeV, I'! = 1.25 £ 0.29 MeV and B, = 22.75 + 0.42 MeV, I'* = 2.79 + 0.51 MeV.

Sequential two-particle decay allows us to determine the energy and angular distributions at each stage of decay.

In Fig. 5a, solid circles are used to exhibit the dependence of the number of events on the escape angle of the GS
of 8Be nucleus, 8(3Be), in the center of the mass coordinate frame for the reaction in whole. After, the circles are drawn
in the middle of the histogram steps, and vertical bars mark statistical errors. The figure demonstrates that the GS of Be
nucleus yield is symmetric about 90° and looks similar to sin>6cos*6. We performed the Legendre polynomial fit:

f@) =a-fi+tb-fo+c-f3+d-fi “)

where a, b, ¢, d — are coefficients containing information about the reaction mechanism and wave functions of the nuclei,
and, f = sin0, f, = sin’6cos6, f3 = sin*cos>0, f, =1. In the figure, the solid curve represents the function f(9) with
a=3.84+0.87,b=0.23 £ 1.98, c =39.29 + 4.35, d = 0.46 = 0.55. For the parameters b and d, the values and errors
of their measurements are close and their contribution to the fit is insignificant. The main contribution is given by the
parameter c. The data obtained allows us to estimate the multipole amplitudes of the photoprocess in the future, since for
this two-particle process we know the spin-parity of the particles - 1* for ®Li and 0* for ®Be.



167
Investigation of the '*N(y,2a)°Li Reaction EEJP. 1 (2026)

18 -
124 ////%iﬁ\? +/*/%\
6. / 3)
. - \
% 0 T T T o T T 1
%15_ 0('Be), degree

b)

(p(;x), dégree |

N, events

c)

60 120 180
Y(aw), degree

Figure 5. a) event distribution over the escape angle of the GS of the ®Be nucleus, b) angular distributions of a-particles
in the system of the center of mass of the 8Be nucleus, ¢) dependence of the angle of separation of two a-particles.

In Fig. 5b, the solid circles represent the angular distributions of @-particles in the system of the center of mass of the
8Be nucleus. The polar angle (¢()) is reckoned from the direction of the ®Be nucleus motion. The angular distributions
are isotropic (solid line in Fig. 3b is a fit with a linear function with a slope of -0.004 + 0.012). This means that the orbital
momentum 1=0. It follows that the quantum numbers J™ = 0%, is in the GS of 8Be nucleus.

In Fig. 5c, the histogram shows the distribution of the number of events as a function of the angle of departure ()
of the a-particle pair. Fitting with the Gaussian function gave the values of the maximum and width at the half-height -
Yo =1628° +0.71° and I'(y) = 18.71° £ 1.52°.

The relative energies of a-particles were determined as the ratio:

€ =T;/Ty &)

where i — is the particle identifier.

To test the possible mechanisms of interaction of the y-quantum with the nucleus, the particles forming in the GS of
8Be nucleus were sorted by energy for each event as T/4* > T"in,

Fig. 6a demonstrates the distribution of the number of events over the relative energy € for the a-particles (squares -
e(@™™M), circles - e(a™?*) and asterisks - €(°Li). The distributions were fitted with the Gaussian function and the values
of the corresponding maxima were obtained: - e(@™") = 0.17 + 0.03, e(a™**) = 0.25 + 0.03, €(°Li) = 0.55 + 0.02. The
slight deviation between ™" and a™“*, taking into account the small value of the angle of separation between a-particles
(Fig. 5c), explains the formation of a narrow near-threshold state (Fig. 3a).

Details of the mechanisms of the channel of formation of the GS of the ®Be nucleus can be studied with the help of
the symmetric Dalitz plot. This technique is particularly suitable for the geometric visualization of the decay into three
particles with identical masses and makes it possible to illustrate the population of the available phase space at three-body
decays. If the decay is a true direct 3-particle decay, the distribution of events in the Dalitz diagram must be uniform.
However, as a rule, 3-particle decays occur via resonances, i.e., the excited particle decays into a resonance and a-particle,
and then the resonance, in turn, decays into two other particles. In this case, the distribution of events in the Dalitz diagram
reveals an essentially non-uniform structure, with an increased concentration of events in the region of invariant masses
coinciding with the resonance masses.

The Dalitz diagram is a convenient tool for studying the dynamics of 3-particle decays. The Cartesian coordinates
for plotting a Dalitz diagram can be obtained as follows [10]:

x=\/§(6j—ek);y=2€i—ej—ek (6)
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Figure 6. a) dependence of the number of events on the relative energy of particles €, b) Dalitz diagram for the channel
of formation of the GS of the ®Be nucleus.

By definition, the sum of the relative energies of three particles equals 1. In our experiment, the contribution of each
component can be evaluated from the general plot.

In Fig. 6b, the solid dots represent the dependence in the case where a-particles were used in the x coordinate, and
the open dots represent combinations with °Li. The Dalitz distribution confirms the presence of an intermediate excited
particle (*Be) and correlates with the distribution in Fig. 6a.

5. CONCLUSIONS

A systematic study of the '“N(y,2a)°Li reaction was performed. To obtain the physical parameters of the events,
a graphical application was created in the Python programming language with the ability to automatically measure the
coordinates of points along the tracks on digital photo frames. The main procedure is the analysis of the pixel intensity in
the track area along a circular trajectory of a certain radius.

The excitation energy of the 2a-particle system was determined and a structure with two maxima was found in the
distribution of the number of events by E (aa). It was assumed that this structure is formed either as a result of the decay
of the intermediate excited state of the 8Be nucleus or is simulated by one of the background pairs during the decay of the
intermediate excited state of the '°B nucleus.

A kinematic scheme for calculating the physical parameters of the reaction has been created assuming a two-particle
decay mode with the formation of an intermediate excited state. A comparison of experimental data and kinematic
calculation has been performed and it has been determined that with high probability the decay process with the formation
of an intermediate excited nucleus ®Be in the ground and 1 excited states occurs.

In the distribution of events by the energy of the relative motion of two a particles, a resonance was found, identified
as the ground state of Be nucleus. Events corresponding to the partial channel of the '*N(y,°Li)®Bey reaction with the
subsequent two-particle decay ®Be — « + « were identified and the partial cross section of this channel was measured.
An analysis of the energy and angular distributions of particles at each stage of decay was performed.
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The large thermal neutron absorption cross-section of the '°B enables the use of boron as a neutron absorber for reactivity control in
nuclear reactors. Precise information on both the isotopic composition and boron concentration in absorbing materials is crucial, as the
degree of reactivity control depends directly on the !B content. In the work, a series of experiments were conducted to determine the
boron concentration and isotopic ratio in samples of corrosion-resistant chromium-nickel stainless steel, which is used in the control
and protection system rods of nuclear reactors. The study was performed using an inductively coupled plasma mass spectrometer on 5
stainless steel samples with a certified boron mass fraction. The external standard method was used to determine the °B/!'B isotopic
ratio, using the ICP-MS-68A Standard (with a natural 10B:11B ratio of 19.9:80.1) as a reference. To determine the boron concentration
in steel, the isotope dilution method (internal standard method) was used. A known amount of a spike with a specific isotopic ratio
was added to samples of unknown boron content. Elemental amorphous boron powder with a '°B:!!B isotopic ratio of 95.0:5.0 was
used as the spike. The proposed methods allow determining the isotope ratio and boron concentration in a sample by measuring only
the '°B and !'B isotopes. The results obtained were compared with the manufacturer’s certified data. The values coincide within the
measurement uncertainty, confirming the reliability of the proposed methods for steel analysis.

Keywords: Boron isotopic ratio; Boronated steel; ICP MS; Isotope dilution

PACS: 29.30.-h

1. INTRODUCTION

Due to the large cross-section of absorbing the thermal neutrons in the '°B isotope, boron in various forms is used to
control nuclear reactor reactivity by absorbing neutrons [1]. Since the degree of reactivity control depends on the amount
of 9B, precise knowledge of both the isotopic composition and the concentration of boron in the neutron-absorbing
material is highly important for the nuclear industry [2, 3]. In addition, information about the isotopic composition and
the concentration of boron in different samples is important for other fields of science, such as archaeology, geology, and
medicine [4-6].

Various methods are used to determine isotopic ratios, such as atomic absorption spectrometry [7], thermal ionization
mass spectrometry (TIMS) [8], secondary ion mass spectrometry (SIMS) [9], as well as others. Each of these methods
has its own specific advantages and disadvantages.Among them, TIMS is renowned for providing extremely high accuracy
and precision in isotope ratio measurements. However, the high ionization potential of boron prevents the production of
singly charged boron ions using TIMS. Attempts are made to bypass this problem by using different sample preparation
procedures, but this complicates the sample preparation process and degrades the accuracy of isotope ratio measurement.

An alternative to TIMS for precise boron isotope ratio measurements is high-resolution inductively coupled plasma
mass spectrometry (ICP MS) [10].

In this study, a methodology for determining both the boron isotope ratio and the boron concentration in samples of
corrosion-resistant chromium-nickel stainless steel alloyed with boron using a single-collector inductively coupled plasma
mass spectrometer will be presented. Boronated steel is one of the promising materials for use as a neutron absorber for
control and safety rod systems in a nuclear reactor [11].

A feature of this study for determining the boron content in the sample is the use of the isotope dilution method [12,13],
which is based on the internal standard principle. This method yields a faster result with fewer calculation steps, which
reduces the error in determining the required data. Isotope dilution method is an analytical technique, the essence of which
lies in introducing a known amount of a tracer (spike) with a different boron isotopic composition into a sample that has
a defined boron isotopic composition but an unknown elemental mass content. After the addition of the spike, the boron
isotopic ratio changes, and the boron content in the initial sample can be calculated from the magnitude of this change. As
is known, boron has two stable isotopes (1B and ''B), which makes it an excellent candidate for using this method.
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2. EXPERIMENTAL TECHNIQUE
2.1. Instrumentation

Measurements were conducted using a single-collector inductively coupled plasma mass spectrometer, the ICP-SFMS
ELEMENT 2, whose technical characteristics are described in [14, 15]. A substantial advantage of this mass spectrometer
is its high resolution and high sensitivity (~ 10 cps per 1 ppb > In), which allows for the analysis of extremely low element
contents. The high-resolution mode (10000 imp. at 10 % peak height) was used in the work, and the signal stability was
better than 1 % over 10 minutes.

Physicochemical sample preparation methods were used for sample investigation, involving the conversion of samples
into liquid form using high-purity distilled water, acids, and organic solvents. Liquid solutions containing the analyzed
sample were introduced into an argon torch in the form of an aerosol using a peristaltic pump. Sample injection occurred
for a certain number of iterations N with a uniform time interval At. The analytical signal is the mass spectrum of the
analyzed elements, whose peak areas were measured after subtracting the average background value, which was measured
before the start of the sample investigation.

2.2. Materials

For the inductively coupled plasma mass spectrometric method of analysis, the required concentrations of the
measured samples are displayed in the ppm and ppb ranges. To obtain such concentrations, we used small aliquots of
the investigated material, namely 0.1 g. This allowed us, on the one hand, to accurately measure the sample mass, and
on the other, to minimize the consumption of acids and other reagents used for sample preparation (sample dissolution).
Chemical analytical glassware of Class 1 was used during sample preparation to reduce measurement error. To prepare
the solution of the investigated boronated steel sample, steel chips with an increased boron content up to 2 % (limits
specified in the manufacturer’s certificate for boronated steel samples:1.6+2.0 %) were collected and crushed. Sampling
was performed in several places of the investigated sample to obtain a representative sample and a reliable analysis result.

For the external standard method, a solution of the multicomponent standard 48 Component ICP-MS-68A Standard
at 10 pg/mL in 2% HNOj (High Purity Standards (USA)) [16] was used. The solution was prepared by diluting the
standards in ultrapure concentrated nitric acid (HNO3) to achieve an element concentration of 1 ppm.

Amorphous boron powder, enriched up to 95 % in the '°B isotope (manufactured by the National High Technology
Center of Georgia) [17], was used as the internal standard (spike). The reference material was not subjected to additional
drying or homogenization. A portion of amorphous boron weighing 0.1001 + 0.0001 g was dissolved in 10 ml of HNO3
with the addition of a small amount of distilled water under slight heating and stirring. The boron concentration in the
resulting solution (spike) was 10 ppm.

In parallel, a blank solution was prepared in the same way, but without dissolving the investigated material. All
the procedures mentioned above were followed during its preparation, except for the addition of the aliquot. The blank
solution was used in the studies to avoid the influence of impurities contained in the reagents used for dissolution on the
sample measurement results.

2.3. Procedure
Table 1 presents the sequence (column 1) of the measurements performed (column 2).

Table 1. The measurement procedure for boron isotope ratios

Step Procedure

0 |Rinsing of sample introduction tube, spray chamber and nebulizer by argon (600 s)

1 Measure signal of '9B and ''B of blank solution ('°Bpank, "' Bprank)

2 |Rinsing of sample introduction tube, spray chamber and nebulizer by argon (600 s)

3 Measure '°B/!'B of ICP-MS-68A Standard (Rg;andart)

4 |Rinsing of sample introduction tube, spray chamber and nebulizer by argon (600 s)

5 Measure '°B/!'B of sample solution (Ryampire™ ")

6 |Rinsing of sample introduction tube, spray chamber and nebulizer by argon (600 s)

7 Measure '°B/!!'B of spike solution (R pike %)

8 |Rinsing of sample introduction tube, spray chamber and nebulizer by argon (600 s)

9 Measure 'B/!'B of mix solution (R,;,;x""¢%5)
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The signal intensity of 10B and !B in the blank solution is represented as 0B, 1ank and "'Bpank (step 1).
The determination of the '°B/'!B isotopic ratio for the standard (Rssandare)> sample (Rgampie), spike (Rypike) and
mix (R,,;) solutions was performed using the formula:

_1("B) =" Byank
~I(MB) =" Bpjank

R )]

Where I('°B) and I('!B) are the signal intensities of '°B and !'B in the investigated solutions (steps 3, 5, 7, 9).

To reduce the influence of the background signal between measurements of different samples, the mass spectrometer
was rinsing with argon for 10 minutes (steps 2, 4, 6, 8).

To determine the boron concentration in the steel sample, the enriched boron solution (mix) with a boron concentration
of 0.01 ppm was added to the stainless steel solutions (sample). The measurement of the '°B/''B isotopic ratio for the
mixture (mix) was performed last (step 9).

3. DETERMINATION THE BORON ISOTOPE RATIOS

To determine the isotopic composition of the samples (sample, spike and mix), the mass spectrometer was calibrated
using a standard of known elemental composition (ICP-MS-68A Standard). For the boron isotopes (1°B and '!'B) the
calibration characteristic — the relative sensitivity coefficient of the boron isotopes — was experimentally determined
under specific conditions. This coefficient reflects the dependence of the analytical signal of the corresponding peaks on
the content of these isotopes in the standard. In our case, this coefficient corresponds to the value of Rg;undars (Step 3
in Table 1). The stability of the Rs;qnqqr¢ Value was analyzed over a year in different measurement sessions, and Fig. 1
presents the dependence of Rg;4n44-: On the measurement session number.

1.00 -
0.95 e [CP-MS-68A Standard
0 linear fit
§ =
£0904 . . ‘ i
b . ‘ ¢ T
(a4
0.85
0.80 . : ; , :
1 2 3 4 £5)

Experiment number

Figure 1. Dependence of Rg;4n44r¢ in different measurement sessions.

Fitting was performed using a linear function R = a+b-N, where a = 0.895 £ 0.006 and b = 0.001 + 0.002. The slope
(b) is insignificant. Also, it is visible from the figure that the Ry 4,44+ for different measurement sessions coincide within
the error.

Considering the mass spectrometer calibration, the isotopic ratio of the samples was determined as R“?""=R"*¢¢¢ /
Rstandart, where R"¢%% corresponds to the measured value Ryampie ™, Rypike™¢?® or Ryp,ix™¢“*. The obtained results
for the isotopic ratio values were compared with the certified data of the investigated samples: sample with a natural ratio
of 19.9 % : 80.1 % (R = 0.248) and spike with a '"B-enriched ratio of 95.0 % : 5.0 % (R = 25.316).

Table 2 presents the values of Ryampie " and Ry pix.“?"" for the same 5 measurement sessions (Fig. 1), calculated
using Ry;qndqr: according to the measurement session.

Within the errors, the determined Ry g/ pre and Ry p;ke coincide with the certified values (0.248 and 25.316 respec-
tively).

4. DETERMINATION OF BORON CONCENTRATION IN STAINLESS STEEL

The isotope dilution method, based on the internal standard principle [11, 12], was used to determine the boron
content in the boronated steel. This method yields a quick result with fewer calculation steps, which reduces the error in
determining the required data. Isotope dilution method is an analytical technique, the essence of which lies in introducing
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Table 2. Determination the boron isotope ratios

Session Rsamplecvrr Rspikecvrr

1 0.247+0.004 (24.922+0.549

2 0.246+0.005 {25.033+0.581

3 0.249+0.004 |24.845+0.535

4 0.246+0.004 |25.201+0.490

5 0.247+0.004 |24.877+0.542

a known amount of a tracer (Mj k) With a different boron isotopic composition (Rspixe) into a sample with a defined
boron isotopic composition (Rgampie) but an unknown elemental mass content (Mgampie) (Fig. 2). After the addition of
the spike, the boron isotopic ratio (R,;;x) changes, and the boron content in the initial sample can be calculated from the
magnitude of this change.

Sample Spike
11B
10B
L J
\ |
11B
Mix(sample+spike)

Figure 2. Schematic representation of the isotope dilution method.

For the resulting mixture (mix diagram at Fig.2), the mass content is My;x = Msampie + Mspike. The introduction
of the spike changes the isotopic ratio of the element, and the content of the element in the initial sample can be calculated
from the magnitude of this change using the formula:

I+ Rsample Rspike - Rmix

2)

Msampie = Mspik
ple spike .
1+ Rspike Ryix — Rsample

Thus, if we add a known amount My ke, the unknown mass content of boron in the sample, M4 pie, can be
determined from the measured R values using formula (2).

In our study, the boron content (concentration) in the boronated steel samples was measured for 5 different measure-
ment sessions. An equal amount of the tracer (spike) was added to each sample, resulting in 5 mix samples. Thus, 5
combinations, each with 3 data sets (sample, spike and mix), were measured.

Fig. 3 shows the dependence of the peak intensity of the '°B and !'B isotopes as a function of measurement time
for all components for one combination: sample (Fig. 3a), spike (Fig. 3b) and mix (Fig. 3c). The figure shows that the
intensity dependence is linear without significant fluctuations.

The change in the relative contribution of each of the !B and ''B isotopes in Fig. 3a, 3b and 3c is consistent with
the logic of the isotope dilution method (Fig.2). The integrated value of the ratios R('°B/!'B) according to formula (1)
was determined as the average over the entire measurement time.

In the next stage, the boron content value was calculated using formula (2). The calculation results are presented in
the last column of the table. The uncertainties are statistical, taking into account the root mean square deviations for the
distributions in Fig. 3.

From Table 3, it is evident that all values fall within the range specified in the manufacturer’s certificate for boronated
steel samples, 1.6+2.0 %, which confirms the relevance of using this method for determining the boron content in the
sample.
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4x10°7  a) sample
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2x10°

Intensity

4X105_~WW¢WM~MM

2x10° _1log

O T T T T T T T
0 50 100 150 200 250 300 350

t,c

Figure 3. Values of the mass peak intensity for !B and !'B isotopes as a function of measurement time for the three
components: a) sample, b) spike, ¢) mix.

Table 3. Boron content in stainless steel.

Session |Boron content, wt.%
1 1.844+0.085
2 1.748+0.041
3 1.919+0.096
4 1.624+0.062
5 1.784+0.099

S. CONCLUSION

This work presents a methodology for measuring the isotopic ratio and concentration of boron in a multicomponent
sample (stainless steel) based on the use of an inductively coupled plasma mass spectrometer (ICP-MS). A feature of the
methodology is the use of external and internal calibration exclusively based on boron isotopes.

The multicomponent standard 48 Component ICP-MS-68A Standard at 10 pg/mL in 2% HNO3 (High Purity
Standards (USA)) was used for external calibration, and amorphous boron powder, enriched up to 95 % in the '°B isotope
(manufactured by the National High Technology Center of Georgia), was used for internal calibration.

The determination of the boron isotope ratio was performed using the external calibration method. Measurements
were carried out during 5 time-separated sessions. The obtained results were compared with the certified values (19.9 % :
80.1 %, R = 0.248) for boronated steel and highly enriched boron powder (95.0 % : 5.0 %, R =25.316). The measurement
results agree with the certified data within the uncertain.

The isotope dilution method (internal calibration) was used to determine the concentration of boron in the steel
sample, where a known amount of the element with a different isotopic composition is added to a sample with an unknown
concentration of the element. By measuring the isotopic ratio in the resulting mixture, the unknown concentration of the
element in the sample can be determined. An additional advantage of the method is its simplicity and speed, as it does
not require measuring all elements of the steel and has fewer calculation steps, which reduces the error in determining the
necessary data.

Measurements were performed for five different stainless steel samples in different measurement sessions and
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compared with the certified data presented by the manufacturer. The data agree within the measurement uncertainty,
which indicates the reliability of the method for determining the boron content in steel samples.
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Benmkwii mepepis MOTIMHAHHS TEIUTOBUX HeliTpoHis izoToroM B 103BONsE BUKOPHCTOBYBATH GOp Y SAKOCTI TIONIHHAYA HEHTPOHIB
IUIsS. KOHTPOJIIO PEAaKTHBHOCTI B SIIEPHUX peakTopax. IHdopManis mpo TouHe 3HaYeHHs SIK i30TOIHOTO CKJamy, TaK i KOHLEHTpail
60py B HEHTPOHIONIIMHAIOUOMY MaTepiai € Jyke BaKIMBOIO, alKe CTYMiHb PEry/TIOBAaHHS PEaKTHBHOCTI 3alleXUTh Bif KimbkocTi (OB,
B po6oTi npoBeaeHo cepilo eKCHEePUMEHTIB 3 BU3HAYCHHS KOHLEHTpaLii 60py Ta HOro i30TOMHOrO BiJHOIIEHHS B 3pa3Kax KOpo3ii-
HOCTIHKO{ XpOMOHIKeIEeBOi HeipXKaBiloyol CTali, IKa BUKOPUCTOBYEThCS SIK MaTepiaj MOIIMHAIOYMX CTPUIKHIB CUCTEMHU YIIPABIiHHS Ta
3aXHCTY siIEpPHOro peakTopa. JociiIkeHHs] BAKOHAHO 3 BUKOPUCTAHHSIM Mac-CIIEKTPOMETpa 3 iHAyKTHBHO-3B’ I3aHOIO IJ1a3MOI0 Ha 5
3pasKax HeipKaBilouoi cTasi 3 cepTH(hiKOBAHAM 3HAYEHHAM MACOBOI YaCTKH 6opy. [ BU3HAYEHHA i30TomHOro BigHouenHs 'OB/!1B
BHKOPHCTOBYBABCSI METOJ] 30BHIIIIHBOTO CTaHAPTY. B sIKOCTi 30BHINIHHOrO CTAaHAAPTY BUKOPHCTOBYBABCS CIIeIlia/li30BaHMii HaraToKoM-
TIOHEHTHHMI KaniGpyBanbHmit posuna ICP-MS-68A Standard 3 npupoaHUM i30ToMHIM criiBBigHOmerHAM 60py '°B:!'B=19.9:80.1. Onsa
BU3HAYEHHS KOHLEHTpallii 00py B cTajli BUKOPUCTOBYBABCSI METOJ i30TOMHOro po30aBieHHs (METOJ BHYTPIIHBOIO CTaHAapTy). 1o
HEBiZIOMOro 3a BMicTOM OOpy 3pa3Ka 3 HPUPOHIM CIIiBBiIHOIIEHHSM Or0 130TOIIB A0JaBaJIA BiIOMY KiJIbKICTh IHAMKATOPA 3 1HIIMM
130TOMHUM BiJHOLIEHHsIM. Y SIKOCTi iHIMKAaTOpa BUKOPHCTOBYBAJIM IOPOIIOK €JIeMEHTapHOro aMop(HOro 6opy 3i CriBBiIHOLIEHHM
isoronir '°B:!'B=95.0:5.0. 3anponoHoBaHi METOIM JO3BOIAIOTH BU3HAYNTH i30TOIHE BiJHOMIEHHSA Ta KOHIEHTPALi0 GOpY B 3pa3Ky
BuMipiofoun e izotorm (°B ta ' B. OtpuMani B po6oTi 3HaYCHHS MOPiBHIOBAIHCE 3 TTACTIOPTHAMHE JAHUMH, TPECTABICHIMH BAPO-
OHUKOM. Y Mekax HeBU3HAYEHOCTi BUMIipIOBaHb JIaHi CHiBIIAIAI0Th, 0 MOXE CBiUUTH MPO HAMINWHICTh 3aIPOIIOHOBAHUX METO/IB IS
BU3HAYEHHSI 130TOIMHOTO CITIBBiAHOIICHHS Ta BMICTY OOpy B 3pa3Kax CTai.
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Quantum Electrodynamics (QED) is the most precise theory in physics, yet its assumption of pointlike interactions between charged
particles and photons leads to ultraviolet divergences that require renormalization. This paper proposes a Pythagorean-Fuzzy Nonlocal
Reformulation of QED, embedding structured uncertainty directly into the interaction framework. Each spacetime region is described
by a Pythagorean fuzzy field with degrees of membership, non-membership, and hesitation, quantifying how strongly an event
participates in an interaction and how precisely it can be localized. The conventional point vertex is replaced by a smooth, gauge-
covariant nonlocal coupling modulated by a Lorentz-invariant kernel and the fuzzy field’s defuzzified weight. This structure preserves
all symmetries of QED while automatically suppressing short-distance divergences. Ultraviolet divergences are suppressed at their
origin, yielding finite self-energy and vacuum-polarization contributions within the nonlocal framework, without the appearance of
divergent counter terms. Physically, the formulation interprets quantum interactions as finite “fuzzy” processes distributed over regions
of limited definability. Mathematically, it unites the logic of Pythagorean fuzzy sets with the geometry of field theory, providing a
natural regularization mechanism that remains fully consistent with standard QED in the sharp-local limit.

Keywords: Nonlocal quantum field theory;, Gauge-covariant regularization;, Lorentz-invariant smearing; Wilson lines;
Renormalization group; Pythagorean fuzzy field; Ultraviolet convergence
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1. INTRODUCTION

Quantum Electrodynamics (QED) is the most precisely verified theory in the history of science ([12]). It provides
the framework within which the interactions of charged particles and electromagnetic fields are described with astonishing
accuracy. From the Lamb shift to the electron’s anomalous magnetic moment ([12]), QED’s predictions agree with
experiment to more than one part in a billion. Despite this success, the theory rests on a profound mathematical
idealization that has always carried physical discomfort: it assumes that the interaction between particles occurs at exact
points in spacetime.

This assumption of pointlike interaction gives the theory its elegant simplicity but also creates its deepest problem.
When the distance between interacting fields is treated as infinitesimally small, the energy density and self-interaction
terms diverge. The resulting ultraviolet infinities are removed through renormalization, a procedure that replaces infinite
bare quantities with finite, measurable ones. Although renormalization works extraordinarily well in practice, it leaves
open an unresolved conceptual question: why should a physically meaningful theory require infinite subtractions at all?
The problem is not in the mathematics of QED but in its philosophical foundation, the assumption that spacetime and
field values can be defined with infinite precision.

Physical measurement, and arguably nature itself, never operates at such absolute precision. Quantum uncertainty
limits the accuracy with which position, momentum, and energy can be defined. Every measurement, every event,
occupies a finite spacetime region whose boundaries are blurred by intrinsic indeterminacy. The local field description of
QED does not account for this fundamental imprecision; it treats uncertainty as a statistical feature of measurement rather
than as a structural property of the theory. This disconnect motivates a search for a framework in which uncertainty is
embedded into the fabric of field interactions, rather than added externally through probabilistic interpretation.

Nonlocal quantum field theories and regularization techniques ([7], [8], [9]) have long attempted to soften the
ultraviolet behavior of QED by smearing interactions over finite distances. These approaches introduce cutoff scales or
modified propagators, but they remain within the rigid logic of classical mathematics ([7], [8], [9]): their spacetime points
and interaction kernels are defined with crisp equality and deterministic structure. What they lack is an explicit
representation of imprecision itself ([1], [2], [3], [4]), a formal language to express the degree to which an event both
belongs and does not belong to a region of interaction.

This paper develops such a language through a Pythagorean-Fuzzy Nonlocal Reformulation of QED ([1], [2], [3],
[4], [5], [6])- The central idea is that interactions should not be viewed as absolute coincidences of fields at single points
but as processes distributed over fuzzy spacetime regions characterized by partial membership and hesitation. Each
spacetime location is associated with a Pythagorean fuzzy field, specified by a pair of parameters that quantify the degree
of inclusion and exclusion of that point in the interaction domain ([1], [2], [3]). The remaining ‘“hesitation” represents
intrinsic localization indeterminacy—an objective measure of how sharply an event can be defined in spacetime.

Cite as: S. Mukherjee, East Eur. J. Phys. 1, 176 (2026), https://doi.org/10.26565/2312-4334-2026-1-17
© S. Mukherjee, 2026; CC BY 4.0 license


https://orcid.org/0000-0003-2190-2831
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.26565/2312-4334-2026-1-17
https://portal.issn.org/resource/issn/2312-4334
https://periodicals.karazin.ua/eejp/index

177
Pythagorean-Fuzzy Nonlocal Reformulation of Quantum Electrodynamics EEJP. 1 (2026)

This fuzzy structure does not replace quantum probability; rather, it complements it. Probability captures stochastic
uncertainty—how likely an event is to occur. Fuzziness captures ontological uncertainty—how precisely an event can be
said to occur at all. Incorporating this second form of uncertainty into QED acknowledges that perfect locality is an
idealization, not a physical reality. By treating field interactions as fuzzy, the theory gains an internal mechanism for
moderating short-distance behavior. Contributions from extremely high momenta are automatically damped because the
interaction is spread over a finite region whose effective size is governed by a “fuzziness scale.” The result is a natural
regularization of ultraviolet divergences without the need for artificial counterterms.

Crucially, the proposed formulation preserves the symmetries and structure that make QED reliable. Gauge
invariance is maintained through a covariant construction that links spatially separated points by a Wilson line ([10],
[11]), and Lorentz invariance is respected by using isotropic smearing kernels ([9]). The modified interaction term
introduces no arbitrary cutoffs or external parameters; the extent of nonlocality emerges directly from the fuzzy field
itself. When the fuzziness parameters vanish, the interaction contracts to a point and standard QED is recovered exactly
([12]). Thus, the new theory is not a replacement for QED but a smooth generalization of it, reducing to the classical
formulation as a special limit. Beyond its technical implications, the Pythagorean-fuzzy approach carries conceptual
significance. It offers a unified way to think about uncertainty that bridges logic and physics. Fuzzy logic, originally
designed to formalize human reasoning under imprecise information, becomes here a framework for describing physical
indeterminacy in the quantum vacuum. The degrees of membership and hesitation translate naturally into physical
language: participation strength, field overlap, and localization ambiguity. In this view, renormalization is not a
mathematical patch but a manifestation of the fact that interactions never achieve complete certainty in spacetime. By
replacing infinite precision with structured hesitation, the theory removes the very conditions that give rise to divergences.

This reformulation also points toward broader generalizations. The same principles that regularize QED can, in
principle, be applied to non-Abelian gauge fields, where self-interaction divergences are even more severe. A
Pythagorean-fuzzy framework could provide a unified description of structured uncertainty across the Standard Model,
and perhaps offer hints toward quantum gravity, where spacetime discreteness and minimum-length hypotheses already
suggest a limit to localization.

The objective of this paper is therefore twofold: to construct a mathematically consistent, gauge-invariant nonlocal
QED in which the interaction vertex is weighted by a Pythagorean-fuzzy field, and to demonstrate that this structure
yields ultraviolet-finite amplitudes without contradicting established physics. The formulation is built to preserve
empirical consistency while deepening conceptual coherence: uncertainty becomes not an obstacle to precision, but the
mechanism that makes precision possible.

The paper is organized as follows. Section 2 defines the Pythagorean-fuzzy field and its defuzzification operator,
describing how fuzzy membership, non-membership, and hesitation are represented in spacetime. Section 3 constructs
the gauge-covariant nonlocal interaction and outlines the modified Feynman rules. Section 4 analyzes the one-loop
corrections and demonstrates the built-in ultraviolet convergence. Section 5 discusses the preservation of Lorentz and
gauge symmetries and examines the recovery of conventional QED in the local limit. Section 6 provides a suitable
example to understand the proposed approach. Section 7 considers conceptual implications and possible extensions to
other gauge theories and gravitational contexts. Finally, Section 8 summarizes the findings and reflects on how integrating
structured uncertainty into field theory may offer a more complete picture of quantum reality.

2. THEORETICAL FRAMEWORK: THE PYTHAGOREAN-FUZZY FIELD

The central difference between this work and conventional Quantum Electrodynamics lies in how uncertainty is
treated. Here, uncertainty is not a limitation of measurement but an intrinsic property of the interaction itself. To express
this idea without losing contact with familiar field-theoretic language, every point in spacetime is assigned a Pythagorean-
fuzzy field, written as ®(x). Each value of ® represents the degree to which a spacetime element participates in an
electromagnetic interaction. It is not a probability amplitude in the quantum-mechanical sense but a logical weight that
measures inclusion and exclusion within an interaction region.

The Pythagorean-fuzzy structure differs from classical fuzzy logic because it uses two independent parameters: the
degree of membership pu(x) and the degree of non-membership v(x). Their squared magnitudes sum to at most one, leaving
a residual quantity, called hesitation, defined by m(x) = V(1 — p2 — v?). This hesitation describes how indeterminate the
localization of an interaction is at that point. When p equals one and both v and = vanish, the event is perfectly defined
and the theory reduces locally to ordinary QED. When p and v are comparable in size, the system reflects the dual
character of quantum processes: partly present, partly absent, and accompanied by a finite zone of ambiguity.

Physically, 1 can be viewed as the extent to which the electromagnetic field occupies a spacetime cell, while v
represents its complementary exclusion. The hesitation term 7 expresses the intrinsic vagueness in where and when the
interaction occurs. Together these quantities describe a kind of ontological uncertainty—uncertainty about the very
existence of a sharp boundary between interaction and non-interaction. In this sense the Pythagorean-fuzzy field extends
the probabilistic description of quantum theory by assigning structure to the indeterminacy itself.

To link this logical framework with dynamics, the fuzzy field ®(x) is mapped to a scalar weight through a
defuzzification operator D(®). This operator provides an effective measure of how intense or “real” an interaction is at
each location. Its exact mathematical form is flexible, but conceptually it captures the combined influence of membership,
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non-membership, and hesitation. When D equals one, the region behaves as fully defined and interacts with complete
strength; when D is smaller, the interaction is correspondingly weaker. This scalar weight multiplies the interaction term
in the Lagrangian, replacing the implicit assumption of perfect unity that characterizes the pointlike vertex of standard
QED. The physical meaning of D(®) is straightforward. In conventional QED, the electron and photon fields couple with
a fixed charge e at every point, independent of any uncertainty in their localization. In the present formulation, the
effective coupling becomes position-dependent through D(®), which modulates interaction strength according to local
hesitation. Well-defined regions yield D close to one, while regions with high uncertainty give smaller values. The fuzzy
field thus acts as a spatially distributed regulator that embodies the limits of physical precision.

Although the fuzzy structure introduces new variables, it does not alter the continuous nature of spacetime or the
linear structure of the quantum fields. The function ®(x) varies smoothly, and its effect enters the theory as a multiplicative
factor rather than by changing dimensionality or topology. This construction remains consistent with Lorentz invariance
once the defuzzification operator and the associated smearing kernel depend only on invariant intervals. The resulting
theory preserves relativistic covariance while allowing the coupling strength to reflect the degree of localization
uncertainty. The Pythagorean-fuzzy field unifies two distinct notions of uncertainty. Quantum mechanics describes
stochastic uncertainty through probabilities of outcomes, whereas fuzzy logic expresses epistemic uncertainty through
partial belonging to sets. When a quantum field is described through a fuzzy framework, the amplitude indicates whether
a process occurs, while the fuzzy weight describes how sharply that process can be said to occur in spacetime. This
distinction permits a layered view of reality: probabilistic at the level of events, fuzzy at the level of their definition.

Once fuzziness is introduced, strict locality cannot be maintained. Each spacetime element now represents a region
of finite extension, and interactions between fields must occur over small domains determined by both the smearing scale
and the local hesitation encoded in 7t(x). This reinterpretation eliminates the singular self-interaction that arises when two
fields coincide exactly. The divergence associated with exact coincidence is replaced by a finite overlap integral weighted
by the fuzzy participation functions of the interacting fields. In this way, the Pythagorean-fuzzy field forms a conceptual
and mathematical bridge between logical uncertainty and geometric nonlocality. In practice, the detailed behavior of ®(x)
does not need to be specified globally. It can be treated as a slowly varying background field that modulates interaction
strength without adding new dynamical degrees of freedom. Its gradients can be neglected when the fuzziness scale is
small compared with macroscopic distances but still larger than the Planck length, ensuring that ordinary QED predictions
remain valid at accessible energies. At very high energies, where localization approaches the limits imposed by m(x) and
by the smearing scale o, the modification becomes significant and provides an intrinsic regularization that suppresses
ultraviolet divergences.

The Pythagorean-fuzzy field, therefore, plays two complementary roles. Conceptually, it expresses the idea that no
physical interaction is infinitely precise. Mathematically, it supplies a smooth, symmetry-preserving cutoff that eliminates
the need for arbitrary renormalization constants. By redefining what it means for fields to coincide, it turns singular
interactions into controlled overlaps. The next section develops this idea explicitly by constructing the gauge-covariant
nonlocal interaction that incorporates D(®) into the QED Lagrangian while preserving the fundamental symmetries of
the theory.

3. GAUGE-COVARIANT NONLOCAL INTERACTION

Having introduced the Pythagorean-fuzzy field as a measure of structured uncertainty, the next step is to express
how it modifies the basic interaction between the charged fermion and the electromagnetic field. The guiding principle is
that the new formulation must preserve the two pillars of QED: Lorentz invariance and local gauge symmetry. Any
mechanism that softens locality must do so without violating the conservation laws and symmetry relations that those
invariances guarantee.

In conventional QED, the interaction is described by the term £;,, = —e 1[1(x)y“1/)(x)A# (x), which assumes that the
electron and photon fields meet at the same spacetime point. The strength of the coupling, represented by the electric
charge e, is taken to be universal and exact. This idealization of coincidence, although mathematically convenient, is
precisely what produces ultraviolet divergences when loop integrals explore arbitrarily small separations. The goal of the
present framework is to preserve the same interaction in form but to replace exact coincidence with a physically
meaningful overlap governed by the fuzziness of spacetime.

To achieve this, the local product of fields is replaced by a nonlocal convolution in which each field interacts not at
a single point but across a small region surrounding it. The extent of this region is controlled by a Lorentz-invariant
smearing function that depends only on the invariant separation between points. The Pythagorean-fuzzy weight D(®)
enters as a modulating factor that adjusts the effective coupling according to the local degree of hesitation. In this way,
the interaction is distributed smoothly over spacetime rather than being concentrated at a single geometric point.

The nonlocal form of the interaction can be written schematically as an integral over pairs of nearby points. The
contribution of any pair is weighted by two elements: the smearing kernel, which determines the geometric proximity,
and the fuzzy weight, which measures how strongly the interaction at that midpoint participates in physical reality. To
preserve local U(1)gauge symmetry in this nonlocal structure, the separated fermion fields are connected by an open
Wilson line. The Wilson line between spacetime points xand yis defined as
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W (x,y) = Pexp [—ie f; A, (©) dg"‘],

where P denotes path ordering along an arbitrary smooth curve from yto x.

Under a local gauge transformation, the Wilson line transforms covariantly so that the bilinear combination
Y)W (x,y)(x) remains gauge invariant. This guarantees preservation of gauge symmetry and the associated
conservation laws.

Conceptually, the Wilson line plays the role of a bridge linking the two separated field evaluations. It compensates
for the phase difference that would otherwise arise when the gauge potential varies between the two points. Without it,
the nonlocal product would not transform properly under local changes of phase, and the delicate algebraic structure that
underlies the conservation of electric charge would collapse. Including this connector allows the theory to remain
consistent with the established gauge structure of QED while relaxing its assumption of strict locality.

The existence of a conserved fermion current follows directly from the gauge invariance of the nonlocal action.
Consider an infinitesimal local U(1)gauge transformation,

P(x) > @Y (x), P (x) > P()e W, 4, (x) > A, (x) — 9, (x).

Because the separated fermion fields are connected by a Wilson line, the phase acquired at one spacetime point is
transported consistently to the other. The variation of the fermion bilinear is therefore exactly compensated by the
variation of the gauge field along the path. The nonlocal interaction term remains invariant under this transformation.

Gauge invariance of the full action implies, through Noether’s theorem, the continuity equation d,J*(x) = 0, where
58S
AL
The nonlocal structure modifies the detailed expression of the current by introducing a smeared contribution weighted by
the kernel and the fuzzy field, but its divergence vanishes identically due to gauge symmetry. In the limit ¢ — Oand

D(®) - 1, the current reduces smoothly to the standard QED expression J* = 1y H.

Thus, charge conservation is preserved exactly within the Pythagorean-fuzzy nonlocal framework, despite the
relaxation of strict pointwise locality.

The smearing kernel itself is chosen to depend only on the Lorentz-invariant distance between the two points, so
that the nonlocal term does not privilege any particular reference frame. A convenient and physically transparent choice
is a Gaussian function whose width ¢ defines the typical scale of fuzziness. This choice ensures that contributions from
widely separated points fall off rapidly and that the limit of ¢ approaching zero reproduces the local interaction of
standard QED. The parameter ¢ thus sets the smallest physically meaningful resolution of the theory. It can be regarded
as the characteristic size of an interaction region—a minimal coherence length below which the concept of a distinct
spacetime event loses meaning.

