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Tandem solar cells based on hybrid organic—inorganic metal halide perovskites have achieved power conversion efficiencies of up to
28%. However, issues related to long-term stability and lead (Pb) toxicity have prompted the search for earth-abundant, chemically
stable, and non-toxic alternatives. In this work, we report the first vacuum evaporation synthesis of BaZrS3 (barium zirconium sulfide)
thin films at a substrate temperature of 550 °C. The resulting films exhibit near-stoichiometric Ba:Zr ratios and strong light absorption,
with absorption coefficients exceeding 10° cm™ near 1.9 eV. Under controlled conditions, a baseline oxygen content of 4-6% was
consistently observed. The absence of an additional sulfurization step markedly increased the resistance of the thin film and suppressed
the dark current by approximately three orders of magnitude, indicating a substantial reduction in carrier density likely resulting from
a decreased concentration of sulfur vacancies. These findings highlight the potential of BaZrS; as a stable, lead-free absorber for next-
generation photovoltaics.
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INTRODUCTION

Chalcogenide perovskites have recently gained significant research interest as promising lead-free, inorganic
perovskite semiconductors. Compared to hybrid halide perovskites like CHsNH3Pbls, chalcogenide perovskites exhibit
significantly improved structural stability. Most conventional semiconductors are covalent materials characterized by
four-fold coordination of both cations and anions. However, in the past decade, organic-inorganic halide perovskites have
emerged as competitive alternatives for photovoltaic applications, challenging traditional semiconductors in
unprecedented ways. These perovskites are ionic materials with higher coordination, which enhances the Coulomb
attraction between cations and anions. Their strong ionicity is believed to reduce the formation of deep-level anti-site
defects that contribute to non-radiative carrier recombination.

Unlike conventional semiconductors, halide perovskites exhibit unusually low carrier concentrations (~10'3/cm?)
and extremely long carrier lifetimes (on the order of 1 ps) [1]. The power conversion efficiency (PCE) of solar cells based
on halide perovskites has seen a dramatic increase, from an initial 3.8% in 2009 to over 25% in 2019 [2]. Perovskites
refer to a class of crystalline compounds with the general formula ABX3, where the B-site cation has six nearest-neighbor
anions (X), and the A-site cation occupies a cavity formed by eight corner-sharing BX octahedra (Figure 1).

The most extensively studied perovskites are complex metal oxides, where X is oxygen. These oxides are
technologically significant due to their multifunctionality and tunable properties. Conventional semiconductors and
oxide/halide perovskites represent two extremes in the spectrum of covalency and ionicity. Covalent bonding is
directional, making electronic and optical properties sensitive to bond distortions, whereas ionic bonding is associated
with strong electron correlation due to reduced dielectric screening. Achieving a balance between ionicity and covalency
opens pathways to discovering novel semiconductors with enhanced properties. Despite their potential, only limited
efforts have been devoted to developing materials that bridge the gap between these bonding characteristics. Recently,
chalcogenide perovskites have emerged as a novel class of semiconductors, where sulfur (S) or selenium (Se) replaces
oxygen as the anion. Compared to oxide perovskites, chalcogenide perovskites exhibit reduced band gaps, making them
well-suited for visible and near-infrared (NIR) light applications. Among these, BaZrSs (barium zirconium sulfide) has
attracted attention due to its promising optoelectronic properties, initially predicted through theoretical studies. These
properties include band gap values suitable for photovoltaics, an exceptionally high absorption coefficient, tolerance to
deep defects, strong dielectric screening, favorable phonon characteristics, and isotropic electron mobility for efficient
charge transport. [3-11]

Additionally, BaZrS; is composed of earth-abundant and non-toxic elements [12, 13]. Although BaZrS; and related
chalcogenide perovskites were synthesized over half a century ago, they have received minimal attention until recently.
After extensive theoretical screening, several ABX; chalcogenide materials have been identified as potential candidates
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for photovoltaic applications. These materials exhibit strong light absorption and direct bandgap optical transitions,
making them very promising for high-performance optoelectronic devices. Notably, BaZrS; was confirmed to have a
distorted perovskite structure with a band gap of approximately 1.7 eV and strong light absorption, aligning well with
theoretical predictions [14]. This material has demonstrated exceptional stability against pressure, moisture, and
oxidation, with minimal degradation even four years post-synthesis. However, due to the current lack of high-quality thin
films, many fundamental properties of chalcogenide perovskites remain unexplored, posing a challenge to their broader
implementation in optoelectronics.

Figure 1. Crystal structures of BaZrSs. exhibit distorted perovskite structures.
Blue spheres: A-site cations (e.g., Ba2* or Ca?*), positioned at the corners. Gray sphere: B-site cation (e.g., Ti**, Zr **), in the
center. Red spheres: anions (O, S?7), at the face centers

EXPERIMENTAL PART
BaCl, (Barium chloride) (20.800 g, 100 mmol) was first dispersed in 200 mL of deionized water. Subsequently,
5.0 N H,SOy4 (Sulfuric acid) (33.3 mL, 100 mmol) was slowly added to the dispersion under vigorous stirring while
maintaining the reaction mixture in an ice bath [15].
The reaction between BaCl,, H,SO4, and water (H,O) leads to the formation of barium sulfate (BaSO,) and
hydrochloric acid (HCI):

BaCl,+H>SO,—BaSO0,| +2HCI (1)

BaSOs is insoluble in water and precipitates out as a white solid. HCI (Hydrochloric acid) remains in solution. This
is a double displacement reaction (precipitation reaction), where the sulfate ion (S03~) from sulfuric acid displaces the
chloride ions from barium chloride, forming the insoluble BaSOj4 precipitate. Since H,O is already present in the reaction
medium (if aqueous solutions are used), it does not directly participate in the reaction but serves as medium for the ions
to react.

The reaction was terminated after 5 hours, and BaSO, was recovered via centrifugation. The obtained product was
subsequently washed with deionized water three times before being dried in an oven at 110 °C overnight. BaS was
synthesized by reducing BaSOs, using a 25% hydrogen-balanced argon atmosphere by chemical molecular beam
deposition (CMBD) system at 1000 °C for 1 hour [16]. The resulting BaS product appeared as a white powder, which
was immediately transferred into a nitrogen-filled glovebox and finely ground into a homogeneous powder.

A mixture of BaS (7.407 g, 43.732 mmol) and elemental sulfur (S) (2.804 g, 87.46 mmol) was prepared by grinding
with an agate mortar and pestle inside the glovebox. The homogenized mixture was then placed into a pre-dried
borosilicate glass tube, which was subsequently flame-sealed under vacuum to form an ampule. The ampule was heated
in a muffle furnace from room temperature to 400 °C and maintained at this temperature for 12 hours. The furnace was
then turned off, allowing the sample to cool to room temperature gradually. BaS; and ZrS; powders were placed in two
separate molybdenum boats under a high-vacuum environment of 10-10°° mmHg. The reaction was conducted for 1,5
hours at a substrate temperature of 550 °C. (Figure 2).

Figure 2. Photographic image of the BaS3 and ZrS: in vacuum chamber
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The surface morphology of the thin films was characterized using a JSM-IT510 (JEOL) scanning electron
microscope (SEM) operating in secondary electron mode at an accelerating voltage of 20 kV. Elemental composition was
analyzed via Energy Dispersive X-ray (EDX) spectroscopy using an Aztec Energy Advanced Spectrometer, which offers
an energy resolution of 127 eV and a detection sensitivity of 0.5 wt.%. Optical absorption spectra were recorded at room
temperature using a Shimadzu UV-1900i UV—Vis—NIR spectrophotometer. Current—voltage (I-V) characteristics were
recorded using a Keithley 2460 source meter under AM1.5G simulated sunlight (1600 W xenon lamp, Model No. UHE-
NL-250, Sciencetech, Canada).

RESULTS AND DISCUSSIONS

Scanning electron microscopy was employed to examine the morphological characteristics of the BaZrS; thin films,
while energy-dispersive X-ray spectroscopy was used to verify their elemental composition. The analysis revealed a clear
correlation between substrate temperature and the microstructural evolution of the films. Morphology of samples
presented in Figure 3 indicates that higher substrate temperatures enhance grain growth and favor the formation of rod-
shaped BaZrS; grains aligned parallel to the substrate surface. Notably, the sample fabricated at 550 °C exhibited grains
exceeding 0.5-1 um in size, with a uniform distribution across the substrate, indicative of a homogeneous and well-
controlled growth process.

The observed increase in grain size with temperature is attributed to enhanced atomic diffusion and coalescence
phenomena during the film deposition process, which collectively contribute to improved crystallinity and preferential
grain orientation. Although BaZrS; films have shown continuity with thicknesses ranging from 350 nm. The rusults of
EDX analysis, as shown in Figure 4 approximately 4% oxygen was detected in the bulk of BaZrS; film, with a nearly
stoichiometric Ba:Zr composition. Despite efforts to minimize the duration of air exposure prior to measurement, the
precursors consistently retained a baseline oxygen content of at least 4-5%, a value that remained unchanged even after
several weeks of storage in this environment.

Figure 3. SEM top views of the BaZrSs thin films obtained 550  Figure 4. Typical EDX spectra of synthesized BaZrSs3 thin
°C substrate temperature films

In various experimental trials, an increase in oxygen concentration was only observed after annealing the samples,
with the oxygen content rising by up to 10%. (These conclusions will be given in detail in subsequent works). This
reaction appears to be linked to the presence of excess sulfur in the samples. The precursors were slightly sulfur-rich, and
oxidation was notably enhanced when excess sulfur vapor was introduced during the annealing process. During the
thermal process, BaZrS; crystallizes from the precursor and some of the sulfur-rich material is reduced by sulfur gas
evaporation (S(g)), leading to removal of sulfur without oxidation. However, it has been suggested that the stresses
generated within the films during this process, which predispose them to oxidation, may contribute to the formation of
holes.

The band gaps of BaZrS; with distorted perovskite structure have been theoretically calculated to be around
1.7-1.85 eV and have also been experimentally verified to be within the same range [16].

Figure 5 presents the UV-Vis absorption spectrum of the BaZrS; thin film deposited at a substrate temperature of
550 °C, plotted as a function of photon energy. The film’s geometry enabled the calculation of the absorption coefficient
(o). A significant increase in o is observed around 1.9 eV, surpassing 10° ¢cm’!, indicating the strong light absorption
capability of BaZrSs. Assuming a direct allowed electronic transition, the optical band gap energy (Eg) was determined
using the Tauc relation:

(0hv)*=A(hv—Ey) (2)

where /v is the photon energy, A is a material-dependent constant, and o is the absorption coefficient. The band gap
energy was estimated by extrapolating the linear region of the (a/v)? versus 4v plot to the photon energy axis. Based on
this method, the BaZrS; thin film exhibited a direct optical band gap of approximately 1.9 eV
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The I-V curves under both dark and illuminated conditions are presented in Figure 6. However, the sulfurization
process was not performed to enhance the photo-response. This decision was made to avoid potential degradation from
prolonged high-temperature exposure, which could induce sulfur vacancies and increase carrier concentration. Indicating
a substantial decrease in carrier density due to sulfur vacancies, As shown in Figure 6, the absence of sulfurization
significantly increases the junction resistance and reduces the dark current by approximately three orders of magnitude,
Nevertheless, the photo-response is notably enhanced. These findings highlight the importance of suppressing dark
current by further reducing carrier concentration to achieve optimal photodetector performance. To address sulfur
vacancies, we propose high-pressure sulfurization as a strategy. Prolonged high-temperature treatment induces the
formation of sulfur vacancies, resulting in an increased carrier concentration
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Figure 5. Absorbance for BaZrSs thin films and Tauc plots BaZrSs thin films

Notably, no additional sulfurization was conducted to further enhance the photo-response. This approach is justified
by the high sulfur content in the precursor, as well as the lower substrate temperature employed compared to conventional
chalcogenide perovskite layer fabrication methods, which significantly reduce sulfur re-evaporation from the substrate
surface. To further enhance performance, we propose that methods such as p-type doping or sulfurization under high-
pressure conditions could be utilized. These methods can help passivate sulfur vacancy states, thereby reducing their
negative impact on device performance. As shown in figure 6, eliminating the sulfurization without results in a significant
increase in the sample resistivity, accompanied by a substantial reduction in the dark current by three orders of magnitude.
This observation suggests a marked decrease in the carrier density, which is likely attributed to the reduction in sulfur
vacancies. Therefore, these results imply that to achieve improved photodetector performance, it is essential to suppress
dark current by effectively reducing the carrier concentration.
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Figure 6. The I-V curves in the dark and under illumination