More explicitly, the smearing kernel is defined in terms of the invariant spacetime interval between the interaction
points. A convenient covariant choice is

the conserved current is defined by functional differentiation of the action with respect to the gauge field, J#(x) =

K(x—3) = B (x—y)ﬂ(x—y)")

(2ma?)? exp( 202

where (x — ¥)u(x — y)*denotes the Minkowski scalar interval.

Because the exponent depends only on this Lorentz scalar quantity, the kernel transforms as a scalar under Lorentz
transformations. The parameter ois treated as a universal scalar length scale characterizing the minimal definable
interaction region. It does not transform under Lorentz transformations and therefore introduces no preferred reference
frame. In the limit ¢ = 0, the kernel approaches a spacetime delta distribution, and the interaction reduces continuously
to the local QED vertex.

When the interaction is expressed in momentum space, the smearing kernel introduces a smooth form factor that
multiplies the vertex function. This form factor decays exponentially at high momentum transfer, which means that
processes involving extremely short distances are naturally suppressed. The result is a built-in ultraviolet regularization
that requires no artificial cutoffs and no renormalization subtractions. The theory remains finite because it acknowledges,
at a structural level, that interactions cannot occur at distances smaller than the fuzziness scale implied by ¢ and by the
hesitation encoded in the fuzzy field. From a physical standpoint, this modification can be interpreted as a refinement of
how electromagnetic coupling operates in regions of strong quantum fluctuation. In ordinary QED the vacuum
polarization around a charge extends indefinitely, limited only by the need for renormalization. In the fuzzy formulation,
the same polarization cloud acquires a finite core determined by o, while its strength varies locally with D(®). Where
spacetime is well defined, the interaction behaves as usual; where hesitation increases, the effective coupling softens. The
theory thus captures a dynamic interplay between certainty and uncertainty in the fabric of spacetime.

An important feature of this construction is that it leaves the overall theoretical architecture of QED intact. The field
content, gauge symmetry, and form of the Dirac and Maxwell equations remain unchanged. What differs is the
microscopic texture of interaction: the vertices are no longer mathematical points but small regions weighted by fuzzy
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logic. This minimal change has far-reaching consequences. It introduces finiteness without new particles or dimensions,
and it does so in a manner that remains analytically continuous with the established framework of quantum field theory.

A closed Wilson loop is not required in this construction, since the Wilson line appears between charged fields and
serves to restore gauge covariance of a nonlocal fermion bilinear rather than to define an independent gauge-invariant
observable.

Figure 1. Gauge-covariant nonlocal vertex. The fermion fields at spacetime points xand yare connected by an open Wilson line
W (x,y); the photon couples at the midpoint within a Gaussian smearing region of scale £

The diagram in Fig 1 illustrates how the interaction between two fermion field points 1 (x)and 1 (y)is extended
over a finite region of spacetime rather than confined to a single point. The two points are connected by a Wilson line that
ensures gauge covariance by transporting the local phase consistently between them. The photon field A,((x +
y)/2)interacts at the geometric midpoint, where the Pythagorean-fuzzy weight D(®((x + y)/2))modulates the
interaction strength according to local structural uncertainty. The Gaussian kernel f; (x — y)defines the nonlocal spread,
with width controlled by the fuzziness scale o. Together, these elements form a smooth, Lorentz-invariant vertex that
preserves charge conservation while replacing pointlike coincidence with an overlap of finite extent. In the limit o —
O0and D(®) — 1, the interaction reduces continuously to the local QED vertex.

In summary, the gauge-covariant nonlocal interaction translates the idea of the Pythagorean-fuzzy field into the
dynamical language of QED. It replaces pointwise coincidence with controlled overlap, introduces a smooth Lorentz-
invariant kernel that regularizes short-distance behavior, and maintains gauge invariance through Wilson-line
connections. The result is a theory that is both mathematically finite and physically interpretable, one that respects all
known symmetries while giving uncertainty a structural role. The following section examines how this modification
affects the behavior of radiative corrections and how the built-in fuzziness manifests as natural ultraviolet convergence
in quantum processes.

4. RADIATIVE CORRECTIONS AND ULTRAVIOLET CONVERGENCE

A convincing field theory must demonstrate not only conceptual elegance but also technical consistency when
confronted with radiative corrections. In Quantum Electrodynamics, such corrections arise from virtual processes in
which particles momentarily emit and reabsorb photons, altering their observed properties. These loops generate the self-
energy of the electron, the vacuum polarization of the photon field, and vertex corrections that renormalize the charge. In
the standard formulation, each of these quantities diverges because the integration extends over arbitrarily large momenta
corresponding to infinitely short distances. Renormalization rescues the theory numerically, but at the cost of introducing
formally infinite counterterms and a dependence on subtraction procedures that lack intrinsic physical meaning.

In the Pythagorean-fuzzy reformulation, the situation changes in a fundamental way. The modified interaction, being
nonlocal and weighted by the fuzzy field, naturally limits the contribution of very short-distance fluctuations. The
smearing kernel acts as a soft regulator that suppresses amplitudes for processes involving extremely large momentum
transfers, while the fuzzy weight D(®) scales the effective coupling according to the degree of local hesitation. These two
features together replace the artificial cutoffs of conventional regularization with a built-in physical mechanism rooted in
the finite precision of spacetime itself.

The key difference appears most clearly in the behavior of the vertex function. In momentum space, each interaction
vertex carries a smooth form factor that decays exponentially with the squared momentum transfer. This factor multiplies
the usual vertex term and ensures that loop integrals converge automatically. Whereas the ordinary electron self-energy
integral diverges quadratically, the presence of the fuzzy kernel transforms it into a finite expression whose value depends
on the fuzziness scale 6. The same reasoning applies to vacuum polarization: the divergence at high momentum is replaced
by a rapidly converging integral that reflects the finite spread of interaction regions. In effect, the fuzziness of spacetime
removes the unphysical contribution of modes whose wavelength is shorter than the minimal interaction scale.

It is important to note that this finiteness does not come at the expense of physical principles. Gauge invariance,
which is responsible for the Ward identity linking the vertex and self-energy corrections, is preserved by the gauge-
covariant structure of the nonlocal term. The Wilson line connecting separated points ensures that the phase relationships
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between fields remain consistent under local gauge transformations. As a result, charge conservation and current
continuity still hold exactly. Lorentz invariance is likewise preserved because the smearing kernel depends only on the
invariant distance between points, not on any preferred frame or direction. The theory remains fully relativistic, though
its interpretation of locality is softened. The emergence of ultraviolet convergence can therefore be understood as a direct
consequence of the theory’s physical premises. In a world where interactions occupy regions of finite extent, fields cannot
influence each other at separations smaller than that extent. The mathematical divergences of local QED simply record
the absence of such a bound. By introducing a fuzziness parameter ¢ and a field-dependent hesitation n(x), the new
formulation restores this bound in a continuous and covariant manner. The parameter ¢ defines a universal lower limit to
meaningful spatial separation, while m(x) encodes local variations arising from the intrinsic uncertainty of the interaction
environment. The resulting field theory is finite not by construction but by necessity: it respects the physical impossibility
of absolute localization.

One may view the smearing kernel as a kind of physical filter that distinguishes between fluctuations that can be
physically realized and those that cannot. Short-wavelength modes that would require resolving spacetime beyond its own
uncertainty simply contribute negligibly. The structure of the form factor ensures that this filtering occurs smoothly,
without introducing discontinuities or arbitrary thresholds. In practice, this means that the usual loop integrals of QED
can be performed in the same manner as before, but their integrands are now multiplied by rapidly decaying functions
that render them finite. The presence of the nonlocal smearing replaces divergent renormalization procedures with finite
parameter matching governed by the intrinsic scale o, while preserving the renormalization group structure of the theory.

The presence of ultraviolet convergence in the nonlocal formulation does not eliminate the role of the
renormalization group or the B-function. The running of the effective coupling with energy scale remains a meaningful
concept, since vacuum polarization effects still modify the interaction strength at different momentum transfers. What
changes is the ultraviolet behavior of these corrections. Because each interaction vertex carries a smooth momentum-
dependent form factor originating from the smearing kernel, the high-energy contribution to the vacuum polarization is
exponentially suppressed. As a result, the growth of the effective coupling at large momentum is moderated relative to
local QED.

The B-function can therefore be defined in the usual way from the scale dependence of the effective charge, but its
asymptotic behavior is altered by the intrinsic nonlocal scale c. In particular, the exponential damping of large momenta
prevents the unbounded logarithmic growth that leads to the Landau pole in conventional QED. Instead of a divergence
at finite energy, the running coupling approaches a softened high-energy behavior controlled by c. In the limit 6 — 0, the
standard perturbative B-function and its associated Landau pole are recovered continuously. The fuzzy nonlocal
framework thus preserves the renormalization group structure while modifying its extreme ultraviolet regime.

Because ¢ and D(®) have clear physical interpretations, their presence does not diminish the predictive power of
the theory. On the contrary, they provide an additional level of explanation. The fuzziness scale ¢ may be associated with
a minimal localization length, perhaps related to fundamental constants such as the Compton wavelength or a yet-
unobserved substructure of spacetime. The variation of D(®) with position could reflect fluctuations of vacuum
uncertainty or local field coherence. Both quantities carry meaning that can, in principle, be probed indirectly through
high-precision measurements that test the limits of standard QED. The theory is therefore falsifiable in the same sense as
any effective field theory: it reproduces known results in its appropriate limit and predicts finite, calculable deviations
near its intrinsic scale.

From a broader perspective, the natural regularization achieved here illustrates the power of reinterpreting
uncertainty as geometry rather than as probability. The divergence problem, long treated as a mathematical nuisance,
emerges as a symptom of an overly idealized view of spacetime. Once the assumption of perfect locality is relaxed,
infinities vanish of their own accord. The Pythagorean-fuzzy reformulation therefore provides both a technical advantage
and a philosophical resolution. It asserts that what appears as infinite energy density in local QED is simply the attempt
to define an interaction within a region smaller than what nature allows.

The implications of this built-in finiteness extend beyond QED itself. Any gauge theory that relies on local field
interactions can, in principle, adopt a similar fuzzy nonlocal structure. The same reasoning that renders the
electromagnetic self-energy finite would apply to the gluon self-interaction in Quantum Chromodynamics or to the
ultraviolet behavior of the electroweak sector. If extended further, this approach might provide a bridge toward quantum
gravity, where the unification of general relativity and quantum mechanics almost certainly requires a departure from
strict locality. The present model offers a mathematically consistent pathway toward that departure while preserving the
operational structure that has made quantum field theory so successful.

In summary, the analysis of radiative corrections in the Pythagorean-fuzzy formulation shows that the theory is
finite, symmetric, and physically interpretable. The fuzziness of spacetime acts as an intrinsic regulator that replaces
renormalization with geometry. Gauge and Lorentz invariance remain intact, and all known low-energy predictions of
QED are recovered when the fuzziness parameters approach zero. What changes is the meaning of interaction itself: it
becomes a phenomenon with measurable extent, defined not by exact coincidence but by controlled overlap. The next
section turns to the deeper significance of this result, examining how the preservation of symmetry, the continuity of
limits, and the physical interpretation of fuzziness come together to form a coherent picture of electromagnetic interaction
under uncertainty.
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5. SYMMETRY, LOCAL LIMIT, AND PHYSICAL INTERPRETATION

A theoretical framework gains credibility only when its innovations preserve the essential symmetries on which
physical laws are built. Gauge and Lorentz invariance lie at the heart of Quantum Electrodynamics, and any modification
that compromises them would amount to replacing, not extending, the theory. The Pythagorean-fuzzy formulation was
constructed with this constraint in mind. It introduces structural uncertainty into the interaction without disturbing the
symmetries that make QED both predictive and coherent.

Gauge invariance is preserved through the use of a covariant nonlocal construction. The interaction between the
electron and photon fields, though extended in spacetime, is linked by a Wilson line that transports phase information
consistently from one point to another. Under a local gauge transformation, both the matter field and the gauge field
change in a correlated way, and the Wilson line precisely compensates for this shift. As a result, the entire nonlocal
interaction term transforms as a scalar under gauge transformations, maintaining current conservation and ensuring that
the Ward identity still holds. In practical terms, this means that the charge of the electron remains conserved, and the
physical content of the gauge principle is untouched. Lorentz invariance is equally secure. The smearing kernel depends
only on the invariant spacetime interval between points, so its form is the same in all inertial frames. This prevents any
preferred direction or reference frame from entering the theory. Observers related by Lorentz transformations will agree
on the functional form of the interaction, differing only in their coordinates. In this respect, the fuzzy nonlocal
modification alters the geometry of interaction but not the symmetry of spacetime. The resulting dynamics are covariant,
and the classical limit of relativistic field theory remains intact.

Preserving these symmetries is more than a mathematical exercise; it carries deep physical meaning. It shows that
the introduction of fuzziness does not imply disorder or violation of conservation laws. Instead, it represents a refinement
of structure within the same logical framework. The electron’s motion, the propagation of light, and the invariance of
physical laws under changes of inertial frame all remain as they were. What changes is the microscopic interpretation of
what it means for two fields to “meet” or for an interaction to “occur.” The new theory interprets these events not as
infinitely precise coincidences but as overlapping regions of finite extent. In that reinterpretation, the mathematical
singularities of local field theory lose their physical relevance. The recovery of standard QED as a limiting case confirms
this continuity. When the fuzziness parameters vanish—when ¢ tends to zero and the fuzzy weights approach unity—the
smearing kernel collapses to a delta function, and the interaction term reduces exactly to its local form. All predictions of
conventional QED are then reproduced with no residual modification. This behavior distinguishes the present formulation
from more radical proposals that alter the structure of space or field operators themselves. Here, the fuzziness does not
redefine the laws of motion; it modifies only their domain of applicability by recognizing that perfect locality is an
abstraction rather than a property of nature.

The parameters that define the fuzzy regime have clear physical interpretations. The smearing scale ¢ represents the
minimal region within which an electromagnetic interaction can be meaningfully defined. It can be thought of as a
measure of the smallest coherent volume of spacetime available to an exchange of virtual photons. The fuzzy weight
D(®), which depends on the local configuration of the Pythagorean field, expresses how strongly a region participates in
that interaction. Together they define a kind of “‘uncertainty texture” on spacetime: a landscape of participation that varies
continuously but never permits infinite precision. This view replaces the rigid geometric fabric of classical spacetime
with one that is softly structured, yet remains smooth and differentiable on scales larger than 6. From a conceptual
standpoint, the preservation of gauge and Lorentz symmetries while introducing fuzziness suggests a deeper harmony
between uncertainty and order. The formalism shows that indeterminacy need not imply violation of symmetry or
breakdown of predictability. Instead, uncertainty can be built into the geometry of the theory in a way that reinforces its
consistency. The Pythagorean-fuzzy parameters simply limit the resolution at which spacetime can be meaningfully
probed. They do not alter the governing equations, only the domain over which those equations can be applied without
contradiction.

This perspective offers a natural interpretation of renormalization. In standard QED, divergent integrals are rendered
finite by redefining mass and charge. Here, those same divergences never appear because the theory refuses to describe
interactions at scales smaller than its intrinsic uncertainty. Renormalization becomes unnecessary, not because the
divergences are subtracted away, but because the physical situation they would describe no longer exists. The fuzziness
of spacetime acts as a built-in acknowledgment of the limits of definability. In this sense, the Pythagorean-fuzzy
formulation achieves what renormalization merely enforces: a finite theory consistent with observation. The smooth local
limit also clarifies the theory’s empirical standing. Since standard QED is recovered exactly when fuzziness vanishes, all
existing experimental confirmations of QED remain valid. Any deviation from those results would occur only at energy
scales high enough to probe the structure associated with c. Detecting such effects would require precision beyond current
capabilities, though in principle small corrections could manifest in extremely high-energy scattering or in the behavior
of quantum vacuum polarization at short distances. The theory therefore remains compatible with all known data while
offering a testable direction for future exploration.

There is also a philosophical resonance in this formulation. It challenges the long-standing notion that fundamental
theories must rest on perfectly sharp mathematical points. By demonstrating that gauge and Lorentz symmetries survive
even when locality is softened, it suggests that the essential features of physics do not depend on infinitesimal precision.
Symmetry, not exactness, is what preserves the coherence of natural law. The fuzziness embedded in ®(x) may thus be
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viewed as a more faithful representation of physical reality—one where uncertainty is not a flaw to be corrected but a
property to be understood.

In conclusion, the Pythagorean-fuzzy QED framework preserves the structural integrity of the standard theory while
reinterpreting its foundations. Gauge invariance, Lorentz symmetry, and current conservation remain exact. The local
limit reproduces every verified prediction of conventional QED. Yet the theory replaces the need for renormalization with
a geometric acknowledgment of uncertainty. It retains the beauty and coherence of the original structure but grounds it in
a more physically realistic picture of spacetime, one that is finite in its precision and self-consistent in its logic. The next
section extends this discussion to broader implications, exploring how the same principles may generalize to other
interactions and how they might inform future approaches to unifying quantum fields with the geometry of spacetime
itself.

6. EXEMPLIFICATION: ONE-LOOP ELECTRON SELF-ENERGY IN PYTHAGOREAN-FUZZY QED
To illustrate the operational implications of the Pythagorean-fuzzy reformulation, we consider the one-loop correction to
the electron self-energy — one of the canonical processes in quantum electrodynamics (QED) where ultraviolet
divergences traditionally occur.
In this framework, the interaction vertex is not a pointlike coincidence in spacetime, but a gauge-covariant nonlocal
overlap modulated by the Pythagorean-fuzzy field and a Lorentz-invariant Gaussian kernel characterized by a finite
width £.
The corresponding effective interaction Lagrangian is expressed as

LB — o D) [ dy K (x,y; €) P) W, y) v P(x) A, (),

)2

L -
where K(x,y;?) = aneryz XP [_ (XHJ;

] is the smearing kernel that ensures smooth nonlocality, D(x)is the
defuzzification operator encoding the local participation and hesitation degrees, and W (x,y)is the Wilson line that
guarantees gauge invariance between the points xand y.

Within this formalism, the one-loop electron self-energy amplitude in momentum space takes the modified form
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The exponential damping factor originating from the Gaussian kernel suppresses high-momentum modes, ensuring
convergence of the integral without introducing any ad hoc cut-offs or counter terms. In this sense, ultraviolet divergences
are regularized dynamically by the intrinsic nonlocality of the interaction vertex.

Physically, the Pythagorean-fuzzy field D(x)modulates the effective coupling strength according to the intrinsic
uncertainty at each spacetime point, reflecting finite participation rather than exact pointwise localization.

In the local limit, when £ — O0and D(x) — 1, the interaction reduces continuously to the standard pointlike QED
vertex, and the familiar self-energy expression is recovered, reproducing all empirical results of conventional QED.

This explicit calculation demonstrates that the Pythagorean-fuzzy extension of QED provides a natural and
symmetry-preserving ultraviolet regularization. By embedding structured uncertainty directly into the interaction vertex,
it resolves the divergence problem at its conceptual origin, rather than by external renormalization prescriptions.

The Figure 2 illustrates the one-loop electron self-energy correction within the Pythagorean-fuzzy nonlocal
quantum electrodynamics framework.

fuzziness scale £

-=-= fuzzy field D(x)

Figure 2. One-loop Electron Self-Energy in Pythagorean-Fuzzy QED with Nonlocal Fuzzy Vertex

The electron line enters and exits through a nonlocal interaction vertex represented as a smooth elliptical
Gaussian-shaped region, marked by the fuzziness scale £ and the fuzzy field defuzzification parameter D(x). The
electron emits and reabsorbs a virtual photon in the loop, depicted by the wavy photon line. A dashed Wilson line
connects interaction points inside the fuzzy vertex region, ensuring gauge covariance. This visual conveys how the
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interaction vertex in fuzzy QED is extended over a finite spacetime region, providing a physical mechanism for
ultraviolet regularization without the need for renormalization counterterms.

7. BROADER IMPLICATIONS AND EXTENSIONS

The reformulation of Quantum Electrodynamics within a Pythagorean-fuzzy framework does more than provide an
elegant solution to the problem of ultraviolet divergence. It invites a wider reconsideration of how uncertainty, locality,
and interaction are connected across the structure of physical theory. The idea that fuzziness is intrinsic to spacetime
rather than a by-product of measurement suggests that the same reasoning can extend far beyond electrodynamics,
potentially reshaping how other interactions and even spacetime itself are described.

A natural first direction of extension lies in the non-Abelian gauge theories that form the backbone of the Standard
Model. Quantum Chromodynamics, for example, inherits many of the mathematical strengths and weaknesses of QED.
Its self-interacting gluon fields make the ultraviolet behavior even more intricate, requiring renormalization of both the
gauge coupling and the field propagators. Introducing a Pythagorean-fuzzy structure into QCD could regularize these
interactions in the same spirit as it does for QED. Each color field could carry its own fuzzy participation factor, reflecting
the limited definability of color charge at sub-hadronic scales. The resulting theory would still respect SU(3) gauge
symmetry because the fuzzy weights, if constructed as color-invariant scalars, would not interfere with the group structure.
The expected outcome would be a finite, gauge-covariant formulation that preserves asymptotic freedom while softening
the behavior of the coupling at extremely short distances.

The same conceptual framework could apply to the electroweak interaction, where the unification of electromagnetic
and weak forces already relies on a symmetry-breaking mechanism to introduce mass. Here, the fuzzy field could interact
with the Higgs sector, providing a new interpretation of spontaneous symmetry breaking. Instead of attributing mass
generation solely to the vacuum expectation value of a scalar field, one might view it as emerging partly from the finite
resolution of spacetime, encoded in the hesitation of interaction itself. The interplay between Pythagorean-fuzzy geometry
and symmetry breaking could open a subtle but interesting route toward a deeper understanding of how vacuum structure
and particle mass arise. A more speculative but equally important direction concerns the relation between fuzzy field
theory and the problem of quantum gravity. The core difficulty of unifying gravity with quantum mechanics lies in the
clash between continuous spacetime geometry and the discrete, probabilistic nature of quantum events. Most approaches
to quantum gravity—whether through loop quantization, string theory, or causal sets—try to impose discreteness from
the top down by redefining the underlying manifold. The Pythagorean-fuzzy approach offers a different route. It replaces
discreteness with gradation, introducing a minimal definable region not through lattice spacing but through degrees of
participation. The fuzziness scale ¢ then acquires a natural interpretation as a measure of the smallest meaningful region
of spacetime curvature. Such a description could, in principle, regularize the singularities of general relativity by
recognizing that the notion of a spacetime point ceases to make sense below a certain level of hesitation.

At a conceptual level, the theory aligns with the broader movement toward “quantum geometry,” where space and
time are understood not as passive backgrounds but as dynamical entities shaped by uncertainty. In a fuzzy spacetime,
the metric tensor could itself be replaced by a field of graded relations, describing how strongly or weakly regions of the
universe belong to one another. The Pythagorean-fuzzy formalism, already equipped with membership, non-membership,
and hesitation, provides a ready-made language for this idea. It can express not only how fields interact but also how
spacetime itself may participate in those interactions to varying degrees. This perspective naturally bridges the gap
between geometric and logical descriptions of the universe, placing both within a single, coherent framework. Beyond
high-energy physics, the implications of this approach extend to the philosophy of science. The fuzzy reformulation
suggests that the pursuit of absolute precision in theoretical constructs may be misplaced. Nature seems to operate through
balance rather than absolutes—probability in outcomes and hesitation in definitions. The classical ideal of exact points
and instantaneous events has always been a convenient abstraction, but the success of fuzzy logic in modeling real
physical behavior hints that the underlying world is inherently continuous yet never perfectly sharp. This reinterpretation
does not weaken physics; it grounds it more firmly in the conditions of observation and the finite character of information.
It shifts emphasis from exactness to coherence, from mathematical idealization to physical plausibility.

There are also practical consequences for computation and modeling. Nonlocal interactions with fuzzy weights are
naturally stable under numerical evaluation, as the exponential suppression of high-momentum modes removes the need
for artificial cutoffs in simulations. This could simplify lattice and perturbative calculations, offering a more physical
alternative to regularization schemes that introduce arbitrary parameters. Moreover, the Pythagorean-fuzzy representation
of uncertainty could inspire new numerical methods that blend logical and probabilistic elements—methods that might
be particularly suited to multiscale phenomena where classical and quantum regimes overlap. While the present study has
focused on QED as a conceptual prototype, the framework’s flexibility suggests that it could be extended in stages. The
first stage would involve detailed computation of higher-order corrections to verify that gauge symmetry and finiteness
persist in all perturbative orders. The second would apply the same logic to other gauge groups, exploring whether the
fuzzy structure modifies running couplings in a way that naturally unifies them at high energies. The third, more ambitious
stage, would attempt to couple the fuzzy field to gravity, allowing the fuzziness of spacetime to participate directly in
curvature and energy-momentum balance. Each of these developments would test the extent to which uncertainty, once
promoted to a structural feature, can serve as a universal regularizing principle across physical theory.
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The broader message of the Pythagorean-fuzzy formulation is that uncertainty and symmetry need not be opposing
ideas. A theory can respect the deepest conservation laws while admitting that nature forbids infinite precision. When
formulated carefully, this recognition does not obscure physics; it clarifies it. It shows that finiteness and coherence can
emerge from the same mathematical structures that once produced infinities, provided those structures are interpreted
with the appropriate degree of softness. The fuzziness field, viewed as an extension of geometry and logic, thus becomes
not merely a regularization device but a statement about the character of physical law.

The next and final section summarizes the essential achievements of this framework, restating its conceptual
motivations, technical results, and potential avenues for further investigation.

8. CONCLUSIONS

This study has developed a Pythagorean-fuzzy reformulation of Quantum Electrodynamics in which uncertainty is
treated not as an afterthought but as an inherent property of spacetime and interaction. The central motivation was to
confront the conceptual tension between the empirical success of QED and its mathematical dependence on
renormalization. In the standard theory, pointlike interactions produce divergences that must be cancelled by
counterterms. The present work addresses those infinities at their source by replacing the idealization of perfect locality
with a structured form of uncertainty. By introducing a Pythagorean-fuzzy field ®(x), each spacetime region acquires
measurable degrees of participation, exclusion, and hesitation. These parameters quantify how strongly an event belongs
to an interaction and how sharply it can be localized. When mapped through the defuzzification operator D(®), they
define an effective coupling that varies smoothly across spacetime, modulating the strength of interaction in proportion
to local uncertainty. The resulting theory is nonlocal but gauge-covariant: the Wilson line preserves local phase relations,
and the smearing kernel depends only on invariant distance, ensuring Lorentz symmetry. The modification is therefore
not a replacement for QED but a consistent generalization that introduces structural finiteness while leaving the
underlying symmetries intact.

The physical consequences of this reformulation are both technical and conceptual. At the technical level, the fuzzy
smearing of interaction vertices introduces a smooth form factor in momentum space that suppresses contributions from
extremely short distances. All loop integrals that would diverge in the local theory become finite, eliminating the need
for renormalization. Ultraviolet convergence emerges naturally from the finite resolution of spacetime itself. At the
conceptual level, this framework replaces the idea of exact pointwise coincidence with that of finite overlap, transforming
the notion of interaction from an instantaneous event to a process extended in space and time. The divergence problem is
resolved not by subtraction but by recognizing that perfect locality has no physical meaning.

The preservation of gauge and Lorentz invariance demonstrates that uncertainty and symmetry can coexist without
conflict. Fuzziness does not imply disorder; it represents a more accurate reflection of physical reality, where no
measurement or process can achieve infinite precision. The local limit of the theory, obtained when the fuzziness
parameters vanish, reproduces every verified prediction of QED, guaranteeing empirical consistency. Yet the framework
goes beyond existing formalism by providing a physically interpretable regularization that requires no arbitrary cutoffs
or counterterms. It unites probabilistic and logical forms of uncertainty under a single mathematical structure and anchors
them in the geometry of spacetime. The broader implications are significant. The same logic that regularizes QED could
be applied to non-Abelian gauge theories, where self-interactions make divergences more severe, or to gravity, where the
notion of a spacetime point may itself break down. The Pythagorean-fuzzy formalism offers a path toward such
generalization by interpreting minimal length not as a discrete unit but as a degree of definability. It suggests that the
continuum description of nature remains valid, but only when enriched with a graded notion of existence that prevents
infinitesimal idealizations from producing unphysical infinities.

At a deeper level, this work argues that the mathematical structure of physics need not be built on sharp boundaries
and exact points. Reality, as revealed by quantum mechanics, operates through balance rather than absolutes: probabilities
govern outcomes, and fuzziness governs definitions. By incorporating this principle into the very geometry of field
interactions, the Pythagorean-fuzzy approach offers a self-consistent and finite extension of quantum field theory that
remains faithful to its empirical core. It transforms uncertainty from a source of limitation into a source of regularity. The
framework developed here does not claim to complete the story of quantum theory, but it provides a direction that
reconciles precision with finiteness and logic with geometry. Its continuity with established physics ensures that it can be
explored without speculative leaps, and its conceptual foundations invite reexamination of how mathematical idealization
shapes physical understanding. If the universe indeed prohibits perfect exactness, then a theory that builds this prohibition
into its structure is not merely a mathematical convenience—it is a closer representation of nature itself.

Statement on Novelty and Scientific Importance

The present work introduces a novel theoretical framework that integrates Pythagorean fuzzy set theory into the
structural formulation of quantum electrodynamics. Rather than treating uncertainty solely as a probabilistic feature of
quantum amplitudes, the proposed approach embeds a graded notion of participation directly into the interaction vertex
of the theory. In this framework, spacetime regions are characterized by degrees of membership, non-membership, and
hesitation, providing a quantitative representation of finite definability in field interactions.
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Unlike conventional nonlocal regularization schemes that introduce external cutoffs or modified propagators, the
present formulation derives ultraviolet suppression from an intrinsic geometric mechanism. The nonlocal interaction
vertex is constructed in a gauge-covariant manner using Wilson-line connections and a Lorentz-invariant smearing kernel.
As a result, ultraviolet divergences are moderated through exponential damping while preserving gauge symmetry and
Lorentz covariance. The framework therefore offers a structurally consistent alternative to purely formal renormalization
procedures.

From a foundational perspective, the work reframes the divergence problem of QED as a consequence of idealized
pointlike locality. By replacing exact coincidence with finite overlap governed by a fuzziness scale, the theory
incorporates minimal interaction resolution without altering the core dynamical equations. In the appropriate local limit,
all standard results of QED are recovered continuously.

The methodology does not modify the axioms of quantum field theory but operates as an extension within the
established Hilbert-space formalism. Its significance lies in providing a unified language that connects logical uncertainty
with geometric nonlocality in gauge theories. The approach may serve as a conceptual bridge toward broader applications
in non-Abelian gauge fields or theories where strict locality is expected to break down.

In summary, the novelty of this work lies in embedding structured uncertainty directly into the interaction geometry
of quantum electrodynamics, yielding a finite and symmetry-preserving nonlocal formulation. Its scientific importance
rests on offering a coherent mechanism for ultraviolet moderation while maintaining the foundational principles of gauge
field theory.
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Kganrosa enexrponunamika (KE/I) € HaiitouHiworo Teopiero y ¢i3uii, npote i MPUITyLICHHS TPO TOYKOBI B3a€MOIIT MiXK 3apsIyKeHIMHI
YaCTUHKaMH Ta ()OTOHAMH TNPU3BOAUTH 10 YIbTpadioneToBUX po30DKHOCTEH, siKi HOTPeOyIOTh MepeHOpMyBaHHs. Y MLil CTaTTi
MIPOTIOHYETHCS  Tidaropilichbko-HediTka HesokanbHa mepedopmymanis KEJ[, mo BOyIoBye CTpyKTypoBaHY HEBH3HAUEHICTh
Oe3mocepeTHpO B CTPYKTYpy B3aemomii. KoskHa 00macTh mpocTopy-4acy onucy€eThes MmiaropiicbKuM HEUiTKUM ITOJIEM 31 CTYHCHIMH
HaJISKHOCTI, HEHAJISKHOCTI Ta BaraHb, 10 KiJTbKICHO BU3HAYa€, HACKUIBKY CHIIBHO OIS Oepe yJacTh y B3a€MOJii Ta HaCKiTbKU TOYHO
i MOXXHa JIOKaNi3yBaTH. 3BHYaiiHa TOYKOBA BEPLIMHA 3aMIHIOETHCS DIIAJKHUM, KaliOpyBaJbHO-KOBapiaHTHHM HEJOKAIBHUM 3B'S3KOM,
MOJTYJIbOBAaHHUM JIOPCHI[-IHBApIaHTHUM SIPOM Ta Jeha3nudikoBaHO Baror HediTkoro mois. L{s ctpykrypa 36epirae Bei cumetpii KE/JI,
ABTOMAaTHYHO NPHIHIYYIOYM PO3ODKHOCTI HAa KOPOTKHMX BIJCTaHsAX. YNbTpagioneToBi po30DKHOCTI MPUTHIYYIOTBCS y CBOEMY
BUHUKHEHHI, 1110 IPH3BOJHUTH /10 CKIHYEHHNX BHECKIB BIIACHOI €HEPTii Ta BaKyyMHOI MoJsipu3alii B HEJIOKAJIbHUX paMKax, 0e3 MOosBH
po30iXHUX KoHTpwIeHIB. Di3udHO, 116 GOpMYITIOBaHHS IHTEPIIPETY€E KBAHTOBI B3aEMOIIT SIK CKIHYEHHI «HEYITKI» TPOLECH, PO3MOALICH]
Mo o0nacTAX 0OMEeKEHOI BH3HAUCHOCTi. MareMaTHuHO, BOHO 00'€THY€E JIOTIKy Mi(aropoBHX HEUITKUX MHOXXHH 3 TEOMETPIEI0 Teopii
oIS, 3a0€e3Meuy0ur IPUPOIHUIA MEXaHI3M peTyisipr3allii, sKuil MOoBHICTIO BiAmosinae crangaptHiit KEJ] y pi3ko-JokanbHIN rpaHuLi.
KU11040Bi cJI0Ba: HelOKAIbHA KAHMOBA MEOPis NONA,; KANOPY6ALbHO-KOBAPIaHMHA pe2yaspusayis; Jlopeny-ineapianmmue posmummsi;
niHii Bincona; penopmepyna; Iliggacopose neuimke none; ynompagpionemosa 30iocnicmo
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The fission time scale and associated distributions play a crucial role in investigating the full dynamical evolution of the excited
compound nucleus. In the present work, we have performed a one-dimensional Langevin dynamical model calculation to simulate the
fission time scale and corresponding fission time distributions (FTDs) for '2’Cs, 2'3Fr, and **Am. The time evolution of the collective
deformation coordinate from the ground state to scission is followed under the influence of dissipation, fluctuations, and realistic fission
barriers, and a large ensemble of trajectories is used to construct fission—time distributions for each compound nucleus. The results
reveal distinct differences in the shapes and widths of the distributions, characterized by extended long-time components that
significantly impact the average fission time. Particle evaporation is found to play an important role in shaping the fission time
distributions by modifying the excitation energy during the dynamical evolution. These findings emphasize the importance of analyzing
the full fission time distribution, rather than relying solely on average values, for a realistic description of fission dynamics.
Keywords: Nuclear fission; Fission time scale; Fission time distribution; Langevin dynamical model; Neutron multiplicities

PACS: 24.75. +i, 25.85 -w, 24.60.ky

INTRODUCTION

Nuclear fission is a complex many-body process in which an excited compound nucleus evolves from its ground-
state configuration to scission under the combined influence of the mean nuclear potential, dissipation, fluctuation, and
statistical particle emission. It has been a topic of great interest and has been extensively studied both theoretically and
experimentally [1-3]. Also, the study of nuclear fission dynamics is a challenging subject due to the intricate nature of
this process. A compound nucleus may undergo fission depending on the excitation energy, angular momentum, fission
barrier, and other factors. The dynamics of the fission process are governed primarily by the target—projectile combination,
viz -a- viz., the total mass and the excitation energy. This relevance can be examined by using the fission timescale (f),
which is the time required for the CN to reach the scission configuration from the ground state shape. Significant effort
has been made to comprehend fission timescales through various experimental techniques. Fission time (c;) of an excited
compound nucleus can be inferred from the measured particle multiplicities such as pre-scission neutron
multiplicities [4, 5], charged particles (proton and ) [6], and y-rays [7]. Also, the average fission time (c¢) can be
estimated from observables such as the evaporation residue (ER) cross-section [8] and fission probabilities [9]. All these
nuclear probes are considered indirect probes, and with a proper model, they are used to evaluate the fission time in the
range of 10%'s (1 zs = 10?'s). On the other hand, direct probes, including crystal blocking and K-shell X-ray
measurements, determine significantly longer lifetimes in the order of 10-'%s (attosecond) scales. This apparent
discrepancy has motivated renewed interest in dynamical approaches that explicitly follow the time evolution of the
fissioning system, incorporating fluctuations, dissipation, and particle evaporation on an event-by-event basis. A one-
dimensional Langevin dynamical model has been used recently to resolve this discrepancy [10]. In this work, a similar
study is extended for a wide range of masses with different excitation energies.

THEORETICAL MODEL
In the present work, a stochastic one-dimensional Langevin dynamical model is utilized to describe the full
dynamical evolution of an excited compound nucleus, with the elongation of the nucleus considered as a collective
coordinate and usually defined in terms of the Funny-Hill shape parameter ¢ [11]. The one-dimensional Langevin equation
in terms of ¢ is given by,

dp p2 dm™1(c) dF(c)

=77 @ e PPHIr®
de_ _p_
E_m(c)a (1)

where c is the collective coordinate defining the deformation of a fissioning nucleus, and p is the collective momentum
conjugate to c¢. The shape-dependent collective inertia m(c) is calculated by employing the Werner-Wheeler
approximation [12] for the irrotational flow of incompressible nuclear fluid. The parameter § appearing in Eq. (1) is the
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shape-independent reduced dissipation coefficient that represents the coupling between collective and intrinsic nuclear
degrees of freedom and governs the irreversible energy flow from collective to the intrinsic excitation and is denoted by
the ratio of the dissipation coefficient ) to the inertia parameter m (f =n/m). Since nuclear dissipation governs the fission
time scale and the time available for prescission neutron emission, the prescission neutron multiplicity (v,y) is highly
sensitive to B. Therefore, f is treated as the only adjustable parameter and is constrained by reproducing the experimental
(vpre). The product gI'(t) is the random force, with I'(t) being the time-dependent stochastic part with time average
(I'|(t)) = 0 and time-correlation (I'(t)I'(t")) = 8(t — t'). g is the strength of the random force, and it is related to the
dissipation coefficient i) through the fluctuation-dissipation theorem: g2 = nT [13].
The driving force for the collective motion is extracted from the Helmholtz free energy:

F(©) = V(o) — {alc) — ao}T? 2

where V (c) and a(c) are the deformation-dependent potential energy and level density parameter, respectively. a, is the
value of a(c) at the spherical shape (¢ = 1).

The shell correction in the level density parameter a(c) is incorporated using Ignatyuk’s prescription [14]. The
nuclear temperature T in the above Eq. (2) is calculated from the ground state excitation energy (E™) and the ground state

level density parameter a, by using the Fermi gas relation: T = \/E*/a,. The deformation-dependent shell correction
energy in V (¢) is obtained by solving a two-centered Woods-Saxon mean field [15], followed by the application of
Strutinsky’s prescription [16].

A large number of Langevin trajectories, approximately 10°, are sampled to reduce statistical uncertainties. For each
event, dynamics are followed numerically up to 10"'°s with a time-step of 10->s. At each time step, evaporation of light
particles (n, p, @) and GDR y-rays are sampled with the Monte-Carlo technique. The standard statistical model prescription
is considered to calculate the widths for these evaporation channels. The initial collective coordinate is that of a spherical
nucleus, and its initial momentum distribution follows from an equilibrated thermal system. A Langevin trajectory is
judged as a scission when the neck radius reaches its critical value Cg. = 0.3R,; (Ro being the spherical nucleus radius).
For each fission event, fission time is evaluated with associated neutron evaporation fission channels. If c} is the fission

N .

i
. . . . Y2, c
time for the i fission event, then the average fission time is calculated as (cr) = ‘;,1 L

, where, N is the total number of
fission events.

RESULTS AND DISCUSSION
The details of the reactions chosen for the present work are given in Table I. For each compound nucleus excitation
energy (E*), the reduced dissipation coefficient () — determined by accurately reproducing experimental prescission
Vpre(Exp) along with the average fission time (c), and barrier height (B;) are listed. These nuclei were chosen to provide
a systematic comparison of fission dynamics across a wide range of masses.

Table I: Details of the reactions

CN E*(MeV) Vpre (EXp) Vpre(Cal) B(Mev/h) {cr) zs By (MeV) Ref.
125Cs 241.78 4.0=£0.5 4.0676 4 1.45 x 103 34.64 [5]
2BFr 72.19 3.28 +0.30 3.30 5.5 1.53 x 10* 18.44 [17]

23 Am 54.1 1.35+0.14 1.4312 0.5 3.28 x 10! 7.50 [18]
- Fig. 1 shows the deformation energy landscape of
2 23Fr as a function of the deformation parameter c,
30
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Figure 1. The Potential-energy landscape of the >'3Fr nucleus
calculated using the Liquid drop model (LDM) (solid line) and
the LDM plus microscopic corrections (dashed line) as a
function of the collective deformation coordinate ¢

incorporating shell and pairing corrections. The height and
shape of the fission barrier play a crucial role in governing
the fission dynamics by controlling both the barrier
penetration probability and the residence time of the
compound nucleus in the pre-scission region. The
deformation-dependent microscopic corrections
significantly modify the macroscopic LDM barrier,
converting the originally single-humped fission barrier
into a characteristic double-humped shape. This barrier
structure leads to a competition between fission and
particle evaporation, which strongly influences the
average fission time and fission time distributions
discussed below.

Fig. 2 depicts the total fission yields of '°Cs, 213Fr,
and ’Am as a function of fission time. The fission time
distribution is sharply peaked at short times around 10-%°s
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with a very small non-vanishing tail up to 10° zs (zeptosecond) for the '>>Cs compound system. Further, the distribution
for 21Fr has a broader width with a peak around 10-'s, and has a considerably longer tail up to the maximum dynamical
time. The pronounced long-time tail is correlated with the structured fission barrier of Fig. 1, where the second hump and
the shallow intermediate minimum trap a non-negligible fraction of trajectories and allow for additional neutron
evaporation before scission. Conversely, the actinide nucleus *?Am shows a narrower peak with a shorter 7, ~10% s
without any long tail structure. From these distributions, we have observed the average fission time (z), 1.45%10° zs,
1.53 x 10* zs and 3.28 x 10' s for the systems '**Cs, 2"*Fr and ***Am, respectively. The (;) are mainly contributed by the
long tail part of fission yields.

1.6 50
) 125,

L 9 2130S

1.2 = W 243Fr
;\: n E ......... Am
; 1-0 '; ------
° e 30|
';I 0 8 -9
c A
S @
‘5 0.6 & 20
2 S
L 04 | =

& 10
0.2
0.0 ° ! { ‘e e |- . .: .
100 10! 102 10° 104 108 (In,f) (2n,9) (3n,0) (4n,f) (5n,f) (6n.7) (7n,f) (8n,0) (9n,f) (10n,f)
Fission time (10'21 S) Fissioning channels
Figure 2. Fission yield distribution as a function of time for Figure 3. Partial fission yields from different isotopes of 12°Cs,
125Cs, 213Fr, and 2% Am 213Fr, and ¥ Am through neutron evaporation

Further, to understand the behaviour 7 more clearly, partial fission yields of different fission channels are depicted

in Fig. 3. For '%°Cs, fission channels up to (87, f) have contributed, which indicates that the CN has survived for a longer
dynamical time after the last particle evaporated. This behavior is consistent with the relatively higher fission barrier of
125Cs, which hinders early saddle crossing and allows successive neutron evaporations to occur. Since each neutron
usually reduces the CN excitation by 8 to 10 MeV (separation energy kinetic energy), it makes the fission process slower.
The same scenario is valid for 2'*Fr up to (6n, f) fission channel. For this system, the available E* falls between
15 —25 MeV, hence a substantial percentage of CN persists for a longer time. In contrast, a larger partial fission yield is
observed for the (1n, f) and (2n, f) channels for 2**Am, resulting in a very short fission timescale. Also, this behavior can
be directly related to the comparatively lower fission barrier of 2 Am, which allows rapid saddle crossing and suppresses
higher-order evaporation chains.

CONCLUSIONS
The present Langevin dynamical study demonstrates that the fission decay of the compound systems '>°Cs, 2'3Fr,
and 2 Am is governed by a subtle interplay between excitation energy, fission barrier structure, and dissipation strength.
From this study, we conclude that the fission timescale primarily depends on CN mass, which determines the potential
energy surface (PES). Consequently, the fission timescale of each nucleus is determined by the shape of the PES near the
ground state configuration.
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MACIITABH TA PO3HOILINA YACY MOALITY, JOCJIIKEHI 3 3ACTOCYBAHHSAM JUHAMIYHOI MOJIEJII JIAHXKEBEHA
Yapwmi Baparama', lipyrya Hecai', M.T. Centin Kannan®

'Kagpedpa pizuxu, konedc nayx im. cepa IL.T. Capsadocanixa, Cypam-395007, Indisa

’Kageopa ¢pizuxu, inowcenepnuii konedac Xpucma Ilapsa, Kapamaoaii - 641104, Inois
Illkana vacy moaidy Ta MOB'sI3aHi 3 HEIO PO3MOIUIM BIiAITPArOTh BHUPIMIANBHY POJb y JOCHIIKEHHI MOBHOI TUHAMIYHOI €BOJFOLIL
30yIDKEHOTO CKIagHOTO siapa. Y ik poOOTI MH BHKOHANM PO3PaXyHOK OJHOBUMIpHOI IuHaMiuHOi mopemi JlamkeBena st
MOJICTIOBAHHS [IKaJIH Yacy MOALTY Ta BIANOBIMHHUX po3moxuriB dacy noxairy (FTD) mms '*°Cs, 213Fr ta 243Am. YacoBa eBoirorist
KOJICKTUBHOI KOOpJWHATH AedopMamii BiJi OCHOBHOTO CTaHy JI0 PO3PHBY BiICTEXYETHCS IIiJ| BIDIMBOM AWCHMIaNii, GiaykTyamiii Ta
peanicTHyHUX Oap'epiB MOAITY, a 411 MOOYIOBU PO3MOALTIB Yacy HOALTY Ul KOXKHOTO CKJIAJIHOTO SIIPA BUKOPHCTOBYETHCS BEIUKHNA
aHcaMOnb TpaekTopiil. Pe3ynpraT mMOKa3yloTh YiTKi BigMiHHOCTI y (opmax Ta IIMPHHI PO3MOXUIIB, IO XapaKTEPH3YIOThHCS
HPOTSHKHUMHU JIOBFOYaCOBHMH KOMIIOHEHTAaMH, SIKi CyTTEBO BIUIMBAIOTh Ha CepeiHiil yac moainry. BusBieHO, 110 BUIapoOBYBaHHS
YaCTHHOK BiIirpae BaXKIUBY poib y (OpMyBaHHI PO3MOALTY Yacy MOJiNY, 3MIHIOIOYM CSHEepriio 30y/DKeHHs M Yac AWHAMIYHOT
eBomonii. L{i pe3ynbTaTu miAKPECIIOITh BaXIUBICTH aHaJi3y MOBHOTO PO3MOILTY Yacy MOIUTY, a HE MOKIAAaTHUCS BHKIIOYHO HA
CepeHi 3HAUCHHS, TS PEATiCTHYHOTO ONUCY AWHAMIKH TOALTY.
KarouoBi caoBa: sdepnuii nodin; wkana uyacy nooiny;, posnodin uacy noodiny, ounamiuna moodens Jlamgicesena; metimponui
MHOICUHHOCI
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Density functional theory (DFT) serves as a first-principles method to thoroughly investigate the stability of the structure and analyse
the electronic, optical, and thermal characteristics of two-dimensional bismuth tribromide (2D BiBr3). Ab-initio molecular dynamic
(AIMD) simulations reveal that the structure is thermally stable at 300 K. The BiBr3 behaves as a semiconductor with a 2.84 eV band
gap according to its electronic band structure and partial density of state (PDOS) analysis. Optical characterisation reveals that BiBr3
has strong interactions in visible and ultraviolet wavelength domains, which shows its potential in the next-generation of optical and
optoelectronic devices. A remarkable Seebeck value estimated via Boltzmann transport calculations, highlights the promise of BiBr3
in low-temperature thermoelectric management. This investigation implies temperature-driven power factor improvement, peaking at
3.25 x10'2 W/K?-cm-s at 300K. The BiBr3 exhibits moderate heat capacity at intermediate to high temperatures while keeping very
low thermal conductivity. This highlights its ability to effectively manage heat and serve as an insulator in various applications. The
detailed results show that 2D BiBr3 is a potentially favorable material with diverse possibilities in most technological applications.

Keywords: BiBrs structure; DFT; Stability; Electronic characteristics;, Thermal properties; Optical characteristics

PACS: 71.15.Mb, 71.20.-b, 78.20.-¢, 72.20.Pa, 65.40.-b

1. INTRODUCTION

Andre Geim and Konstantin Novoselov made an extraordinary discovery of graphene through their conventional
mechanical exfoliation process known as the ”Scotch tape method” in 2004. This discovery started the exploration of
two-dimensional (2D) materials. A breakthrough in materials research is sparked by graphene, just one sheet of atoms of
carbon organized in a hexagonal lattice, which demonstrated remarkable hardness, thermal characteristics, and electrical
conductivity. After discovering graphene, scientists look for more 2D substances with special features. Molybdenum
disulfide (MoS,) is one example of a transitional metals dichalcogenide (TMD), a family of semiconducting materials
having adjustable optical and electronic characteristics. Additional types of 2D materials follow these [1, 2].

In the past few years, the interest in 2D compounds is increasing because of their distinctive characteristics and
prospective uses. Black phosphorus, Hexagonal Nitride of Boron (h-BN), and other metallic halides are among the 2D
materials, their outstanding electronic characteristics and their use in future technology have made them an intriguing group
of materials. The lower dimension of 2D structures results in enhanced carriers mobility, adjustable band structures, and
quantum-confined effects, which in turn cause the spacial electronic behavior. Following an analysis of the electronic band
structures of the crystals by electronic band structure, estimated band gap, and DOS revealed that Mg3;BiBr; exhibits
semiconductor behavior [3, 4, 5].

An instance of the halide family, bismuth tribromide BiBr3 is developed into a centre of scrutiny over the last decades.
Achieving plenty of recognition due to its exceptional properties than its potential applications, setting up such a hybrid
framework will enable the efficient calculation of a wide range of materials features, including thermal conductivity,
electronic behavior, and optical properties, making it an appealing candidate for photovoltaics and light-emitting diodes,
particularly in the fields of materials science and optoelectronics. Moreover, BiBrs shows potential for eco-friendly
solutions in next generation energy devices as a lead-free substitute for conventional perovskites. Triple bromine Br atoms
coordinated the bismuth Bi atom in BiBr; to produce a deformed octahedral shape in a (+3) oxidized state. Because
the Bi*? ion has just one pair of electrons, the deformation is caused by unequal bond lengths and angles, because it
introduces hybridization effects that affect the position of the valence and conduction bands, this stereochemical activity
has a substantial impact on the electronic characteristics [6, 7, 8].

BiBrj3 requires thermal stability to be employed in a variety of circumstances. According to DFT calculations, BiBr3
has a sufficiently stable structure under ambient circumstances, which is important for device sustainability and stability in
real-world situations as well as efficiency of the device. Theoretical research implies that Bil3 in a crystalline-monolayer
form would have less stability when compared to BiBrz. BiBr3 has been studied for its electronic characteristics, such as
band structure and density of state, to better understand material characteristics. The indirect band gap of BiBr3 is around
2.84 eV, positioning it in the visible to ultraviolet wavelengths. BiBr3 has strong optical characteristics, such as UV-visible
absorption of light and its high refractive index, they can lead to an enhancement of solar cell performance. Its optical
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band gap and absorption coefficients make it a promising option for use in solar energy harvesting devices, BiBr; has a
large dielectric constant, indicating the ability to storage electrical energy in an electrostatic field [9, 10, 11].

In terms of thermoelectric properties, DFT has emerged as a popular computational approach for studying 2D materials
on an atomic scale, which gives information on numerous thermoelectric parameters such as the seebeck coeffcient, S,
elecrical conductivity, o, electronic thermal conductivity, «, and the power factor, PF, of the system. They are chemical
potential-dependent and temperature-dependent behaviors that indicate the components leading to their thermal resilience.
In solar cell device, BiBr3 being a lead-free material has been investigated as a safer alternative[12, 13].

Limitations such as incomplete characterisation and insufficient examination of the properties have plagued studies
of BiBr3. This work attempts to fill these gaps by conducting a comprehensive and in-depth assessment of BiBr3, which
can provide a deeper understanding of its characteristics and its uses. This study uses DFT to analyse the stability,
thermal, electronic, and optical characteristics of the BiBr3; structure. DFT provides an excellent basis for studying the
electronic structure of BiBrj at the atomic level, allowing precise predictions of its behaviour in many applications. We
utilize AIMD to examine BiBr3’s thermal stability and potential tolerance for heat by simulating its thermal properties.
While optical feature computation suggests great potential for usage in a range of several areas, also, understanding the
light-matter interaction is critical because it allows us to optimise materials for specific uses. Applying BoltzTraP to the
Boltzmann transport framework, the thermoelectric performance at low temperatures and the heat capacity, phonon group
velocity and lattice thermal conductivity at high temperatures are investigated [5, 14, 15, 16, 17].

2. METHODS AND COMPUTATIONAL TOOLS

We examine a two-dimensional unit cell of BiBrs with space group P2/c consisting of 16 atoms. Quantum espresso
utilizes the projector augmented wave (PAW) framework for conducting first-principles calculations. Furthermore, the
GGA (generalized gradient approximation) is employed as a method to compute exchange and correlation terms when
using PBE conceptual framework. A convergence test establishes the suitable kinetic energy cutoff for Brillouin zone
sampling through testing. A combination of a 7 X 7 X 3 Monkhorst-Pack k-point grid and a 45 Ry plane-wave cutoff is used
as the computational parameters. The nscf calculations require a denser k-point grid of 50 x 50 x 5 for their execution. Unit
cell and atomic arrangements undergo structural relaxation through the relax and vc-relax modes to determine optimal
structures suitable for detailed analysis. The relaxation energy reaches convergence at 4 x 1077 eV [17, 18].

The AIMD simulation run tests thermal stability on a unit cell maintained at 300 K for 5 ps. Structure undergo analysis
of their electronic and optical characteristics when they reach full relaxation, where stress are less than 6x10~* eV/A. The
analysis of electronic transport characteristics employs BoltzTraP, which applies Boltzmann transport equations to constant
relaxation time condition, important characteristics including the seebeck,S, electrical conductivity, thermal conductivity
of electron, and power factor are calculated. Phonopy program calculates entropy and heat capacity by appling the
small displacement approach [19]. The Phono3py software is used to calculate the conductivity of lattice vibration and
group velocity, employing a g-point mesh of 10x10x7. XCRYSDEN and BURI 1.3. are used to visualize and design
structures, as well as to improve our understanding of material characteristics by assuring correct modeling and guiding
investigations [12, 20, 21].

3. RESULTS
This part discusses the results of the stability, electronic, optical, and thermal properties of the 2D BiBrj3 structure.

3.1. Geometric properties

The BiBr; crystallizes as a structure that is monoclinic in the P21/c space group, arranged in a two-dimensional form.
In this arrangement, every bismuth (Bi*) ion is linked to by triple bromine (Br~) ions, giving rise to edge-sharing BiBr;3
octahedra. Modeling simulations to determine the electronic, thermal, and optical characteristics of BiBr; needs accurate
descriptions of geometric aspects, including unit cell, lattice constants, and lengths of bond. Geometric variation factors
significantly influence the electronic band structure, phonon dispersion, and optical response, emphasizing the need for
computational studies that include an accurate assessment of the atomic configuration [22, 23].

After fully relaxed structure, the lattice constants are a = 7.40A, b = 12.79A, the z vacuum distance is assumed to be
¢ =7.69 A, and the Bi-Br bond length is found to be 2.90 A. They are decsribing the arrangement of atoms in a unit cell.
The Fig. 1(a),(b) depicts the top and side perspectives of the structure. The study analyzes the characteristics of BiBr3 by
utilizing a relaxation structure-optimized lattice parameter. The findings are consistent with reported data [24].

3.2. Stability

We evaluate formation energy to ensure that the structure becomes energetically stable. The formation energy of
a BiBr; material refers to the overall energy required to develop it based on its separate components in their normal
states. Negative formation energy means that the material energetically is great stable, whereas positive formation energy
demonstrates the fact that the material is unstable and might degradation, the BiBr; becomes energiticaly excellent stable
at lattice distance of 7.40 A due to its minimum negative formation energy of -2.45 eV [25].
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(a)Top view

(b) Side view

HALLALE,

Figure 1. Structure of 2D BiBr3; from top view (a), and side view (b).

To evaluate the thermal stability of BiBr3, we are applied AIMD to compute temperature and total energy versus
time (5 ps) in a unit cell at 300 K. The temperature variation increases somewhat at the start of the simulation due to the
structure requires only a brief amount of time for reaching equilibrium. Then the fluctuation becomes roughly constant
throughout time, indicating that the structure has achieved stability and it is in an equilibrium phase. Additionally, the
temperature profile varies little during the simulation, indicating that heat transport is restricted by a BiBr3 structure as
seen in Fig. 2(a) . We are noticed no substantial structural disturbances or bond breaks, this corresponding to the system
remain stable.

The energy fluctuations of roughly 0.22 Ry, which is inside the range reported in earlier. The BiBr3 structure showed
no substantial energetic changes throughout the simulation period, thus avoiding any structural deformation. It is apparent
that there is no structural change in terms of energy as illustrates in Fig. 2(b). BiBr; may have an extremely rigid lattice
structure or strong bonds due to its low (temperature and energy) fluctuations. These little fluctuations demonstrate that
phase transitions or breakdowns do not take place with time. BiBr3 is stable and crucial for structural integrity. AIMD
simulations provide a useful foundation for testing structural stability [26, 27].
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Figure 2. The flactuation of temperature (a), and energy (b) versus time during the AIMD simulation.

3.3. Electronic properties

We first calculated BiBr3’s thermal stability through analysis, then, the electronic properties of BiBr3 are computed.
It mostly depends on band structure and partial DOS, which are computed along the path '-Y—-M—K—H—X. Both
are referenced to the same energy level where Fermi energy is taken to be zero, these are shown in Fig. 3 and Fig. 4.
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The BiBr; material exhibits indirect bandgap characteristics because its electronic states are unevenly distributed across
the band structure. The valence band’s maximum (VBM) is located at the X point and the conduction band minimum
(CBM) at the Y point, giving an indirect band gap. In these situations, the transition between the VBM and CBM requires
a change in energy as well as momentum. This condition decreases the propensity of direct photon-induced transitions,
since phonons are required to achieve momentum conservation. As a consequence, the optoelectronic transition of the
material is inherently dictated by the indirect nature of the gap. Fig. 3 shows that the GGA-PBE functional may potentially
underestimate the calculated indirect band gap of 2.84 eV. This underestimation is due to the fact that standard DFT
that is based on semi-local exchange-correlation functionals is incomplete when it comes to the discontinuity in the
exchange-correlation potential and tends to delocalize the electron densities [28].

The obtained band structure of BiBrj is not flat, which points to the high dispersion, delocalized electronic states, and
to the strong variations of energy levels with momentum. The degree of band dispersion is proportional to the effective

-1
> ‘Z%) . In such a way, the dispersive character of the band structure of BiBr3, implies

quite delocalized electrons and holes, resulting in a higher efficiency of the charge transport. The electronic band structure
is determined by the arrangement of the atoms, which is significant in establishing its characteristics. Lower symmetry in
BiBr3; causes energy bands to spread widely due to fewer degenerate energy levels and generates substantial band gap, from
this perception, this arrangement is not fully symmetrical in a high-symmetry sense, because there are some imperfections.
Its depends on the specific observation or crystal phase [29].

mass of charged carrier, m* =

E-Eg (eV)

Figure 3. The electronic band structure of 2D BiBr3, with the Fermi level referenced at zero energy.
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Figure 4. Project density of states (PDOS) and total density of state of 2D BiBr; material as obtained with DFT
calculations.

A PDOS calculation is conducted for the constituent elements in the energy range of (-3 to 4.5) eV, highlighting their
orbital contributions to the band structure, which is essential for a comprehensive understanding of bonding properties,
as illustrated in Fig. 4. The predominance of Br-p orbitals in the valence band (VB) indicates a strong ionic character,
stemming from the robust interaction between the bismuth and bromine atoms. Conversely, in the conduction band (CB),



195
DFT Study of the Stability, Electronic, Optical, and Thermal Properties of Two-Dimensional... EEJP. 1 (2026)

Bi-p orbitals significantly influence both the electronic and optical characteristics of BiBr;. The considerable electronic
character separation between the Br and Bi atoms suggests the ionic nature of bonding in BiBrs. Additionally, the band
gap varies from O to 2.83 €V, indicating that the PDOS is zero due to the absence of allowed electronic states [30].

We are noticed that the two atomic orbitals involved in the reaction (Bi-p and Br-p) remained distinct due to the
orbitals do not normally hybridize. The orbitals work independently without mixed and retain their original features,
resulting in a localized disposition in states. The projected density of states (PDOS) calculations show a weak contribution
from Bi-s and Br-s orbitals, as these states are at lower energies compared to the p orbitals, which limits their involvement
in bonding. In heavy-element compounds, relativistic effects and the larger principal quantum number make s orbitals
more contracted and lower in energy, further decreasing their overlap with nearby orbitals. As a result, these s orbitals
play a minor role in the bonding framework. Conversely, the Bi-p and Br-p orbitals, which are higher in energy and
more spatially extended, primarily drive the bonding interactions, forming the main electronic coupling in the system. In
conclusion, BiBr3; has an indirect band gap of about 2.84 eV that is smaller compared to that obtained in Bi4Og, reported
as 3.12 eV [31].

3.4. Optical properties

This section analyzes optical characteristics (dielectric (&), absorption coefficient (@), and optical conductivity of
2D BiBr3 shape based on Random Phase Approximation (RPA) across the Brillouin zone with dense mesh grid points at
span of energy (0-10 )eV. These characteristics describe how a material responds to incoming electromagnetic spectrum.
BiBr3’s optical properties can be helpful for a variety of applications. The Fig. 5 shows how dielectric behavior changes
with photon energy under both perpendicular (E,) and parallel (E,) electric field conditions [32].
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Figure 5. Real part, Re(e), and Imaginary part, Imag(e), of the dielectric function of 2D BiBrj3 in parallel, E, (red) and
perpendicular, E, (blue) applied electric field.

It is noteworthy that the results in the x- and y-polarized electric field are comparable showing symmetric optical
response of BiBr;. However, the interactions varies in the electric field x-polarization and z-polarization, owing to weak
anisotropic structure. The real part Re(g) refers to the active aspect of structures that respond to electrical energy storage.
The stationary dielectric function is 4.9 and 4.7 at zero photon energy for E,, E, respectively. This suggests that BiBr3
exhibits strong polarization behavior or is easily polarizable, because of the their atoms are less sensitive to electric fields.
The material displays its strongest response at around 3 eV. This occurs at particular photon energies where the electrons
in the valence band can be polarized most efficiently by the incident electromagnetic field, typically around the point of
interband transitions, the substance exhibits a robust electrical energy storage capacity when observed from this standpoint.
At frequencies higher than this, the electrons are no longer able to respond in a meaningful way to the rapidly varying
electromagnetic field, and Re(e) will begin to drop. Around 4 €V, the material attains plasmonic behavior because the
Re(e) becomes negative due to the collective electron oscillation, making the material useful for plasmonic applications,
at this point the material does not support propagating wave [33].

The imaginary part of dielectric reacte to a various frequncies, seen in Fig. 5(b). The Imag(e) of the dielectric
function corresponding to how much energy material absorbs. At low frequencies the static value of Imag(e) is almost
equal to zero since there is insufficient energy in the photons at low frequencies to excite electrons across the band gap.
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As the energy of photons is successively increased and passes beyond the band gap threshold, Imag(e) rises sharply
because allowed electronic transitions between the valence band and the conduction band can then occur. Peaks at certain
energies can be seen, each one being due to a strong optical transition at a critical point in the electronic band structure
where the joint density of states is large. Their peaks represent the energy bands at which photon energy absorption is
maximum. At higher photon energies Imag(e) is gradually decreased due to lowering probability of additional elctronic
excitations, and the electrons cannot react to the fast oscillations of the external field anymore. The Imag(e) shares a
connection with shielding capabilities through electromagnetic screening mechanisms present in materials. Shielding
strength increases while Imag(e) value increases and vice versa. Therefore the general tendency of Imag(e) , which
begins at nearly zero, increases with energy, reaches maxima associated with characteristic transitions, and decays at high
frequencies, characterizes the primary absorption response of the substance [34].

Optical conductivity, descibes a material’s capacity to transmit electric current under an oscillating an electric field.
The optical conductivity varies significantly with respect to photon energy as it is illustrated in Fig. 6. The key point is,
the optical conductivity in the range energy (0-2.82) eV dis effectively zero, because there aren’t many electronic states
accessible for optical transitions. Also, it is denoted as the optical band gap. The transition from the valence to the
conduction band appears clearly with the maximum optical conductivity of BiBr; happening at 4.1 eV, the material shows
strong light-absorbing properties and transition abilities that function at multiple photon frequencies. The photon energy
surpassing the band gap plays a vital role in determining the total transition strength and involvement of most interband
transitions. Multiple allowable transitions contribute to the observed peak. This information allows us to comprehend
charge transfer patterns, which are required by developers for the production of storage device applications. Although
photons with more energy can potentially cause promotion across larger energy gaps, the number of available and strongly
coupled transitions is reduced. Optical coupling becomes weaker as the reduced joint density of states, which leads directly
to a reduced optical conductivity at high energy photons [35].

The refractive index, n, of a substance is a dimensionless number that defines the way light travels through material
as displays in Fig. 6, and its govens phase velocity and dispersion. BiBr3 refractive index varies with wavelengths due to
frequency-dependent refractive index. The static n is 2.24 at zero photon energy, indicating the material strongly respond
to electric field. At low photon energies (below the band gap), no interband transitions happen, so Imag(e)= 0, and Re (¢)
remains fairly constant. As a result, the refractive index stays nearly the same. Beyond this point the refractive index grows
smoothly because the light phase velocity decreases and normal dispersion. Then at 4 €V, the refractive index gradually
reduces because the energy of the photon is more than the band gap of the material, leading to the saturation absorption
of the material, As photon energy rises, the oscillation becomes too rapid for bound electrons to react effectively. Then,
the Polarisation weakens and declines, resulting in a reduction of n is occur [36].

Refractive index

Optical conductivity
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Energy (eV)

Figure 6. Optical conductivity (red), and refractive index (blue) of 2D BiBr3 in external electric field.

The absorption coeflicient @ governs a material’s ability to absorb photons at various of energy as illustrated Fig. 7.
The « value starts at zero during the initial part of the curve since the photon energy lacks sufficient power to promote
carriers from VB to CB. A steep rise in @ occurs when photon energy matches the band gap energy, which is roughly 2.83
eV, corresponding to the Imag(e) curve. Analysis indicates the structure demonstrates a distinct absorption peak at around
4.5 eV that belongs to the UV spectrum. The detection of VIS and UV light through this curve is essential for solar enegy
applications. BiBr3 has the capacity to absorb in the VIS to extreme-UV spectrum. At extremely high photon energies,
the absorption coefficient decrease, mostly because the material no longer has accessible states for electronic transitions
at that range of wavelength and he available electronic states become less responsive to photons carrying higher amounts
of energy and result in decreased absorption capability [37].

The reflectivity of BiBrj is displayed in Fig. 7. From 0.0 eV to 2.74 €V, the reflectivity has a value of nearly 0.15%.
At low photon energies (below the band gap), the free-electron dielectric response is weak. This means the material
doesn’t effectively reflect light, leading to very low reflectivity in that range. As photon energy increases above the band
gap, reflectivity rises-potentially reaching values as high as 57% on average. This is because electrons can oscillate more
strongly in response to the light. The reflectivity can be reduced to levels almost reaching zero at hight frequency. At
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this photon energy, the incident light is extremely transparent through it, as reflection is suppressed and absorption is
negligible. Provided that this happens at around 7 eV, the material would effectively look transparent in that very limited
ultraviolet wavelength. From this analysis, this material can be used as shielding in the UV range.
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Figure 7. The absorption coefficient,a, (red) and reflectivity (blue) of BiBr3; as a function of the energy of the photon in
the presence of external electric field.

3.5. Thermal properties

The thermal properties will be analyzed through two unique temperature ranges known as low temperature and
intermediate of high temperature. The analysis of electronic thermal response in materials under low-temperature
conditions serves to determine fundamental thermoelectric parameters consisting of S, o, «, and PF as a function of
chemical potential with energy of Fermi set to zero. BiBr; supports exceptional thermoelectric stability through Seebeck
coefficient calculation across the studied temperature conditions, as shown in Fig. 8(a). The directional aspect of the
Seebeck coeflicient constitutes a crucial property for understanding material behavior. The sign of S reveals which charge
carriers predominate in a material since positive S values indicate holes whereas negative S values indicate electrons. A
thermal gradient operating near the Er with § > 0 indicates holes act as dominant charge carriers through which heat
transfer occurs by hot holes diffusing toward the cold region. Electron transport between the hot and cold sides results in
negative S, indicating the presence of CB [38].
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Figure 8. The Seebeck coeflicient (a), electrical conductivity,the y-axis is scaled in a logarithms form (b),electronic
thermal conductivity « (c), power factor (d) of BiBr3 versus u-Ep for the different values of temperature. u refers to the
chemical potential.

The S value shows minimal change when the temperature rises from 100 to 200 K to 300 K since carrier density
changes little due to gradients density of states (GDS) and weak scattering. Under a range of chemical potentials from
-0.27 to 1.88 eV the S exhibits a plateaus region at 100 K where S equals zero because of unavailable band structure.
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Rising temperature causes plateaus to become smaller because carrier excitation becomes more straightforward, resulting
in increased sample smearing. The significant S value of BiBrs shows that it acts as a semiconductor material, and also
raises PF while aligning with its application potential for energy conversion [39].

The electrical conductivity, o, which is shown in Fig. 8(b) is plotted on a log scale because this will help to visualize
better and discover a trend where it would be difficult to achieve with a realistic scale. The o represents the flow of
charge carriers within a material. The o~ shows a strong correlation with chemical potential and temperature because these
factors affect carrier concentration and distribution. The Values of o that surround the VBM and CBM match the DOS
peaks observed in the VB and CB. The o occurs more efficiently in the CB compared to the VB because of differences
in charge carrier behavior and DOS. There exists no density of the state between CB and VB resulting in zero electrical
conductivity (null electrical). This state of affairs seems to favor the Seebeck effect. Electricity conductivity responds to
temperature variations that modify the number of active charge carriers in the material. When the temperature surpasses
zero the number of thermally excited electrons rises leading to increased smearing around the Fermi level that enhances
the value of o, which are roughly 10?! and 10?2 1/Q.cm.s for VB and CB respectively. An increase in o value tends to
increase power factor, which corresponds to photovoltaic increase efficiency, especially hybrid solar cell device.

The electronic thermal conductivity,k, which resembles the power factor pattern, is depicted in Fig. 8(c) in various
low temperatures. The « of BiBr3 through electrons depends on multiple variables like o~ behavior, carrier mobility and
temperature variations. The thermal transport behavior of this material heavily depends on electron-mediated thermal
conductivity. The value of « increases as temperature rises due to thermal excitation of electrons that creates additional
electron involvement in thermal transportation. The percentage values of « increase by 114% and 150% for VB and CB,
respectively, in the temperature range from 100 to 300 K based on Wiedemann—Franz law [40, 41]. The achievement of
full x may have been prevented by the occurrence of electron-electron collisions. Electron mobility changes because of
scattering, which affects the value of «, this interactions result in lower thermal conductivity levels . From this perspective,
the excellent thermal conductivity of BiBrs enhances heat dissipation, which preserves the temperature of solar cells while
increasing photovoltaic system efficiency and a long life [42, 43].

From the Fig. 8(d), the power factor of BiBr; depends on both chemical potential and temperature parameters for
evaluating the material’s charge carrier transport properties. A temperature increase shifts the chemical potential toward
band edge positions, so it changes carrier densities and affects transportation properties. Low power factor values occur
at low temperatures since carrier activation remains restricted. Still, as temperature increases leads to improved carrier
excitation, which boosts o and enhances S and that makes PF is high, the power factor shows its maximum value at
the band edges VBM or CBM because these areas maintain an ideal balance between Seebeck coefficient and electrical
conductivity and optimal carrier concentration. BiBrs demonstrates a better hole transport efficiency through the fact that
its valence band maintains higher power factor values than its conduction band. The high PF value serves excellently for
thermoelectric applications and it can be used as a hole transport layer in solar device energy [18].

After verifying thermal stability. At intermediate high temperature ranges, we analyze BiBr3’s thermal properties
through temperature-dependent measurements of heat capacity Cy and entropy, which appear in Fig. 9.
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Figure 9. Heat capacity (red) and entropy (blue) as a function of temperature of BiBr3.

BiBr3’s heat capacity increases with temperature because of the continual activation of phonon modes, which is
consistent with Debye’s T law (T < 300 K), where only low energy phonons contribute to heat capacity. Above 200 K,
many of the phonon modes in the low- and mid-frequency spectrum are already excited. Only high-frequency modes are
left to participate. Because these high-frequency modes must be excited with much greater energy, the heat capacity of the
system grows more slowly with temperature. Consequently, the specific heat becomes nearly constant at high temperatures,
this is referred to as the plateau region. The Cy of BiBrj3 exhibits moderate heat capacity, making it a potential candidate
for energy storage, which is (12.35 J/K.mol at 300 K per atom). Despite this trend, the heat capacity of BiBr; does not
attain the classical Dulong-Petit limit, even at elevated temperatures of 1000 K. This phenomenon can be attributed to an
inadequate phonon population that fails to saturate Cy to the classical limit. Additionally, it is possible that the vibrational



199
DFT Study of the Stability, Electronic, Optical, and Thermal Properties of Two-Dimensional... EEJP. 1 (2026)

modes in BiBr3; do not fully contribute to the heat capacity at high temperatures, a factor that may be influenced by the
presence of the heavy Bi atom [44, 45].

When temperatures reach a moderately high level the system entropy achieves an approximate value of 620 J/K-mol,
which demonstrates notable lattice disorder. The material performance under extreme conditions would be affected by the
elevated disorder since it impacts both structural quality and thermal characteristics. Complete randomness throughout the
crystal lattice corresponds to high entropy values. An increase in temperature triggers the combined effects of intensified
atomic vibrations and lattice defects and anharmonic interactions which create a disordered state in the lattice.

Lattice thermal conductivity is a measure of the efficiency of the heat conduction through a substance owing to lattice
vibration, specifically phonons. Phonons are the main carriers of thermal energy in semiconductors and insulators, as
shown in Fig. 10(a) [46]. The lattice thermal conductivity of BiBrj is temperature dependent. At a temperature of 200K,
the lattice usually reaches a maximum of 4.4 W/m.K, this is because the phonon population rises due to normal phonon
scattering (N-process) and does not disrupt heat flow much, as well as because of the high group velocity. At higher
temperatures, many of the high-frequency phonons transport the majority of the thermal energy and become active, and the
Umklapp scattering (U-process) dominates, phonons interact strongly and lose momentum, which reduces their capacity
in conducting heat. As a result, conductivity of heat is reduced [47]. Studies indicate that phonons significantly affect the
transfer of heat in various 2D monolayers, as demonstrated by research on other 2D materials [48, 49]. The BiBr3 exhibits
weak lattice thermal conductivity, which is attributed to the material properties that limit the phonon transport. Due to
the presence of the heavy Bi element, atom vibrations occur at very slow rates, ensuring that group phonon velocities are
reduced. This leads to reduced efficiency in the transport of heat. In short, BiBr3 has a moderate heat capacity as well as
low lattice thermal conductivity, rendering it a good thermal insulator.
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Figure 10. Lattice thermal conductivity (a), and group velocity (b) of BiBr3.

Thermal transport is governed by the group velocity because the lattice thermal conductivity is proportional to the
product of the phonon group velocity and the heat capacity. When the temperature rises, the lattice becomes softer,
and as a result, the group velocity of phonons reduces, leading to lower lattice thermal conductivity, the trend of this
behavior is reflected well based on the trends observed in BiBr; material, as can be seen in Fig. 10(a) and Fig. 10(b)
[50, 51]. Phonon group velocities are large in the low-frequency regime (acoustic), indicating a fast propagation of the
respective vibrational modes inside the BiBr3 structure, which corresponds well to the speed of sound in the material.
Conversely, at frequencies between (1-2) THz, the phonon group velocity remains mostly constant. This indicates that
vibrational speeds stay relatively steady or increase gradually in this high-frequency range, the atoms participate in highly
localized ’rattling” motions. The energy remains trapped there temporarily, which reduces thermal conductivity. Overall,
the thermal properties of BiBr; make it an interesting candidate in many thermal management applications, especially
when heat absorption and insulation play the most crucial role.

4. CONCLUSIONS

This study offers a comprehensive first-principles investigation of BiBr3, uncovering its diverse properties through the
DFT framework. The material exhibits exceptional thermal stability, maintaining structural integrity at high temperatures
with minimal energy fluctuations. The BiBrs material acts as a semiconductor with an indirect band gap of 2.84 eV.
Simultaneously, its optical interactions in the Vis-UV regions shows strong light absorption, making it a promising
candidate for energy harvesting and lead-free photovoltaic applications. However, it is highly reflected in the UV range,
which is roughly (59%). The large peak in the power factor and Seebeck indicates maximum transport efficiency at
room temperature, reflecting an optimal balance between electrical and thermal properties suitable for energy conversion
and thermal management. Its moderate heat capacity, remaining below the Dulong—Petit limit, combined with low
lattice thermal conductivity, further supports its potential as an insulating material. BiBr3’s unique electronic, optical,
and thermoelectric properties position it as an ideal material for next-generation optoelectronics, energy harvesting, and
thermal management applications.
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JOCIIAAKEHHA CTABUIBHOCTI, EJIEKTPOHHHUX, OIITUYHUX TA TEILJIOBUX BJIACTUBOCTEMN
JABOBUMIPHOI'O HAIIIBITPOBI/THUKA BiBr; 3A JIOIIOMOI'OIO DFT
Anrap Xycceiin [IIBan, Mampxkunaga Axi Amin, Apac Caim Maxmyn
Dizuunuii paxyavmem, Koneoowc oceimu, Yuisepcumem Cyneiimani, Cyneiimanis 46001, Kypoucman, Ipax

Teopis ¢pyskuionany ryctuau (DFT) citykuTh METOJOM MEPIINX MPUHIHIIIB 1JIs PETEIBHOTO JOCIiAKEHHS CTaOUTBHOCTI CTPYKTYPH Ta
aHAITI3y eJIeKTPOHHUX, ONTUYHKX Ta TEIJIOBUX XapaKTePHUCTUK ABOBUMIPHOro TpuOpomiay BicMyTy (2D BiBr3). MogemoBaHHs MOJIEKY-
JsipHOi AMHaMiKH ab-initio (AIMD) nokasye, 1o cTpykTypa € Tepmiuno cradinbHoio mpu 300 K. BiBr; moBoguThest SIK HariBIPOBiJHUK
i3 3a60poHEHO0I0 30HOI0 2,84 B 3rifgHO 3 HOro eNeKTPOHHOI 30HHOI0 CTPYKTYPOIO Ta aHali30M 4acTKoBoi ryctunu ctasiB (PDOS).
OnTryHa XapakTepUCTHKa Nokasye, 1o BiBr; Mae cuiibHi B3aeMopii y BUAUMOMY Ta yabTpadioleToBOMY Jiala30HaxX JOBXKHUH XBHIb,
IIO JIEMOHCTpPY€E HOro MOTEHIial y HACTYITHOMY IOKOJIHHI ONTHYHUX Ta ONTOETEKTPOHHUX NMpUcTpoiB. Uynose 3HaueHHs TepMoEPC,
OLIiHEHe 3a JOIOMOrOI0 PO3PaxyHKiB mepeHocy BosnblMana, migKpecioe nepcrekTuBHiCTh BiBrs y HU3bKOTEMIEpaTypHOMY TepMo-
eJleKTpu4IHOMY yripaBiinti. Lle mociipkeHHs mependadae MoKpaieHHs Koe(illieHTa MOTYKHOCTI, 3yMOBJICHOrO TEMIIEPATypoIo, sIKe
pocsrae miky B 3,25 x10'2 Br/K?-cm-c niput 300K. BiBr3 ieMOHCTpYE MOMipHY TEIIOEMHICTh NPH CEPE/IHIX Ta BUCOKHMX TEMIEPATypax,
30epiraloun 1pu bOMY Jy’ke HU3bKY TEIUIONpOoBigHiCTh. Lle miakpecioe ioro 31aTHicTh epeKTUBHO KepyBaTH TEIUIOM Ta CIIYXKUTH
130JIITOPOM Yy PI3HUX 3aCTOCYBaHHsX. JleTanbHi pe3yibTaTd MoKasyloTh, 10 2D BiBr3 € moTeHuiiHO CrpUsTAMBUM MaTepiajioM 3
Pi3HOMAaHI THUMH MOXJIMBOCTSIMU B O1JIBIIIOCTI TEXHOJIOTTYHUX 3aCTOCYBaHb.

KuarouoBi caoBa: cmpyxkmypa BiBrs; DFT: cmabinvhicmb; eaekmpoHHi Xapakmepucmuky, menaogi 6Aacmueocmi; OnmuuHi xapa-
KIepucmuxu
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This paper deals with the influence of impurity atoms on optical properties of single crystal silicon doped with nickel and copper during
high-temperature diffusion doping. And also, the processes of formation of various chemical compounds with participation of oxygen
and carbon atoms with atoms of nickel, copper and silicon. By means of FTIR spectrometry and X-ray diffraction analysis it was
revealed that the concentration of optically active oxygen and carbon in the volume of silicon samples doped with nickel and copper
significantly increases compared to the original samples.

Keywords: Silicon; Nickel;, Copper, Diffusion; Impurity; Oxygen,; Carbon,; Clusters
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INTRODUCTION

The control and characterization of background impurities such as oxygen and carbon in silicon single crystals is a
critical task for modern microelectronics and optoelectronic device fabrication. These impurities, particularly when
optically active, can significantly alter the electrical, optical, and structural properties of silicon, affecting charge carrier
lifetime, recombination rates, and overall device efficiency [1]. Optically active oxygen and carbon atoms are known to
interact with substitutional or interstitial impurities and contribute to the formation of electrically active complexes and
extended defects, especially under thermal or radiation processing conditions [2].

Fourier-transform infrared (FTIR) spectroscopy remains a powerful and non-destructive analytical tool for the
precise quantification of light elements such as oxygen and carbon in silicon matrices. Its high sensitivity to vibrational
modes of impurity atoms enables accurate detection of characteristic absorption peaks corresponding to bond-specific
interactions [3]. In particular, absorption at 1106 cm™! is attributed to interstitial oxygen (O;) stretching modes, while
peaks in the 607-620 cm™ region correspond to substitutional carbon (Cs) modes [4].

In the present study, we aimed to determine the concentration of optically active oxygen and carbon in both intrinsic
n-type silicon and in silicon samples doped with transition metals such as nickel and copper. The samples were analyzed
using a Fourier-transform infrared spectrometer FSM 2201, operating in the range 370-7800 cm™' with a spectral
resolution of 1 cm™. A DLATGS pyrodetector was employed for enhanced signal sensitivity. The oxygen and carbon
concentrations were calculated from the respective IR absorption intensities at room temperature, applying standard
calibration methods [5].