CONCLUSION

The successful development of a BaS3 extraction technique, combined with co-deposition of BaS3 and ZrS, powders
under high vacuum, enabled controlled synthesis conditions. As a result, BaZrS; thin films with an optical bandgap of
1.9 eV and absorption coefficients exceeding 10° cm™ was successfully fabricated. The elimination of an additional
sulfurization step led to a significant increase in film resistivity and a ~1000-fold reduction in dark current. This behavior
indicates a notable decrease in free carrier concentration, which is likely due to the suppression of sulfur
vacancies - common donor-like defects in chalcogenide semiconductors. These findings highlight the critical role of
defect management in optimizing the optoelectronic properties of BaZrS;-based devices.
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BHUPOITYBAHHSA TOHKIX IIJIIBOK XAJIBKOTI'EHIJI IEPOBCKITY BaZrS; BE3 HACTYIIHOI'O BIJITAJTFOBAHHS
T.M. Pasukos*?, K.M. Kyukapos®®, P.T. IOnnomos™?, ML.II. Ilipimmaros?, P.P. Xyppamos?, 1.3. Icakos?,
M.A. Maxmynos®®, C.A. My3adaposa®, A. MarmypaTos?
! @isuxo-mexuiunuii incmumym, eyn. Yuneiza Aimmamosa 265, Tawxenm 100084, Y36exucman

2 Incmumym ¢hizuxu nanienposionuxis i mixpoenexmponiru, eyi. Suei Onmaszop, 20, Tawxenm 100057, Vzbexucmar
TanngemHi coHsiuHI OaTapei Ha OCHOBI TOPHIHHUX OPTaHIKO-HEOPraHIYHUX TAIOTCHIAIB METAJiB MEPOBCKITIB AOCATIIN e()eKTHBHOCTI
NIepeTBOPEHHs eneKTpoeHeprii 1o 28%.) Oxnak npobiaemu, OB’ s13aHi 3 JOBTOCTPOKOBOIO CTAOIIBHICTIO Ta TOKCHYHICTIO cBUHINO (Pb),
CIIOHYKAJIM 0 MOIIYKY ITOIIMPEHHX y 3eMJIi, XIMIYHO CTaOLIbHIUX 1 HSTOKCUYHHX albTepHATUB. Y Hiif poOOTi MU MOBIXOMIISIEMO PO
MepIINi CHHTE3 TOHKUX ILTIBOK BaZrS 5 (cymbdimy Gapito i MUPKOHII0) METOJOM BaKyyMHOTO BHIIQPOBYBAaHHS IPH TEMIIEpaTypi
ninknanku 550 °C. OtpumaHi IUTIBKY IEMOHCTPYIOTh Maiike CTeXiOMETpHUYHe CHIiBBiJHOLICHHS Ba:Zr i cuibHe MOTTIMHAHHS CBIiTIA 3
KoedilieHTaMu TOTJIMHAHHSA, 110 TepeBUInyoTh 10 ° cM ~ ! mobmu3sy 1,9 eB. (V) KOHTpoIbOBaHHX YMOBAxX CTAOUIBHO CIIOCTEpIraBcs
BUXIJJHUH BMICT KMCHIO 4—6%. BincyTHicTh 101aTKOBOI cTaail cynb(yBaHHS MOMITHO 301/IbIIMIA ONiP TOHKOT IUIIBKH Ta MPULYIIHIIA
TEMHOBHUH CTPyM NPUOJIM3HO HA TPU TOPAAKU BEIUYMHH, 110 BKA3ye HAa CYTTEBE 3MEHILECHHS LIIIBHOCTI HOCIs, HMOBIPHO, BHACIIIIOK
3HIKEHHS KOHIIEHTpaii BakaHcii cipku. Lli BUCHOBKH MiAKpeCTIOI0Th moTeHian BaZrS 3 sk cTabibHOr0 6€3¢BUHIIEBOTO MOTIIMHAYA
TS OTOCNEKTPUIHUX PUCTPOIB HOBOTO MOKOMIHHSL.
KurouoBi cioBa: BaZrSs; xanbkozeHiOni neposckimu,; eHepeoOUCnepCiling peHmeeHi6CbKa CNEKMPOCKONis, ONmMu4Hd 3a60pOHeHa
30Ha; homogiocyx
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The work aims to develop a method for contactless identification of impurity concentration in liquids of a given type in the
microwave frequencies. The work presents the theoretical analysis of the novel method for identifying impurities in liquids at
microwave frequencies, based on the use of a tunable matching layer (a dielectric layer of variable thickness). To find the reflection
coefficient of an electromagnetic wave from the layered structure, a technique consisting of determining the electromagnetic fields in
each region and imposing continuity conditions for the field components at each boundary of the layer was used. Numerical
estimations of the method’s sensitivity are provided using the example of determining ethanol impurity concentrations in water. The
results are compared with experimental data reported in other publications. It has been shown that this method has a high sensitivity
to impurity concentration.

Keywords: Matching layer,; Impurity concentration in liquids; Contactless; Reflection coefficient; Microwave frequencies

PACS: 41.20.Jb

INTRODUCTION

High-frequency methods for monitoring and characterizing the dielectric properties of liquids remain an active
area of research [1-6]. Among the most advanced approaches is the method presented in [1], which enables non-contact,
remote measurement of the real and imaginary parts of a liquid’s permittivity in the microwave frequency range. The
authors of [1] employed a specially designed cylindrical dielectric resonator as the measurement cell.

We subsequently developed the method proposed in [1] in works [7-10]. In our studies, instead of the traditional
dielectric resonator (which operates in a narrow frequency range), a so-called one-dimensional photonic crystal [7] was
used. This made it possible to identify liquids over a relatively wide frequency range. The use of a one-dimensional
photonic crystal with a defect in a microstrip implementation improved the accuracy of liquid identification and
enhanced the technical capabilities of the method described in [1]. It should be noted, however, that the method
described in [7-10] exhibits several limitations. Despite being well-suited for liquid identification, it is poorly suited for
high-precision tuning of sensitivity to specific types of liquids. In the given paper, we propose a method for relatively
accurate non-contact measurement of impurity concentrations in specific types of liquids (e.g., aqueous alcohol
solutions) in the microwave wavelength range. This approach provides comparatively high accuracy in measuring
impurity concentrations in liquids due to the use of a tunable matching layer.