To complement the FTIR analysis and gain deeper insight into the structural rearrangements induced by metallic
dopants, we also conducted X-ray diffraction (XRD) studies. These investigations were essential for identifying the
formation of metallic impurity complexes, dislocation loops, or secondary phase precipitates within the silicon lattice.
The XRD measurements were performed using a high-resolution Malvern Panalytical Empyrean diffractometer with
CuKaoa radiation (A = 0.15405 nm), operated in step-scan mode to ensure accurate peak identification and lattice parameter
extraction [6].

Such integrated spectroscopic and diffraction-based analysis enables a more comprehensive understanding of
impurity-induced modifications in silicon, which is crucial for the optimization of material parameters in semiconductor
device engineering.

MATERIALS AND METHODS
Growing silicon single crystals by the Czochralskii method, which is the most frequently used in modern
semiconductor production, involves a number of important parameters, such as melt temperature, drawing speed, rotation
speed of the crystal and seed, composition and purity of the initial polysilicon, mainly determine the quality of the obtained
single crystal. In the technological process of growing single crystals of silicon, depending on the conditions of growth,
to exclude the penetration of oxygen and carbon atoms in the composition of the growing material is virtually impossible.
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Therefore, in the volume of single crystalline silicon, obtained by this method, oxygen and carbon atoms are present in
high enough concentrations up to 10'7-10'8%cm=. These two contaminating impurities in single crystals of silicon are called
background impurities, because when using the existing installations of the Czochralski method, their entry into the melt
can not be excluded. Numerous studies have shown that oxygen and carbon atoms participate in complexation processes
in single crystal silicon [7]. Often extensive precipitates or microinclusions of impurity atoms [8-11], which are formed
during very large-scale or ultra-large-scale integrated fabrication, can be critical to device quality and performance.
Oxygen precipitates can be useful by allowing the deposition of transition metals and strengthening the wafer by
preventing plastic deformation during processing. However, if they form in active regions, they act as defects, degrading
device performance [12].

RESULTS AND DISCUSSION

Initial n-Si samples and doped n-Si <Ni,Cu> samples were fabricated for the studies. As an initial sample for
experiments, single-crystalline silicon of KEF grade, grown by the Czochralski method, with a resistivity of 0.3 Ohm-cm
was used. The samples prepared in the form of a rectangular parallelepiped with dimensions 10x5x2 mm were pre-cleaned
by chemical methods [13]. Using a VUP-4 vacuum sputtering system unit, in which the vacuum value was 10™Torr,
nickel atoms were deposited on the previously prepared silicon samples on one side by sputtering with a thickness of 0.4
um. And on the other side, copper atoms with a thickness of 0.6 um were deposited on the same samples. Simultaneous
diffusion of nickel and copper atoms in silicon was carried out in a horizontal SUOL-4 furnace at temperature T=1473 K
for 5 hours. The furnace temperature was controlled within £3 K using a platinum-platinum-rhodium thermocouple. After
diffusion annealing, the samples were cooled by rapid cooling method, where the cooling rate was v.,=200 K/s. Fig. 1.
shows a fragment and spectrograms of the change in the concentration of optically active oxygen in the original sample
and in the n-Si <Ni,Cu> sample

Calculations of the value of optically active oxygen concentration were carried out using the following formula [14]:

NOPt =3.3-10V7 -%lnli, )

0

Where: [ and Iy are the intensities of incident and transmitted light, d is the thickness of the sample
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Figure 1. Dependence of transmittance on wavenumber (k, cm™): 1 - n-Si; 2 - n-Si<Ni,Cu>

The concentration of optically active oxygen in the original sample and in the n-Si< Ni,Cu> samples is
n=2.5-10"cm and n=3.9-10"7cm3, respectively. Calculations show that the concentration of optically active oxygen in
the n-Si<Ni,Cu> samples is 1.6 times higher compared to the original samples.

This means that in the process of diffusion at T=1473 K oxygen atoms form a bond with impurity atoms, forming a
metal oxide. Because of this, the concentration of optically active oxygen in the doped samples increases.

Fig. 2. shows fragments of IR spectrograms of the change in the concentration of optically active carbon in the
original n-Si sample and in the n-Si <Ni,Cu> sample.

The concentration of optically active carbon was calculated by the following formula [14]:

NPt =1,1-10" -%lni, )

Where: d-thickness of the sample, / - and /y- of incident and transmitted light.

The results obtained showed that the concentration of optically active carbon in the original sample and in the n-Si<
Ni,Cu> samples respectively are n= 6.6-10"7cm™ and n= 8.84-10"7cm. From the results obtained, it is found that the value
of optically active carbon concentration in the n-Si<Ni,Cu> samples is 1.33 times more as compared to the original
sample.
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Figure 2. Graphs of dependence of transmission coefficient on the wave vector: 1 —n-Si, 2 — n-Si<Nj,Cu>

In order to further clarify and confirm the presented results, we carried out X-ray diffraction analyses of all samples.
The obtained results were analyzed as follows. In Fig. 3. shows the X-ray diffraction patterns of the original sample and
the n-Si <Ni,Cu> sample. Using the obtained results, the interplanar distance in the crystal can be determined from the
Wolf-Bragg equation [15].

nl = 2dsiné, 3)

where d is the interplanar distance, 0 is the Wolf-Bragg angle n-order of diffraction maximum, A = 0.15405 nm is the
wavelength of CuK,-radiation.
The average size of crystallites of different planes was determined by Scherrer's formula [15]:
KA

L= 4

" Bcos®’

Where, K is the dimensionless particle shape factor (Scherrer's constant); 1 = 0.15405 nm - wavelength of CuK,-radiation;
B - reflex width at half-height, 8 - Wolf-Bragg angle,L - average crystallite size (nm).
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The largest peak of them corresponds to single-crystalline silicon with crystal orientation (111). In this reflection,
the L value and the d value are 0.474 nm and 1.84 nm, respectively. From this calculation, it can be seen that the L value
decreases almost 6 times and the d value increases almost 3 times compared to the same reflex in the original sample.
These results indicate that the crystal lattice is deformed due to the penetration (introduction) of impurity atoms. The
reflex observed at an angle of 10.77° , corresponds to the SiC compound. In the X-ray diagram, the third peak by order
number corresponds to the copper oxide compound CuO. It reflects at an angle of 20.88° and its L and d values are 2.805
nm and 1.27 nm, respectively. And one more peak corresponds to the compound of oxygen to metal NiO»and it reflects
at an angle of 44.12° [16].

As can be seen from the results of X-ray diffraction analysis, several kinds of clusters involving impurity atoms of
nickel and copper were formed in the silicon crystal after diffusion. In addition, from the results of X-ray diffraction
analysis, the formation of various chemical compounds of oxygen atoms, carbon atoms with nickel or copper atoms, as
well as with silicon atoms is observed. Consequently, it appears that in the process of high-temperature diffusion
annealing, oxygen atoms form chemical compounds with the main impurity atoms and move to an optically active state.
For this reason, an increase in the optically active oxygen concentrations was observed in the Fourier spectroscopy
analysis compared to the original sample.

Thus, the results obtained by determining the concentration of optically active background impurities in the original
samples n-Si and in samples n-Si<Ni,Cu> showed that during high-temperature diffusion doping of silicon with nickel
and copper, the concentration of optically active oxygen and carbon in the volume of samples increases significantly.
This increase is due to the formation of complexes of oxygen and carbon atoms with atoms of the main impurities, after
which they pass to the optically active state.

CONCLUSIONS

As can be seen from the results of X-ray diffraction analysis, several types of clusters containing nickel and copper
impurity atoms formed in the silicon crystal after diffusion. In addition, from the results of X-ray diffraction analysis, the
formation of various chemical compounds of oxygen atoms, carbon atoms with nickel or copper atoms, as well as with
silicon atoms, is observed. Consequently, it appears that during high-temperature diffusion annealing, oxygen atoms form
chemical compounds with the main impurity atoms and become optically active. For this reason, an increase in the
optically active oxygen concentrations was observed in the Fourier spectroscopy analysis compared to the original sample.

Thus, the results obtained by determining the concentration of optically active background impurities in the original
samples n-Si and in samples n-Si<Ni,Cu> showed that during high-temperature diffusion doping of silicon with nickel
and copper, the concentration of optically active oxygen and carbon in the volume of samples increases significantly.
This increase is due to the formation of complexes of oxygen and carbon atoms with atoms of the main impurities, after
which they pass to the optically active state.
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BIIJINB JOMIIIKOBHUX KJIACTEPIB HA OIITUYHI BJIACTUBOCTI KPEMHIIO,
JJETOBAHOTI'O HIKEJIEM TA MIJITIO

Cipamxinin 3. 3aiina6iginos’, H.A. Typrynos2, Akpam:kon WM. Bo6oes!, IlTyxpat:xon K. Ak6apos', Paiimamr M. TypmanoBa?,

Abaykaxop Apikos!, Mykamnac O. Kyukapogsa!, Baxpixon Tosanosa!, Mapxa6o B. Pacysosa’

L Anounxcancoxuii depacaenuii ynieepcumem imeni 3.M. babypa, Anoucan, Y3bexucman

’Haykoso-0ocaionuii incmumym ¢hizuku nanienposionuxie ma mikpoenexmponixu Hayionanorozo ynisepcumemy Ysbexucmany, Tawxenm
V wiit cTaTTi pO3risIa€ThCs BIUTUB IOMILIKOBHX aTOMIB Ha ONTHYHI BIACTHBOCTI MOHOKPHCTAIIIYHOTO KPEMHIIO, JIETOBAaHOTO HiKelIeM
Ta MIJUIIO, ITiJ] 4ac BUCOKOTEMIIEpaTypHOro An(y31iHHOTO JeTryBaHH. A TaKOX MPOLECH YTBOPEHHS Pi3HUX XIMIYHUX CHOIYK 32 y4acTIO
aTOMIB KHCHIO Ta BYIJICIIO 3 aTOMaMH HIKEeNo, Mili Ta KpeMHito. 3a momomororo [Y-cmekrpomerpii 3 meperBopeHHsIM Dyp'e Ta
PEHTTEHOCTPYKTYPHOT'O aHasIi3y OyJI0 BUSBICHO, [0 KOHIICHTPALlisl ONITHYHO aKTHBHOT'O KHCHIO Ta BYTJIEIIO B 00'eMi 3pa3KiB KPEMHIO,
JIETOBaHUX HIKEJIEM Ta MiJJII0, 3HAYHO 3POCTAE MOPIBHSHO 3 BUXITHIMH 3pa3KaMH.
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In this work, the structural, physicochemical, and thermal transport properties of Sni1x7hxSe (0 < x < 0.05) alloys were investigated
with respect to terbium concentration and y-irradiation dose. X-ray diffraction and DTA analyses confirmed the formation of
orthorhombic substitutional solid solutions following Vegard’s law, with a slight increase in lattice parameters and microhardness as
Tb content increased. The introduction of Tb atoms into the SnSe matrix enhances phonon—defect scattering due to mass fluctuations
and lattice distortions, resulting in a pronounced reduction in thermal conductivity, particularly at low doping levels (x < 0.02).
Thermal conductivity measurements performed after y-irradiation (0-6.5 Mrad, ®°Co source) revealed a general decreasing trend for
all compositions. In undoped SnSe, the relative decrease reached ~6%, while in Tb-doped samples, the sensitivity to irradiation was
significantly reduced. For doses above 5 Mrad, the dependence k(D) is well described by a linear model with high correlation
coefficients. These results demonstrate that Tb incorporation not only suppresses phonon transport, enhancing thermoelectric
potential, but also increases the radiation resistance of SnSe-based materials.

Keywords: Thermal conductivity; Phonon scattering; Radiation resistance, y-irradiation; Solid solutions; Orthorhombic structure;
Defect formation, Thermoelectric materials; Lattice distortion; Mass fluctuation scattering

PACS: 71.20.Nr, 72.20.Pa, 61.72.-y

1. INTRODUCTION

Compounds of the A4B¢ type (A = Ge,Sn,Pb; B = S,Se, Te) crystallize in an orthorhombic layered structure
(space group Pnma), characterized by alternating atomic double layers held together by relatively weak interlayer
interactions. This layered configuration gives rise to pronounced anisotropy in their mechanical and electro-optical
properties: elastic moduli and dielectric permittivity differ significantly along and across the layers [1]. Electronic
structure calculations show that these compounds exhibit narrow or medium band gaps with an indirect transition,
making them promising semiconductor materials [2].

A,Bg materials exhibit distinct optical responses: calculated functions of dielectric permittivity, energy loss, and
the effective number of valence electrons confirm their potential application in optoelectronic devices such as
photovoltaic cells, photodetectors, and elements of flexible electronics [3]. Their structural and electronic characteristics
also enable control over the anisotropy of charge transport within functional layers.

Tin selenide (SnSe) crystals possess a wide range of optical and photoelectric properties determined by their
anisotropic layered structure and narrow band gap (~1.0 el/), making them promising materials for infrared
optoelectronics [4, 5]. Due to their strong absorption in the visible and near-infrared regions, SnSe can be effectively
utilized as a photonic absorber in solar cells and photodetectors [6]. The high carrier mobility and stability of its crystal
lattice further enhance its potential for use in photodetectors, solar energy converters, and energy storage devices [7, 8].
Moreover, the combination of high thermoelectric efficiency and sensitivity to light irradiation makes SnSe a versatile
material for multifunctional energy-efficient sensors [9].

Enhancement of the thermoelectric parameters of SnSe crystals can be achieved by introducing various dopant
impurities, which modify the carrier concentration and phonon-scattering behavior. Doping with rare-earth elements
helps optimize the balance between electrical conductivity and thermal conductivity, thereby improving the
thermoelectric efficiency of the material [10, 11].

The study of the combined effects of doping and ionizing radiation is a relevant research direction aimed at
developing stable and highly efficient thermoelectric materials based on SnSe. Alloys of the type ThySn,_Se, derived
from SnSe, are considered promising thermoelectric materials due to their high Seebeck coefficient and low thermal
conductivity. In this work, the dependence of the thermal conductivity of these alloys on the 7b content and absorbed
dose of gamma irradiation is investigated.

2. EXPERIMENTAL SECTION
For the synthesis of Sn.<Th.Se alloys, high-purity starting materials were used: tin of grade “B4-000”, selenium of
grade “OC417-4”, and chemically pure terbium (99.98%). The synthesis was carried out in evacuated quartz ampoules
at a pressure of 0.1333 Pa by a two-stage direct fusion method.
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At the first stage, the ampoule containing the mixture was heated at a rate of 4 — 5 °C per minute up to the melting
point of selenium and held at this temperature for 3 — 4 hours. Subsequently, the temperature was gradually increased
to 950 — 1000 °C (depending on the alloy composition) and maintained for 8 — 9 hours [12].

The interaction in the SnSe — ThSe system was studied using differential thermal analysis (DTA), X-ray phase
analysis (XRD), microstructural analysis (MSA), as well as through measurements of microhardness and density [13].
Thermal effects and phase transitions of the obtained samples were investigated by DTA using a PerkinElmer
Simultaneous Thermal Analyzer STA 6000 (USA). Nitrogen was used as the purge gas at a flow rate of 20 mL/s, and the
samples were heated up to the melting temperature at a rate of 5 °C /min.

X —ray diffraction (XRD) analysis was performed on a Rigaku Miniflex diffractometer operating at 30 kV and
10 mA, using CuKo. radiation (A = 1.5406 A). The diffraction patterns were recorded within the 20 range of 0-80° [14].
The morphology and microcomposition of the sample surfaces were examined using a JEOL JSM-6610LV scanning
electron microscope (Japan).

The thermal conductivity of the investigated samples was measured by an absolutely steady-state method
according to the procedure described in [15]. This method provides high accuracy in determining the thermal
conductivity coefficient by establishing a stable temperature gradient between the heated and cooled ends of the sample.
The measurement error did not exceed 4.2%, confirming the reliability of the obtained experimental data.

For irradiation of samples with different compositions, an ionizing y-radiation source based on the isotope *°Co
was used, with a dose rate of 0.6 Gy/s and photon energy of 1.25 MeV. During irradiation, the samples were exposed
to radiation at the given dose rate and various absorbed doses for durations of ¢ = 5,10, 15, 20,25 and 30 hours.
After irradiation, the thermal conductivity of the samples was measured at a temperature of T = 300 K. A comparative
analysis of results obtained before and after irradiation enabled evaluation of the material's radiation resistance.

3. RESULTS AND DISCUSSION
3.1. Physicochemical Analysis

The thermograms of the Th,Sn,_,Se alloys exhibit distinct peaks upon heating and cooling, corresponding to
melting and solidification temperatures, which indicates the formation of congruently melting alloys. Partial substitution
of Sn with Th leads to a decrease in the melting temperature due to lattice deformation and weakening of interatomic
bonds. At a TbSe content up to 0.03 mol. %, the microhardness of the samples reaches approximately 500 MPa.

Analysis of X —ray diffraction (XRD) patterns shows that the sample is single-phase and exhibits a preferred
crystal orientation. Indexing of the diffraction peaks corresponds to an orthorhombic symmetry with space group
D,h*® — Pcmn (Fig. 1). Within the composition range 0 < x < 0.05, no noticeable shift of diffraction lines is observed,
but their intensity changes, indicating the formation of solid solutions based on SnSe. Substitution of Sn atoms with
rare-earth elements of larger ionic radii causes a reduction in reflection intensity and a linear increase in lattice
parameters, with no deviation from Vegard’s law detected.
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Figure 1. X-ray diffraction spectrum of crystals TbxSnixSe:x = 0.0025. Below are X-ray diffraction patterns of SnSe and SnO for
comparison

X —ray structural analysis reveals that the incorporation of terbium selenides leads to an increase in the unit cell
parameters of SnSe as the Th concentration rises. This results in enhanced scattering of charge carriers due to lattice
distortions, which correlates with the observed decrease in the thermal conductivity of the alloys [16]. At the same time,
the density of ThySn;_xSe compounds remain nearly constant, suggesting that Th atoms occupy interstitial positions
and generate Frenkel-type defects [17].
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The increase in lattice parameters and the consistent substitution of Sn atoms by 7h, along with adherence to
Vegard’s law, indicate the formation of a substitutional solid solution based on SnSe. According to X —ray diffraction
and pycnometric measurements, the solubility limit of ThSe in SnSe at room temperature is about 5 mol. %.

Comprehensive physicochemical analysis demonstrates that the Th,Sn;_,Se solid solutions retain an orthorhombic
symmetry similar to that of the parent SnSe compound. With increasing ThSe content, a slight increase in lattice
parameters, density, and microhardness is observed, along with a shift of thermal effects toward lower temperatures.
The difference in electronic configurations between Sn and 7h atoms leads to distortions in the SnSe crystal lattice upon
substitution; however, its fundamental structure remains preserved [18].

Atomic force microscopy (AFM) studies of the surface morphology of ThySn;_4Se crystals reveal a distinctly
nonuniform surface with an average roughness of about 25 nm. Such microrelief structures are associated with weak
van der Waals interlayer interactions typical of layered compounds. The cleavage of these crystals leads to the
formation of separate atomic clusters and microsteps, giving the surface an uneven, wave-like texture. X —ray
microanalysis (Fig. 2) enabled determination of the phase composition and spatial distribution of the constituent
elements. It was found that the surface remains chemically homogeneous overall, although a slight excess of selenium
content is observed within the homogeneity region of the SnSe compound.

Total spektrum

0 2 - 6 8 10 12 14
Fuul scale 386808 imp. Cursor: 0.000 ke¥
Element Weight % Atomic %
Sn L 59.69 49.72
Se L 39.90 50.03
Tb L 0.41 0.25
Total 100 100

Figure 2. X-ray microanalysis of the crystal surface TbxSnixSe:( x=0,005)

3.2. Dependence of Thermal Conductivity on Composition
The thermal conductivity of the system alloys Sn;_yTbySe at room temperature was experimentally determined,
and its dependence on the molar fraction of Th atoms was investigated. According to the experimental results, a clear
dependence of the thermal conductivity coefficient (k) on the molar content of Th was established (Fig. 3).
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Figure 3. Composition dependence of thermal conductivity in Sn;_,Tb, Se system alloys

As seen from the graph, the thermal conductivity decreases with increasing Th concentration, and this reduction is
particularly sharp up to approximately 2 mol%. Such behavior is primarily attributed to the increase in defect density
and mass fluctuation within the crystal lattice caused by the substitution of Th atoms into the SnSe matrix. The
introduction of Th enhances phonon scattering [19]. The appearance of Th nuclei and atoms with different masses
reduces the average phonon mean free path, leading to a decrease in thermal conductivity. The rate of reduction is
especially high at low Th concentrations, since the initial doping introduces new scattering centers in the lattice, sharply
decreasing the phonon mean free path and consequently the thermal conductivity.
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A slight increase in thermal conductivity observed in the range of 4-5 mol%(10.0 — 10.5) x 107 5W -m™ - K™ 1is
statistically insignificant and most likely results from measurement uncertainties or microstructural variations between
samples. The weak increase in this range may also be associated with the formation of a secondary phase or local
ordering of the crystal structure at higher Th contents. Such a dependence can be explained by changes in the material's
heat transport mechanisms as the composition changes.

Overall, the conducted studies show that the incorporation of Th atoms into the SnSe matrix significantly
enhances phonon scattering mechanisms, resulting in a pronounced decrease in thermal conductivity. Thus, with
increasing Th concentration in Sn;_,Th,Se alloys, heat transfer becomes limited by diffusive phonon scattering, which
is of both scientific and practical importance for improving the thermoelectric efficiency of such materials.

In solids, thermal conductivity depends on multiple parameters, and the total thermal conductivity coefficient can
be represented as the sum of several major components, which are separated according to the nature of heat carriers in
the material [20]:

ktot = kph + kel + kex + kmaq + kf + kbp
For semiconductors, the thermal conductivity is usually expressed as the sum of two main parts [21]:
kior = kph + ke,

where k,;, —is the phonon (lattice) contribution, i.e., the heat flux carried by atomic vibrations (phonon propagation),
and k,; — is the electronic contribution, i.e., the heat flux carried by free charge carriers (electrons and holes).
The electronic thermal conductivity can be approximately estimated using the Wiedemann—Franz law [22]:

kel = LO'T,

where L —is the Lorenz constant (= 2.44 - 108 WQK ~2for ideal metals, but variable for semiconductors depending on
band structure), gis the electrical conductivity, and T is the absolute temperature.

Calculations show that in SnSe —based semiconductors, heat transport is predominantly phononic, and the low
thermal conductivity of such compounds is mainly due to strong phonon scattering [23]. The partial substitution of Sn
atoms by Tb atoms break the local symmetry of the crystal lattice and creates point defects. These defects increase the
probability of elastic phonon scattering, thereby reducing the thermal conductivity.

The mechanism of phonon—defect scattering can be described by the Clemens model [24]. According to this
model, the average phonon lifetime limited by point-defect scattering decreases as follows:

-1 4
Tpa % Tw®,

where T = ;f;(1 — M;/M,,)?%is the mass-fluctuation parameter, wis the phonon frequency, M; and M, are the atomic
masses of the components and their average atomic mass, respectively.

The substitution of Sn atoms with Th introduces differences not only in mass but also in elastic modulus, which
shortens the phonon mean free path and lowers the thermal conductivity. This model successfully explains the sharp
decline in thermal conductivity observed in the range of 0 — 3 mol% Th.To provide a more complete description of
heat transport in the alloys, the Callaway model [25] was employed. According to this model, the thermal conductivity
is determined by the combined influence of several scattering mechanisms. The total phonon relaxation rate is given by
Matthiessen’s rule [26]:

et =15 + 150 + Ty,
where ;1 — corresponds to Umklapp scattering processes, 7,1 —represents boundary scattering, and T;L} — accounts
for point-defect scattering.

As the Tb concentration increases, the intensity of point-defect scattering rises (i.e., Tgéincreases), which shortens
the total phonon lifetime and leads to a monotonic decrease in the thermal conductivity of the samples.

The observed compositional dependence of thermal conductivity can also be explained by the Clemens—Abeles
alloy model, which attributes the enhanced phonon scattering to increasing differences in the masses and radii of the
constituent atoms, resulting in reduced thermal conductivity [27].

According to the experimental data, the slight rise in thermal conductivity at 4 — 5 mol% Tb, although statistically
insignificant, may be related to local microstructural modifications or the formation of a secondary phase (e.g., Th,Ses).

In conclusion, the obtained experimental results demonstrate that the thermal conductivity of Sn;_4Th,Se alloys is
primarily governed by phonon—defect scattering mechanisms. Increasing Tb concentration enhances lattice disorder,
decreases the phonon mean free path, and consequently reduces the overall thermal conductivity. This relationship is
fully consistent with both the Clemens and Callaway models.

3.3. Dependence of Thermal Conductivity on the Absorbed Radiation Dose
To investigate the effect of ionizing radiation on the thermal conductivity of the Sn;_4Tb,Se alloy system, samples
with compositions x = 0; 0.001; 0.01; 0.025; and 0.05 were synthesized and subjected to y —irradiation in the dose
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range of 0 — 6.5 Mrad. For each dose, the thermal conductivity (k) was measured, and the obtained results are
summarized in Table 1.

It follows from Table 1 that within the investigated dose interval (0 — 6.5 Mrad), the thermal conductivity of
Sny_xThySe alloys under y-irradiation exhibits a general decreasing trend for all compositions. The largest relative
change is observed in the undoped sample (x = 0), wheredk/kq = —6%. This indicates that in pure
SnSe, y —irradiation enhances phonon scattering more strongly than in doped alloys. With increasing Tb concentration,
the decrease in k becomes progressively weaker, reaching only —1.38% at x = 0.05. This effect can be attributed to
the fact that Tb incorporation initially suppresses phonon scattering in the crystal lattice, partially compensating for the
influence of additional radiation-induced defects.

Table 1. Thermal conductivity of Sn;_4Tb,Se system alloys at different absorption doses

Absorbed COMPOSITIONS
S x=0 x=0.001 x=0.01 x=0.025 x=0.05
Mrad k-10, k10, k10, k10, k105,
W/(m'K) W/(m'K) W/(m'K) W/(m'K) W/(m'K)
0 20 18 12.5 11.2 14.5
1 20 18 12.5 11.2 14.5
2 20 13 12.5 11.2 14.5
3 20 18 12.5 11.2 14.5
4 20 18 12.5 11.2 14.5
5 19.8 17.9 12.5 11.2 14.5
5.5 19.5 17.7 124 11.2 14.5
6 19.2 17.4 12.3 111 14.4
6.5 18.8 17.1 12.2 11.0 14.3

The dependences of thermal conductivity on the y-irradiation dose for different compositions are shown in
Figure 4. These plots demonstrate that the k(D) behavior is consistent with a radiation defect accumulation model, in
which increasing defect concentration enhances phonon scattering. At low doses, k& remains nearly constant; however,
once a threshold dose is reached, thermal conductivity begins to decrease monotonically.
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Figure 4. Dependence of thermal conductivity in Sni«ThxSe system alloys on absorption dose

Mathematically, this behavior can be described using two main approaches:
1. Exponential saturation model:N (D) = N, (1 — e~°P?) —where N(D) is the defect concentration increasing
with dose D and approaching saturation. The corresponding expression for thermal conductivity is [28]:

k(D) = ko, + (ko — koo )e ™"

where ko = k(0), ko, — is the asymptotic value at large doses, and a is the accumulation-rate parameter. This model is
often applied to describe the influence of vacancy (or cluster) buildup on phonon scattering.

2. Threshold-linear (empirical) model: For cases where the material remains nearly unchanged at low doses and
shows an approximately linear decrease beyond a threshold [29]:

_( koD <Dy
k(D)_{a+bDD>Dth}

where Dy, is the threshold dose (= 5 Mrad), a is the extrapolated initial value, and b < 0 is the slope characterizing
the sensitivity of thermal conductivity to radiation dose.

This model is convenient for limited dose ranges exhibiting a clear defect activation threshold (e.g., defect
clustering or local structural transitions). In studies of ionizing radiation effects, this empirical approach is frequently
employed for analyzing low- and medium-dose regimes.
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Experimental data for Sni_4TbhySe alloys show that within D = 0 — 5 Mrad, no significant change in k occurs.
However, at D = 5 — 6.5 Mrad, the decrease becomes pronounced. The analysis indicates that in this active region,
k(D) is well described by a linear dependence,(k(D) = a + bD) (Figure 5). The obtained parameters and statistical
measures are given in Table 2.

ke 20 ;
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5 5.2 54 5.6 5.8 6 6.2 6.4
D, Mrad

Figure 5. Active-range (5.0-6.5 Mrad) with linear fits

Table 2. Linear approximation parameters and statistical indicators

Composition (x S(l::'pl\(jhl')a d) Slop Z:I_il:dard In(:(enl"lclfi[t):)A Intercepts R? RMSE
x=0 —0.6600 0.0346 23.1200 0.2001 0.9945 0.0274
x=0.001 —0.5400 0.0346 20.6300 0.2001 0.9918 0.0274
x=0.01 —0.2000 0.0000 13.5000 0.0000 1.0000 0.0000
x=0.025 —0.1400 0.0346 11.9300 0.2001 0.8909 0.0274
x=0.05 —0.1400 0.0346 15.2300 0.2001 0.8909 0.0274

As seen from Table 2, the correlation coefficient R* ~ 0.99 for most compositions, indicating excellent
agreement between the experimental data and the linear model. This confirms that the decrease in thermal conductivity
follows an almost perfectly linear law. In particular, for x = 0.01, the coefficient R* = 1.0000, showing an ideal fit.

For all compositions, the slope b is negative (b < 0), meaning that thermal conductivity decreases with
increasing y-irradiation dose. Moreover, as the Tb content increases, the absolute value of b decreases, indicating a
reduction in the sensitivity of thermal conductivity to radiation. The low standard errors of the slopes (~0.03 — 0.04)
and small RMSE values (0.027 — 0.03) confirm the statistical reliability and accuracy of the linear fit.

Thus, for all Sn;_4ThySe alloys, the thermal conductivity decreases with increasing y —irradiation dose, with the
strongest effect observed in pure SnSe. As Tb concentration increases, the alloys' radiation resistance increases, and the
rate of decrease in k weakens. Experimental results indicate that within D = 0 — 5 Mrad, kremains nearly constant,
whereas for D > 5 Mrad, it follows a clear linear dependence described by k(D) = a + bD. The reduction in the
absolute value of negative slopes with higher 7b content reflects the suppression of phonon scattering by 76 ions and
partial compensation for radiation-induced defects [30].

CONCLUSIONS

The structural and thermal analyses performed on Sn,_4Th,Se alloys demonstrate that terbium incorporation leads
to the formation of stable substitutional solid solutions with orthorhombic symmetry preserved across the studied
composition range. Increasing Tb content results in moderate lattice expansion, microhardness growth, and enhanced
defect-induced phonon scattering, which collectively cause a significant reduction in thermal conductivity, especially at
low dopant concentrations.

The study of y-irradiation effects in the dose range 0 — 6.5 Mrad revealed that thermal conductivity decreases for
all compositions, with the strongest degradation (= 6%) observed in undoped SnSe. For alloys with higher Th content,
the reduction becomes progressively weaker, indicating improved radiation resistance. For irradiation doses above
5 Mrad, thermal conductivity follows a nearly perfect linear decay, accurately described by empirical k(D) = a +
bD relations with high correlation coefficients.

Overall, the obtained results confirm that Tb doping effectively suppresses phonon transport while simultaneously
enhancing the radiation stability of SnSe —based materials, making Sn;_4ThSe alloys promising candidates for
thermoelectric and radiation-resistant semiconductor applications.
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CKJIAJI TA PATIAIIIIAHO-THAYKOBAHI 3MIHU TEILZIONMPOBIJTHOCTI Y TBEPAUX PO3YAHAX SniThxSe
T.A. :xkapapos!, [.A. Acaanos', A.M. Aiaxsepaies', O.M. T'acanos!, Jx.I Iyceiinos!, X.A. Aaresaiosal,
I'.A. Tapamoga', L.I. AG6acos?
T Azepbaiioocancoruii Oepacasnuii nedazoziunuii ynieepcumem, Az-1000, Baxy, eyn. V3 Tadocubeiini, 68, Azepbaiidscan

2Azepbatiodicancoxuti deparcasnuil ynisepcumem nagpmu ma npomucrosocni, Az-1010, Baxy, npocnexm Azaonux, 20, Azepbaiiocan
VY miif poGOTI MOCHiKYBaIM CTPYKTYpHi, (i3HKO-XIMI4HI Ta TepMOTPAaHCHOPTHI BiacTuUBOCTI ciuiaBiB SnixTbxSe (0 <x <0,05)
3aJIeXKHO BiJl KOHIEHTpamii TepOilo Ta J103u y-ompoMiHeHHs. PentreniBcbka mudpakmis ta JTA-aHami3 miATBEpIUIN YTBOPCHHS
OpPTOPOMOIYHHMX TBEPAUX PO3UYHMHIB 3aMIIlEHHS 3TiAHO i3 3aKOHOM Berapza, 3 He3HaYHUM 30UIBLICHHSAM MapaMeTpiB KpUCTaIiuyHOT
PELIiTKH Ta MiKpOTBepAOCTi 3i 30inpLIeHHsM BMicTy Tb. Beenenns atomiB Tb y marpuiro SnSe mocuiioe po3citoBaHHsS (DPOHOHIB-
nedekriB depe3 QuykTyauii Macu Ta CHOTBOPSHHS KPHCTANIYHOI PpENITKH, [0 HPH3BOAUTH [0 IIOMITHOTO 3HIKEHHS
TETIONPOBiTHOCTI, 0COOIMBO MPH HU3BKHUX PiBHsX jeryBaHHsa (X < 0,02). BuMiproBaHHs TEIUIONPOBIAHOCTI, MPOBEACHI Micis y-
omnpomineHHs (0-6,5 Mpan, mxepeno “°Co), BUSBIIN 3arajibHy TEHICHIIIO 0 3HIKEHHS AU BCIX CKJIAAiB. Y HeJeroBaHomy SnSe
BIZTHOCHE 3HIDKEHHS JI0CSTII0 ~6%, TOAI SIK y 3pa3Kax, JeroBaHuX Tb, IyTIaHUBICTh 10 OMPOMIHEHHS 3HAUHO 3HM3MIacs. st 103 BuIe
5 Mpan 3anexsicte k(D) mobpe omnmcyeTscs IHIHHOIO MOICIUIIO 3 BHCOKMMH KoedimieHramm xopermsmii. Lli pesymeraté
JIEMOHCTpPYIOTh, II0 BKIIOYEHHS Tb HE TLNBKM NMpUTHIYY€e TpaHCHOPT (OHOHIB, MOCIIIIOIOYH TEPMOCIEKTPHIHUH MOTEHIaN, ane i
HiIBHITYE pajianiifHy CTIHKICTh MaTepianiB Ha OCHOBI SnSe.

KuawuoBi ciioBa: mennonpogionicms, po3citoganns QoHoHIe, padiayitina CMIUKiCmb, y-ONPOMIHEHHS, Meepoi PO3UUHU,
OpMOpOMOIYHA CMPYKMYPA, YMBOPEeHHA OeheKkmis;, mepmMoereKmpudHi mamepianu, CHOMBOPEHHs KPUCMANIYHOT peuimKi,
po3citoganns uykmyayii macu
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The frequency- and concentration-dependent absorption coefficients of longitudinal and transverse ultrasonic waves in pure and o-
alanine-doped triglycine sulfate (a-TGS) crystals (0-alanine content in crystals is: 5, 10, 15, 20, 25, 30, and 35 mol%) grown from
solution at room temperature were studied. It is established that absorption coefficients of ultrasonic waves in a-TGS crystals with L
and S polarization with the increase in concentration of a-alanine about 1.57 and 1.88 times decrease, and propagation velocity increases
by 3.24 and 13.38%, respectively. Decrease of absorption coefficients of transverse ultrasonic waves caused by elastic scattering of
phonons on impurity, i.e., decrease of 7, at the corresponding dispersive properties of a phonon subsystem.

Keywords: Triglycine sulfate; Ultrasonic waves; Velocity of elastic wave; Absorption coefficient; Ferroelectric; Phase transition;
Phonon, a-alanine

PACS: 43.35. Ae, 43.35. Bf, 43.35. Cg, 77.84. -s

INTRODUCTION

Triglycine sulfate (TGS) crystals are model and well-studied ferroelectric crystals [1, 2]. The first works devoted to
growing and studying the physical properties of these crystals date back to the middle of the last century [3] and continue
to the present day [4-9]. Interest in these crystals is mainly associated with the possibility of creating radiation detectors
based on them over a wide spectral range, including the infrared, as substrates for vidicon materials, good prospects for
use in various microelectronics devices, and pyroelectric sensors [10, 11], etc.

The dielectric, structural, acoustic and other properties of pure [12] and doped with various impurities [13-17] TGS
crystals have been studied quite well. It is known that impurity atoms in crystals affect their acoustic properties, in
particular the absorption coefficient and the speed of propagation of ultrasonic waves [18, 19]. Interest in these studies is
driven by both the study of the influence of impurities on the ultrasonic properties of TGS crystals and the great potential
for their practical use. On the other hand, TGS crystals are a convenient model system for studying the role of structural
imperfections in the physical properties of ferroelectrics [14, 15, 17]. The introduction of impurities makes it possible to
regulate a number of properties of crystals, and in particular, and most importantly, it allows one to stabilize spontaneous
polarization due to the formation of internal fields [17, 20]. In this regard, it is of significant interest to study the acoustic
properties of TGS crystals doped with a-alanine (o—TGS), namely, the effect of impurities on the propagation and
attenuation speeds of ultrasonic waves in them.

This work presents the results of studies of the frequency and concentration dependences of the absorption
coefficient of longitudinal and transverse ultrasonic waves in nominally pure and a-alanine-doped a—TGS crystals (a-
alanine content in the crystals: 5, 10, 15, 20, 25, 30, and 35 mol% %) grown from solution at room temperature, i.e. in
the ferroelectric phase. Indeed, the a-TGS crystal is one of the currently very well-known model ferroelectrics with a
second-order phase transition, in which, due to the strong anisotropy of the relaxation mechanism of absorption and
dispersion of ultrasonic waves [21], both relaxation and actual critical (fluctuation) phenomena occur. However, in most
studies [22], ultrasonic anomalies in the region of structural phase transition are considered, while the effect of a-alanine
on ultrasonic properties in a-TGS crystals in the ferroelectric phase has not been studied.

MATERIAL AND METHODS
To carry out ultrasonic studies, an acousto-optical installation was used [23], operating in a pulsed mode and
consisting of a system for excitation of ultrasonic waves and a system for recording continuous He-Ne laser radiation
with a wavelength 4, = 632.8 nm diffracted by ultrasonic waves. High-frequency longitudinal and transverse ultrasonic
waves with frequencies in the range of 0.2-1.2 GHz were excited using quartz piezo transducers x or y slice, 70-100 ym
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thick. The studied samples were parallelepipeds with an average size of 8§x9x10 mm, oriented along the main
crystallographic axis [001]. The attenuation coefficient of ultrasonic waves was determined by the Bragg diffraction of
light on ultrasonic waves [23] based on the dependence of the intensity of diffracted light / and on the distance to the
transducer x; and x, using the following formula:

-1 _ 1 1(x1)
a,cm o 101 Ty’ @)

The accuracy in determining the attenuation coefficient was ~5%. At the same time, the speed of propagation of
ultrasonic waves was determined from measurements of the angle of Bragg diffraction of light by the following formula:

_ )&01/
2sin6’

(@)

where Ay — is the wavelength of laser radiation, v — is the frequency of ultrasonic waves, and is the angle 8 — is the
Bragg diffraction angle.

RESULTS AND DISCUSSIONS
The experimentally obtained results of the attenuation coefficient and speed of ultrasonic waves propagating along
the [001] crystallographic direction at a frequency of 500 MHz in doped and nominally pure a-TGS crystals at room
temperature are given in Table 1.

Table 1. Concentration dependence of the attenuation coefficient and propagation velocity of ultrasonic waves to TGS crystals at
temperature T =300 K.

a-alanine content qllz v X 105 cm/s

in TGS, % a; ag v Vg

TGS pure 22.2 35 3.858 1.985
o-T1GS, 5 % 20.7 32.1 3.876 2.032
o—TGS, 10 % 19.1 29 3.898 2.078
o—T1GS, 15 % 18.1 26.1 3.925 2.110
o—TGS, 20 % 17.2 23.1 3.951 2.140
o—TGS, 25 % 16.2 21.5 3.962 2.171
o-TGS, 30 % 15.4 20.1 3.973 2.203
o—TGS, 35 % 14.3 18.5 3.983 2.250

As can be seen from Table 1, the attenuation coefficients of ultrasonic waves with L and S polarization decrease by
approximately 1.57 and 1.88 times, respectively, with increasing a-alanine concentration, and the propagation speed
increases by 3.24 and 13.38 %, respectively. The concentration dependence curves of the absorption coefficient and the
propagation speed of ultrasonic waves are described by curves of the following form:

82.8359 .
(1 + (¢/533.7909) - 0.830231)’

a; = —60.61346 +

25.733609 ]
(1 + (¢/23.32901) - 1.382119)

ag; =9.232921 +

1019122 0.160101 _
V== (1 + (c/17.87642) - 1.819346)’
2.037637
v, = 4.022538 —

(1 + (c/265.7397) - 0.9357489)’

where ¢ the a-alanine content is in %.

The study showed that in pure TGS crystals the attenuation of ultrasonic waves is proportional to the square of the
frequency, and in a-TGS the attenuation of longitudinal ultrasonic waves decreases by approximately 20 %, and the nature
of the frequency dependence remains quadratic. The attenuation coefficient of transverse ultrasonic waves is very
sensitive to the admixture of a-alanine and in some samples the attenuation coefficient is almost halved compared to pure
TGS crystals. As for the frequency dependence of the attenuation of these waves, it is observed that it is proportional to
the square of their frequency. It was also shown that the attenuation of ultrasonic waves in TGS and a-TGS crystals is
practically independent of temperature, with the exception of the region of the ferroelectric phase transition [30] observed
in them at a temperature of T = 54°C. In Figure 1 shows the concentration dependence of the attenuation of ultrasonic
waves in a-TGS crystals.