PROBLEM FORMULATION AND RESULTS DISCUSSION
In this work, the reflection coefficient R of the electromagnetic wave from a layered structure (shown in Fig. 1) is
calculated.

€3 3

z

Figure 1. Geometry of the problem: 1 — the free space; 2 — the tunable matching layer; 3 — the wall of the container with the test
liquid; 4 — the liquid under test.

It is assumed that the electromagnetic wave is incident from medium (1), with permittivity €, at normal incidence
=0° on the boundary at z= 0. The region 0 <z <d is occupie a dielectric layer with permittivity €. This layer
6 =0° on the boundary at z= 0. The region 0 d pied by a dielectric lay th permittivity €. This lay
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(referred to as the tunable matching layer) (2) is used to control the reflection coefficient of the electromagnetic wave
from the whole layered structure by varying its thickness.

The test liquid is assumed to be placed in a flat container. The container wall (3) has a thickness of d; and the
permittivity €3,. The spatial region z > d + d}, is occupied by the test liquid (4) with permittivity €3. The second boundary of
the flat container is not considered in our model, since its effect on the reflection coefficient is assumed to be negligible.

To determine the reflection coefficient R of the electromagnetic wave from the considered structure, the known
standard approach was used. This approach consists of determining the electromagnetic field components in each region
and applying the boundary conditions for the continuity of these field components at each interface of the structure. It is
assumed that the permittivity of the test liquid is a complex-valued function, accounting for both its dispersive and
absorptive properties.

Let us consider the components of the electromagnetic fields in each region of the layered structure.

In the region z < 0:

H,(z2)= e* 7

ck., 4. i
Eyl (2)= 2l (elkm et ).
we,

In the region 0 <z <d:
H,,(z)=Hye"* + Hye ",

ck,
E,(2)= a):

2

(H;eik:zz _Hzfefik:z.”)'

In the region d <z < d + dj:
Hy3b (2)= H;beik:”’(z’d) + H}‘be*fk:zh(z—d) ,

cky,

E.(2)= (H;he[kizh(rd) _Hs_beiikﬁh(rd))'

3b

In the region z > d + dj:

H(2) =i,

ck s (2—dm
Ev3(Z)= z3 t_ezksg(- d d,,).
: WE,
Here, r, t are amplitudes of the reflected and transmitted electromagnetic waves, respectively. The values H,, H;,
represent the amplitudes of the forward-propagating electromagnetic waves, while H;, H;, denote the amplitudes of

the backward-propagating waves in media with permittivity €, and €35, respectively. The wave numbers are given by

k.ipsps = = |€1535 » Where @is the angular frequency and c is the speed of light in vacuum.

From the continuity conditions of the tangential field components at each interface of the considered structure, we
determine the amplitude » of the reflected electromagnetic wave. The reflection coefficient R of the electromagnetic
wave at the boundary z = 0 is defined as follows:

R= |r|2 .
The amplitude of the reflected electromagnetic wave » should be determined by the following expression:

o Xap_cos(k,,d) —i-s_sin(k,,d)
x,p, cos(k_,d)—i-s, sin(k_,d)’

where
De =Xy, Ex3,p.,
Sy =X X V- ix;)’“
v, =xy, cos(k_y,d,)—i-x;sin(k_,d,),

Y. =xyc08(k.y,d,)—i-x;, sin(k_y,d,),

X12363 = 1/\/ PRTER
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Let the investigated liquid be contained in a dielectric (plastic) container with thickness d, = 0.05 cm and the
permittivity €3, = 2.4. We assume that the thickness d of the tunable matching dielectric layer can vary, and its
permittivity is € = 5.5. We also assume €; = 1.0.

Let introduce the dimensionless thickness of the tunable matching dielectric layer as & = 2md/A, where A is the
wavelength of the electromagnetic wave in free space. The value of A is taken as A=3 cm. Figure 2 shows the
dependence of the reflection coefficient R(8) for the water, with the real part of its permittivity &; =62.6 and the

imaginary part € =29.4 at the chosen wavelength. It can be seen from Fig. 2 that obtained dependence is a periodic
function of 4.

£2=5.5 £3=62.60 £5=29.40 6=12 d=0.57"\
dp=0.05 €3p=2.4

0.8

0.4

0 25 30 35 40
5

o
=]
2]
wn
=)
@
[

Figure 2. Dependence of reflection coefficient R(8) on the dimensionless thickness of the tunable matching layer for pure water

Let’s 8 = 1.2. This value corresponds to the maximum reflection coefficient R. The chosen value of § is indicated
by a dashed line in Fig. 2. For the selected values of A and 8, the thickness is d = 0.57 cm.

Now, let us consider how the reflection coefficient R changes in the presence of ethanol impurities in water. The
results of the performed calculations are presented in Table 1.

Table 1. Reflection coefficient R from the layered structure (Fig. 1) for ethanol-water solutions of varying concentration.

#1 #2 #3 #4
Concentration of ethanol in Real part of permittivity Imaginary part of permittivity R (d=0.57 cm)
water, % £, (=3 cm, experiment [11]) & (A= 3 cm, experiment [11])

0 62.5 30.0 0.641

1 61.0 30.8 0.640

5 55.8 32.0 0.634

10 49.5 33.0 0.627
20 37.5 322 0.609
40 21.0 24.5 0.560

The first column of Table 1 shows the percentage concentration of ethanol in water. The next two columns list the
real and imaginary parts of the permittivity of water containing ethanol impurities. These data are taken from
reference [11]. The fourth column of the table presents the calculated values of the reflection coefficient R of the
electromagnetic wave from the structure shown in Fig. 1.

From Table 1, it is evident that the presence of ethanol in water significantly affects the reflection coefficient of
the electromagnetic wave. As the ethanol concentration in water increases, the reflection coefficient R decreases. This
very fact forms the basis of the novel non-contact method we propose for determining impurity concentration (using
ethanol as an example) in water.

Let us estimate now the sensitivity of the given method from Table 1 as the minimal measurable increment in
ethanol concentration in water for the two cases described below.

In the first case, we consider pure water with low ethanol impurity concentrations ranging from 0% to 5%. It is
known that in typical experiments using the standard vector network analyzer N5230A [7-10, 12], a measurement
accuracy of the reflection coefficient R for the layered structure on the order of ARcx, = 0.1% can be easily achieved.
With this method, it is experimentally possible to measure such an increment in ethanol concentration that corresponds
to a change in R no smaller than the aforementioned accuracy. From Table 1, it follows that R changes by AR =1.1%
when ethanol concentration varies from 0% to 5%. Thus, for small ethanol concentrations in water, the accuracy of
determining its concentration by the new method is approximately AR, /AR, -5% =0.45% . In the second case, when

the ethanol concentration changes from 20% to 40%, the reflection coefficient varies by AR, = 8.75%. For this diapason
of impurities, the accuracy of determining ethanol concentration in water is approximately AR, /AR, -20% =0.23% .
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For comparison, in reference [12], the accuracy of the method for determining the dielectric permittivity of liquids in
a coaxial cell was significantly lower (the errors in determining the dielectric permittivity of water were no better than 5%).

CONCLUSIONS

Thus, in this work:

1. The new remote method for determining impurities concentration in liquids has been developed. The method is
based on measuring the reflection coefficient of the electromagnetic wave from a flat plastic container with liquid, using
a tunable matching dielectric layer of adjustable thickness.

2. It is demonstrated that, compared to established methods based on permittivity measurements using coaxial
line or photonic crystals, the proposed method offers substantially higher sensitivity to impurities. This enhanced
sensitivity arises from the implementation of a tunable matching layer with adjustable thickness.

The work is funded by the Project “Microwave express detection of flammable and potentially explosive
substances using planar technologies” (Agreement Ne2.7/25-IT on 01.01.2025 between the National Academy of
Sciences (NAS) and the O.Ya. Usikov Institute for Radiophysics and Electronics of the NAS of Ukraine).
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Meroto poboti € po3pobka MeToqy OE3KOHTaKTHOI ineHTH]iIKanil KOHLIEHTpawii JOMINIOK y piIivMHAX 3aJaHOr0 THUIy Ha
MIKpPOXBIJIBOBHX YacTOTaX. Y poOOTi MPEICTABICHO TCOPETHYHUN aHalli3 HOBOIO METOAY iJeHTH(]iKalii JOMIIIOK y piinHAax Ha
MIKPOXBHJIBOBHX 4aCTOTAX, 3aCHOBAHOI'O Ha BUKOPUCTAHHI PEryJIbOBAHOIO Y3r0KyBaIbHOTO LIApy (Ji€IEKTPUUHOrO I1apy 3MiHHOT
ToBIIMHK). [ Bu3HaueHHs KoedillieHTa BIXOWTTS €JIEKTPOMAarHiTHOI XBHJII BiJ HIapyBaTol CTPYKTypu Oyja BHKOpHCTaHa
METOJAMKA, SKa TOJATaE€ y BH3HAUYECHHI €IEeKTPOMArHiTHHX IOJIB Yy KOXHIH 00JacTi Ta HaKIaJCHHI yMOB Oe3NepepBHOCTI Ui
KOMITOHEHT TIOJIsl Ha KOXKHiM Mexi mapy. HaBepeHo uncenpHI OMIHKHA YyTIMBOCTI METOAY HA MPHUKJIANI BU3HAUYEHHS KOHIEHTpALii
JIOMIIIIOK €TaHOJy y Boi. Pe3ynpraTu MOpiBHSHO 3 €KCIIEpUMEHTAIBHUMHY JaHUMU B iHIMMX myOmikamisx. [Tokasano, mo neit Meton
Ma€ BHCOKY Yy TJIHBICTh JIO KOHIEHTPAIIii JOMIIIIOK.
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To carry out radiation sterilization, one needs to determine the permissible irradiation modes, which is carried out using computer
dosimetry methods. Nowadays, the choice of optimal irradiation modes can be based on the models of the depth-dose curve at different
incidence angles of the electron beam on the layer of matter. In the present paper, the distribution of transferred energy in the volume
of the target initiated by the normal incidence of a point beam of radiation on the surface of a semi-infinite medium (Dose-Map object)
is used to develop such models. Semi-empirical models of the Dose-Map object are designed based on two assumptions. One is that
the target has axial symmetry relative to the direction of the radiation particle incidence on the target. The second is that the dose spatial
distribution is uniform or normal (Gaussian distribution) in the cross-sections of the Dose-Map object at all depths. For a two-parameter
approximation of the Dose-Map object, three-dimensional geometric figures are suggested, which surfaces are formed by rotating the
plots of power functions around the abscissa axis. Semi-empirical models are developed based on the assumption that the parameters
of the Dose-Map object in its eigen coordinate system do not change when the beam incidence angle changes. Expressions are obtained
for calculating the depth-dose curves from radiation incident on the target at an angle 6 in the form of an integral transformation of the
depth-dose curve for normal incidence of the radiation beam on the target. Software has been developed for calculating depth-dose
curves in a semi-infinite medium under uniform irradiation by an electron beam. The implemented algorithms for calculating the depth-
dose curves from an electron beam incident on the target at the angle 8 are tested. Satisfactory agreement is established between the
results obtained using the developed semi-empirical models and the results of Monte Carlo modeling of the depth-dose curves at
different incidence angles of the electron beam on the target. Good agreement is established between the results obtained using the
semi-empirical model "Cone" and the results obtained using the developed two-parameter semi-empirical models SEM2U and
SEM2N. The capabilities of the developed two-parameter models for a more complete description of the technological characteristics
of the radiation sterilization process are investigated using the numerical methods. Examples are provided where the developed two-
parameter models allow for the simultaneous description of two technological characteristics of the two-sided irradiation process: the
optimal target thickness and the dose uniformity ratio (DUR) in the target. Consistent data on these characteristics allow choosing
optimal modes of electron beam irradiation during radiation sterilization in a reasonable manner. The possibilities of using the approach
suggested in the present paper for developing a set of semi-empirical models of computer dosimetry of irradiation processes in radiation
technologies are noted.