As can be seen from Fig. 1, with an increase nonlinear in the concentration of a-alanine in TGS crystals, the
attenuation coefficient of ultrasonic waves of both polarizations decreases (Fig. 2).
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It should be assumed that the decrease in the attenuation coefficient of ultrasonic waves in nominally pure and doped
a-TGS ferroelectric crystals is associated with a decrease in the phonon relaxation time [20].

A theoretical consideration of the attenuation of longitudinal and transverse elastic waves in crystals with impurities
was carried out in [24], where, under the condition Q7 « 1, for crystals with impurities, the relaxation time is taken as:

v = (72 0kn) + 772 ) 3)

where, ky — is the wave vector of thermal phonons: t; — is the relaxation time associated with inelastic phonon scattering;
T; — is the relaxation time associated with elastic scattering by impurities.

Taking into account the relationship between the indicated relaxation times, an expression for determining the
attenuation coefficient of transverse elastic waves is obtained in the following form:

a = BT pv? 5y (k. j)e(,j)r? (K. j), )

where, f — is a numerical factor of the order of unity, the value of which depends on the type of local equilibrium
distribution of thermal phonons; Q and v — frequency and speed of ultrasonic waves; C (k, j) — heat capacity of the (k, j )
phonon branch; y — effective anharmonicity constant, depending on the degree of order of the crystal.
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Figure 1. Concentration dependence of a/4” values in a-TGS  Figure 2. Concentration dependence of the propagation speed
for longitudinal and shear vibrations of longitudinal and shear ultrasonic waves in a-TGS

A theoretical consideration of the attenuation of longitudinal and transverse elastic waves in crystals with impurities
was carried out in [24], where, under the condition Q7 « 1, for crystals with impurities, the relaxation time is taken as:

o= (D) + 7 0en) G)

where, k; — is the wave vector of thermal phonons: t; — is the relaxation time associated with inelastic phonon scattering;
T; — is the relaxation time associated with elastic scattering by impurities.

Taking into account the relationship between the indicated relaxation times, an expression for determining the
attenuation coefficient of transverse elastic waves is obtained in the following form:

a = B2T)pv? By € (k. j)e(k,j)r? (K. ), )

where, f — is a numerical factor of the order of unity, the value of which depends on the type of local equilibrium

distribution of thermal phonons; Q and v — frequency and speed of ultrasonic waves; C (E, Jj ) — heat capacity of the (E, J) )
phonon branch; y — effective anharmonicity constant, depending on the degree of order of the crystal.

CONCLUSIONS
It has been established that with an increase in the concentration of a-alanine in TGS crystals, the attenuation
coefficient of ultrasonic waves of both polarizations decreases nonlinearly, while the speed of propagation increases
nonlinearly.
The concentration dependences of the attenuation coefficient and propagation velocity of ultrasonic waves of both
polarizations in TGS crystals with an admixture of a-alanine can be approximated by the following expressions:
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82.8359
@ = —60.61346 + (1 + (¢/533.7909) - 0.830231);
25,733609
s = 9232921 + H 1 75332901) - 1.382119)
0.160101
v = 4019122 = (1+ (c/17.87642) - 1.819346);
vs = 4.022538 — 2037637

(1+ (¢/265.7397) - 0.9357489)’

where ¢ the a-alanine content is in %.

It has been established that the attenuation coefficients of ultrasonic waves with L and S polarization decrease by
approximately 1.57 and 1.88 times, respectively, with increasing a-alanine concentration, and the propagation speed
increases by 3.24 and 13.38 %, respectively.

According to (4), it follows that a decrease in the attenuation coefficient of transverse ultrasonic waves can be due
to elastic scattering of phonons on impurities, i.e., a decrease in, with the corresponding dispersion properties of the
phonon subsystem. Thus, according to equation (4), a decrease in «;, and a; may be due to a decrease in the effective
anharmonicity constant y of crystal lattice vibrations under the influence of defects.
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In this work, the electronic properties of monolayer molybdenum disulfide (MoS;) were investigated using density functional theory
(DFT) within the QuantumATK simulation environment. The band structure and density of states (DOS) calculations reveal that MoS;
possesses a direct band gap of 1.74 eV and an indirect band gap of 1.27 eV. Further analysis including partial DOS and charge density
distribution was performed to examine the orbital contributions and bonding characteristics. The influence of biaxial strain (+3%) on
the electronic structure was also studied, showing a tunable band gap behavior. These results provide valuable insight into the electronic
characteristics of MoS; and support its potential applications in nanoelectronic and flexible device technologies.
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1. INTRODUCTION

Two-dimensional (2D) transition metal dichalcogenide monolayers, particularly molybdenum disulfide (MoS,), have
emerged as promising semiconducting materials due to their unique electronic properties and potential applications in
nanoelectronics and optoelectronic devices [1]. Unlike bulk MoS,, which exhibits an indirect band gap of approximately
1.2 eV [2], monolayer MoS; transitions to a direct band gap semiconductor with typical values around 1.8—1.9 eV at the
K point of the Brillouin zone [3]. This direct gap offers significant advantages in optoelectronics, such as efficient light
emission and detection [4].

Several first-principles DFT studies have focused on the electronic structure of monolayer MoS,. Most report a direct
band gap in the range of 1.8-1.9 eV within the PBE-GGA approximation, whereas many-body GW or hybrid functional
calculations predict higher values (up to ~ 2.3 eV) [5]. Moreover, the effects of biaxial strain on the band gap have been
widely explored; in particular, a tensile strain typically reduces the gap by 60-90 meV per percent [6].

In addition to band gap modulation, orbital-resolved analyses such as partial density of states (PDOS) and electron
density distribution have been used to understand bonding characteristics in MoS; [7, 8]. These tools offer insight into
the contribution of Mo-d and S-p orbitals, and into the spatial distribution of electron localization, which are important
for understanding electronic transport and material interactions.

While previous works have provided valuable data on the electronic properties of MoS,, many are limited to band
structure and DOS analyses, lacking complementary studies on charge density or strain-dependent electronic descriptors.

In this context, our study presents a comprehensive first-principles analysis of pristine monolayer MoS,. Using DFT-
based QuantumATK simulations, we investigate the band structure, total and partial DOS, electron density distribution,
and the effect of +3% biaxial strain on the band gap. Our findings aim to deepen the understanding of how structural
deformation influences the electronic behavior of MoS,, thus supporting future applications in flexible nanoelectronic
devices.

2. COMPUTATIONAL METHOD

The structural and electronic properties of monolayer molybdenum disulfide (MoS;) were investigated using first-
principles calculations within the framework of density functional theory (DFT), as implemented in the QuantumATK
simulation package. The Localized Atomic Orbital (LCAO) method was employed with the Medium basis set and
norm-conserving pseudopotentials. Exchange-correlation interactions were treated using the Generalized Gradient Ap-
proximation (GGA) in the form of the Perdew—Burke—Ernzerhof (PBE) functional [9].

The initial structure of monolayer MoS, was constructed based on experimental lattice constants and relaxed by
geometry optimization using the Quasi-Newton minimization algorithm until the maximum force on atoms was less than
0.01 eV/A. A vacuum spacing of 20 A was introduced along the z-direction to eliminate interlayer interactions due to
periodic boundary conditions. The final optimized structure is shown in Fig. 1.
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/

Figure 1. Relaxed atomic structure of monolayer MoS;

The self-consistent field (SCF) procedure was enabled with a maximum of 100 iterations and energy tolerance of
1073 eV. The Poisson equation for electrostatic potential was solved using the Fast Fourier Transform (FFT) solver. The
k-point sampling of the Brillouin zone was performed using the Monkhorst—Pack scheme with a grid of 15x15x1 for the
2D periodic system. The mesh cutoff energy was set to 150 Hartree to ensure high numerical accuracy.

3. RESULTS AND DISCUSSION
3.1. Band Structure Analysis

The calculated electronic band structure of monolayer MoS, is presented in Fig. 2, where both direct and indirect
band gap transitions are indicated with arrows. The results show that monolayer MoS; exhibits a direct band gap of 1.74 eV
at the K-point, which aligns with many DFT-based predictions using the GGA-PBE approximation [9, 10]. Additionally,
an indirect band gap of 1.27 eV was observed between the I'-point (valence band maximum) and the K-point (conduction
band minimum). These results demonstrate the quasi-direct nature of the band structure of monolayer MoS,, and are in
good agreement with previously reported theoretical values ranging from 1.7 to 1.9 eV [11, 12].
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Figure 2. Calculated band structure of monolayer MoS; showing both direct (1.74 eV) and indirect (1.27 eV) band gaps

To support these values, the valence band maximum (VBM) and conduction band minimum (CBM) were extracted
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from the band structure. The VBM is located at —0.56045 eV, and the CBM is at +0.71831 eV relative to the Fermi
level, yielding a calculated gap of 1.2787 eV, which corresponds to the indirect transition. This supports the existence
of a strong direct transition while also revealing possible indirect behavior, depending on external factors like strain or
substrate effects.

Fig. 2. Electronic band structure of monolayer MoS,. Both direct (1.74 eV) and indirect (1.27 eV) band gaps are
marked with arrows.

3.2. Total Density of States (DOS)

The total density of states (DOS) of monolayer MoS; is shown in Fig. 3, where the Fermi level is aligned at 0 eV.
The DOS plot clearly confirms the presence of a band gap around the Fermi level, with no electronic states in the energy
range between the valence and conduction bands. The band gap value inferred from the DOS plot is approximately 1.27
eV, which is consistent with the band structure analysis discussed above.

Both spin-up and spin-down components were calculated within a spin-polarized framework. The two spin channels
fully overlap, indicating the absence of exchange-induced spin polarization and confirming a non-magnetic ground state.
Spin—orbit coupling (SOC) effects were not included in the present calculations; therefore, possible SOC-induced band
splittings, known to occur in monolayer MoS;, are beyond the scope of this work.

Although only the total DOS is discussed here, future analysis of the partial DOS (PDOS) will help identify the
orbital contributions of the Mo (d-orbitals) and S (p-orbitals) atoms. Preliminary expectations suggest dominant Mo-4d
and S-3p contributions near the band edges [13, 14].

Fig. 3. Total density of states (DOS) of monolayer MoS;. The band gap of ~ 1.27 €V is indicated with an arrow.
Fermi level is set at 0 eV.
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Figure 3. Total density of states (DOS) of monolayer MoS,. The band gap of 1.27 eV is indicated

3.3. Partial Density of States (PDOS) Analysis

To gain deeper insight into the electronic structure of monolayer MoS,, the projected density of states (PDOS) was
computed and is shown in Fig. 4. The graph highlights the orbital contributions from Mo d-orbitals and S s+p orbitals.
The Fermi level (ef) is set to 0 eV, and the calculated band gap (Eg) is clearly visible, measuring approximately 1.27 eV,
consistent with previous band structure and total DOS results.

As evident from Fig. 4, the valence band maximum (VBM) is primarily composed of S 3p states, while the conduction
band minimum (CBM) is dominated by Mo 4d states. This is in agreement with earlier theoretical findings, where Mo-d
orbitals govern the conduction characteristics and S-p orbitals contribute to valence behavior [15, 16].

The strong contribution of Mo d-states near the conduction band edge suggests that the conduction mechanism in MoS;
is primarily controlled by the transition metal atom. Conversely, the sulfur atoms influence the valence characteristics,
which is vital for tuning optical and electronic transitions in device applications.
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Figure 4. PDOS of monolayer MoS, showing total DOS, Mo d- and S s+p orbital contributions. The Fermi level (er =0
€V) and band gap (E, ~ 1.27 €V) are indicated.

These orbital insights provide important guidelines for future work involving doping, strain engineering, or het-
erostructure design, where band alignment and charge transfer are sensitive to atomic orbitals.

Fig. 4. Partial density of states (PDOS) of monolayer MoS, showing contributions from Mo-d, S-sp orbitals. The
band gap (E, ~ 1.27 eV) and Fermi level (¢r) are indicated. Color shading marks valence (Ey) and conduction (Ec)
regions.

3.4. Electron Charge Density Distribution

To analyze the spatial distribution of electrons in the MoS, monolayer, the total electron charge density was calculated
based on the self-consistent field (SCF) results. The charge density map is visualized in Fig. 5, showing a cross-sectional
view along the XZ plane of the relaxed atomic structure. As observed in Fig. 5, the electron density is strongly localized
around the Mo-S bonds, indicating a high degree of covalent bonding between molybdenum and sulfur atoms. The central
regions of high density (colored red and green) represent the bonding areas, while the outer blue regions correspond to
low-density vacuum or interlayer spacing.

Density (A®)

0 16 31 47 62

Figure 5. Electron charge density distribution of monolayer MoS, plotted along the XZ plane. The red and green regions
indicate high electron accumulation, particularly around the Mo—S bonds, while blue areas correspond to low electron
density. The color scale represents the charge density in A~3

This distribution aligns well with the partial density of states (PDOS) results, where Mo-d and S-p orbitals are the
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dominant contributors near the valence and conduction band edges. The symmetry and uniformity of the electron cloud
also indicate structural relaxation and convergence of the optimized geometry.

Understanding the electron density map is crucial for identifying chemical reactivity zones, adsorption behavior, and
defect sensitivity, which are significant in the design of optoelectronic and sensing devices based on MoS, and other 2D
materials.

3.5. Strain Effect on the Electronic Properties

To understand the influence of biaxial mechanical deformation on the electronic properties of monolayer MoS,, a
series of calculations were performed by applying strain in the range of —3% to +3%. At each strain level, the lattice
constant a was adjusted according to the equation (1):

a=agX(l+¢) (1)

where ag=3.1604 A and ¢ is the applied strain in percentage.

For each applied biaxial strain value, the in-plane lattice parameters were modified according to Eq. (1), while all
internal atomic coordinates were fully relaxed under fixed strained lattice constants until the force convergence criterion
(0.01 eV/A) was satisfied. The vacuum spacing (20 A), k-point mesh (15x15x1), mesh cutoff energy (150 Hartree), and
SCF convergence parameters were kept unchanged for all strain configurations to ensure methodological consistency and
reliable comparison of the calculated electronic properties.

The computed direct and indirect band gap values under various strain conditions are presented in Fig. 6 and
summarized in Table 1. The results indicate that the band gap decreases almost linearly with increasing tensile strain,
while compressive strain slightly enhances the band gap.

Table 1. Calculated direct and indirect band gaps of monolayer MoS, under various biaxial strain levels.

Strain (%) Direct Band Gap (¢V) Indirect Band Gap (eV)

-3 2.1169 1.4879
-2 1.9853 1.5209
-1 1.8476 1.3042
0 1.7364 1.2787
+1 1.6286 1.1425
+2 1.5289 0.9527
+3 1.4366 0.7747
2,2
—&— Direct Band gap
2,0 —e— Indirect Band gap
1,81
S
21,64
&
o 1 ’4 _
2
©
m 1,2+
1,0 1
0,84

Strain (%)

Figure 6. Variation of direct and indirect band gaps of monolayer MoS; under biaxial strain from —3% to +3%. The band
gaps were extracted from calculated band structures at each strain level.

Specifically, the direct band gap decreased from 2.12 eV (—=3%) to 1.44 eV (+3%), and the indirect band gap reduced
from 1.49 eV to 0.77 eV. At 0% strain, the direct gap is 1.7364 eV and the indirect gap is 1.2787 eV, consistent with the
earlier band structure results. This trend agrees with previous theoretical studies [1, 2], which report that tensile strain
weakens interatomic interactions, narrowing the band gap. Furthermore, the transition from indirect to more pronounced
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indirect band gap under large tensile strain suggests strain-induced electronic phase tunability, making MoS; a promising
material for flexible electronics and strain-engineered devices.

4. CONCLUSIONS

In this study, the electronic properties of monolayer MoS, were systematically investigated using the density functional
theory (DFT) approach implemented in QuantumATK with the LCAO basis set. The structural optimization was followed
by calculations of the band structure, density of states (DOS), projected density of states (PDOS), charge density, and the
effects of biaxial strain on the band gap.

The calculated band structure revealed that monolayer MoS; possesses a direct band gap of 1.74 eV and an indirect
band gap of 1.27 eV, which is in good agreement with previously reported theoretical values. The total and partial DOS
analysis showed that the Mo-d and S-p orbitals are the dominant contributors near the Fermi level, confirming the strong
covalent interaction between the atoms. The charge density distribution further illustrated the bonding characteristics and
electron localization along the Mo—S bonds.

The influence of biaxial strain on the electronic structure was also explored. It was found that increasing tensile
strain led to a gradual decrease in both direct and indirect band gaps, with values ranging from 2.12 eV to 1.44 eV (direct)
and 1.49 eV to 0.77 eV (indirect) over a strain range of —3% to +3%. These findings demonstrate the potential of strain
engineering for tuning the electronic properties of 2D materials such as MoS,.

Overall, the results confirm that monolayer MoS; exhibits tunable electronic behavior, making it a promising candidate
for future applications in nanoelectronics, optoelectronics, and flexible device technologies.
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JOCJ/IIKEHHA EJIEKTPOHHUX BJIACTUBOCTE MOHOIIIAPY MoS; 3 IEPHIUX ITPUHITUIIIB 3A
JOIMOMOTI'OIO DFT-MOIEJIOBAHHA B QuantumATK
Maxkam Xauioes', Baxop /Ixxa66aposa’, Acpop Xacanos!, Iaiipar I6oayanaes’, ATadexk ATaMypaToB
YKagpedpa ¢pizuxu, Ypeenucorkuii depacasnuii ynisepcumem, sya. X. Animoocana, 14, m. Ypeenu, 220100, Vsbexucman
2Kagpedpa pisuku ma mamemamuxu, YpzeHybkutl 0epicasHuti nedazoziuHusi iHcmumym,
eyn. lypaan, 1-A, Ypeenu, 220100, Y3o6exucman

1

V wiit po6oTi e1eKTPOHHI BIaCTHBOCTI MOHOIIAPY AUCYIbdiny MomioaeHy (MoS2) JOCIiIKyBaJICs 3 BUKOPUCTAHHSIM Teopii (hyHKILiO-
Hany ryctunn (DFT) y cepenosumii mopemobanas QuantumATK. Po3paxyHku 30HHOT cTpyKTypH Ta ryctunu ctaHiB (DOS) nokazanm,
o MoS; mae npsiMuii 3a00pOHEHHI 30HHUIA MPOMiIKOK Immputoio 1,75 eB ta Henmpsimuit — 1,44 eB. ogatkoBo Oy/o mMpoBeaeHO
aHauti3 4acTkoBoi ryctunu craniB (PDOS) Ta po3mnofisly rycTHHH 3apsily 3 METOI0 BUBYEHHsI BHECKY OpOiTasieil Ta XapaKTepUCTHUK Xi-
MiYHOTO 3B’ s13yBaHHs1. Takox OyJI0 JOCIIi)KEHO BIUIMB GiaKkCiaIbHOro MeXaHi4HOro HarpyxeHHs (£3%) Ha eJISKTPOHHY CTPYKTYpY, IO
MPOIEMOHCTPYBAJIO MOXJIMBICTh KEPYBaHHs IMPUHOIO 3a00poHeHOo1 30HM. OTprMaHi pe3y/IbTaTi HaJaloTh LiHHY iH(OpMaLilo Ipo eJie-
KTPOHHI BJIACTUBOCTi M0S; Ta IiATBEpIXYIOTh HOr0 epCHEKTUBHICTD 11 3aCTOCYBAHHS B HAHOEJIEKTPOHILli Ta THYUKUX €JIeKTPOHHUX
MPUCTPOSIX.

KuarouoBi cioBa: meopis gpynxyionana eycmunu; QuantumATK; 30HHa cmpykmypa; eycmuna cmauis; 0808UMIpHI mamepianu
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This work presents an investigation of radiation-induced defect formation in single-crystal n-type silicon doped with chromium
(n-Si<Cr>) using positron annihilation spectroscopy. The initial silicon samples, phosphorus-doped during crystal growth, were
subsequently modified by chromium diffusion and then irradiated with 2 MeV protons at a beam current of 0.5 pA using the EG-5
accelerator facility. The measurements revealed the formation of characteristic radiation-induced vacancy-type defects, including
A-centers, E-centers, divacancies, and their stable complexes. A comparative analysis of chromium-doped and undoped samples
demonstrated a pronounced difference in the accumulation rate of these defects. It was established that the presence of chromium atoms
in the bulk of n-type silicon significantly suppresses radiation defect formation: the concentration of vacancy-related defects in n-
Si<Cr> was found to be approximately 1.5-2 times lower than in the reference n-Si samples irradiated under identical conditions.
These results confirm that chromium doping enhances the radiation resistance of silicon and can be considered an effective approach
for modifying semiconductor materials intended for operation in environments with high radiation exposure.

Keywords: Semiconductor; Silicon; Chromium; Doping, Irradiation; Proton, Positron annihilation
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INTRODUCTION

The complex theoretical and practical research on semiconductor materials is of great interest to researchers [1-3].
As a result of research, various diode structures and devices based on them can be seen [4-7].

The study of radiation-induced defects in silicon (Si) and doped silicon materials is an important direction in modern
semiconductor science and technology. Under proton irradiation, atoms of the crystal lattice are displaced from their
lattice sites, leading to the formation of vacancies, interstitial atoms, and their complexes. These defects have a significant
impact on the electronic properties of the material, including electrical conductivity, charge carrier concentration, and
electron mobility, which are directly related to the functional characteristics of semiconductor devices, especially those
operating under extreme radiation conditions [8-10].

Of particular interest are doped silicon systems such as n-Si<Cr>, where the presence of chromium impurities can
substantially alter the formation and evolution of radiation defects. Impurities can interact with vacancies and interstitial
atoms, promoting the formation of complex defects with different energy characteristics and enhanced stability. This
makes doped materials especially attractive for studies aimed at improving the radiation hardness of semiconductor
devices [11, 12].

A key tool for investigating such defects is positron annihilation spectroscopy (PAS), which provides high sensitivity
to vacancies and their complexes. This method allows not only the quantitative determination of defect concentrations
but also the characterization of their nature and size, as well as the evaluation of the dynamics of changes in the crystal
structure under proton irradiation. Owing to these capabilities, PAS has become a standard technique for studying
radiation effects in semiconductors [13].

The comprehensive use of experimental data makes it possible to obtain a deep understanding of the processes of
formation and evolution of radiation defects in n-Si and n-Si<Cr>. Analysis of the obtained results provides not only
fundamental knowledge about the interaction of protons with the crystal lattice but also practical information for the
development of semiconductor materials with enhanced resistance to ionizing radiation. These data are of great
importance for space electronics, nuclear power engineering, and other fields where the reliability of semiconductor
devices critically depends on their radiation stability [14].

The aim of the present work is to study radiation-induced defect formation in n-Si and n-Si<Cr> silicon single
crystals using positron annihilation spectroscopy.
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In solid-state spectroscopy, once a positron has thermalized, it is treated as a point-like particle that remains within
the solid until it annihilates or becomes trapped. During its lifetime in the lattice, the positron diffuses through the crystal,
tending to avoid the positively charged atomic nuclei and therefore occupying interstitial regions. Because the positron
wave function becomes strongly localized at defect sites, changes in defect structure can be qualitatively inferred from
the S—W plot, as discussed in Refs. [15, 16]. However, direct comparison of absolute S and W parameters obtained from
different spectrometers is discouraged, since these values are influenced by the instrument’s energy resolution and the
specific window settings used during their evaluation (Fig. 1).
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Figure 1. Dependence of parameters S and W on the positron energy with corresponding energy windows, used in
the analysis of the positron annihilation peak at 511 keV

EXPERIMENTAL PART

The samples investigated in this study were n-type silicon wafers (KEF-20) with dimensions of
1.5x7x14 mm and a resistivity of 20 Q-cm. These wafers were obtained from silicon single crystals grown by the
Czochralski technique. Chromium was introduced into the silicon by diffusion, using a metallic chromium layer deposited
on the wafer surface and sealed in evacuated quartz ampoules. The diffusion process was carried out at 1200 °C for 2
hours, followed by cooling according to the thermal treatment procedures described in Refs. [17, 18]. The concentration
of phosphorus dopant in the initial n-type silicon crystals was 4.5 x 10'* at/cm?.

After surface cleaning, the chromium-doped silicon samples were irradiated with 2 MeV protons at a beam current
of 0.5 pA to achieve a total fluence of 5.1 x 10'* particles/cm?. The irradiation procedures were performed using the
“EG-5” electrostatic accelerator at the Frank Laboratory of Neutron Physics (FLNP), Joint Institute for Nuclear Research
(JINR).

Radiation-induced structural defects in the samples were examined using positron annihilation spectroscopy,
specifically by analyzing the Doppler broadening of the 511 keV gamma line. The measurements were conducted using
a positron beam facility with adjustable implantation energy for depth profiling, located at the Laboratory of Nuclear
Problems, JINR.

RESULTS AND DISCUSSIONS

Figure 2 illustrates the variation of the S parameter as a function of positron implantation energy for n-Si and n-
Si<Cr> samples following proton irradiation at room temperature. A distinct increase in the S parameter is observed in
the shallow region corresponding to positron energies of 0.1-2 keV (Fig. 2, curve 1). For positron energies in the range
of 3—17 keV, which probe deeper into the samples, the S parameter decreases below its initial value in the irradiated n-
Si. Previous studies [19] on irradiated n-Si and n-Si<Pt> demonstrated that positron annihilation behavior differs
significantly between n-Si<Cr> and n-Si<Pt> samples, indicating a dependence on the impurity type of doping.

The S parameter of the irradiated n-Si<Cr> sample is lower than that of the irradiated n-Si sample (Fig. 2, red curve).
An increase in S is observed in the shallow region corresponding to positron energies of 0.05—1.8 keV. At greater depths,
corresponding to implantation energies of 1.8-23 keV, the S parameter falls below the bulk value.

The S parameter reflects the fraction of positron annihilations occurring with valence electrons [20]. In these
materials, it is also necessary to consider the contribution of positronium annihilation, which can affect the measured S
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values. However, the influence of parapositronium annihilation can be accounted for by comparing S with the W
parameter, which represents positron annihilation with core (nuclear) electrons. In the absence of parapositronium effects,
the S and W profiles should exhibit opposite trends, as illustrated in Fig. 3.
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Figure 2. Variation of the S parameter as a function of positron implantation energy (corresponding depth) for
irradiated silicon samples: n-Si (1) and n-Si<Cr> (2)

When comparing n-Si and n-Si<Cr>, it is evident that defect concentration decreases with increasing positron
energy, indicating that defects are more prevalent near the surface. In Fig. 2, the implantation profiles suggest partial
“healing” of defects throughout the depth of n-Si. In contrast, the n-Si<Cr> samples display both radiation-induced defects
and additional structural defects caused by mechanical stress, which are more clearly reflected in the S parameter.
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Figure 3. Variation of the W parameter as a function of positron implantation energy (corresponding depth) for
irradiated silicon samples: n-Si (1) and n-Si<Cr> (2)

It is well established [21, 22] that the primary effect of radiation on semiconductors is the formation of radiation-
induced defects, particularly vacancies. These defects commonly include oxygen-vacancy complexes (Oi—V, A-centers),
divacancies (V—V), and phosphorus-vacancy complexes (Ps—V, E-centers).

Doping of monocrystalline silicon with chromium significantly affects the behavior of radiation-induced defects
formed during proton irradiation. In particular, the presence of Cr atoms contributes to a reduction in the concentration
of key point defects, such as A-centers, E-centers, and divacancies. This effect is achieved through the formation of stable
“defect—Cr” complexes, which hinder the migration and aggregation of vacancies and interstitial silicon atoms, while also
accelerating the recombination of free vacancies and interstitials. Thus, Cr simultaneously acts as a “trap” for radiation
defects and a catalyst for their annihilation, leading to decrease in defect concentration compared to initial silicon and
enhancing the material’s radiation tolerance [23].

As noted in [24], real solids always contain some intrinsic defects, which disrupt the perfect translational symmetry
of the lattice and the electronic band structure. In such regions, the local potential for positrons can decrease significantly,
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allowing individual positrons to become trapped. This trapping typically occurs at open-volume defects, such as
vacancies, vacancy clusters, dislocations, and certain types of precipitates. Positrons can also localize near negatively
charged foreign atoms (planar traps), although this effect is mainly observed at low temperatures due to minor reductions
in positron potential. Additionally, vacancies in semiconductors can carry an electric charge, creating a long-range
potential that attracts or repels positrons.

According to [25], open-volume defects exhibit a lower local electron density than an ideal crystal because atomic
cores and core electrons are absent. Consequently, the positron annihilation rate decreases in these regions. Positron
annihilation techniques generally assume that a positron trapped in a specific defect interacts primarily with the electrons in
that defect. This interaction determines a characteristic annihilation probability, the reciprocal of which defines the positron
lifetime in the defect. The lifetime describes how long positrons remain in a particular defect type before annihilation.

The small spatial extent of deep traps restricts the number of positron states that can be occupied and limits capture
according to energy selection rules. In larger or more extended defect centers, capture is mainly limited by positron
diffusion. Measurable positron trapping occurs only if defects are sufficiently dense; the average distance between defects
of the same type must be smaller than the positron diffusion length in a defect-free lattice. As the density of defects
increases, the S parameter correspondingly rises due to enhanced positron localization [26].

Based on these studies [21-27], it can be inferred that proton irradiation at 2 MeV generates radiation defects in
both n-Si and n-Si<Cr> samples, predominantly associated with vacancies (A-centers, E-centers, divacancies, etc.).
However, the concentration of vacancy-related defects in irradiated n-Si is approximately 1.5 times higher than in
irradiated n-Si<Cr>. This indicates that chromium doping reduces the formation of radiation defects in the silicon lattice.

CONCLUSIONS

Positron annihilation spectroscopy measurements have shown that irradiation with 2 MeV protons at a fluence of
5.1x10' cm™ leads to the formation of vacancy-type radiation defects in both n-Si and n-Si<Cr> samples, including A-
centers, E-centers, divacancies, and their complexes. However, a comparative analysis revealed a pronounced difference
in defect concentration: in undoped n-Si, the density of these defects after irradiation is nearly 1.5 times higher than in
chromium-doped n-Si samples.

This observation indicates that chromium atoms play a stabilizing role in the silicon crystal lattice, effectively
reducing the accumulation of radiation-induced damage. Chromium doping partially suppresses the formation of vacancy-
related complexes, thereby enhancing the radiation tolerance of the material.

Overall, the present results demonstrate the strong potential of chromium-doped silicon for use in microelectronic
devices and structures intended to operate in high-radiation environments. These findings also contribute to a deeper
understanding of radiation damage mechanisms in doped semiconductors and open new prospects for the development
of more reliable and radiation-resistant semiconductor technologies.
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Materials

JOCJIKEHHSA YTBOPEHHSA PAJIALNIAHAX JE®EKTIB B ONPOMEHEHUX 3PA3KAX KPEMHIIO,
JETOBAHUX ATOMAMMU XPOMY
LI Habics', X.H. Bozopos', A. Hacpitainos!, P.I'. Ikpamos!, M.A. IO110mes?, H.A. Carrapos?®, Y. Exinb6ocs?,
C.M. Agninbxan’, C.A. Typcunoaes®, A.E. Orapoaes®, C.M. Kacimos®
! Hamanzancoxuii Oepocagnuti mexuiunutl ynisepcumem, Y30exucman
’Misicnapoonuii ynisepcumem Typan, Hamanzan, Yz6exucmarn
SMincnapoonuii ynieepcumem Kimvo 6 Tawkenmi, Y3bexucmar
*Tawxenmcokuil incmumym indcenepie ipueayii ma mexanizayii citbcoko2o 2ocnodapcmea,
Hayionanvuuii docnionuyvkuii ynieepcumem, Y36exucman
SIuemumym s0epnoi izuxu APKAE, Anmamu, Kasaxcman
SHyxyccokuti deporcagnuii nedazoziunuii incmumym imeni Adxcunisza, Hyxyc, Ysbexucman

VY wmiii po0OTi mpencTaBiIeHO AOCTIIKEHHS paaialliifHO-iHAyKOBAHOTO NeQEKTOYTBOPEHHS B MOHOKPHCTANIl N-TUIY KpPEMHIIO,
JeroBaHoro xpomom (n-Si<Cr>), 3a IOHNOMOTOI0 HMO3UTPOHHO-AHITUIAIIHHOI criekTpockomii. Buxinni 3pa3km kpeMHilo, JeroBaHi
(docdopom mix gac pocTy KpUCTANIB, 3r010M MOANGIKyBaH TU(Y3i€i0 XpoMy, a ITIOTIM OIPOMIHIOBAIIM IIPOTOHAMH 3 eHeprieio 2 MeB
npu crtpyMi mydka 0,5 MKA 3a J0IOMOIor0 NPUCKOPIOBaNbHO! ycTaHoBKH EG-5. BUMiproBaHHSI BUSIBIIIM YTBOPEHHS XapaKTEPHUX
pamiamiiHo-iHIyKOBaHUX JAe()EKTIB BAKAHCIHOTO THITY, BKIIFOUYa0Yl A-IeHTpHU, E-IleHTpH, nuBaKkaHCii Ta 1X cTabiibHI KOMIUICKCH.
IopiBHsIbHUI aHAJi3 IETOBAHUX XPOMOM Ta HEJICTOBAHHUX 3Pa3KiB MPOAEMOHCTPYBAB IMOMITHY Pi3HHLIO B IIBHIKOCTI HAKOIIMYCHHS
mux aedexriB. Byno BCTaHOBJIEHO, IO MPHCYTHICTH aTOMIB XpoMy B 00'eMi Nn-THIy KpeMHiI0 3HAYHO IPUTHIYYy€ pamiariiiHe
e eKTOyTBOPEHHS: KOHLIEHTPaLis Ie(eKTiB, MOB'SI3aHUX 3 BakaHCiAMH, B n-Si<Cr> BUABMWIACSA MPHOIU3HO B 1,5-2 pa3u HIXKYOIO,
HDXK Y €TaJIOHHUX 3pa3Kkax n-Si, OMPOMiHEHHUX 3a iIECHTHIHUX YMOB. L{i pe3ynbraTu miaTBepHKYIOTh, IIO JIETYBAaHHS XPOMOM ITiIBUIILY€
panianiiiHy CTIHKICTh KpEMHII0O Ta MOXKE BBaXKaTHCS S(QEKTHBHHM IIiXOIOM A0 Moxudikarii HamiBIPOBITHUKOBUX MaTepiaiis,
MIPU3HAYEHHX JJISI eKCIUTyaTallil B CepeIOBHINAX 3 BUCOKUM palialliifHIM BILUTHBOM.

KirouoBi ciioBa: nanienpogionuk, KpemHuill, Xpom, 1e2y8anHsl, ONPOMIHEHHsl, NPOMOH, aHIZLIAYIsE NO3UMPOHIE
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The effect of pretreatment of Bi2O3 and Fe203 oxides on the synthesis and structural characteristics of bismuth ferrite BiFeOs was
studied. It was found that BiFeOs formation begins at 790+850 °C, and decomposition occurs above ~920 °C. Preliminary melting of
the oxides in a solar furnace shifts the thermal effects to higher temperatures and increases the thermodynamic stability of the phase.
X-ray phase analysis revealed the formation of a perovskite-like structure with orthorhombic distortion, high crystallinity, and a
crystallite size of 40+10 nm. Phase analysis confirmed an increase in the content of the main phase to 97 % and a decrease in the
impurity phase Bi2Fe4Oo. The obtained results confirm the efficiency of preliminary solar melting of oxides for the synthesis of high-
quality ceramic materials based on BiFeOs.

Keywords: Solar furnace; Synthesis,; Bismuth ferrite; Phase; Diffusion; Microstructure; Analysis; Temperature; Thermal effect
PACS: 68.37.Hk, 78.70.Ck, 77.84.-s

INTRODUCTION

Multiferroic materials, which combine spontaneous polarization and magnetic ordering in a single structure, are of
significant interest for modern electronics, spintronics, and sensor technologies [1-3]. Among these compounds,
bismuth ferrite BiFeOs (BFO), which exhibits ferroelectric and antiferromagnetic properties at room temperature, has
attracted particular attention. Due to its high Néel temperature (=370 °C) and Curie point (=820 °C), BiFeOs is
considered a promising material for the creation of energy-efficient multifunctional devices, piezoelectric transducers,
and photocatalytic systems [4-6].

Despite its high functional characteristics, obtaining single-phase bismuth ferrite BiFeO3; remains a complex task.
With traditional synthesis methods, secondary phases such as Bi,FesO9 and BiysFeOsg are typically formed from an
oxide mixture of Bi;O3 and Fe,03, thereby reducing the material's electrical and magnetic properties [7-10]. Attempts to
eliminate their formation by changing the stoichiometry of the initial components, by introducing excess Bi»O3, also do
not result in obtaining a single-phase compound [11]. The phase composition and morphology of the samples are
significantly affected by the composition and dispersion of the precursors, the degree of their homogenization, and the
heat treatment conditions [12]. As noted in [13], the difficulties in synthesizing single-phase bismuth ferrite are due to
the peculiarities of the phase diagram of the Bi,O3-Fe,O3 system, which includes several stable compounds, as well as
the high volatility of Bi,Oj3 at temperatures above the melting point [14] and the thermodynamic instability of BiFeOs in
air in the absence of an equilibrium melt [15]. A comparison of literature data [13,16,17] indicates that obtaining single-
phase BiFeOj; by solid-phase synthesis is practically impossible.

In recent years, considerable attention has been paid to solution combustion synthesis (SCS) methods based on the
exothermic reaction between metal nitrates and organic fuels (glycine, urea, citric acid, etc.) [18,19]. These methods
allow the production of nanodispersed powders in a short time at temperatures of 500+600 °C. However, the
unevenness of the thermal field and the rapid evolution of gases lead to the formation of a porous structure and
secondary phases, as well as to contamination of the product with carbon residues [20,21].

An alternative approach to synthesizing oxide materials is the use of concentrated solar radiation (CSR). The use
of a solar furnace provides local heating up to 2000+2500 °C and a heating rate up to 200 °C/s, enabling melting and
crystallization without external fuel [22, 23]. In [24], it was shown that melting the oxide precursors Bi,Os and Fe,0Os3 at
the focus of a solar furnace leads to the formation of dense, homogeneous BiFeOs structures with a low coefficient of
thermal expansion and high chemical resistance. Solar synthesis is environmentally friendly, highly energy-efficient,
and allows the production of materials with minimal secondary-phase content [25].
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As a result of the above, traditional methods for synthesizing bismuth ferrite — both thermal (solid-phase reactions
at temperatures below the melting point) and chemical (solution reactions) — fail to produce single-phase BiFeOs.
Therefore, the use of solar technologies based on exposure to concentrated, high-density light is of scientific interest. In
this approach, synthesis is performed from a melt formed under the influence of concentrated solar radiation, where
phase formation occurs directly in the melt, and the resulting state is fixed by quenching.

Combining fuel precursors with high-energy solar heating opens the prospect of creating next-generation
multiferroic materials. This approach combines the chemical homogeneity of the precursors with the high thermal
efficiency of a solar furnace, facilitating the formation of dense single-phase structures with improved physical,
mechanical, and functional properties. This study examines the influence of concentrated solar radiation parameters and
the composition of fuel precursors on the structure formation, phase composition, and properties of bismuth ferrite
(BiFeO3).

The aim of this study is to determine the effect of pre-melting Bi,O3; and Fe,Os oxides in a solar furnace on the
structure formation, phase composition, and properties of BiFeOs, and to compare the results with traditional solid-
phase synthesis to optimize the conditions for producing a single-phase material.

EXPERIMENTAL SAMPLES AND MEASUREMENT METHODS

To determine the influence of the microstructural state of the components (Bi,Os and Fe,O; oxides) on the
synthesis process and properties of bismuth ferrite, the starting components were melted in a small-sized solar
installation — a small solar furnace (SSF) with a high degree of concentration [26]. The technological route included
the following operations: grinding of the starting components — mixing — molding — melting — quenching. The
density of the concentrated flux was 450 W/cm?, enabling local heating of the sample to temperatures exceeding the
melting points of the components. The exposure in the molten state was 15 minutes, which contributed to the complete
homogenization of the oxide mass. The resulting melts were quenched in water at a cooling rate of about 10* °C/s,
thereby fixing the system's nonequilibrium state and preventing phase separation.

The solidified samples were ground in a ball mill under wet conditions for 10 hours at a material:water:grinding
media weight ratio of 1:1:1. After grinding, the powder was sieved through a 0.05 mm sieve to ensure a uniform particle
size distribution. A Bi,O3+Fe,O3 mixture was prepared from the resulting fused oxides in a strictly stoichiometric ratio
corresponding to the BiFeO3; composition. The prepared powder was pressed into tablets under a 1-ton load on a C-100
hydraulic press. The resulting pressed samples were heat-treated in a resistance electric furnace with silicate heaters at
various temperatures. These samples were designated as type A.

For comparative analysis, bismuth ferrite was also synthesized without the solar melting step, directly from the
starting mixture of Bi;O; and Fe,O; oxides. The resulting samples, which underwent standard heat treatment, were
designated type B and used as controls.

In this study, modern physicochemical methods were used to analyze the pyroxene materials, ensuring high
accuracy and minimal error in the comprehensive assessment of their properties. The phase and thermal characteristics
of oxide systems and man-made rock waste were investigated using differential thermal analysis (DTA) and
thermogravimetric analysis (TGA). Experiments were conducted on a Q-1500 D derivatograph in the temperature range
of 100+1000 °C at a heating rate of 15°C/min. This allowed for simultaneous recording of mass changes and thermal
effects, as well as identification of the nature of phase transformations, dehydration processes, and thermal
decomposition of the studied samples.

To identify the phase composition, X-ray diffraction (XRD) was performed on a DRON-3M diffractometer with a
copper anode (CuKoa radiation).

The physical characteristics of the samples were assessed using density parameters. The apparent density (papp)
was determined by hydrostatic weighing in octane, and the X-ray density (px) was calculated using the expression [27]:

px=1.66 x M/ V, )

where, M is the mass of the formula unit (g), V is the volume of the unit cell of the perovskite structure (A%).
Relative density (pro1) was calculated as the ratio prai/pxp, expressed as a percentage:

Prer= (Papp / Px) X 100%. )

To assess the packing density of the crystal lattice, the structural looseness parameter (®) was additionally
calculated using the formula [28]:

o =M/ (np), 3)

where, M is the molecular mass of the compound, n is the number of structural units (atoms, ions or complexes) in the
formula cell, p is the density of the material.