Keywords: Electron beam dosimetry,; Depth-Dose curve; Sterilization processes; Control of optimal modes, Semi-empirical model;
Monte-Carlo method

PACS: 87.53.Bn, 02.60.Cb

INTRODUCTION

The tasks of optimizing irradiation processes arose simultaneously with the introduction of radiation
technologies [1-11]. Optimization of irradiation processes is ensured by minimizing the level of non-uniformity of the
irradiation dose in the volume of the target being processed [12-20]. For electron beams, the method of two-sided
irradiation provides high uniformity of the irradiation dose in the layer [4, 5]. The effective application of this method
needs the irradiated layer to be of an optimal thickness Hopr, Which is determined from the condition of equality of the
minimum dose value in the center of the layer to the dose value at the boundary of the layer. For the fixed thickness of
the irradiated layer, a strong dependence of the ratio DUR = Dmax/Dmin on the electron energy is observed. Here Dmax is
the maximum dose value, and Dmin is the minimum dose value. This dependence causes difficulties in planning and
controlling the irradiation process, which are associated with technical problems arising from the need to vary the electron
energy.

Varying the angle of the electron beam incidence on the irradiated object surface is considered as a possible solution
to technical problems in implementing the two-sided irradiation method [21-27]. Figure 1 shows the depth-dose curves
in polyethylene layers of fixed mass thickness H; = 8.25 g/cm? and H> = 6.06 g/cm? under two-sided irradiation with
electron beams. The doses under normal incidence of an electron beam with energy E = 10 MeV are shown by red dashed
curves. The dose in the H; layer for the incidence angle of 0; = 20° of the electron beams with the energy E = 10 MeV an
as well as that in the H: layer at the incidence angle of 0, = 45° are given by the black dashed curves, both are calculated
in the semi-empirical model [23]. The beam incidence angles for each layer are selected to provide the optimal thicknesses
for two-sided irradiation. The results of Monte Carlo simulation of depth-dose curves are presented in Fig. 1 by solid
curves for comparison [12,13]. The depth-dose curves for normal incidence of an electron beam with energy E1=9.3 MeV
on the Hi layer as well those for an electron beam with energy E2 = 6.9 MeV incidence on the H: layer are shown by
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dotted curves. For each layer, the electron energy is chosen in such a way that the layer thickness is the optimal one for
two-sided irradiation.

One can see in Fig. 1, that the dose non-uniformity DUR at normal incidence of an electron beam with an energy of
10 MeV (see red dashed curves) can significantly exceed the dose non-uniformity during irradiation with electrons with
a specially selected energy (which is the essence of optimization method 1) or with a specially selected beam incidence
angle (which is the essence of optimization method 2).

D*{x)/D(0 D*{x)/D(0 = 2
{x)/D(0) Polyethylene. H = 8.25 gferm? (x)/D(0) Polyethylene, H = 6.06 g/cm

254

it

X X
08 T T T 05 T T T
0 025 05 075 1 0 025 05 0.75 1

Figure 1. Depth-dose curves for two-sided irradiation of a layer of fixed thickness A

Comparison of DUR values in layers of fixed thickness under electron irradiation using optimization method 1
(dotted curves) with those calculated using optimization method 2 (black dashed curves) shows that optimization method
2 provides more uniform dose distribution in the layer. Let compare also the Monte Carlo simulation of the depth-dose
curves, presented in Fig.1 by solid curves, with the results calculated within the semi-empirical model (black dashed
curves). One can see that the errors in calculating the DUR values within the semi-empirical model can be significant.

Therefore, further development of models and methods for describing depth-dose curves at different incidence
angles of the electron beam on the layer of matter is the actual problem. The development is necessary when using method
2 to optimize the irradiation parameters in the practical implementation of radiation sterilization.

Development of models and methods for implementing the optimization method 2 was presented in [23-27]. The
Monte Carlo method based on the detailed physical model was used in [13] to simulate the depth-dose curves for different
incidence angles of the electron beam on the layer. Unfortunately, large arrays of numerical data were the key results of
the modeling. These arrays are of little use in searching for optimal irradiation parameters for the practical activities of
radiation sterilization centers. Semi-empirical models of the depth-dose curve were developed in [23, 27] for a limited
range of incidence angles of the electron beam on the layer. The distribution of the transferred energy in the volume of
the target, initiated by the passage of one particle of radiation through the target, was considered as the basic object of the
model (the Dose-Map object) in the development of these models. Since the passage and transfer of energy by a radiation
particle to a substance is a stochastic process, the Dose-Map is defined as the average value of the dose distribution over
a large number of radiation particles. The semi-empirical model was presented in [27], in which the geometric shape of a
cone with one adjustable parameter, the cone angle, was used to approximate the Dose-Map object. The model parameter
was determined in the result of fitting the data calculated using the semi-empirical model to the data obtained by Monte
Carlo simulation in a detailed physical model. For example, for the ISE model [27], the model parameter was determined
using data on the optimal layer thicknesses at different incidence angles of the electron beam on the layer [23]. Note that
application of single-parameter semi-empirical models, unfortunately, can provide a good description of only one of the
technological indicators of the irradiation.

In the present paper, two-parameter semi-empirical models are suggested that can simultaneously describe the
optimal layer thickness and the dose uniformity index DUR for two-sided irradiation. This is necessary to make a decision
on the appropriateness of using irradiation parameters to carry out the radiation sterilization. To design such models, a
generalized model of the Dose-Map object is developed at the first stage of the present research, which can ensure the
elaboration of semi-empirical models for the depth-dose curve in a semi-infinite medium at a given incidence angle of
radiation particles on the target.

DISTRIBUTION OF ENERGY TRANSFERRED FROM ONE RADIATION PARTICLE
TO THE TARGET VOLUME
Let us start with considering the case of normal incidence of radiation particles on a semi-infinite medium. The
material of the medium is assumed to be isotropic with respect to the processes of passage and scattering of particles in
the medium. In this case, the distribution of energy transferred from one radiation particle to the target volume (Dose-
Map object) has axial symmetry relative to the direction of incidence of the radiation particle (X axis) on the medium. To
determine the parameters of the Dose-Map object model, the well-known fact is applied, that with uniform irradiation of
the surface of the medium, the dose at any depth x in the medium is proportional to the integral value of the energy
released in the cross-section of the Dose-Map object by the plane at depth x. This means that if the flux of radiation
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particles @(y,z) incident on the surface (x=0) does not depend on the coordinates (y,z) along the surface (@(y,z) = Do),
then the dependence of the depth-dose curve D(x) on the depth x in the medium is determined by the expression [27]

D(x) =, j D,(x,y.z)-dS, dS=dydz, (1)
G(x)
where Dp(x,y,z) is the dose distribution in the volume of the medium, which is produced by one radiation particle entering
the medium, i.e. the mathematical description of the Dose-Map object. G(x) is the cross-section of the Dose-Map object
at depth x. Relation (1) makes it possible to determine the integral values of the dose E(x) in the cross-section G(x) of the
Dose-Map object based on the data on the depth-dose curve under uniform irradiation of the surface of the medium

E(x) = D(x)/®. 2)

Note that relations (1) and (2) are valid for radiation fluxes of any type and for any angles of incidence of a radiation
particle on the boundary of the medium. Therefore, the depth-dose curve D(x,0) from the radiation entering the medium
at an angle @ can be calculated based on the integral value of the dose E(x,6) in the cross-section Gi(x,6) in accordance
with the following expressions

Ex.0)= [ D,(x,yz6)-dS, dS=dyd:, 3)

G(x,0)
D(x,0)=®, - E(x,6),

where Dp(x,y,z,0) is the dose distribution in the volume of the medium, which is produced by one radiation particle
entering the medium at an angle 6.

The depth-dose curves for uniform irradiation of a semi-infinite medium for particles of various types of radiation
(electrons, gamma quanta, protons, X-rays) falling normally on the surface of the medium have been studied in detail.
For example, for electron irradiation, a semi-empirical model [28] and the implementation of the program for calculating
the depth-dose curves in various materials are known. Therefore, for electron irradiation, the integral values of the dose
E(x) can be calculated according to (2), based on these data. Therefore, to complete the stage of determining the
parameters of the Dose-Map object, it is sufficient to establish the characteristics of the dose distribution in the cross-
sections G(x) at all depths x in the target.

Uniform distribution and normal (Gaussian) distribution are the simplest types of distribution. Due to the axial
symmetry of the Dose-Map object, to describe the uniform distribution it is sufficient to know the dependence of the
radius R(x) of the circle on the depth x in the medium. The Gaussian distribution requires the variance o{x) to depend on
the depth x in the medium. These dependencies should be described by continuous positive functions.

In the present paper, power functions are used as model dependences of dose distributions on x in cross-sections of
the Dose-Map object:

o
F(x):a-Lm(LLj, 020, 0<x<L__ . (4)

In (4), Lmax is the path depth of the radiation particles in the medium [4]. Thus, the Dose-Map object model is
completely formed and has two model parameters. First, @ determines the maximum value of the function Fumax = @* Lumax.
And, second, @ is the exponent of the power function.

DEPTH-DOSE CURVES FOR A GIVEN ANGLE OF INCIDENCE OF RADIATION PARTICLES
ON A SEMI-INFINITE MEDIUM
Basic assumptions in developing semi-empirical models

The statement that the parameters of the Dose-Map object in its eigen coordinate system [x, y’, z’] do not change
with a change in the angle @ is the main assumption in developing the semi-empirical models. This assumption obviously
is valid only for those angles 6, for which the influence of the boundary of the target on the dose distribution in the Dose-
Map object can be neglected.

As follows from (3), to calculate the depth-dose curve D(x,0) in a medium from radiation incident at an angle 6, it
is sufficient to calculate the integral values of the dose E(x,6) in the section G(x,8) of the dose distribution Dy(x,y,z,0)
(see Fig. 2). To determine the magnitude of the integral dose values E(x,0) in the region G(x,0), the contributions 4(x,x",8)
are integrated from each of the regions G(x",0), which are located perpendicular to the X" axis from x*= 0 of the boundary
of the medium to x* = Luax of the maximum depth of the Dose-Map object. Then, the relation (3) for the depth-dose curve
D(x,0) from the radiation entering the medium at an angle & read

Lmax
D(x,0) =, j A(x,x",0)dx" . )

0
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Figure 2. A model of the distribution of transferred energy in a volume of the target, which is initiated by
the passage of one particle of radiation through the matter - a Dose-Map object

Uniform dose distribution in the cross-sections of the DOSE-MAP object
For a uniform dose distribution in the sections of the Dose-Map object, the dependence of the radius R(x) in the
cross sections G(x,0) on the depth x in the medium is assumed to be known. Then the conditions of intersection of the
region G(x", 0) with the plane perpendicular to the X axis at the depth x in the medium are check while integrating eq. (5)

h(x,x )< R(x'), h(x,x") =%(°6°;‘@, (©6)

where h(x,x") is the distance from point x* on the plane perpendicular to the X" axis to the line of intersection of this plane
with the plane perpendicular to the X axis at the depth x in the medium (see Fig. 3).

Xy

Figure 3. To calculating the depth-dose curve in a semi-infinite medium.

If condition (6) is met, then the contribution of the region G(x",0) to the dose value in the region G(x",0) is
proportional to the chord length L(x,x") (see Fig. 3):

L(x,x)=2-|R*(x") = h*(x,x") - (7)

In accordance with the assumption that the parameters of the Dose-Map object in its eigen coordinate system

[x"y",z"] do not change with a variation of the angle 6, the dose distribution in the medium D,(x",y",z’,8) can be represented
as

N - 'y
D,(x,y,z,0)={7R (x) )
0 yP+z% >R (x")
E(x)= j D,(x,y.z)dS, dS=dydz, ()

G(x)

where R(x) is the radius of the section G(x) of the Dose-Map object. In this case, the contribution 4(x,x",6) from the
region G(x",0) of the Dose-Map object to the region G(x,0) reads
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*

)= E(x") .L(x,x*)

A(x,x =— - .
R (x) sin(6)

)
In (9), the multiplier 1/sin(g) determines the effective area of intersection of the plane perpendicular to the X" axis at
point x* with the plane perpendicular to the X axis at depth x in the medium.