RESULTS AND DISCUSSION
The DTA curves of a mixture of bismuth and iron oxides (Bi,Os + Fe;03), obtained for samples subjected and not
subjected to melting in a solar furnace, in the temperature range of 100+~1000 °C, are shown in Fig. 1.
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As is well known, such m-n-n*-m structures are often used to study transient effects and rectification
characteristics.

920 220 955

290 %° 855 925

740 790

a b
Figure 1. DTA of a Bi2O3 + Fe20O3 mixture in the temperature range of100+1000°C
a) components not subjected to melting in a solar furnace; b) components melted in a solar furnace

From Fig. 1a, it follows that in the first case five endothermic peaks are recorded on the DTA curve, the nature of
the dependence indicating the sequential occurrence of a number of endothermic processes as the temperature increases.
The endothermic effect observed at a temperature of about 740 °C corresponds to the polymorphic transformation of
bismuth oxide (Bi»O3) — the transition of the low-temperature f-modification to the high-temperature 6-form, which is
consistent with the literature data [4, 29] on the behavior of this compound upon heating. At ~790 °C, an endothermic
peak is observed, associated with the melting of the eutectic mixture in the Bi,O3-Fe,O3 system and the onset of
interaction of oxides with the formation of primary BiFeOs crystals. A further increase in temperature to ~850 °C is
accompanied by intense formation of the BiFeO; phase due to the activation of diffusion processes between the melt
components. At temperatures of 920950 °C, endothermic effects are observed, indicating the decomposition of
bismuth ferrite with the formation of secondary phases, mainly Bi;FesO9 and BixsFeOj39. The results of thermal analysis
show that the synthesis of bismuth ferrite (BiFeOs) from the initial mixture of Bi,O3 and Fe,Os oxides begins in the
range of 790+850 °C, while the thermal stability of the resulting compound is maintained up to approximately 920 °C,
after which its partial decomposition begins [30].

A comparison of the obtained thermograms (Fig. 1 a and b), reveals the influence of preliminary melting of the
oxide precursors on the thermal behavior of the Bi;O3-Fe,Os3 system. While the mixture that has not been subjected to
solar melting is characterized by a sequential occurrence of endothermic processes with pronounced decomposition of
bismuth ferrite at temperatures above 900 °C, in the case of pre-melted components, a shift in the temperature effects
and a decrease in their intensity are observed. This indicates a change in the mechanism of oxide interaction and an
increase in the stability of the resulting BiFeOs; phase [31-33].

Fig. 1b shows the DTA curve of a mixture of bismuth and iron oxides (Bi,O3+Fe;03), pre-melted in a solar furnace,
recorded in the temperature range of 100+~1000 °C. The nature of the thermogram differs significantly from the similar
dependence for the initial unmelted components, which indicates a change in the physicochemical properties of the system
under the influence of concentrated solar radiation. In the temperature range of about ~790 °C, a weak endothermic effect
is observed, corresponding to the onset of interaction of the oxides, accompanied by activation of their surface and the
nucleation of the bismuth ferrite phase BiFeO;. A more intense endothermic peak at ~855 °C reflects the main stage of
BiFeO; formation associated with the melting of the eutectic mixture and diffusion redistribution of the
components [34,35]. The endothermic effects at 925 and 955 °C are due to the partial decomposition of BiFeOs with the
formation of secondary phases Bi;FesOy and BiysFeOso. However, the intensity of these effects is significantly lower than
for unmelted samples, indicating an increase in the thermal stability of bismuth ferrite synthesized from the solar-melted
mixture. The DTA results indicate that preliminary melting of the initial bismuth and iron oxides (BiO3 and Fe;Os) in a
solar furnace promotes a more complete reaction of bismuth ferrite BiFeO; formation, as well as an increase in the stability
of its phase over a wider temperature range. This is due to an increase in the chemical activity of the components after
solar melting, which ensures more intense interaction between them [36]. Additionally, it was established that the
endothermic effects corresponding to phase transformations shift to the region of higher temperatures by approximately 50
°C, which indicates an improvement in the thermodynamic stability of the system and the formation of a more stable
BiFeO; structure.

Diffraction peaks in the range 20 = 20+60°, characteristic of the perovskite-like structure of BiFeOs, are shown in
Fig. 2.

The X-ray diffraction pattern of bismuth ferrite BiFeOs synthesized at 885 °C shows phase X, corresponding to a
solid solution of Bi,Fe4Oo, which is [Fe,O3 2BiFeO;]. Bismuth ferrite was synthesized by a solid-phase reaction from
the initial oxides Bi,O3; and Fe;Os. After mixing and molding, the samples were calcined at 885 °C for 2 hours. X-ray
diffraction analysis was performed using CuKo radiation (A=1.5406 A) in the angular range 20=20+60°. Interplanar
distances were determined according to Bragg's law [37]:
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d=A/2sine, @)

The lattice parameters were calculated using the pseudocubic structure approximation:

a=d (h-H+?)12, (5)
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Figure 2. X-ray diffraction pattern of BiFeOs calcined at 885°C

The presence of narrow and distinct maxima indicates a high degree of crystallinity of the sample. In the range of
angles 206=20+60°, distinct and intense diffraction maxima are observed, corresponding to reflections from the planes
(100), (110), (-110), (111), (=111), (200), (210), (-210), and (211). The set of registered reflections indicates the
formation of a perovskite-like structure of bismuth ferrite with an orthorhombic distortion of the unit cell, belonging to
the space group R3c. The calculated interplanar distances and lattice parameters are presented in Table 1.

Table 1. Lattice parameters of BiFeOs3 calcined at 885°C

Reflex (hkl) 20 (°) d(A) Pseudocubic constant a (A)
(100) 22.6 3.931 3.931
(110) 31.6 2.829 4.001
(111) 39.8 2.263 3.920
(200) 46.5 1.964 3.928

Bismuth ferrite is characterized by an orthorhombic distortion of the perovskite cell [38] and temperature-dependent
nonstoichiometry [39], which complicates the synthesis of a single-phase compound. In the studied sample, a high degree
of crystallinity is achieved at a temperature of 885 °C, and a stable BiFeO; phase is formed without signs of secondary
compounds. The average lattice parameter, calculated from the main diffraction peaks, is a=3.94+0.04 A, which
corresponds to the values characteristic of an orthorhombically distorted perovskite. The X-ray density of bismuth ferrite,
calculated based on the structural parameters, is p=8.39 g/cm®. The obtained data confirm the formation of phase-pure
BiFeO:s with a stable crystalline structure and a high degree of ordering of the atomic lattice.

The absence of additional reflections characteristic of Bi>Os, Fe,Os oxides or BixFesOg phases indicates the formation
of single-phase BiFeOs. The presence of a weakly expressed signal, designated as the x-phase, may be associated with an
insignificant content of the transition phase; however, its intensity is low and does not significantly affect the overall phase
composition. The shape and width of the peaks indicate a high degree of crystallinity of the material. Narrow and
symmetrical maxima reflect the growth of crystallites at the optimal synthesis temperature. The average crystallite size can
be calculated using the Scherrer formula [40], where K = 0.9:

D =K-L/B-cos6, (6)

Experimental FWHM values (0.2+0.05°) were used to estimate the crystallite size, yielding an approximate size of
D=40+10 nm.

These results indicate that at 885 °C, an optimal balance is achieved between the diffusion rate and the stability of the
BiFeO; phase, ensuring the formation of a structurally ordered material without secondary phases.

The microstructure of BiFeO; heat-treated at 885 °C is shown in Fig. 3. Scanning electron microscopy (SEM)
analysis indicates the formation of a fine-grained, porous structure characteristic of partially sintered perovskite materials.

As shown in Figure 3a, the type A sample exhibits a fine-grained, porous structure with an uneven particle
distribution. The average grain size is 0.5+1.5 um, and they are agglomerated into larger conglomerates. The grains are
predominantly rounded, have poorly defined grain boundaries, and a smooth surface without faceting, indicating
incomplete completion of the crystallization and sintering processes. The microstructure contains micropores of 2+3 um in
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size, distributed over the surface of the material. The presence of porosity and intergranular defects indicates limited
crystallite growth under the given heat treatment conditions and is associated with insufficient temperature or duration of
calcination, which prevents the formation of a dense polycrystalline matrix. This morphology can lead to a decrease in the
density and electrical strength of the material, but simultaneously increases the number of interphase boundaries, which has
a positive effect on the dielectric characteristics due to increased polarization in the grain boundary regions [41, 42]. In
general, the type A microstructure reflects the early stage of BiFeO; sintering and is formed at relatively low temperatures,
when diffusion processes are not yet sufficiently intense. However, the presence of pores negatively affects the density and
electrical strength of the sample, which requires optimization of the synthesis temperature regime. Consequently, the type
A BiFeO; microstructure is characterized by fine grain size, moderate porosity, and surface heterogeneity, indicating
incomplete completion of the sintering and crystallization stages under the given heat treatment conditions [43].

Figure 3. SEM images of the BiFeO3 microstructure surface:
a) type A; b) type B

The type B microstructure (Fig. 3b) has a denser and more uniform structure with clearly distinguishable grains. The
average grain size increases to 1.5+3.0 um, indicating the occurrence of crystallite growth and coalescence processes.
Pores are practically absent, the sample surface becomes smoother, and the grains form a compact matrix. This
microstructure is formed at higher heat treatment temperatures, ensuring complete sintering and improved physical and
mechanical properties [44]. Comparative analysis shows that an increase in the synthesis temperature promotes grain
coarsening and decreases porosity, which is associated with the activation of diffusion processes in the solid phase. The
evolution of the microstructure from type A to type B reflects the transition from a partially sintered state to a dense
polycrystalline structure characteristic of the thermodynamically stable BiFeOs phase. Such changes have a direct impact
on the functional properties of the material — an increase in density and grain size can contribute to an increase in electrical
conductivity and a reduction in dielectric losses.

The values of apparent density (papp), porosity (P), relative density (prer), structural looseness (), and the coefficient
of linear thermal expansion (o) for two types of ceramic bismuth ferrite samples prepared from different starting
components and synthesized by different methods are given in Table 2.

Table 2. Density and thermal parameters of ceramic bismuth ferrite samples

Samples Papp, g/cm? P, % Prel, %0 ® a.100, K!
A-type 5.40 36 64.36 7.36 13.4
B-type 4.87 42 58.04 11.44 11.9

Type A samples exhibit higher apparent density (5.40 g/cm?®) and relative density (64.36%) compared to type B
samples (4.87 g/cm? and 58.04%). Accordingly, the porosity of sample A is lower (36%) compared to B (42%), and the
structural looseness is also lower and is 7.36 compared to 11.44. The difference in the structural looseness of the samples is
due to the fact that the preliminary melting of oxides in a solar furnace promotes the formation of bismuth ferrite with a
denser and more uniform crystalline structure, which is confirmed by the increased density and uniform microstructural
structure of type A samples. The coefficient of linear thermal expansion o for samples A is higher (13.4x10° K!) than for
samples B (11.9x10° K!). This is due to lower porosity and a denser crystalline structure, which ensures more pronounced
thermal mobility of the lattice upon heating [45, 46]. It should be noted that the sintering of bismuth ferrite is somewhat
improved when it is synthesized from pre-melted oxides. The processing of the starting components has a significant
impact on the density characteristics and thermal stability of BiFeOj3; ceramic samples, which should be taken into account
when developing materials with specified physical and mechanical properties [47-49].
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Data on the phase composition of bismuth ferrite obtained from Fe,O3 and Bi,O3 oxides with different pre-treatments
are given in Table 3.

Table 3. Results of bismuth ferrite synthesis depending on the pre-treatment of Fe2O3 and Bi2O3 components

Pretreatment of Fe2O3 and BixO3 Technological mode Phase composition, %
components BiFeOs Bi2FesOo
not melted in a solar furnace 88 12
i 885 °C, 5 hours
melted in a solar furnace 97 3

The data show that the samples synthesized from molten oxides contain significantly less Bi-FesOs impurity phase
(3%), whereas in the samples obtained from unmelted oxides, the content of the impurity phase reaches 12%. This
difference may be due to the increased reactivity of the molten oxides, which accelerates the formation of the main BiFeOs;
phase and simultaneously promotes the appearance of the Bi:Fe«Os impurity phase at a lower temperature [50].
Preliminary melting of the oxides in a solar furnace ensures the formation of bismuth ferrite with a higher degree of purity
and a smaller amount of secondary phases during synthesis at 885 °C for 5 hours. These results indicate the importance of
choosing the form of the starting components for the synthesis of BiFeOs with high phase purity, which is important for
optimizing the physical and chemical properties of the resulting material.

CONCLUSIONS

The conducted studies have shown that the thermal behavior of the Bi,Os-Fe;O3; system and the formation of
bismuth ferrite depend significantly on the pretreatment of the starting oxides. It was found that the synthesis of BiFeO;
from the starting materials begins at 790-850 °C, while its decomposition occurs at temperatures above ~920 °C.
Preliminary melting of the oxides in a solar furnace leads to a shift in the thermal effects to higher temperatures and an
increase in the thermodynamic stability of the resulting phase. X-ray diffraction analysis of samples calcined at 885 °C
confirmed the formation of a perovskite-like structure with orthorhombic distortion and a high degree of crystallinity.
The calculated lattice parameters and X-ray density correspond to the values for stable BiFeOs, and the absence of
reflections from secondary phases indicates the production of a phase-pure material. The average crystallite size,
determined using the Scherrer formula, was 40+10 nm, which confirms the nanocrystalline nature of the formed
structure.

Microstructural analysis revealed differences between samples obtained from molten and unmelted oxides. Type A
material is characterized by a fine-grained, porous structure corresponding to the early stage of sintering, while type B
samples exhibit a dense, homogeneous polycrystalline matrix with coarse grains. These differences are consistent with
the density characteristics: type A samples have lower porosity and higher density. Phase analysis confirmed that the
use of pre-melted oxides increases the content of the main BiFeO; phase to 97 % and reduces the proportion of the
BiFe4O9 impurity phase. This is due to the increased reactivity of the oxides after solar melting and more complete
solid-phase interaction.

Thus, solar pre-melting of Bi,O3; and Fe>O; oxides is an effective technological approach that significantly
increases the phase purity, crystallinity, and structural homogeneity of bismuth ferrite, as well as improves its
physicochemical and functional properties. The obtained results confirm the potential of this method for creating high-
quality BiFeOs-based ceramic materials.
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The aim of this study is to investigate the influence of PbTe addition on the thermoelectric properties and band parameters of AgSbSez
at temperatures below room temperature. For this purpose, the polycrystalline (AgSbSe2)x(PbTe)1x (x = 1; 0.9; 0.85) samples were
prepared by direct fusion method. The temperature dependences of electrical conductivity, Seebeck coefficient, and thermal
conductivity of (AgSbSe2)x(PbTe)ix (x = 1; 0.9; 0.85) samples were investigated in the temperature range 80-350K. The value of
electrical conductivity of PbTe added samples decreased compared to AgSbSe:. Simultaneously, the inversion of the sign of Seebeck
coefficient (n—p) in (AgSbSe2)x(PbTe)1x (x=0.9; 0.85) solid solutions at temperatures of T > 110K was observed. It was determined
that the effective mass of holes value in (AgSbSe2)x(PbTe)ix (x=0.9; 0.85) solid solutions increased compared to AgSbSe:. It has been
found that the lattice thermal conductivity of (AgSbSe2)x(PbTe)1x (x=0.9; 0.85) solid solutions decreases significantly with increasing
PbTe amount in AgSbSe:.

Keywords: Thermoelectric material; Electrical conductivity; Seebeck coefficient; Thermal conductivity; Effective mass

PACS: 71.20.Nr, 72.20.Pa, 72.15.Eb

INTRODUCTION

Binary silver selenide and related ternary semiconductor materials have a number of valuable functional properties
and are effective, environmentally friendly compounds. Based on these properties, these materials are intensively studied
by many researchers [1-5].

A number of important functional properties of compounds with the general formula ABVXY! (A-Ag, Cu; B-Si, Ge,
Sn; X-Se, S) have been extensively studied. In particular, numerous studies have been conducted on the photo-clectrical
properties of chalcogenide glasses containing Ag such as photodoping, photovoltage, and photochemical modification [6-9].

Among these functional properties, one of the most interesting is ionic conductivity. As is known, ionic conductors
are promising materials for the preparation of ion batteries. Possible crystallochemical conditions for the formation of the
superionic state have been shown in studies [10-18]. Many articles have provided detailed information on the ionic
conductivity of binary compounds formed with Ag™ and Cu* chalcogenides [19-21].

The ternary semiconductor AgSbSe; is considered a promising thermoelectric materials due to its thermoelectric
properties, and particularly its very low lattice thermal conductivity [22, 23]. AgSbSe, features a strong anharmonic
bonding arrangement associated with the Sb 5s? lone pair, which leads to strong phonon-phonon interactions that reduce
the lattice thermal conductivity [24]. Additionally, AgSbSe, is a narrow-bandgap semiconductor exhibiting p-type
conductivity with a favourable valence-band structure composed of multiple flat valleys, potentially leading to a high
effective mass of holes and thus the high value of the Seebeck coefficient. The band gap values of AgSbSe, measured by
various methods are in the range of 0.3-1.1 eV [25-27]. This intrinsically low thermal conductivity and the appropriate
electronic band structure make AgSbSe; a promising candidate for thermoelectric applications in the intermediate
temperature range (500-700K) [28-30]. On the other hand, among the traditional thermoelectric materials, PbTe and its
alloys are considered as excellent thermoelectric materials that operate in the medium and high temperature range
(400 K - 800K) [31]. The crystal structure of I-V-VI, group compounds (AgSbSe,, AgSbTe; etc.) is very similar to that
of IV-VI group compounds (PbTe, PbSe, etc.) and all these compounds crystallize in NaCl structure. Therefore, these
materials may be used to prepare solid solutions based on I-V-VI, group compounds [32, 33].

Investigations of AgSbSe, were mainly carried out above room temperature to enhance its thermoelectric
properties [28-30]. Also, the kinetic properties of AgSbSe; and its solid solutions, their electronic structure, mechanisms
of electric charge and heat transport have been little studied at low temperatures [34]. In this study, to address these
questions experimentally, we synthesized (AgSbSe»)«(PbTe),«x (x = 1; 0.9; 0.85) samples and investigated the influence
of PbTe on the thermoelectric properties and band parameters of AgSbSe; at the temperature range of 80-350K.

EXPERIMENTAL METHOD
Synthesis. Polycrystalline (AgSbSe)«(PbTe)i« (x = 1; 0.9; 0.85) bulk samples were prepared using a direct fusion
method together with mechanical pressing. The constituent elements Ag, Sb, Se, Pb, Te (99,99% purity) in stoichiometric
ratios were sealed in evacuated quartz tubes under a pressure value of 10~* Torr. The tubes were placed in furnace and
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heated slowly (1 K/min) up to 1000 K (AgSbSe; melting point: 908 K) over a period of 12 hours. Then tubes were
maintained at this temperature for 10 hours and gradually cooled to room temperature at the same rate. The obtained
ingots were ground into fine powders to eliminate pores. Then the powders were pressed (under a pressure of 500 MPa)
to form bulk samples with dimensions of 12x5.2x2.4 mm?.

Powder X-ray diffraction. Powder X-Ray diffraction (PXRD) analysis was conducted using a Bruker D8 Advance
diffractometer with a CuKa anode (4 = 0.1542 nm), operating at 40 kV and 40 mA. The lattice constants were calculated
using the Rietveld method with EVA and TOPAS software.

Carrier concentration. The values of carrier concentration and Hall mobility at room temperature were derived
from Hall coefficient measurements using by the Van der Pauw method (in direct current and 0,32 T magnetic field) on
the HL5500PC Hall Effect Measurement System.

Electrical transport. The thermoelectric properties were measured simultaneously from liquid nitrogen temperature
to 350K in direct current using four-probe potentiometric method.

RESULTS AND DISCUSSION
Structural characterization
Figure 1 displays the PXRD patterns for (AgSbSe;)«(PbTe)ix(x =1;0.9; 0.85) samples. The results of X-ray analysis
revealed that all samples were single-phase with a cubic NaCl-type structure (Fm3m), with no impurity phases observed.
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Figure 1. Powder XRD patterns of (AgSbSe2)x(PbTe)ix (x =1; 0.9; 0.85)

As seen in Figure 2, the linear expansion in the lattice constants with increasing PbTe concentrations follows the
Vegard’s law for the (AgSbSe;)«(PbTe)i« (x = 1; 0.9; 0.85) samples. The ionic radius of Pb (Te) is larger than of Sb.
Therefore, as larger Pb (Te) is introduced in the place of smaller Sb, the unit cell undergoes a systematic expansion,
leading to an increase in the lattice parameter [29].

5.854 B (AgSbSe,),(PbTe);_
e __ (AgSbSe)), (PbTe)|_, Vegard’s law
<
N
5.82 1
5.79

PbTe(x)

Figure 2. Composition (x) dependence of lattice constants for (AgSbSe2)x(PbTe)ix (x = 1; 0.9; 0.85), and a straight line indicates
Vegard’s law for solid solution
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Electrical transport properties
The temperature dependence of electrical conductivity (o) of (AgSbSe»)x(PbTe) 1« (x=1; 0.9; 0.85) samples over the
80-350 K range is presented in Figure 3.
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Figure 3. Temperature dependence of the electrical conductivity of (AgSbSe2)x(PbTe)1x (x = 1; 0.9; 0.85) solid solutions

As observed in Fig. 3, the value of ¢ at below room temperatures is relatively small and exponentially increases
with temperature. However, the value of electrical conductivity of all samples increases with rising temperature.
Additionally, we observed a decrease in the electrical conductivity of PbTe added samples compared to AgSbSe,. At room
temperature, the measured values of o for (AgSbSe)x(PbTe) 1« (x = 1; 0.9; 0.85) solid solutions are 0.4 S-cm™, 0.11 S cm’!
and 0.09 S-cm’!, respectively.

The addition of PbTe to AgSbSe; lead to partial compensation of electroactive acceptor centers, resulting in a
decrease in hole concentration p. Hall measurements at room temperature indicate positive sign of the Hall coefficient
(Ry) for all samples. This indicates that the majority carriers are holes and the samples exhibit p-type conduction. The
carrier concentrations of (AgSbSe;)«(PbTe) .« (x=1; 0.9; 0.85) solid solutions, estimated from measurements of the Ry
(p=1/eRn, where e is the elementary charge) at room temperature, are 5.6-10'7 cm=, 4.8:10'® cm™ and 3.7-10'° cm?3,
respectively. Furthermore, the addition of PbTe to AgSbSe,most likely increases the number of defects in the crystal
lattice. This leads to an increase in the scattering centers of charge carriers and, as a result, to a decrease in the Hall
mobility ¢ (#=o7pe). The Hall mobilities of (AgSbSe:)«(PbTe)«(x=1; 0.9; 0.85) solid solutions at room temperature are
4.2 cm?/V-s, 3 cm?/V-s and 2.3 cm?/ Vs, respectively. Thus, we assume that these two factors together cause a decrease
in the electrical conductivity of (AgSbSe;)«(PbTe)x(x=0.9; 0.85) solid solutions.

The temperature dependence of the Seebeck coefficient (S) of (AgSbSe»)«(PbTe) i« (x=1; 0.9; 0.85) solid solutions
in the 80-350K range is presented in Figure 4.
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Figure 4. Temperature dependence of the Seebeck coefficient in (AgSbSe2)x(PbTe)1x (x = 1; 0.9; 0.85) solid solutions

As is known, AgSbSe; is a p-type semiconductor [22-24]. As can be seen in Fig. 4, AgSbSe, exhibits p-type
conductivity in the temperature range of 80-350K. However, in the (AgSbSe:)«(PbTe)x (x = 0.9; 0.85) solid solutions,
the sign of the Seebeck coefficient is negative at temperatures below 110 K, indicating n-type conductivity. It is possible
that the addition of PbTe to the AgSbSe; leads to the formation of shallow donor levels. The ionization of these donor
centers leads to a significantly increase in the contribution of electrons in the Seebeck coefficient compared to AgSbSe:.
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Consequently, for (AgSbSe;)«(PbTe)ix (x =0.9; 0.85) solid solutions, the sign of Seebeck coefficient is negative at
temperatures below 110K (Fig. 4). At 7>110K the Seebeck coefficient changes its sign (n—p) and becomes positive.
Such a change of sign is also manifested at temperature dependence of Hall coefficient. The increase in hole concentration,
most likely resulting from the ionization of deep acceptor centers as temperature rises, leads to the change in the sign of
the Seebeck coefficient. Moreover, the values of Seebeck coefficient in (AgSbSe;)«(PbTe)i« (x =0.9; 0.85) solid solutions
are larger than AgSbSe, (350 wV/K), at room temperature, and the values of S are 701 uV/K and 828 uV/K, respectively.
The increase in the Seebeck coefficient for (AgSbSe;)«(PbTe).x (x=0.9; 0.85) solid solutions compared to AgSbSe, most
probably may be explained by the increased density of states effective mass for holes my, 4,5. Assuming a single parabolic
band model with acoustic phonon scattering (+=0, where r is scattering factor), we calculated the values of effective mass
of holes m;, using the following equations (1)-(3) based on the values of S and hole concentrations p [35]:

_ (empkpr)*?

e EVAUD) (1
25,3)3/2
* = L)s/z )
2kBT[F3,,(n")]
) a
E(m) =[] (= 5)x"dx 3

where, 77" is the reduced Fermi energy, F,(7) - the #- order Fermi integral, kg- the Boltzmann constant, 7 - the reduced
Planck’s constant (5=h/2 7)), e- elementary charge.

From these calculations, the value of effective mass for holes m;, at room temperature for (AgSbSe)«(PbTe):x (x=1;
0.9; 0.85) solid solutions were found to be m,, = 0.13mo, m;, = 3.82mo, and m;, = 3.98my, respectively. We suppose that
with increasing temperatures, the high-density charge carriers resulting from the addition of PbTe into AgSbSe, may be
redistributed among multiple energy states within the valence band. This could potentially lead to changes in the electronic
band structure that could affect the material’s properties. In work [36] the authors suggest that such redistribution of the
density of states of charge carriers leads to an increase in the effective coverage of bands. An increase in the number of
charge carriers in the multiple degenerate valence bands can cause a higher value of their density of states effective
mass m". This, is in turn, lead to an increase in the Seebeck coefficient, since S is directly related to m" by the equation of
S = 8m2k3

3eh?
decreased Hall mobility, leading to a decrease in the value of electrical conductivity (¢) in the (AgSbSe,)«(PbTe)i«
(x =0.9; 0.85) solid solutions compared to the pristine AgSbSe, sample. This confirms earlier discussed results on
electrical conductivity and Hall mobility.

We have also investigated the thermal conductivity (k) of the (AgSbSe,)«(PbTe)i«x (x = 1; 0.9; 0.85) solid solutions
in the temperature range of 80-350K. The obtained result is shown in Figure 5.
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m'T (%) [37]. Additionally, the increase in the values of my, due to the amount of PbTe also results in

1- AgSbSe,

164

v 2- (AgSbSe,) (PbTe) |
g 3- (Angsez)o.xs(PbTe)o.ls
L
B 124
".‘O 1
— i
3 m gu R E = mn "

== “TLE o © cee awe®

44

50 100 150 200 250 300 TK 350
Figure 5. Temperature dependence of thermal conductivity of AgSbSe> and (AgSbSe2)x(PbTe)1x (x = 0.9; 0.85) solid solutions

As can be seen from Fig 5, the values of thermal conductivity of (AgSbSe,)«(PbTe).« (x = 0.9; 0.85) significantly
decreased compared to AgSbSe,. We have calculated the electronic contribution in thermal conductivity k. using the
Wiedemann-Franz law: ke-LooT, where Lo= 2.44-10% W-Q/K?is Lorentz number [25], and, for all three samples, ke is
not more than 2%. The obtained lattice thermal conductivity ki values of (AgSbSe;)«(PbTe)«x (x=1; 0.9; 0.85) are low
and 0.85 W/m-K, 0.78 W/m-K and 0.57 W/m-K, respectively.

The main reason for the low thermal conductivity of AgSbSe, and other compounds of the I-V-VI, group is most
likely the disorder of their structure [38]. Moreover, the point defects which exist in the crystal lattice and structural
components may cause low thermal conductivity of AgSbSe,. As mentioned above, AgSbSe; crystallize in disordered
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NaCl type structure. In such structure, the random distribution of non-chalcogenide atoms may cause energetically
favorable (Ag'—Sb®") and unfavorable (Ag'—Ag" and Sb’>'-Sb’") states of Ag" and Sb’" ions in the Ag/Sb
sublattice [39, 40]. Therefore, the presence of regions with orderly and disorderly distributions of Ag and Sb atoms in
AgSbSe;, high anharmonicity of the Sb-Se bonding arrangement [29], displacement of atoms and deformation of crystal
lattice leads to the formation of phonon scattering centers. Consequently, the ki,x value decreases due to increasing
phonons scattering.

Furthermore, it is known that silver chalcogenides are high-ionic-conductivity materials [41, 42]. The silver ions
leave their positions as the temperature increases, and intensifying more energetically favorable state of the crystal lattice.
As a result, the defects in the crystal structure insignificantly decrease and thermal conductivity slightly increase with
rising temperature. Simultaneously, also this factor causes the distortion of the crystal lattice and as a result, the ki, value
decreases caused by increasing phonons scattering.

Thus, all mentioned above factors most probably collectively lead to a decrease of the ki« value of AgSbSe; due to
increasing phonons scattering. The addition of PbTe to AgSbSe; increases the disorder of the crystal lattice, which
ultimately leads to a significant decrease in the lattice thermal conductivity in (AgSbSe»)«(PbTe)i (x=0.9; 0.85) solid
solutions.

CONCLUSIONS

In summary, we observed that the electrical conductivity of (AgSbSe;)x(PbTe)ix (x = 0.9; 0.85) solid solutions
decreased compared to AgSbSe; in the 80-350 K temperature range. Simultaneously, the inversion of the sign of Seebeck
coefficient (n—p) of (AgSbSe;)x(PbTe)ix (x=0.9; 0.85) at temperatures of 7>110K occurred most likely due to the
ionization of deep acceptor centers. Additionally, we observed higher values of the hole effective mass in
(AgSbSe)«(PbTe) 1« (x=0.9; 0.85) compared to AgSbSe,, which is due to the increase in redistribution of the density of
states of charge carriers in the multiple energy states of the valence band. This enhances the Seebeck coefficient value of
(AgSbSe»)«(PbTe)i (x=0.9; 0.85) solid solutions. Moreover, the strong phonon-phonon interactions due to the high
anharmonicity in the Sb-Se bonding arrangement, effective scattering of phonons by the disordered crystal lattice and
point defects lead to the low lattice thermal conductivity ki, of the (AgSbSe»)«(PbTe)i« (x=0.9; 0.85) solid solutions
compared to pristine AgSbSe,.

The results obtained in this study provide directions for future research- including nanostructuring, doping, band
convergence, and defect engineering to enhance the properties of thermoelectric materials.
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BILIUB JIOAABAHHSI PbTe HA EJIEKTPUUHMIA 3APS] TA TEIUIOIIEPEHOC B AgSbSe:
A.A. Cagaunosal, P.I. Cenim-3age!, A.C. Badacsa', A.A. OpymxkoBa®
nemumym izuxu Minicmepemea nayxu i oceimu Asepbaiiosicancoroi Pecnyonixu, AZ-1143, Azepbaiiodican
’Minzauesipcoruii Oepocasnuti ynieepcumem, Az-4500, Azepbaiiocan

MeTo10 IIbOTO JOCTIJDKEHHS € BUBUYEHHS BIUIMBY J1oAaBaHHs PbTe Ha TepMmoenekTpuuHi BIacTHBOCTI Ta mapameTpH 30H AgSbSe: 3a
TeMIepaTyp HK4Ye KiMHaTHOI. JIsi IbOro METOJOM TPSIMOTO CIUIABJIEHHS OYJIO BHMIOTOBJICHO MOJIKPHCTANIYHI 3pa3Ku
(AgSbSe2)x(PbTe)1x (x = 1; 0,9; 0,85). ocnmipkeHO TeMIEpaTypHi 3aJIe)KHOCTI €IEKTPONPOBIAHOCTI, Koedimienta TepMoEPC Ta
TeIuIonpoBigHOCTI 3pa3kiB (AgSbSe2)x(PbTe)ix (x = 1; 0,9; 0,85) B nianasoni Temnepatyp 80-350 K. 3HaueHHs eeKTPONPOBIAHOCTI
3paskiB 3 fogaBaHHAM PbTe 3menmmiocs mopisHsHo 3 AgSbSez. OqHovacHO criocTepiranacs iHBepcis 3Haka koediuienTa TepMoEPC
(n—p) y TBepaux pozunnax (AgSbSe2)x(PbTe)ix (x =0,9; 0,85) 3a remneparyp T>110K. Byno Bu3HaueHO, 0 3HAUCHHS €()EKTUBHOL
Macu Jipok y TBepamx pozumHax (AgSbSex)x(PbTe)ix (x = 0,9; 0,85) 306inbmryersest nopisaiaHo 3 AgSbSe:. Byno BusBieno, mo
I'PaTKOBA TEIUIONPOBiHICT TBepAuX po3unHiB (AgSbSe2)x(PbTe)ix (x = 0,9; 0,85) 3HaUHO 3MEHIIY€ETHCS 31 30UIBIICHHSIM KiTBKOCTI
PbTe B AgSbSe:.

Kuro4oBi ciioBa: mepmoenekmpuunuil mamepiai, eiekmponposionicms, koepiyichm 3ecbexa, menionpogionicme, epekmusna maca
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ZnFe2xYbxOs with (x =0, 0.01, 0.02, 0.03, 0.05, 0.07, and 0.09) have been successfully synthesized by the sol-gel method at 750°C.
X-ray diffraction results showed a single phase and crystalline nanopowders of spinel-type structure with cubic symmetry and space
group. The lattice parameters increase with Yb3* concentrations. The BET specific area of ZnxFezxYbxO4 (x = 0.03) was determined
to be the larger 13.59 m%/g. The crystallite size was determined by Rietveld to be in the range of 29-104 nm. FTIR spectra showed two
strong absorption bands, a common characteristic of the spinel structure. Further, the shifting of the lower absorption band toward a
higher frequency confirms that Yb>* ions predominantly replaced Fe*" ions in octahedral sites. The formation of the spinel phase in the
samples was also validated by Raman scattering, with asymmetric broadening, and a systematic shift in the Raman spectra was observed
as a function of Yb3+ concentration. Scanning electron microscopy SEM showed that powders consist of micrometric aggregation of
smaller particles. EDS examinations verified that the chemical elements Zn, Fe, Yb, and O are present in all samples. The direct
bandgap energy values are calculated by Tauc’s plot, and it indicates a semiconductor character of our compound, revealing an increase
and enhancement in bandgap energy values from 1.82 to 2.4 eV with Yb** substitution.

Keywords: Ytterbium; Zinc ferrite nanopowders;, XRD,; Raman; Bandgap energy

PACS: 75.50.Gg , 78.20.-e, 81.20.Fw

1. INTRODUCTION

The synthesis of nanostructured materials with controlled composition and improved chemical-physical
properties is one of the most interesting fields of materials science. Spinel compounds with excellent chemical stability
and optical properties have attracted the attention of many researchers in various technological applications such as
cancer treatment [1], medicinal chemistry and pharmacology [2,3], photo catalyst in wastewater treatment [4-6] H»-
generation under visible irradiation [7, 8], lithium-ion batteries [9-11] and gas-sensing devices [12,13]. The spinel
ferrite oxides are a new family of magnetic nanomaterials, in which ferric ions “Fe **” play a prominent role as a
principal cation in their composition [14]. This family of magnetic nanoparticles shows impressive properties which
proved to be promising nanomaterials used in a variety of magnetic applications such as magnetic resonance
imaging [15,16] and magnetic hyperthermia [17, 18]. The molecular formulas of spinel ferrites are represented by
MFe;04 (M is a divalent ion, such as Ni?*, Mg?', Zn?', Co?", etc.). The unit cell has two distinct internal sites with a
total of 96 sites, of which 64 are tetrahedral A-sites and 32 are octahedral B-sites. The structure attributes of spinel
ferrites are intricately influenced by magnetic interactions and the distribution of cations across B and A sites [19].
Zinc ferrite bulk material ZnFe,O4 has a normal spinel structure, where divalent cations Zn?'are located on the
tetrahedral sites while trivalent cations Fe*" are located at the octahedral sites [20]. Zinc ferrite nanoparticles doped
with transition metals are being studied widely by various research groups [21-23]. Recently, the substitution of rare-
earth elements in zinc ferrite was also studied in numerous research such as ytterbium (Yb**), Neodymium (Nd**)
Lutetium (Lu*") substitution [24-26]. Rare earth ions are one of the most excellent substituents to further improve zinc
ferrite properties. They play a major part in the enrichment of their electromagnetic characteristics [27,28]. Trivalent
rare-earth dopants prefer a cubic crystallization system occupying the octahedral sites due to their larger ionic
radius [29]. In fact, the ionic radius of rare earth elements is larger than Fe’" which leads to a structural distortion of
the spinel ferrite [30]. The substitution of the host iron ion (3d) in coordination number CN = 8 by rare earth cations (4f)
results in structural distortions and thus significantly modifying the structural properties and optical ones of the ferrite
nanoparticles through the coupling of the 3d-4f electron [31].

The aim of this study is to synthesize ZnFe, YbO4 with x=0, 0.02, 0.03, 0.05, 0.07, and 0.09 pure phase using
the sol-gel method at 750°C. The works ought to improve structural, morphological and optical properties via Yb**-
substitution process. Extensive characterization with various technics including XRD, FTIR, BET, SEM and diffuse
reflectance were interested in investigating the impact of ytterbium concentrations on enhancement bandgap energy of
the ZnFe; «YbxO4 compounds.
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2. EXPERIMENTAL
2.1. Synthesis

Yb** doped ZnFe,Os were synthesized by sol-gel method using zinc nitrate Zn(NOs),.6H,O, iron nitrate
Fe(NO3)3.9H,0 purchased from Alfa Aesar. Ytterbium nitrate Yb(NO3)3.5H,O with 99.9 % and citric acid C¢HsO7 were
supplied from Sigma-Aldrich with 99.9% purity. First, Zn(NO3),.6H,0, Fe(NO3)39.H,0, and Yb(NO3)3.5H,0, in their
respective stoichiometry were dissolved in 10 mL of deionized water which were then mixed. After continuous stirring
for 30 min at room temperature, a citric acid C¢HgO7, as a complexity agent, was added to the solution which was then
heated at 85°C under magnetic stirring until a gel formed. The resultant gel was dried at 80 °C for 48 hours. Then, the
generated powders were ground in an agate mortar and heat-treated at 750 °C for 8 hours in a tube oven in the air (4 h, 5
°C/min). The procedure is illustrated in figure 1.

STEP 1 /\ Fe(NO,),.9H,0 n {\meol,rmzo
Zn(NO;),.6H,0 - 3 - "
. - 10m ‘
T distilled * 52
ater.

£

10ml
distilled
water

TRNG

added dried at 80 °C calcined at 750 °C
acid citric | I for 48 hours . for 8 hours i \, .

—— §
Xerogel
' ZnFeYbO4
nano-powders

Figure 1. Different steps of synthesis of ZnFe>xYbxO4 (x=0 0.01 0.02, 0.03 0.05 0.07 and 0.09) nanoparticles by sol-gel method

2.2 Characterizations

The identifications of ZnFe, xYbxO4 phases were done by using X-ray diffraction (XRD). The patterns were recorded
with Briiker D8 Phaser X-ray diffractometer equipped with Cu Ko radiation (\Cu = 1.5418 A) in the 20 range (10-70°).
Raman spectra for samples were recorded on a Horiba Jobin Yvon Lab Ram high-resolution spectrometer in
backscattering geometry in the range 100-1000 cm™ with a He-Ne laser excited with wavelength 532nm, grating 1800
lines/mm, slit 100, power at sample of 0.4 and 1.0 mW, and acquisition 20 s/5 cycles. Jasco FT/IR-4200 was used for
Fourier Transform Infrared spectroscopy over the range 400-4000 ¢cm™'.The morphology of the nanopowders was
investigated using a scanning electron microscope (SEM-EDS) on a Quattro SEM FEG. The BET surface area, pore-
volume and pore size distributions were investigated via N, sorption performed on a BET ASAP 2020 PLUS 2.00
instrument. The grain size distribution was measured using the Mastersizer 2000, Malvern laser instrument. The different
grain sizes were dispatched among various classes and used to evaluate the most relevant statistical diameters. The band
gap energies Eg of the ZnFe,«YbyO4 nanomaterials were determined from the Tauc relation using the diffuse reflectance
data recorded on a optima SP-3000nano spectrophotometer between (200-800 nm.

3. RESULTS AND DISCUSSIONS
3.1. Structural properties

XRD patterns of Yb*" doped ZnFe,O4 samples synthesized at 750°C using sol-gel method are shown in Figure 2a.
The results indicate that all the samples crystallize in a cubic spinel structure according to JCPDS card no. 22-1012 with
the space group: Fd-3m [32,33]. All diffraction peaks were indexed and matched to a single phase without the detection
of any peaks attributed to the formation of secondary phases. As a result, Yb*" atoms are assumed to be efficiently
incorporated into the lattice within the studied range. Figure 2b shows that the Yb3* substitution causes a shift of the XRD
peaks towards to the lower diffraction angles values. The extent of the peak shift is dependent on the Yb*" content. The
same behaviour was observed upon substituting Yb3+ in cobalt ferrite nanoparticles [34]. This may be attributed to the
ionic radius of Yb3+ (0,85 A), which is larger than that of Fe3+ (0,64 A), causing an increase in the interplanar spacing
and a subsequent decrease in the diffraction angle as the lattice parameter increases [35].

Beyond a certain concentration of Yb?", the single-phase domain of the solid solution becomes poly-phase by the
appearance of new peaks due to the high Yb*"/Fe*" ratio, indicating the formation of secondary phases ytterbium oxide
(Yb203) and ytterbium iron perovskite (YbFeOs), which crystallized in cubic phase (JCPDS file no. 43-1037) and
orthorhombic structure (JCPDS file no. 047-0070) respectively. We are confirmed by preparing samples with higher
concentrations of Yb** showing that the limiting solubility for this compound is when the concentration of Yb3* is located
belongs to 10% and 20% (Figure 2c). Consequently, it can be seen that the maximum solubility limit of Yb*" ions in the
ZnFe;0, crystal structure lies between 10% and 20%.

The lattice parameter a is sensitive to the composition of the solid solution (Figure 3). At first sight, the substitution
of Yb3* with greater ionic radii in place of Fe3* at octahedral site causes expansion of crystalline structure which resulted
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into increase in lattice parameters. However, a close examination reveals that a x =0, 0.01 and 0.02 concentrations are
formed, indicating that the parameter a is not affected by the little amount of Yb*" substitution, and then a decrease at
x=0.05 after which it increases and reaches a maximum at x = 0.09. The lattice parameters are calculated by Rietveld
refinement program. Clearly, the lattice parameter of the doped samples is higher than that of the undoped original
compound and increases with increasing Yb?* incorporation. This behavior is associated with the larger ionic radius of
ytterbium (r=0.87A°) in octahedral coordination compared to iron (r=0.65A°). The considerable difference in ionic radii
between Yb*" and Fe’* leads to a deviation from Vegard’s law, which explains the non-linear increase in the lattice
parameter with increasing dopant concentration [36].
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Figure 2. (a) X-ray diffraction patterns of ZnFe2xYbxO4 (x=0, 0.01, 0.02, 0.03, 0.05, 0.07, and 0.09), (b) expanded view of 20
diffraction peak between 35 and 35.6, and (c) the solubility limit of Yb*" ions in ZnFe204 nanopowders
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Figure 3. Composition dependence of the lattice parameters and crystallite size (D) of ZnFe2-xYbxO4
(x=0, 0.01, 0,02,0.03, 0.05, 0.07, 0.09)

The calculated values for the lattice constant (a) and cell volume (V) are shown in Table 1. The obtained values of
the lattice constant (a = 8.442 A), for ZnFe,O4 (x=0) are in good agreement with the earlier reported values (a = 8.44 A)
[37, 38].
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Table 1. Lattice parameters, Crystallite size, cell volume and surface area of ZnFe2xYbxOs compounds

Lattice cell volume Crystallite size D Rietveld Crystallite size D XRD density Suer (exp)
X constant a VA% refinement Scherrer 1 (g/ cm’) (m/g) Dggr (nm)
(A% (nm) (nm)

0 8.44224 601.690 104.49645 70.025 5.33 6.415 175.47
0.01 8.44397 602.060 99.57471 44.962 5.35 / /
0.02 8.4444 602.152 83.40205 43.137 5.38 / /
0.03 8.4456 602.409 62.64066 32.075 5.40 13.589 81.765
0.05 8.44481 602.240 51.09478 27.275 5.43 / /
0.07 8.44676 602.657 45.45637 30.062 5.50 11.388 95.794
0.09 8.44749 602.813 29.09815 18.85 5.55 / /

In Table 1 is also shown the average crystallite size (Dxrp) Which are evaluated from the width at mid-height  (j3,
radians) of the most intense peak using Debye Scherrer’s formula [39]:

K
" Becosd’ D

Where is a shape factor (taken as 0.94 for spherical crystallites), A represents the X-ray wavelength, and 0 signifies Bragg’s
angle. Moreover, crystallite size D was calculated by the Rietveld method, and by comparison with Scherer, the Rietveld
method appeared to give better results.

As aresults, Yb*" content increases, the diameter is also found to decrease due to the larger ionic radii of the dopant.
The average crystallite sizes were found to be between 29 and 104 nm. The theoretical value of X-ray density p (as
mentioned in Table 1) increases as the Yb®" concentration increases in the samples, and it was calculated through the
following formula:

8M

P = R @
Where a is the lattice parameter, Na represents Avogadro’s number, and M indicates the molecular weight of the
synthesized samples.

To determine the specific surface area and the pore size distribution of the synthesized samples, we have used the
BET method. According to the nitrogen sorption data, the surface areas of ZnFe,Os replaced with Yb*" at composition
values of 0, 0.03, and 0.07 is 6.415, 13.589, and 11.388 m?/g, respectively. Specific surface area is highly affected by the
substitution ratio. The highest surface area is attributed to the sample with composition x = 0.03 with a value of
13.589 m?*/g. whereas the average particle size Dpgr, was determined using the following formula:

6

3

It should be noted that the sample with x = 0.03 has the smallest average particle size (81.765 nm, from Table 1)
compared to x = 0 and 0.07. This confirms that the specific surface area and the particle size are inversely related to each
other [40].

D = .
BET PXSBET

3.2. Vibrational properties
In order to explain the cation distribution at tetrahedral and octahedral sites in ferrites samples which are known to
be sensitive to infrared in the 400-700 cm™' range where the characteristic metal-oxygen bands appear [41]. Figure 4
shows FTIR spectra of the ZnYbyFe,.xO4 nanopowders after calcination at 750°C.
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Figure 4. FTIR spectra ZnFe2 xYbxO4 Figure 5. Raman measurements of the ZnFe> xYbxO4
(x=0,0.01, 0.02, 0.03, 0.05, 0.07, and 0.09) (x=0 0.01 0.03 0.05 0.07 and 0.09) nanoparticles under an
excitation Aex = 532nm
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All spectra show two noticeable strong bands, common characteristics of spinel structure, where the first around
400-450 cm! characteristic of octahedral coordinated Fe-O, and the second is more intense in the range 530-600 cm™!
associated with the vibrations of the tetrahedral coordinated Zn-O.

The absorption band of octahedral coordination shifts toward higher frequency for the substituted samples, whereas
that of tetrahedral varies more less and remains nearly constant (Figure 4). The shifting toward to the higher frequency
confirms that Yb*" ions are predominantly replacing Fe*" ions at octahedral sites. This was found with ytterbium
doping [42]. Furthermore, an absorption band occurs at 1420 cm™! because of the existence of O-H stretching vibration
of free water molecules [43].

The nanopowders ZnFe,«YbiO4 with (x=0 0.01 0.03 0.05 0.07 and 0.09) have been characterized by Raman
scattering in the range of 100 to 1000 cm™ at the wavelength excitation Aex =532nm which crystallize in cubic ferrites.
Figure 5 shows Raman spectra which indicate the strongest active mode at 655cm™ corresponding to A, symmetric
stretching mode which it associated to vibration of Zn-O in tetragonal site, in other hand the Fe-O vibrations were
attributed at 165-250 and 355 cm™' on octahedral site corresponding to: translational movement of the assembly
tetrahedron; F», (1), symmetric bending; E, and asymmetric bending; F»; (2) respectively, while the F», (3) mode at
480 cm! is the second order active mode Raman. The intensity peaks related to the concentration of Yb*" may be due to
the electronegativity values of ytterbium doping as a rare earth and to the length of vibrating bond of ytterbium with
environmental atoms in the polyhedron [44-47].

3.3. Morphological properties

Scanning electron microscopy (SEM) images of the oxides with compositions x = 0, 0.01, 0.02, 0.03, 0.05, 0.07,
and 0.09 are shown in Figure 6. It depicts all powders that consist of micrometric aggregation of smaller particles. The
existence of a high-density agglomeration indicates that pore-free crystallites are present on the surface. Nonetheless, for
x =0.02, 0.07, and 0.09, the morphological study reveals the presence of pores and voids due to gases emitted during the
synthesis process [48]. Micrographs of ZnFe,O4 samples containing ytterbium are not homogeneous and consist of both
monolithic, massive pieces and grains connected by bridges. The samples' irregular shape could result from mechanical
grinding [49].

Figure 6. SEM images of ZnFe2xYbxOs with x (x=0 0.01 0.03 0.05 0.07 and 0.09)

Energy dispersive X-rays analysis was applied to provide the elemental identification and quantitative compositional
in formation. Figure 7 shows that all the elements are present, no additional peaks are observed indicating the purity of
the nanopowders.
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Figure 7. EDS analysis for x=0.09

3.4. Optical properties

=0.09

The optical properties of Yb3*substituted ZnFe,O, spinel nanoparticles were determined using UV—vis analysis.
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Figure 8 shows the energy gap £, of ZnFe,«Yb,O4 at different ratios, which is calculated using the well-known Tauc
relation:

(ahv)" = A(hv — E,) “

Where «a is the absorption coefficient, /v is the photon energy (eV), 4 is proportionality constant and # are either 2 or 1/2
for direct and indirect transitions, respectively. By extrapolating the linear part of the curve on the energy axis, more
reliable values of the gap were determined.

For all samples, the diffuse reflectance spectra exhibit a steep shape of absorption bands characteristic of direct
transitions (Figure 8), with an appropriate adjustment for » = 2 and is the energy required for electrons to be excited from
the top of the valence band (VB) to the bottom of the conduction band (CB) without phonon assistance.

The calculated gaps depend on the Yb* concentration and increase monotonically with Yb3+ substitution into the
crystal lattice, corroborating the existence of a solid solution. This result can be explained by the fact that the Yb** ions
substitution process requires a higher energy level to excite an electron from the valence band to the conduction band,
thus increasing the energy band gap of the doped-zinc ferrite. The obtained bandgap energy values for ZnFe,.,YbcO4
nanoparticles are comparable to those reported in the literature [35,50-51].

CONCLUSIONS

In the present work, Yb*" doped ZnFe,O4 with (x=0, 0.01, 0.02, 0.03, 0.05, 0.07, and 0.09) have been successfully
synthesized by the sol-gel method at 750°C for 8 hours. The obtained powders were then analysed for their structural,
morphological, and optical properties. XRD patterns show that ZnFe,«YbxO4 samples are single-phase and crystallize in
cubic symmetry with good crystallinity. As the ytterbium ion content increased, the lattice constant increased, whereas
the crystallite size decreased from 29 to 104 nm. The specific surface area of the Brunauer—Emmett—Teller (BET) of the
ZnyFerYbxO4 (x=0.03) was determined to be the larger 13.59m?/g. FTIR analysis shows that the substitution of ytterbium
ions shifts the lower band absorption towards the higher frequency side, indicating the occupancy of Yb*" ions in
octahedral sites. The appearance of all active modes in the Raman spectra shows that the structure of spinel ferrite was
not changed by the insertion of ytterbium. The SEM images show that the samples are agglomerated and irregular in
shape, which could be due to mechanical grinding. The identification and quantitative composition in formation were
determined by energy dispersive X-rays (EDS), confirming that all samples contain Zn, Fe, Yb and O without any
additional elements. The narrow-bandgap energy is found to be dependent on the ytterbium content and increases
monotonically from 1.82 to 2.4 eV with Yb3+ substitution, corroborating the existence of the ZnFe,xYbxO4 samples.
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JOCJIKEHHS ®I3UYHUX BJACTUBOCTEN HAHOITIOPOIIKIB ZnFe;0s, JETOBAHUX Yb**,
CUHTE30BAHUX 30JIb-T'EJIb METOJ0OM
M. Terrad!, C. Caani?, I. Myarrax®, A. Kesszim!, I. Jlanes!, B. Pexkik!
Hlabopamopis isuxo-ximiunux neopeaniunux mamepianie ma ix sacmocysannus (LPCMIA), Ynisepcumem Caada Janeba,
bBrioa 1, BP270 09000, bnioa, Anicup
2Jlabopamopis npuxnaonoi ximii ma mamepianie (LabCAM), Vuisepcumem Mxameoa Byzapu 6 Bymepoeci,
AegeHnio oe n'lndenenoanc, Bymepoec, 35000. Anxcup
3Jlabopamopis pizuxo-xinii mamepianie (LPCM), Vnisepcumem Amap Teniooci, BP37G 03000, Jlazyam, Anscup

ZnFe2xYbx0s 3 (x =0, 0,01, 0,02, 0,03, 0,05, 0,07 ta 0,09) Oy;u yCHiNIHO CHHTE30BaHi 30Jb-rejib MeToz0M 1pu 750°C. Pesynbratu
peHTreHiBcbkol qudpakiii nokasanu oxgHodasHi Ta KPUCTATIYHI HAHOIOPOLIKU 31 CTPYKTYPOIO IIMiHENl 3 KyOiYHOI0 CHUMETpI€ro Ta
HPOCTOPOBOIO IPYIOIO . [lapamMeTpy peliTku 361IbIIyI0ThCA 31 3611bImeHHsaM koHueHTpauii Yb*'. Iutoma mioma ZngFer«YbxO4 32
merogoMm BET (x = 0,03) Oyna Bu3naueHa sik Oinbiia 3 HEX 1 cTaHOBUTH 13,59 M2/r. Po3Mmip kpucranitiB, Bu3HaueHuii PiTBenbiom,
3HAaXOAUTHCA B HiamazoHi 29-104 am. [U-ciextpu 3 Dyp'e mokaszanm ABi CHIbHI CMYTH TOTJIIMHAHHS, IO € 3aTabHOI0 XapaKTEPUCTHKOIO
CTpyKTypH miHesi. KpiM Toro, 3MilieHHsT HUKHBOT CMYTH ITOTJIMHAHHS B 01K BUIIOT YaCTOTHU MiATBEPIKYE, 110 10HH Y b3+ mepeBaskHO
samimyrots ionn Fe’' B okraempuunux mosuuisx. ®opmyBaHHS WINUHENIBHOT (asu y 3paskax Takok OyJo MiATBEPIKEHO 3a
JIOTIOMOTOI0 KOMOIHANiHHOrO PO3CIIOBAaHHS 3 ACHMETPUYHHM pPO3IIMPEHHSAM, 1 CIIOCTEPIraBCsl CHUCTEMAaTHIHUH 3CyB Y CIIEKTpax
koMO6iHaliHOrO po3ciroBaHHs sk QyHKLis KoHueHTpauii Yb3*. Ckanyroua enexrponHa Mikpockonis SEM nokaszana, 0 MOPOILKH
CKJIQIAIOTHCS 3 MIKPOMETPHUYHOI arperaunii ApiOHimmx yacturok. EDS-nocnipkenns miarsepamiy, mo xiMiuHi einementu Zn, Fe, Yb
ta O mpuCYTHI y BCiX 3pa3kax. 3Ha4eHHsS MPsMOI eHepril 3a00poHEeHOT 30HM po3paxoBaHi 3a rpadikom Tayka, i e BKasye Ha
HamMiBOPOBIAHUKOBHI XapaKTep HAIIOl CHONTYKH, AEMOHCTPYIOUH 301IbIICHHS Ta TIOCHIICHHS 3HAYCHb eHeprii 3a00pOoHeHOT 30HH Bif
1,82 10 2,4 B i3 3amimenaam Yb’".

KurouoBi ciioBa: imep6iii; Hanonopowku hepumy yuuxy, penmeeHiscoka oughpaxyis, Paman, enepeia 3a60poHeHoi 301U
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In this study, the effect of the nanocatalyst/substrate interface on the yield and quality of carbon nanotubes (CNTs) synthesized by
chemical vapor deposition (CVD) was investigated. Nickel oxide (NiO) nanoparticles were prepared using the sol-gel spin-coating
method and deposited as thin films with different masses (66 mg, 99 mg, and 132 mg) on SiO2/Si substrates with an identical surface
area of 12,56 cm?. The NiO nanoparticle thin films on the substrate surface were then placed into a CVD reactor and reduced in a
hydrogen atmosphere, resulting in the formation of nickel nanoparticles that acted as active catalysts during CNTs synthesis. Ethanol
vapor was used as the sole carbon source without any carrier gas, which enabled precise and comparative evaluation of the CNTs yield.
X-ray diffraction (XRD) and Raman spectroscopy were employed to characterize the obtained CNTs. XRD results showed that CNTs
with high crystallinity were produced when a 51,7 mg catalyst thin film was used. Raman spectroscopy confirmed the presence of
RBM, G, D, and G’ peaks characteristic of CNTs structures. Increasing the catalyst mass led to a rise in RBM frequency and a decrease
in CNTs diameter. However, an increase in catalyst mass also caused a reduction in CNTs yield. The highest yield (445%) was observed
for Ni nanocatalysts with a mass of 51,7 mg. These findings demonstrate that the thickness of the catalyst layer and its surface
distribution density on the substrate play a crucial role in determining the growth efficiency and structural quality of CNTs.
Keywords: Carbon nanotubes; NiO catalyst; Sol-gel method; CVD; Substrate—nanocatalyst interface; RBM; Yield

PACS: 61.46-w, 61.46.+w, 61.46.Np

INTRODUCTION

CNTs are nanoscale materials characterized by high strength, light weight, and unique electronic, thermal, and optical
properties. They possess significant potential for application in future technologies, particularly in nanoelectronics, sensing,
energy storage devices, hydrogen energy, biomedicine, and nanocomposites [1-3]. The synthesis of CNTs has attracted
considerable attention from researchers, especially vertically aligned nanotubes, which offer major technological advantages.
However, achieving high-quality growth and high productivity requires the synergistic interaction of multiple factors,
notably the nature of the catalyst, the substrate material, synthesis conditions, and the properties of the interface [4, 5].

The growth of CNTs is typically carried out using the CVD method, in which nanoparticles of the nanocatalyst play
an active role on the substrate surface. The nanocatalyst-substrate interface (i.e., the interaction between them, contact
angle, surface energy, and structural stability) determines the growth mechanism and type of CNTs (single-walled or
multi-walled) [6,7].

Several studies have shown that the smaller the contact angle at the interface, the better the spreading of catalyst
particles on the substrate, which ensures their superior thermal stability [8]. This is a critical condition for the aligned and
continuous growth of nanotubes. For example, in CNTs synthesized on SiO,/Si substrates using Ni or Fe catalysts,
interfacial forces and excess charge distribution in the substrate directly influenced growth efficiency [9-11].

Additionally, the presence of an intermediate oxide layer (e.g., Al,O3, MgO, and TiO;) on the substrate can prevent
catalyst agglomeration and maintain its activity over an extended period [12]. In such cases, the interface between the
substrate surface and the catalyst acts as an active site. Certain studies have also revealed that the presence of Na* or Mg?*
ions in the substrate composition can affect the catalytic process, as these ions participate in diffusion processes and alter
the electronic structure of the interface [13].

The size, distribution, and isolated positioning of catalyst particles on the substrate surface are also of critical
importance. Their activity depends not only on chemical composition but also on the binding forces with the substrate
and the interface energy [14]. Therefore, engineering the nanocatalyst-substrate interface becomes essential for
controlling the synthesis process. Recent research has demonstrated that improving the interface can significantly enhance
the yield of carbon nanotubes [15].

This study focuses specifically on analyzing the properties of the nanocatalyst—substrate interface to improve the
growth and efficiency of carbon nanotubes.

EXPERIMENTAL PROCEDURE
a) Catalyst preparation.
The synthesis of NiO nanoparticles was carried out using the sol-gel spin coating method, a schematic of the
synthesis process is shown in Figure 1.
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Figure 1. Schematic illustration of the formation of thin NiO layers with varying masses on the substrate surface

As seen in Figure 1, the formation of the NiO layer on the substrate surface consists of two steps:

a) preparation of a metal hydroxide sol using the sol-gel method [16];

b) formation of a thin metal hydroxide film on the substrate surface during the spin-coating process.

Initially, nickel nitrate [Ni(NOj3),-6H,0], ammonium hydroxide (NH4OH), and deionized water were used as the
starting reagents. An aqueous solution containing Ni(NOs),"6H>O and ammonium hydroxide in a 1:2 molar ratio was
prepared and placed in a glass flask. The mixture was continuously stirred for 2 hours at a temperature of 85°C using a
magnetic stirrer. After stirring, the resulting suspension was cooled to room temperature and allowed to age for 20 hours.
The resultant Ni(OH), was then used for the synthesis of carbon nanotubes. Ni(OH), was applied onto three SiO,/Si
substrates with identical surface areas (12,56 cm?) in different masses, and subsequently calcined in a SNOL laboratory
furnace at 400°C for 2 hours. This thermal treatment resulted in the formation of a thin NiO layer on the surface of the
substrates.

b) Synthesis of carbon nanotubes.

CNTs were synthesized using the CVD method. Ethanol vapor was employed as the hydrocarbon source, and no
carrier gas was used to ensure accurate assessment of the ethanol vaporization efficiency and conversion. Nickel (Ni)
nanoparticles, which were obtained by hydrogen reduction of the NiO synthesized through the sol-gel spin coating
method, served as the catalyst for the CNTs growth. This process was carried out in the temperature range of 200+400°C
at a heating rate of 5°C/min. As a result, thin Ni nanocatalyst layers with different masses (51,7 mg, 77,6 mg, and 103 mg)
were formed on the substrate surfaces. The synthesis process was then conducted at 500°C for 0,5 hours.

RESULTS AND DISCUSSION

In this study, the characterization of single-walled carbon nanotube (SWCNTs) samples was performed using XRD
in order to acquire indirect information regarding the properties of the catalyst used. The XRD patterns, as shown in
Figure 2, were obtained utilizing a Rigaku Smartlab X-ray diffractometer, employing CuKa radiation with a wavelength
of 0.15405 nm, along with a K filter to ensure accurate measurements. The experimental setup included a tube current
of 50 mA and a tube voltage of 40 kV, optimizing the diffraction process. A range of angular 26 values between 5° and
100° was explored, with the scanning rate set at 3° per minute. To ensure high precision in the analysis, the resolution of
the 20 scan was consistently maintained at 0.01°, providing a detailed and reliable dataset for subsequent analysis.

——103 mg
—77.6 mg
—51.7mg

Intensity (a.u.)

0 20 40 60 80 100
20 ()
Figure 2. XRD diffractograms of the synthesized CNTs

Figure 2 presents the XRD spectra of CNTs synthesized via the CVD method on SiO,/Si substrates of identical
size, using a Ni nanocatalyst with varying thicknesses. It is important to note that the use of SiO,/Si substrates -
specifically the presence of a natural SiO; layer (~360 nm) on the Si surface prevents stress formation on the Si substrate
at elevated temperatures and inhibits the formation of nickel silicide [17, 18]. The XRD analysis revealed several peaks
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corresponding to the carbon structure, specifically the (002), (101), (201), (020), (222), and (112) planes. Of these, the
(002) peak is considered the most significant, while the other peaks are less relevant [19]. This prominent (002) peak is
located at approximately 26 = 25,89°, and its intensity can be used as an indicator of the crystallinity of the CNTs. In
addition to the CNTs related peaks, the XRD spectrum also revealed the presence of Ni and NiO phases associated with
the catalyst material. At temperatures above 400°C, nickel reacts with oxygen to form NiO, resulting in low-intensity
NiO traces appearing in the diffraction spectrum [20]. According to the XRD analysis, a catalyst mass of 51,7 mg
corresponding to a specific catalyst layer thickness leads to the formation of CNTs with higher crystallinity.

The samples were analyzed using Raman spectroscopy, produced by Renishaw, UK. Excitation was provided by a
RL532 Class 3B laser, with a radiation wavelength of 532 nm. For the measurements, a diffraction grating with a period
of 1200 lines/mm was employed to achieve high-resolution spectral data. A standard Renishaw CCD camera detector was
utilized to record the Raman spectra, ensuring precise detection of the Raman shifts and providing reliable results for
further analysis. Raman spectra were recorded over the range of 1003000 cm™' (Figure 3).
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Figure 3. Raman spectrum of carbon nanotubes

From Figure 3, it is established that, with the same process of carbon nanotube growth, the mass of the catalyst does
not affect the formation of carbon nanotubes. The peaks that characterize the most important properties of the Raman
spectra of SWCNTs are: the RBM, observed in the range of 100300 cm™!, the tangential G-band (characterizing the C-
C bond) near the frequency of ~1572 cm™! and the D-band caused by defects and disorder near the frequency of ~1300
cm! and its second-order harmonic (G'-band) in the frequency range of 2600-2800 cm™' [21]. As can be seen from Figure
3, the peaks characterizing SWCNTSs are observed in the frequency ranges indicated above. Of these four properties, RBM
is the property that is inversely proportional to the nanotube diameter, according to expression [22].

wgrpy = A/(dt) + B (1

Where: wrpwm is the oscillation frequency, A and B are constants, and dt is the diameter of the carbon nanotube.

In addition, the quality of CNTs is evaluated by the ratio of the intensity of peak D to the intensity of peak G (I /I;;)
[23]. If I, /I; = 1, it indicates the presence of more defects and low quality, and if I, /1;< 1, it indicates good quality of
the synthesized CNTs. The influence of the catalyst layer, i.e. the mass of the catalyst, on the yield of the CNTs during
the synthesis was also studied. The yield of the CNTs is calculated using formula (2) [24].

Cyield = (mtot — Mgt )/mcat *100% 2)

Where: my,.is the total mass, mc,; is the mass of the catalyst, Cy; 4 is the yield of the CNTs.
In addition, the effect of catalyst layers on the masses of grown CNTs was studied (table 1).

Table 1. Effect of catalyst content on the yield of grown CNTs

Weight of Weight of Weight of CNTs
NiO, Ni, Substrate ORBM In/Ig de CNTs, yield
(mg) (mg) (e (om) (@) (%)

66 51.7 123 1.04 2.11 0.23 445
99 77.6 Si0; /Si 125 1.13 2.07 0.16 216
132 103 125 1.01 2.07 0.13 126

The analysis of the data in the table allows us to draw the following conclusions. When using the Ni catalyst mass
of 51.7 mg, the RBM peak frequency was 123 cm!, the peak D intensity ratio was 1,04, and carbon nanotubes with a
diameter of 2.11 nm and a mass of 0.23 were synthesized. With an increase in the catalyst mass to 77.6 mg, the RBM
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peak frequency was 125 cm™!, the peak D intensity ratio was 1.13, the diameter was reduced to 2,07 nm and the mass of
the synthesized carbon nanotube was 0,16 grams. With a further increase in the catalyst mass to 103 mg, the RBM peak
frequency was 125 cm’!, the peak D intensity ratio was 1.01, the diameter of the carbon nanotubes was reduced to 2.07 nm,
and the mass of the synthesized carbon nanotube was 0.13 grams.

The study shows that the catalyst layers affect the properties of the synthesized carbon nanotubes. A large number
of catalyst layers increases the RBM peak frequency and decreases the diameter of carbon nanotubes. At the same time,
a decrease in the catalyst layers leads to an increase in the mass of the synthesized carbon nanotubes. This conclusion is
confirmed by the fact that the yield of CNTs according to formula (2) was also 445%, 216% and 126%, respectively.

CONCLUSIONS

In this study, the influence of the nanocatalyst/substrate interface on the yield and phase quality of CNTs synthesized
by the CVD method was determined. During the reduction of NiO nanoparticles — prepared via the sol-gel spin-coating
technique and deposited on the substrate surface in different masses - active nickel catalytic centers were formed, which
subsequently governed the growth efficiency of the CNTs.

Analyses revealed that increasing the catalyst mass reduces the diameter of single-walled CNTs and increases the
RBM frequency, while the overall yield decreases. The highest yield, 445%, was obtained using 51,7 mg of catalyst. XRD
and Raman spectroscopy results confirmed that the synthesized nanotubes possessed a crystalline structure and exhibited
characteristic vibrational bands. Furthermore, it was demonstrated that, within the substrate/oxide layer/catalyst triple
interface, stress relaxation occurred and nickel silicidation was effectively suppressed.

Overall, the findings indicate that the catalyst coating thickness, the thickness of the native oxide layer, and its
uniform distribution across the substrate surface play a decisive role in controlling CNTs growth efficiency, diameter,
and phase quality.
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HIABUILEHHS BUXOY BYTJELHEBUX HAHOTPYBOK YEPE3 IHTEP®ENC HAHOKATAJIIBATOP-CYBCTPAT
Liboc [Ixx. Abaicainos, Cesapa I'. I'ynomaxanosa, lusoc X. Xynaiikyiios, Xaram b. Amypos
Inemumym ionno-nnasmosux ma nazepuux mexnonoziu imeni Y.A. Apighosa, Axademisa nayx Pecnybniku Y30exucman,
100125, eyn. [ypmon viyni, 33, Tawxenm, Y3b6exucman

Y 1poMy IOCIiIKEHH] JOCITiIKYBaBCs BIUTUB MEXI1 pO3ILTy HaHOKaTali3aTop/cyOcTpar Ha BUXiJ Ta SKICTh BYTJICLEBIUX HAHOTPYOOK
(CNTs), cuHTe30BaHUX METOIOM XiMIYHOT0 OcaKeHHs 3 mapoBoi (asu (CVD). Hanouacturku okcuny Hikernto (NiO) Oynu otpuMani
METOJIOM 30JIb-TeJIb CIIH-IOKPUTTS Ta HAaHECEH] Y BUIIISAI TOHKHUX IUTIBOK 3 pi3HOIO Macoro (66 mr, 99 mr ta 132 Mr) Ha migKiIagka
Si02/Si 3 ogHakoBOO TWIOMIEO MoBepxHi 12,56 cm?. Touki muiBku HaHO4acTUHOK NiO Ha MOBEpXHI MiAKIAAKH MOTIM MOMIIIAH B
CVD-peaktop Ta BIIHOBIIOBAIN B aTMOC(epi BOIHIO, 110 MPU3BOIIO IO YTBOPCHHS HAHOYACTUHOK HIKEIO, SIKi JISUTH SK aKTHBHI
KaTaJli3aTOPH MiJl 4ac CHHTE3Y BYIVICLEBUX HAHOTPYOOK. [Tapu etaHoy BUKOPHCTOBYBAIIUCS K €JMHE JUKEPEIIo ByrJewto 6e3 Oy ib-
SIKOTO Ta3y-HOCis, 10 J03BOJIMIIO TOYHO Ta NOPIBHSAIBHO OLIIHUTH BUXiJ| ByIJIELEBUX HAHOTPYOOK. JIJIst XapaKTepHCTUKH OTPUMAaHHUX
BYTJICLIEBIX HAHOTPYOOK BHKOPHUCTOBYBAJIH PEHTTCHIBCHKY mudpakmiro (XRD) Ta pamaHiBCbKy crekTpockomiro. Pesymsratn XRD
MOKa3ajiy, M0 BYTJIENeBi HAHOTPYOKH 3 BHCOKOIO KPHUCTAJIUHICTIO YTBOPIOBAIUCS MPH BUKOPHCTaHHI TOHKOI ILUTIBKH KaTalizaTopa
Macoro 51,7 mr. PamaHiBCchKa CIIEKTPOCKOIS MiATBepAMIa HassBHICTS MikiB RBM, G, D Ta G', XapakTepHHUX JUIst CTPYKTYP BYTJICIIEBUX
HaHOTpYOOK. 30IMbIIEHHS MacH KaTaji3aTopa MHpHU3BENIO A0 3pocTaHHS dacToTH RBM Ta 3MeHmIeHHS iaMeTpa BYTJICIEBHX
HaHOTpyOOK. OnHak 30UIBIIEHHS MacH KaTajli3aTopa TaKoX HMPHU3BEIO O 3HKEHHS BHXOJIY BYIJIELICBUX HaHOTpyOok. HaiiBummit
Buxin (445%) cnoctepiraBcst 1 HaHokatamizaTopiB Ni macoro 51,7 wmr. Li pe3ynbraTd JAEMOHCTPYIOTh, II0 TOBIIMHA IIapy
KaTaji3aropa Ta Horo moBepxHeBa IMUIBHICTh PO3MOAUTY Ha MiAKIAALI BiAIirparoTh BUPIMIAIbHY POJb Y BH3HAYCHHI e()eKTUBHOCTI
POCTY Ta CTPYKTYPHOT SIKOCTI BYIJICLIEBUX HAHOTPYOOK.

KuawuoBi caoBa: gyereyesi nanompyoxu, NiO-kxamanizamop, 301b-2eib  memoo, CVD; wmeoca mixc niokiaoxkown ma
Hanoxamanizamopom, RBM; euxio



261

EAsT EUROPEAN JOURNAL OF PHYSICS. 1. 261-265 (2026)
DOI:10.26565/2312-4334-2026-1-29 ISSN 2312-4334

FIELD PROPERTIES OF DIODE STRUCTURES BASED ON SOLID SOLUTION “SILICON-TIN”

Khurshidjon M. Madaminov'*, ®Azizbek A. Abdurakhmonov?, ®Avazbek Sh. Ikromov!,
Gulkhayot S. Kholyigitova®
Andijan State University, 129 Universitet st., Andijan, Uzbekistan,
’Ferghana State University, 19 Murabbiylar st., Ferghana, Uzbekistan
3Andijan State Technical Institute, 56 Boburshokh st., Andijan, Uzbekistan

*Corresponding Author e-mail: aduxurshid@gmail.com
Received August 26, 2025; revised December 12, 2025; accepted January 16, 2026

This article presents the results of studies of the conductivity mechanism in pSi-nSii-sSns (0 < § < 0.04) structures based on the
Si1-5Sns solid solution with base n-layer thicknesses W = 20-30 pm. The studied samples were obtained in a single technological
cycle using liquid-phase epitaxy on single-crystal p-Si substrates with the (111) orientation. Experimental and computational studies
showed that the Poole-Frenkel effect is observed in pSi-nSii-sSns (0 < 8 < 0.04) structures at room temperature. This circumstance
allows the use of high voltage effects on the parameters of various devices based on the solid solution Sii-sSns. Thus, there is interest
in using this effect to convert thermal energy into electrical energy via the thermovoltaic effect. Also, results show the potential of
using solid solutions Sii-5Sns (0 < 3 < 0.04), grown on silicon substrates, as an active material in thermal energy converters.
Keywords: Liquid-phase epitaxy, Current-voltage characteristic; Field mechanism; Frenkel coefficient; Activation of charge
carriers; Concentration of ionized traps, Thermovoltaic effect

PACS: 73.40.Lq, 77.55.df, 61.82.Fk

INTRODUCTION

Recently, the study of electrophysical processes in semiconductor solid solutions of the AVB'Y type has become
increasingly relevant [1]. Analysis of the results of the studies showed that such solid solutions are promising for the
creation of lasers, light modulators, photoconverters, and other functional devices [2].

It is known that by changing the zone structure parameters of solid solutions, it is possible to create new, more
effective materials for various technological fields with the required combinations of physical characteristics [3-5].

One way to change the band structure of semiconductors is to apply a high voltage to the sample (the Poole-Frenkel
effect). The effect is that when sufficiently large electric fields are applied to the semiconductor sample, the activation
energy for electrons from the electron energy levels decreases due to the additional energy imparted by the field.

The semiconductor compound Si;«Sny, belonging to the above-mentioned type AVB'Y, has a number of distinctive
properties that allow them to be used in the manufacture of various semiconductor devices [6-8], while the temperature
range of their operation depends on the activation energy of charge carriers [9-10]. Thus, it is of interest to study the
possibility of changing the activation energy of electrons by the action of electric fields, i.e. the presence of the Poole-
Frenkel effect [11-12] and its parameters of solid solutions Si;.sSns [13-14]. Based on this, this work is devoted to
studying the influence of the base region thickness on the electrical conductivity and on the shape of the potential well-
formed near the impurity centers in pSi-nSi;.sSns structures.

MATERIALS AND METHODS
Formation of solid solutions of Sii-sSns. The possibility of forming solid substitution solutions of ANVB!Y
molecules is determined by their charge states and geometric dimensions, as well as the type of crystal lattices of the
components of solid solutions. Academician M.S. Saidov proposed the conditions for the formation of continuous
substitution solid solutions in the following form [15-16]

Az=22{"—22;’=0, (1)
i=l1 i=l1
Ar=>"r" =D R <01y ", )
i=1 i=1 i=1

where z", z/ —valence, ", " — covalent radius of the atoms of the solvent m and dissolved n chemical element or

elements that form the molecules of the solvent and dissolved compounds, respectively, i=1, 2, 3, 4.
When the dissolving and solute elements or molecules are isovalent with each other, they are electrically neutral
and condition (1) is fulfilled. It is known that the solubility of an atomic or molecular compound of a dissolved
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component of solid solutions depends on its comparative size with the corresponding size of the solvent. The closer the
corresponding sizes of atoms or molecules of the components of solid solutions, the weaker the energy of elastic
deformations of the crystal lattice, and the greater the mutual solubility of the solution-forming components, and
therefore, the greater the crystalline perfection of solid solutions. When the difference in the sum of the covalent radii of
the atoms of the molecules of the solution-forming components is greater than 10%, the formation of solid substitution
solutions of these components is insignificant [16].

The sum of the valences of the atoms of the Si; and SiSn molecules is equal, and the conditions of
electroneutrality (1) are satisfied for them:

Az=(zg+zg)— (25 +25,)=0 3

where zg; and zs, are the valences of silicon and tin atoms, respectively. The sums of the covalent radius of the atoms of
the Si, and Sn molecules have close values, then from condition (2) we can obtain:

0 0
2,34 A-2,51 4 =~ 0,073 (rg; +rg) < 01(rg +rg) (4)

A”:|(”Si +rg)—(rs; +”sn)|:

Where rg; and rs, covalent radius of silicon and tin atoms according to Pauling, respectively [17]. From (4) it is
evident that the difference in the sums of the covalent radii of the atoms of the Si, and SiSn molecules is about 7.3%,
therefore, these components satisfy the condition for the formation of a continuous substitution solid solution presented
in [18].

Substitution of Si> by a SiSn molecule does not strongly deform the crystal lattice, while the energy of elastic
distortions of the crystal lattice will be insignificant and the substitution solid solution in the form of Si;.sSn; is a stable
solid phase. The spatial configuration of two stable tetrahedral bonds of the Si;.sSns solid solution is shown in Fig. 1.
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Figure 1. Hypothetical crystal lattice of the solid solution Sii-sSns Figure 2. Metal cryostat for taking measurements

sample

Sample preparation and research methods. Solid solutions of Si;.3Sns were grown by liquid-phase epitaxy from
a limited volume of tin (Sn) melt solution in a hydrogen atmosphere. Hydrogen was purified by passing through a
palladium tube. The film growth process was carried out by forced cooling of the melt solution. Liquid-phase epitaxy
was carried out on a vertically positioned quartz reactor with horizontally positioned substrates. To obtain a good
interface between the substrate and the epitaxial film, close values of the lattice parameters, thermal expansion
coefficients and crystal structure of the substrate and film materials are required [19]. On the other hand, the substrate
material must be accessible and well studied. It is known that among elementary semiconductors, silicon and tin are
accessible and fairly well studied materials. The linear thermal expansion coefficients of Si and Sn are 4.2:10°% 1/K [20]
and 23.4-10° 1/K [21], respectively. Therefore, Si is a suitable material for obtaining a good quality Si;sSns solid
solution layer.

The elemental chemical compositions of the surface and transverse cleavage of as grown Si;.sSn;s solid solution
epilayers were studied on a JSM 5910LV X-ray electron probe microanalyzer (JEOL, Japan). It was found that both
components are uniformly distributed over the surface, while composition in depth of the film varies within
0<8<0.04, as in [22].

In addition, it is known that the crystallographic plane with the orientation (111) has two broken bonds, and the
plane (100) has one broken bond. Therefore, elementary semiconductors grow well on substrates with the orientation
(111), but it is quite difficult to obtain a high-quality film on substrates with the orientation (100) [23]. Therefore, Si
washers with the crystallographic orientation (111) and a specific resistance of 1 Q-cm were used as substrates. The
thickness of the film layers varied within 10-40 pm, depending on the growth mode and the thickness of the gap
between the substrates. The grown layer thicknesses were determined using a thickness gauge EV-01.
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To conduct the studies, pSi-nSi;.sSns structures were fabricated by growing a solid solution of Si;.sSns with n-type
conductivity and a resistivity of p = 0.8 Q-cm. When measuring the current-voltage characteristics, samples with a
thickness of 10-40 pm of the epitaxial layer of the solid solution were used. Ohmic current-collecting contacts, solid on
the back side and quadrangular with an area of 9 mm? on the side of the epitaxial layer, were created by vacuum
deposition of silver, at a pressure of ~ 1.33-10 Pa. The current-voltage characteristics of the pSi-n Si;.sSns
heterostructures were measured in the dark at different values of the thickness of the Sii.«Sny epitaxial layer in the
forward and reverse directions of the current at bias voltages from -3 to +5 V. For this, the samples were mechanically
tightly fixed to a metal cryostat, which was evacuated to a residual pressure of ~ 0.133 Pa (Fig. 2).

As a voltage source we used the B5-11 power supply. The voltage across the sample was measured with the
VK7-9 volt-ohmmeter, and the current through the semiconductor structure was measured with the combined device
Sh-300. The VK7-9 voltmeter was connected directly to the sample terminal and only in this case we were able to
correctly measure the voltage on the sample, since during the measurement a redistribution of the voltage supplied to
the circuit between the sample and the divider may occur.

RESULTS AND DISCUSSION
Figure 3 shows the current-voltage characteristics of pSi-n Si;.sSns structures with different thicknesses of the
Si-Sns solid solution at room temperature (293 K). From Fig. 3 it is evident that the dependence of the magnitude of
the direct current on the applied voltage, for all values of the Si;.5Sns thickness, is nonlinear. The magnitude of the
current through pSi-nSi;.sSns increases and changes by 1-2 orders of magnitude, i.e. the I-V characteristic has a diode
character. The following 2 sections are revealed on the current-voltage characteristic: 1 - ohmic (/< U)and 2 - the
region of sharp current growth (/ << U™, m>1). It is evident that the transient voltages from the ohmic region to the

sharp current growth decrease as thickness decreases. This proves the presence of the Poole-Frenkel effect in the
studied samples.

According to the Poole-Frenkel theory, which explains the Poole-Frenkel effect, the growth of the field
dependence of conductivity is represented as [12, 24]

o=0,exp(SVE), (5)

here [ - is the Frenkel coefficient and it is determined by the slope of the dependence Ino = f (x/f ).

Fig. 4 shows the calculated dependences of electrical conductivity at room temperature in coordinates
Ino=f (x/E ) for the region of sharp current growth in the I-V characteristics of the pSi-nSi;.sSns structure, with a base
region thickness of d = 20 um. From the graphical data, the values of the Frenkel coefficient were determined, which

amounted to ~8.7-10 2 (cm/V)l/2 .
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Figure 3. Forward currents of dark I-V characteristics Figure 4. Dependence of electrical conductivity on the electric
pSi-nSii1-sSns structures at T=293 K. field, at T=293 K for pSi-nSii-sSns structures

Sample thickness, um: 1 - 20, 2 - 25,3 — 30

It is known that by determining the critical value of the electric field corresponding to the beginning of the
nonlinear dependence of electrical conductivity on the applied voltage, according to the expression [12]

2 3
Ny :[ﬁ\/Ecr] (6)
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It is possible to determine the concentration of defects ( V) responsible for the conductivity of the pSi-n Sii.sSns

structure.

Based on the values of the critical electric field E .., at which Ohm's law is violated, the concentrations of ionized

cr o
centers in the studied structures were determined using formula (6). Based on data from experiments conducted on
different samples (with a thickness of d = 20 + 30 pm), the average trap concentration of ~2,4-10' cm™ was obtained.

CONCLUSIONS
Thus, pSi-nSiisSns (0 < < 0.04) structures with base n-layer thicknesses W = 20-30 um were manufactured in a
single technological cycle by the liquid-phase epitaxy method on single-crystal p-Si substrates with the (111)
orientation. The study of the conductivity mechanism in pSi-nSi;.sSns structures based on the solid solution Si;.5Sns

obtained by liquid-phase epitaxial was carried out. Based on the analysis of the dependence Ino = f (x/E ), the value of

the Frenkel coefficient  was determined and it was established that the nonlinearity of the current-voltage
characteristics of these structures is due to the Poole-Frenkel effect. The concentration of ionized centers (traps), the
values N; of which strongly depend on the field effect, was also estimated.

The experimental and calculated results allow us to conclude that in our experiments at room temperature in
pSi-nSi;.sSns (0 <8 < 0.04) structures, the Poole-Frenkel effect is observed. The presence of this effect in the solid
solution Si;.sSns allows us to apply high-voltage effects to the parameters of various devices based on this
semiconductor [25]. The most realistic application of the Poole-Frenkel effect in converters of thermal energy into
electrical energy together with the thermovoltaic effect seems to be [4, 26-29].
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MOJILOBI BJIACTUBOCTI JIOJJHAX CTPYKTYP HA OCHOBI TBEPJIOT'O PO3UHHY "KPEMHII-OJIOBO"
Xypuuaxon M. Magaminos!, Azizoex A. A6aypaxmonos?, Asasoek I1I. Ixpomos!, I'yaxaer C. Xodiiirirosa®
L Anouscancoxuii Oepacasnuii ynieepcumem, 6yn. Yuieepcumemcoka, 129, Anouscan, Yzbexucman
2Depeancokuil Oepxcasnuil ynisepcumem, eyi. Mypabbitinap, 19, @epzana, Y3bexucman

3 Anouoicancoruii deporcagnuti mexuiunuti incmumym, eyi. bobypuiox, 56, Anouscan, Ysbexucman
VY wiif cTarTi npencTaBlieHo pe3ysabTaTH JOCIIIKeHb MEXaHi3My MPOBiAHOCTI B cTpykTypax pSi-nSiisSns (0 < & < 0,04) Ha ocHOBI
TBEpPAOrO po3uMHy Si1-sSns 3 0a3zoBoo ToBmuHOM n-mapis W = 20-30 mxm. [locmiipkyBaHi 3pa3ku OyidH OTpHMaHi B OZHOMY
TEXHOJIOTIYHOMY LUK METOZOM piakoda3zHoi emiTakcii HA MOHOKPHCTANIYHUX MiAKIAAKax p-Si 3 opienramieto (111). Pesymprat
EKCIIEPUMEHTAIBHAX Ta OOYMCIIIOBAJIBHUX JOCIUKEHb MoKa3and, mo edekr Ilyma-Openkens crocrepiraerbscs B CTPYKTypax
pSi-nSiisSns (0 < § < 0,04) 3a ximMHaTHOI Temmeparypu. Lls oOGcraBuHa 103BOJISIE BUKOPHCTOBYBAaTH BIUIMB BHCOKOI HANpyrd Ha
rapaMeTpH Pi3HUX IPHUCTPOIB Ha OCHOBI TBEPAOro po3uuHy Sii-sSns. TakKUM YHMHOM, iCHYE iHTEpeC 10 BUKOPHUCTAHHS I[OTO e(eKTy B
NIEPETBOPEHHI TEIUIOBOI €Hepril B €JIeKTPUYHY Ha OCHOBI TepMOBOJIbTAai4HOTrO edekTy. TakoX OTpHMaHi pe3yibTaTd IOKa3yloTh
MOTEHIia]l BUKOPUCTaHHA TBepIUX po3umHiB SiisSns (0 < & < 0,04), BUPOIICHMX HAa KPEMHI€BUX MiJKNIAJIKaX, SK aKTHBHOIO
MaTepiay B IEpEeTBOPIOBaYax TEIIOBOI €HEprii.
KurwouoBi cioBa: piokoghazna enimakcisn, 6016m-aMnepHa Xapakmepucmura, HOnboGuil MexaHuizm, Koegiyiecnm @penkens;
akmugayis Hociie 3aps0y, KOHYeHMpayis IOHI308AHUX NACTNOK, MEPMOEIeKMPUIHUL eheKm
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In this paper, we have studied the physical, electro-optical and thermal properties of PPPCC liquid crystal molecule. Density functional
theory (DFT) with the B3LYP functional and the 6-31G(d,p) basis set is employed for the optimization and analysis of the p-
Propoxyphenyl trans-4-pentylcyclohexanecarboxylate (PPPCC) LC molecule. Various physical properties, such as HOMO-LUMO
energy levels, electro-optical properties, and global parameters, are computed and analysed for the PPPCC liquid crystal. We have
reported the birefringence of p-Propoxyphenyl trans-4-pentylcyclohexanecarboxylate (PPPCC) liquid crystal under the effect of an
external electric field. The UV-Visible analysis leaves a strong peak at 252 nm due to n-n* transitions. HOMO-LUMO band gap found
to be 5.1 eV. The maximum stretching was observed at 1000 cm™! due to the C-O stretching caused by the Ether in the PPPCC liquid
crystal. The C-C stretching around 1600 cm! is found due to phenyl group present in PPPCC. The temperature-sensitive birefringence
value of PPPCC makes it a suitable choice for modern optical technology applications. The refractive index remains unchanged at large
applied electric fields, making it a suitable choice for opto-electronic devices in THz applications. Due to the large band gap, this
molecule could be a suitable choice for insulating applications.

Keywords: PPPCC; Electric field (THz); HOMO-LUMO; UV-Visible; IR; DFT

PACS: 61.30.-b, 61.30.Dk, 61.30.Jf, 61.30.Gd, 78.30.-j

1. INTRODUCTION

Liquid crystals (LCs) have properties of both solids and liquids. In recent years, LCs have gained the interest of
researchers due to their potential applications in display technology. LCs possess a mesomorphic phase due to the
molecular arrangement in the compound. Further study of the mesomorphic phase of LCs has led to the development of
new materials for optoelectronic applications. Also, understanding the various properties of LCs leads to modifying
existing ones. LCs have the property of changing their alignment under an external electric field. This property of LCs is
helpful for researchers to develop high-performance display devices [1].

To investigate the various properties of LCs, it is important to understand the structural and chemical properties of
the material. Also, it is important to understand the correlation of mesogenic phase of LCs with temperature and
chemicals. In general, the shape and size of the molecule influence the property and phase transition behaviour of LC
substances [2]. Intra and inter molecular interactions alter the molecular property of the molecule during the LC phase.
As a result, vibrational spectroscopy has a high potential for understanding the compound's molecular dynamics. IR
spectroscopy is an important tool to reveal the molecular dynamics in the LC molecule [3-6]. Also, molecular
polarizability plays an important role to define the opto-electronic properties of LC molecule. Modifying the shape, size
and arrangement of atoms in the molecule, researchers can create the new LC molecule with desired opto-electronic
properties which is useful for making modern opto-electronic devices such as LCDs [7-10].

In recent years, computational techniques have been modified a lot. Researchers have tested various computational
techniques over the past years to investigate properties of LC molecules. Density functional theory (DFT) combined with
the B3LYP functional gives good results for LC molecules [11]. This paper reports the molecular conformation, atomic
orbital composition, electronic density, HOMO, LUMO, and relative energy gap of the PPPCC LC molecule. This LC
molecule is known for its applications in liquid crystal technology applications.

The p-Propoxyphenyl trans-4-pentylcyclohexanecarboxylate (CAS No. 67589-54-2) is an organic compound.
This compound has a molecular formula C,;H3,03 and a molecular weight of 332.48 g/mol. This compound consists
of two groups; propoxyphenyl group and pentyl chain. These groups present in PPPCC LC molecule enhance the
thermal stability of the material, makes it suitable for advanced material used in display devices. This compound has
a density of 0.996 g/cm® and relatively high boiling point, which makes it suitable for high-temperature
applications [12]. Further research on this compound continues to explore the tailored properties for advanced opto-
electronic devices.

Also, the thermal stability and optical clarity of this compound make it suitable candidate for research in material

science, particularly in synthesis of new LC compound with tailored properties. Understanding the various properties of
this compound can lead to the advancement in theoretical and applied chemistry [13].

Cite as: Tikaram, Y. Kumar, N. Kumar, East Eur. J. Phys. 1, 266 (2026), https://doi.org/10.26565/2312-4334-2026-1-30
© Tikaram, Y. Kumar, N. Kumar, 2026; CC BY 4.0 license


https://doi.org/10.26565/2312-4334-2026-1-30
https://periodicals.karazin.ua/eejp/index
https://portal.issn.org/resource/issn/2312-4334
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-8913-0527
https://orcid.org/0009-0000-7856-1340
https://orcid.org/0000-0001-8537-0307

267
Investigation of Physical, Opto-Electronics and Insulating Properties of PPPCC Liquid Crystal... EEJP. 1 (2026)

2. COMPUTATIONAL METHODOLOGY

Density functional theory (DFT) techniques using the NWChem Software optimises every molecule with basis set
6-31G** [14]. We are applying the electric field (a.u.) to the liquid crystal compound along the molecular axis (x-axis)
and perpendicular axis (y-axis). At the intervals of 0.0020 (a.u.), the applied electric field ranges from 0.0000 (a.u.) to
0.1000 (a.u.), where 1 au. = 5.14 x 10" V/m and 1 a.u. = 6.5 x 10'2 Hz [15]. We have determined the molecular
polarizability of the molecule upon the application of an electric field. Extraordinary molecular polarizability (o) is
measured along the x-axis, whereas ordinary molecular polarizability (o,) is measured along the y-axis. According to the
following equations, we have determined the birefringence, order parameter, refractive index, and magic angle using o
and a,. where o, p, and B stand for the first-order hyper-polarizability, dipole moment, and polarizability components,
respectively [16].

a:%(au ta, +a..)
B=[Bo+B,+BY +B,, + B +B. Y +(B+B.+5,)]"
Iu:(luxz +luy2 +quz)l/z

Aa=27" [(%x —a,) +(e, -0 ) +(a,. -a,) T/z

Aa=a,-a,
Ad=SAa
Order Parameter (S):
A (1)
o, +ao,
Birefringence (An):
-1
=GO (20,40, @)
6.3631 20.244
Where, R is the radius of the liquid crystal molecule.
Magic angle (0):
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6 =cos (3)
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o=—">* y=0+——"7"= Yy =0- n, = + +
3 38 38 w10 _47Na |_4nNe
b b 3 3
7 (2v10/5)2Na (2V10/15)2NS (7, -7,)
= + —
"o 2410 1_475N05 1_47rN0:
3 3
7 (2410/5)zNe
n = + (4)
2410 - 47Z§V0{

Where, N is the number of liquid crystal molecules and 7., v, is representing the extraordinary and ordinary internal
field constant. The difference of y.-y, is to serve the differential molecular polarizability. The n.and n, is representing the
extraordinary and ordinary refractive index.

Radius of the PPPCC molecule=10.69
Electronegativity (y):

Hardness (m):
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Chemical Softness (S):

g=1
n
Chemical Potential (p):
p=-X
Electrophilicity Index (w):
w="
2n

3. RESULTS AND DISCUSSIONS
The optimized structure of PPPCC liquid crystal was obtained by using density functional theory (DFT) through
NWChem software are shown in the Figure 1.
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Figure 1. Optimised geometry of PPPCC liquid crystal molecule

3.1 Director angle
The director angle in important parameter of a liquid crystal molecule to understand the various optical parameters.
It is the inclination of the long molecular axis over the reference direction of the molecule. The maximum value of director
angle of the PPPCC liquid crystal was found to be 58.58° whereas the minimum value was found to be 27.47°. Like other
liquid crystal molecules, PPPCC liquid crystal shows magic angle value 54.73° as shown in the Figure 2.
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Figure 2. Director Angle of PPPCC liquid crystal molecule

3.2 Refractive index
Liquid crystals are generally anisotropic in nature.

1579 ’ This anisotropic nature of liquid crystals is an important
1578} feature used in light manipulation applications. Light

\ manipulation is widely used in light moderator
1.577F

applications. This anisotropic nature of liquid crystals
provides two refractive indices namely; extra-ordinary
refractive index and ordinary refractive index.
Refractive index is temperature-dependent property. As
the temperature increases, extra-ordinary refractive
index decreases whereas ordinary refractive index can
either increase or decrease depending on the specific

—
2]
3
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T

—
2]
~
E
T

Refractive Index (n)
n
~3
N

n=1.5789 . "
1572 \ | liquid crystal and its phase transitions. Other than
temperature, electric field and impurities can also affect
1.571 . . . : the molecular structure of the liquid crystal and hence
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Electric Field (a.1.) change the optical parameters [17]. Refractive index of

the PPPCC liquid crystal molecule was measured under
Figure 3. Refractive Index of PPPCC liquid crystal molecule the effect of external electric field. The average value of
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the refractive index of PPPCC is found to be 1.5789. The variation in refractive index as a function of applied electric
field is shown in the Figure 3. The nematic phase stability was observed at low THz frequency range in the refractive
index characteristics. The refractive index remains constant at the higher frequency, which is suitable for the THz
applications.

3.3 Birefringence

Birefringence is the optical property of a material
where the refractive index varies depending on the
polarization and propagation direction of light. This
anisotropy property of the material is important for
display and optical applications. Polarisation Optical
Microscope (POM) can be used to analyse the
birefringence of the PPPCC liquid crystal molecule.
This anisotropic property changes as a function of
temperature or electric field. As temperature increases,
birefringence decreases. In our study, we found the
change in the birefringence of the PPPCC liquid
crystal molecule as the external electric field varied as
shown on the Figure.4. The maximum and minimum
. . . . value of the birefringence of the PPPCC molecule
0.02 0.04 0.06 0.08 0.1 were found to be 0.1469 and -0.0207 respectively.
Electric Field (a.u.) Negative value of birefringence is important for opt-
Figure 4. Birefringence of PPPCC liquid crystal molecule electronic applications.  This birefringence value
makes it suitable for various optical applications. The
birefringence of liquid crystals is temperature-dependent, generally exhibiting higher values near their nematic phase
transition temperature (T*) [18]. As the temperature increases towards the clearing point, the order parameter decreases,
leading to reduced birefringence. The birefringent properties of this compound make it suitable for use in liquid crystal
displays (LCDs), tuneable lenses, and other optical devices where precise control over light propagation is necessary.

High birefringence enhances contrast and brightness in displays, making it a desirable characteristic.

Birefringence (An)

-0.05
0

3.4 Order Parameter

Order parameter is the angle between the molecular
axis and the local director. For completely disordered
isotropic liquid, order parameter is S=0 whereas for perfectly
ordered liquid crystal, order parameter is S=I1. Typical
values for liquid crystals range from 0.3 to 0.8 [19]. The
value of order parameter varies depending on the
temperature or external electric field. In our study, we found
the change in the birefringence of the PPPCC liquid crystal
molecule as the external electric field varied as shown on the
Figure 5.

The maximum and minimum values of the order
parameter of PPPCC were found to be 0.6808 and -0.0923
. . A respectively. The value of order parameter varies depending
0 0.02 0.04 0.06 0.08 0.1 on the temperature and molecular interactions. Generally by

Electric Field (a.u.) increasing the temperature, liquid crystal loss its orientation

Figure 5. Order Parameter of PPPCC liquid crystal molecule ~ order and hence order parameter decreases. As temperature

increases  p-propoxyphenyl  trans-4-pentylcyclohexane

carboxylate (PPPCC) undergoes phase transitions (e.g., from solid to nematic to isotropic liquid), the order parameter

will exhibit distinct changes, providing insight into its molecular alignment and behavior under different conditions.

Experimental techniques such as NMR and Raman Scattering can insight the molecular alignment and interactions with
the liquid crystal phase.

Order Parameter (S)

3.5 IR Analysis
The IR analysis of PPPCC can provide valuable information about its molecular structure and functional group
presents in the molecule. The presence of the aromatic ring will show C-H stretching vibrations, typically observed in the
range 3000-3100 cm™!. The pentyl chain contributes to C-H stretching vibrations in the region of 2850-2950 cm™!. The
carbonyl group from the carboxylic acid derivative will exhibit a strong absorption band in the region of 1700-1750 cm .
Aromatic C-C stretching vibrations will appear in the range of 1500-1600 cm™!, indicating the presence of the phenyl
group. The C-O stretching vibrations in the range of 1000-1300 ¢cm™' is due to the propoxy substitution in the ether
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functional group. Also, the vibrations in the range of 675-900 cm™! reveals the bending modes in the aromatic ring. In
PPPCC liquid crystal molecule, Out of plane wagging of the hydrogen atom in Benzene found at 823 ¢cm™!, H-atom
Rocking in the alkyl chain 972 cm™!, C-O Stretching in either group at 1000 cm™!, C-H wagging at 1246 cm™!, C-H rocking
at 1386 cm™!, C-C stretching in benzene ring at 1524 c¢m and C-H stretching in benzene ring at 3027 cm! as shown in
the Figure 6. The obtained vibrational modes of PPPCC liquid crystal matches well with the literature. Various vibrational
modes are given in the Table.1.
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Figure 6. IR Spectrum of PPPCC liquid crystal molecule
Table 1. Vibrational Modes of PPPCC liquid Crystal

S. No. Frequency (cm™) Modes of Vibration
1. 823 Out of plane wagging of the hydrogen atom in Benzene
2. 972 H-atom Rocking in the alkyl chain
3. 1000 C-O Stretching
4. 1246 C-H wagging
5. 1386 C-H Rocking
6. 1524 C-C stretching in benzene ring
7. 3027 C-H stretching in benzene ring

3.6 Raman Analysis

The structural and chemical properties of a molecule can be assessed through the vibrational modes present in it.
Raman spectroscopy being a non-destructive technique is an important tool to identify the vibrational modes in the
molecule. This technique is very useful for the studying the properties of sensitive compounds or those requiring further
analysis [20]. For compound PPPCC, Raman spectroscopy can be particularly useful in identifying the functional groups,
molecular conformation and interaction within the molecule. In our study, for PPPCC molecule, pentyl group of aromatic
ring contributes to the C-H stretching and bending. C=0O stretching is due to the carboxylate group. Cyclohexane
contribute to the C=0 stretching. 3023 cm™' and 3232 cm™' indicates asymmetric stretching of C-H. 1510 cm™! indicates
symmetric stretching in C-H. 1182 cm™! indicates the C-C stretching in C-C as shown in the Figure 7. The higher frequency
at 3023 cm! clearly indicates a change in the bonding or molecular interactions of the PPPCC.
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Raman activity
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61 321 464 640

0 20 a0 E) a0 1000 1200 {400 10 1800 2000 2200 2430 2800 2800 3000 320 3400

Frequency, cm**-1

Figure 7. Raman Spectrum of PPPCC liquid crystal molecule
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3.7 UV-Visible Analysis

UV-Visible spectroscopy is an efficient technique for determining the conjugated system and functional groups
present in the sample. The presence of conjugated double bonds in the molecule will lead to n-n* transitions, which are
responsible for light absorption in the UV-Vis range. Whereas the presence of functional groups will lead to n-n*
transitions. The n-n* transitions occur at lower wavelengths (nearly 250 nm), whereas n-n* transitions occur at longer
wavelengths (nearly 300-400 nm). The ultraviolet-visible (UV-Vis) absorption spectrum of p-propoxyphenyl trans-4-
pentylcyclohexanecarboxylate depicts a strong peak at 252 nm, which clearly indicates the n-n* transitions due to the
presence of conjugated double bonds in the molecule, as shown in Figure 8. This strong absorption in the UV at 252 nm
yields an optical band gap of 4.9 eV.
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Figure 8. UV-Visible Spectrum of PPPCC liquid crystal molecule

3.8 Frontier Molecular Orbitals (FMO) and Density of States (DOS)

FMO’s give insights into the electronic states of the molecule. HOMO-LUMO provides important information about
the thermal properties of the molecule [21]. Frontier Molecular Orbitals (FMO) and Density of States (DOS) of the PPPCC
molecule are shown in Figure 9. HOMO has a higher density of states (DOS), whereas the LUMO has a lower density of
states (DOS). The band gap between HOMO and LUMO is found to be 5.1 eV. High value of the energy band gap leads
to the insulating behaviour of the PPPCC molecule.
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Figure 9. Frontier Molecular Orbitals (FMO’s) and Density of States (DOS) of PPPCC liquid crystal molecule

3.9 Global Parameters

The Table 2 presents key electronic parameters that describe an atom or molecule’s chemical behavior. The
ionization potential (6.13 eV) is the energy needed to remove an electron, while electron affinity (0.93 eV) is the energy
change upon gaining an electron. Electronegativity (3.53 eV) indicates the tendency to attract electrons in a bond.
Hardness (2.60 eV) measures resistance to changes in electron distribution, with chemical softness (0.38 €V) being its
inverse, reflecting how easily the electron cloud can be distorted. Chemical potential (-3.53 eV) shows the tendency of
electrons to escape the system; its negative value suggests stability. Lastly, the electrophilicity index (2.39 eV) integrates
electronegativity and hardness to quantify the ability to accept electrons. Together, these values provide a concise picture
of the species’ reactivity and stability in chemical processes.
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Table 2. Global parameters of the PPPCC liquid crystal calculated by DFT methodology

Name of the parameter Value in eV
Tonization Potential (I) 6.13
Electron Affinity (A) 0.93
Electronegativity Index (y) 3.53
Hardness (1) 2.60
Chemical Softness (S) 0.38
Chemical Potential (u) -3.53
Electrophilicity Index (@) 2.39
CONCLUSIONS

In summary, p-propoxyphenyl trans-4-pentylcyclohexane carboxylate exhibits significant orientational order
characterized by its order parameter (S). This parameter varies with temperature and reflects the material's transition
between different phases, providing essential insights into its liquid crystal properties and potential applications in display
technologies and other optoelectronic devices. The molecular structure of p-propoxyphenyl trans-4-
pentylcyclohexanecarboxylate plays a crucial role in determining its physical properties, including thermal stability,
optical behaviour, and dielectric characteristics. These properties make it a valuable compound in the field of liquid
crystals, particularly for applications in electronic displays where precise control over light manipulation and thermal
behavior is required. Understanding these structural influences enables researchers and manufacturers to optimize
formulations for enhanced performance in practical applications. In summary, p-propoxyphenyl trans-4-
pentylcyclohexane carboxylate likely possesses high birefringence values that are temperature-sensitive, making it
valuable for applications in advanced optical technologies. In our study, we found the change in the birefringence of p-
Propoxyphenyl trans-4-pentylcyclohexanecarboxylate (PPPCC) liquid crystal under the effect of external electric field.
At higher electric field PPPCC possess, negative birefringence, which is suitable for opt-electronic applications. n-n*
transitions contribute to a significant peak at 252 nm in UV-Visible region. IR analysis confirms the presence of propoxy
and pentyl present in PPPCC liquid crystal. 1000 cm™ due to the C-O stretching caused by Ether in PPPCC liquid crystal.
The C-C stretching around 1600 cm is found due to phenyl group present in PPPCC. The refractive index remains
unchanged for the large value of applied electric field which makes it suitable choice for opto-electronic devices in THz
applications. FMO and DOS study depict a large value of energy band gap of 5.1 eV. Due to the high value of band gap
this molecule could be a suitable choice for the insulating applications.

The molecular structure impacts the thermal stability and phase transition temperatures. The bulky groups (propoxy
and pentyl) present in PPPCC can lower the melting point, facilitating a liquid crystalline state at room temperature. This
is crucial for applications in displays that require a stable liquid crystal phase. Also, the arrangement of the propoxyphenyl
and pentyl groups within the PPPCC contributes to the high value of birefringence of the material. Birefringence is vital
for liquid crystals used in display technologies, as it affects how light is manipulated within the device. The dielectric
anisotropy, influenced by the orientation of polar groups within the PPPCC molecule, is essential for liquid crystal
applications. The propoxy group introduces polar characteristics that can enhance or reduce dielectric anisotropy
depending on its orientation in the liquid crystal matrix. This property is significant for controlling switching speeds in
display technologies. The presence of both hydrophobic (pentyl) and hydrophilic (propoxy) components improves
solubility across various solvents, enhancing compatibility with other liquid crystal materials. This versatility is essential
for formulating liquid crystal mixtures that require specific solubility characteristics. Dipole moment and electrochemical
thermal analysis contribute to developing a new, unique optical-based liquid crystalline material. This study helps
generate new optoelectronic devices and advanced liquid-crystalline materials.
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JOCALIXKEHHS ®I3UYHHUX, ONTOEJEKTPOHHHUX TA I3OJISLIMHUX BJIACTUBOCTEM
PIIKOKPACTAJTYHOI MOJEKYJIA PPPCC METOJIOM TEOPII ®YHKIIIOHAJIA TYCTHHH (DFT):
TEOPETHYHHAM HIIXI]T
Tikapam, Horem Kymap, Hapinzep Kymap
Kagheopa ¢izuxu, wxona npuxnadnux ma bionoziunux nayx (SALS), Ynieepcumem Ymmapanuan, /lexpaoyHn, Inois-248007
V wiii craTti Mu JOCHimKyBanu (i3udHi, eIEKTPOONTHYHI Ta TEIJIOBI BIAacTHBOCTI pinkokpucTatidnoi Mojiekyan PPPCC. Teopis
¢yukuionany ryctunu (DFT) 3 ¢yukuionanom B3LYP ta 6asucuum Habopom 6-31G(d,p) BUKOPHCTOBYETHCS ISl ONTHMI3alii Ta
aHaNmi3y  PIOKOKPUCTATIYHOI  MOJEKYJIH  P-TIPOIMOKCH(EHIT  TpaHc-4-meHTunuuknorekcankapbokcmnary (PPPCC). dns
piakokpucranianoi Monexyin PPPCC o04ncirorThes Ta aHai3y0THCS pi3Hi (hi3UUHI BIaCTHBOCTI, TaKi K eHepreTuuHi pisHi HOMO-
LUMO, enexTpoonTHYHI BIACTHUBOCTI Ta TII00abHI MapaMeTpy. MU IMOBIJOMMIN TIPO IBOIPOMEHE3AIOMICHHS P1IKOKPHUCTAIIYHOTO
p-tiportokcudenin Tpanc-4-neHrmiukiorekcankapookcunary (PPPCC) min BIUIMBOM 30BHINIHBEOTO eNEKTpHYHOrO mnoist. Y®-
BUIMMUIT aHAIi3 3aJIMIIa€e CHIBHUH ITiK pu 252 HM yepe3 n-n* nepexoxu. [llupuna 3a6oponenoi 3oan HOMO-LUMO cranoBuia 5,1
eB. MaxkcumanbHe po3TsirHeHHs crioctepiraiocs npu 1000 cM-1 gepes posrsraenns C-O, cnpuunHeHe edipoM y piIKOKpHCTa
PPPCC. Postsiraennss C-C 6musbko 1600 cMm-1 BusiBieHo 3aBasiku ¢eHinbHil rpymi, npucytHiit y PPPCC. TemnepatypHo-4yTinBe
3Ha4YeHHs JBonpomenesanomiueHHss PPPCC poOuts #oro npuaaTHIM BUOOPOM JUIS CY4aCHHUX 3aCTOCYBaHb B ONTUYHUX TEXHOJIOTIfAX.
TToka3HHK 3aJIOMIICHHS 3aJIMIIAETHCS HE3MIHHUM Y BETUKHMX HPUKIIAICHUX €ICKTPUYHUX HOJISX, 10 POOUTH HOro IpUAATHUM BUOOPOM
IUTSL ONTOENIEKTPOHHHX MPUCTPOIB y TEPareproBOMy Aiana3oHi. 3aBIsSKU BEIHKIN MUPHHI 3a00pOHEHOT 30HU 1151 MOJIEKYJIa MOXe OyTH

MIPUATHIM BHOOPOM JUIS 130JIIIHHUX 3aCTOCYBaHb.
Kuarwuosi cnosa: PPPCC; Enexmpuune none (T1'y); HOMO-LUMO, Y ®-6uoumuii dianason, I4; DFT
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Polyimide is widely valued in modern technology due to its excellent thermal stability and mechanical strength. Understanding how it
responds to pulsed laser irradiation is crucial for precise laser-based microfabrication and for interpreting the conditions that can lead
to laser induced graphene (LIG) formation. In this study, we use COMSOL Multiphysics to simulate the temperature evolution and
heat transfer in a polyimide sample exposed to pulsed laser radiation. The model takes into account temperature dependent thermal
properties, laser absorption following the Beer-Lambert law, and the Gaussian energy profile of the laser beam. Our results show how
laser fluence and pulse overlap influence heat accumulation within the polymer. While the actual graphene formation process is not
modeled here, the thermal analysis provides valuable insight into the photothermal conditions relevant to LIG-related processes.

Keywords: COMSOL Multiphysics; Thermal properties; Laser radiation; Polyimide
PACS: 42.70.Hj, 42.62.Fi

1. INTRODUCTION

Polyimide materials have become an integral part of modern materials engineering owing to their outstanding
thermal resistance and mechanical stability. These properties make them particularly suitable for applications in aerospace
structures, electronic components, and automotive systems, where materials are often exposed to elevated temperatures
and harsh operating environments [1,2]. Despite their robustness, the precise processing of polyimides remains a
challenging task, as excessive thermal loading can lead to unwanted material degradation. For this reason, processing
techniques that offer both accuracy and controlled energy delivery are of considerable interest. Among such techniques,
pulsed laser processing has proven to be an effective tool for polymer modification and micro-scale material treatment.
By delivering energy in short, intense pulses, lasers enable localized heating while minimizing damage to surrounding
regions [3,4]. Laser sources such as CO, and Nd:YAG lasers are widely employed in materials processing because they
provide flexibility in controlling pulse duration, energy density, and interaction time with the target material [2, 5-8].
From a physical perspective, understanding how laser energy is converted into heat and how this heat propagates within a
polyimide substrate is essential for achieving reproducible and predictable processing results. However, the quantitative
relationship between laser parameters and the resulting thermal distribution is still not fully understood and requires further
theoretical and numerical investigation.

At the same time, significant research efforts in laser—matter interaction have been driven by the growing interest in
graphene and graphene-related materials. Owing to their exceptional thermal and electrical properties, these materials
are being explored for use in energy storage systems, thermoelectric devices, and photothermal applications [9-13]. In
particular, laser-induced graphene has attracted attention as a rapid and scalable approach for modifying carbon-rich
polymers [10]. Previous studies indicate that laser power, fluence, and irradiation conditions play a decisive role in
defining the thermal environment in which structural transformations may occur [11, 12]. Furthermore, investigations of
laser-induced plasma formation, surface nanostructuring, and heat accumulation effects have highlighted the importance of
accurately describing temperature evolution during pulsed laser irradiation [13—18]. Although the present work does not
address the formation or characterization of graphene itself, it focuses on a detailed numerical analysis of thermal processes
in a polyimide target exposed to pulsed laser radiation. By modeling heat generation and transport under controlled laser
conditions, this study aims to provide a clearer understanding of the thermal response of polyimides, which is a necessary
step for interpreting and optimizing laser-based processing techniques, including those related to laser-induced graphene.

2. METHODOLOGY

This work involves modeling the thermal changes that occur when a polyimide material is exposed to laser radiation
using COMSOL Multiphysics.
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Figure 1. Schematic representation of the 2D-moving laser source simulation.

The parameters of pulsed laser radiation are given in Table 1. The spatial distribution of the incident laser beam on
the polyimide surface was modeled, and temperature distribution and heat-related processes were studied. The theoretical
model developed is schematically represented in Figure 1. The thermal parameters and geometric dimensions of the
polyimide material chosen to model the increase in temperature and the dissipation of heat at the point of impact of the
laser beam are given in Table 2.

To better reflect the physical nature of the laser polyimide interaction, the numerical model accounts for the temperature
dependence of key thermal properties, including thermal conductivity, heat capacity, and density. Heat transport within
the polyimide was described by solving the transient heat conduction equation, while laser irradiation was introduced as a
surface heat source with a Gaussian intensity distribution. In addition, reflection losses at the air polyimide interface were
considered, and laser energy absorption within the material was evaluated using the Beer—Lambert law. The simulations
were carried out under transient conditions in order to capture the time-dependent evolution of temperature during pulsed
laser exposure.

Table 1. Laser machining parameters

Nomenclature | Value (units) Property
f 10{kH?z] Number of laser pulses
E, 170[puJ] Pulse energy
P, 250(fs] Pulse width
D 150[ um] Beam diametr
€ 0.7 Emissivity
A 0.8 Absorptivity
X 1000[um] Reference point to represents the center of the laser beam
Xdq 100[ um] Standard deviation of the Gaussian laser beam
\% 700mm/s Laser scan speed

3. RESULTS AND ANALYSIS

The geometry of the polyimide for modeling was entered into the COMSOL program. The thickness of the polyimide

is 168 um and the density is 1400 kg/m>. The values of the thermal parameters of the polyimide are given in Table 2.

The heat dissipation of the polyimide under the influence of laser radiation was calculated using the Fourier heat transfer

equation:

oT

C,—

PP 5t

where: p is the density of the material, C,, is the heat capacity, k is the thermal conductivity, T is the temperature, and g
is the heat source (laser energy). The density, heat capacity, and thermal conductivity vary with temperature.

=V (kVT) +q
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Table 2. Material properties of polymide parameters

Nomenclature Value (units) Property
T 723 [K] Melting temperature
T, 1173 [K] Vaporization temperature
L., 250 [J/g] Latent heat of melting
L, 5000 [J/g] Latent heat of evaporation
B 5% 1075[1/K] Thermal expansion coefficient
b% 3% 1074[N/(m = K)] Temperature derivative of the surface tension
hy 17[W/(m? % K)] Heat transfer coefficeient
oT 30 [K] Half-width of the curve
T, 293.15 [K] Ambient temperature
T; 293.15 [K] Initial temperature
H 193[um] Height of the simple
W 750 um] Simple Width

Table 3. Material properties and heat transfer model equations for polyimide

Name Equation No.
Temperature-dependent specific heat
2
at constant pressure (Cp) C, = 1000 [0.96 +1.39 (Z‘TB'OOO) -0.43 (T;gé)o) ] 1
: ; T _ T T
Governing equation pCpor =k [(W) + (W)] 2
Beer-Lambert law C%—f =V (kVT) +a(l - R)Ipe~** 22:0 e~2((x=n6x)24y?) w?
S o f(t = ntgig)
)2
Average laser power density in Gaussian distribution P,=A [#’f’zﬂ)} exp [— ((xzjg ) )] 5
Analytic function B = rect (mod (#)) 6
0.213+3.416 x 10757, 200K < T < 729K
Thermal conductivity (k) k= 3 b= 7
-1.314 +2.130 x 107°T, 729K < T < 1500K
0.74, T <858K
Reflectivity (R) R = 8
0.36, T > 858K

The relationship between density and temperature is often expressed in terms of the thermal expansion coefficient.

p(T) = po- (1 -B(T -Tp))

where p(T) is the density at temperature T, pg is the initial density at Ty = 293.15K, and B is the thermal expansion
coefficient (5 x 1073 K™1).

Figure 2 shows a graph of the relationship between the density and temperature of polyimide. In this case, the density
of polyimide decreases linearly as the temperature increases.

The relationship between the thermal conductivity and temperature of polyimide [8] is given in Equation 6 of Table 3.
Polyimide changes in small values from its initial temperature to its melting temperature and increases sharply from the
melting temperature to its evaporation temperature (Figure 3). From this we can see that the thermal conductivity is
high between the melting and evaporation temperatures of polyimide. This temperature dependent behavior of thermal
conductivity provides insight into the thermal regimes that may be relevant for laser induced modification of polyimide
based materials

To determine the relationship between the temperature and heat capacity of polyimide, an empirical expression
developed by theoretical methods, Equation 1 in Table 3, was used [8]. Using the thermal coefficients of polyimide given
in Table 2, a graph of the relationship between heat capacity and temperature was created (Figure 4). In this case, the heat
capacity of polyimide increases sharply and begins to decrease when it reaches the evaporation temperature.

By analyzing the temperature dependence of density, thermal conductivity, and heat capacity of polyimide, the present
study aims to characterize thermal conditions that are relevant for understanding laser—polymer interaction processes. We
define the spatial coherence of laser pulses as the dimensionless number of laser pulses per illuminated [19-22]. The
temperature distribution is calculated by the 2D heat transfer equation and the laser pulse acts as a surface heat source,
as shown in equation (3) of Table 3. The light reflection coefficient between air and polyimide is calculated and the
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Figure 2. Relationship between density and temperature of polyimide
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Figure 3. Relationship between temperature and thermal conductivity of polyimide

absorption is based on the Beer-Lambert law. The 2D temperature distribution of the polyimide in the plane is shown in
Figures 5(a)—(c). The scanning speed of the laser beam is 40 mm/s and the pulse overlap is 18%, resulting in energy fluxes
of (a) 0.7 J/cm?2, (b) 0.9 J/cm2, and (c) 1 J/cm? It should be emphasized that the present analysis is limited to numerical
modeling of thermal properties and temperature fields in polyimide under pulsed laser irradiation. While the obtained
thermal profiles provide useful insight into temperature regimes relevant to laser—matter interaction in polyimide [23-26],
the formation of graphene itself is not directly modeled or experimentally verified in this work [27-30].

4. CONCLUSIONS

In summary, this work presents a numerical study of the thermal behavior of a polyimide target exposed to pulsed
laser radiation using COMSOL Multiphysics. The simulations show that the evolution of temperature within the material
is mainly controlled by the laser energy flux and the temporal characteristics of the pulses, which together determine the
extent of heat accumulation during irradiation. Surface temperature distributions were evaluated for typical processing
parameters,zincluding a laser scanning speed of 40 mm/s, a pulse overlap of 18%, and energy flux levels ranging from 0.7
to 1.0 J/em~.
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Figure 5. Presents the spatial temperature distribution with an 18.7% overlap between consecutive laser spots for laser
fluences of (a) 0.7 J/cm?, (b) 0.9 J/cm?2, and (c) 1 J/cm?2.

The results indicate that relatively small adjustments in laser parameters can produce noticeable changes in surface
temperature, underscoring the need for careful control of processing conditions in applications where high precision is
required. While the present study is restricted to numerical modeling and does not include experimental validation, the
obtained thermal analysis offers useful guidance for selecting appropriate laser operating regimes and for interpreting
heat-related phenomena in polyimide-based materials.
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MOJIEJIIOBAHHA TEIVIOBUX E®EKTIB V HOHIIMIHHIﬁ MIHIEHI I1/] BININBOM IMIIVJIBCHOI'O
JIABEPHOI'O BUTTPOMIHIOBAHHA
IIx.0. Cagyaaaes', M.M. Axmenos', M.€. Banaes!, LY. laBaeros’, I.C. Boaraes?
VKagpeopa enexmpomexnixu ma enepzemuxu, Ypzenucokuti depaucasnuii ynisepcumem imeni A6y Paiixana Bepyni,
Ypeenu, 220100, Y36exucman
2Kagpedpa ¢pizuxu, Amepuxancokuii ynisepcumem Ilapoxci, Hlaposca 26666, 06’ ednani Apabevki Emipamu

[omiimMiz IMPOKO IIHYETHCS B CyYACHUX TEXHOJIOTiSIX 3aBASKY CBOIl UyJOBiil TepMOCTAaOIIBHOCTI Ta MEXaHIYHil MilTHOCTi. Po3ymiHHSA
TOro, SIK BiH pearye Ha iMIy/JbCHE Jia3epHe ONPOMiHEHHs, Ma€ BHpillajbHe 3HAUCHHs AJISI TOYHOIO JIa3epPHOr0 MiKpOBMPOOHMIITBA
Ta JJIs iHTepIIpeTalii yMOB, sIKi MOKYTb IIPU3BECTU O YTBOPEHHS J1a3epHO-iHAyKoBaHOro rpadeny (LIG). V npoMy nociigxeHHI MU
BukopuctopyeMo COMSOL Multiphysics 11 MoeTl0BaHHS 3MiHM TEMIIEPATypH Ta TeryIonepeaayl y 3pasky nosiiimiry, 110 MiaJaeTbcs
BIUIMBY iMITYJIbCHOT'O JIa3€pPHOT'0 BUIIPOMiHIOBaHHsI. Mojie/ib BpaXxoBYe TeMIepaTypHO-3aJIeXHi TeIUIOBI BIACTUBOCTI, TONIMHAHHS J1azepa
3rizHo i3 3akoHOM Bepa-JlambepTa Ta rayccis eHepreTHaHMIA podimb Ja3epHOro npoMenst. Hami pe3yabTaTil ToKasyloTh, SIK JIa3epHUi
(moeHC Ta MEpeKpUTTs IMITYJIbCIB BIUIMBAIOTh Ha HAKONMYEHHs Tella B MoyiMepi. Xoda caM Mpoliec yTBOpeHHs rpadeHy TyT He
MOJIEJIIOETHCS, TEPMIUHMI aHAJI3 HaJa€ WiHHY iHopMariio npo GOTOTepMiuHi YMOBH, IO CTOCYIOThCS MPOLECiB, OB’ s13anuXx 3 LIG.
Karwouosi ciioBa: COMSOL Multiphysics; mennogi eaacmusocmi; aazepre UnpOoMiHIO8aH s, NOAIMIO
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