According to (5), the depth-dose curve D(x,) from radiation entering the medium at an angle € is determined by the
relation

Liax * *
D(,6) =, J- E(x) L(x,x ) i

o TR*(x") sin(6) (10)

This relationship can easily be represented as an integral transformation of the depth-dose curve D(x,0) from radiation
entering the medium at an angle 0°.

L

| Dx',0)- LX) e (an

D(x,0) = ! )

- 7sin(@) 3 R*(x

Note that in (11), the dependence R(x) can be any continuous positive function. In particular, when choosing
R(x) = R, > one obtains the model “Cylinder”. If one chooses R(x) = x - tan(a) , the equivalent of the model “Cone” [27] is

obtained. In the present paper, the two-parameter model of the Dose-Map object is applied, R(x)=F(x) (see eq. (4)), and

two-parameter (a,Q) semi-empirical model SEM2U is designed for the depth-dose curve in a semi-infinite medium at a
given incidence angle of electrons on the medium.

Normal dose distribution in cross-sections of the DOSE-MAP object
For a normal dose distribution in the cross-sections of the Dose-Map object, the dependence of the variance o(x) of
the distribution in the cross-sections on the depth x in the medium is assumed to be known. This model uses a dose
distribution in the cross-sections of the Dose-Map of the type of axially symmetric spatial distribution of the Gaussian
type on a plane, i.e.
EGC) i
2707 (x")

D,(x",y\z.0)= ; (12)

E(x) = j D,(x,yz)dS, dS=dydz,

G(x)

where ofx) is the dependence of the variance of the dose distribution in the Dose-Map cross sections on the depth x in the
medium; x”, y’, z” are the coordinates of the Dose-Map object in its eigen coordinate system.

For a normal dose distribution in the cross-sections of the Dose-Map object, the contribution from the region G(x",0)
to the dose value in the region G(x,6)) can be determined by integrating the contributions along the line of intersection of
the plane perpendicular to the X" axis at point x™ with the plane perpendicular to the X axis at depth x (see Fig. 3, dotted
line).

According to the basic assumptions, the Dose-Map object has axial symmetry relative to the direction of incidence
of the radiation particle (axis X*) on the target and in its eigen coordinate system does not change when the incidence
angle of the radiation particle varies. Therefore, one can choose the Z” axis parallel to the dotted line - the intersection of
the planes shown in Fig. 3. Note that with this choice of coordinate system orientation, the ¥ axis is perpendicular to the
intersection line of the planes. In this case, the contribution A(x,x",6) from the region G(x",0) of the Dose-Map object to
the region G(x,0) can be represented as follows

A(x,x",0) = [ D,y 260)dz. (13)

L
sin(@)
Using (12) and integrating in eq. (13), one obtains

—h* (x,x",0)

1 E(x") e 202 (x")
N 27 -sin(6) o(x")

A(x,x ,0)= s (14)

where A(x,x",0) is the distance along the Y~ axis to the intersection line of the planes.
According to (5), for the depth-dose curve D(x,6) from radiation entering the medium at an angle ¢, we have the
relation
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1 Liax D * _hz (xz,x*:H) .
D(x,e) = J' (.X ) e 20°(x) dx . (15)

27 -sin(@) 3 o(x)

In this version of the computational scheme, the dependence ofx) can be chosen as an arbitrary continuous positive
function. However, ensuring a given error in the calculation results requires numerical methods that take into account the
features of the chosen dependence. In the present paper, two-parameter model of the Dose-Map object, o(x)=F(x) (see

eq. (4)) is used, and two-parameter (,Q) semi-empirical model SEM2N is designed for the depth-dose curve in a semi-
infinite medium at a given incidence angle of electrons on the medium.

NUMERICAL STUDY OF TWO-PARAMETER EMPIRICAL MODELS
Study of two-parameter SEM2U model

Software for calculating depth-dose curves using the SEM2U model is developed. The calculation results obtained
using the SEM2U model are compared with those obtained using the “Cone” model. To do this, one has to take the model
parameter Q = 1, and the value of the parameter a is determined by the value of the parameter ® of the “Cone” model,
a = tan(w). For the angles 6 < 60°, when the influence of the medium boundary on the dose distribution in the Dose-Map
object can be neglected, good agreement between the calculation results obtained using these models is observed. It should
be noted that the observed differences are associated only with the error in the numerical integration of the relationships
for calculating the depth-dose curve in a semi-infinite medium.

Figure 4 shows the depth-dose curves in a semi-infinite medium and in a layer with two-sided irradiation. The black
solid curves correspond to the calculations in the “Cone” model and the SEM2U model with the model parameters Q. =1,
0,=0.47. Dotted curves relate to the calculations in the SEM2U model with the model parameters: Q,~1.5, a,=0.53
(curve 1); Qu=1.1, 0,=0.55 (curve 2); Q,=0.9, 0,,=0.40 (curve 3); and Q,=0.5, 0,=0.65 (curve 4). Red solid curves are
calculated in the result of modeling the depth-dose curves using the Monte Carlo method.

D*(x) Polyethylene, 10 MeV, § = 450 D*(x)/D(0) Polyethylene, 10 MeV, § = 450
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Figure 4. Depth-dose curves in a semi-infinite medium (left) and in a layer of optimal thickness
Hopt = 6.06 g/cm? with two-sided irradiation (right).

One can see in Fig. 4, that the selected combinations of model parameter values (Q,a) describe a set of depth-dose
curves for which the value of the optimal layer thickness for two-sided irradiation is fixed. At the same time, the value of
the dose distribution uniformity characteristic DUR in this set varies in a wide range — from 1.1 to 1.5. This confirms that
in the two-parameter SEM2U model, it is possible to select the values of the model parameters in such a way that the
calculated depth-dose curves simultaneously describe two technological characteristics of the irradiation.

Study of two-parameter SEM2N model

Software for calculating depth-dose curves using the SEM2N model is produced. The calculation results obtained
using the SEM2N model are compared with those obtained using the "Cone" model. Figure 5 shows the depth-dose curves
calculated in the “Cone” model (solid curve) for the model parameter value @ = 24.75° [23]. The depth-dose curves
calculated in the SEM2N model with the model parameters: Q, =1, a, = 0.36 (curve 1); Qn =1, oy = 0.09 (curve 2), and
Qn =1, an = 0.23 (dashed curve) are displayed in Fig. 5 for comparison.

One can see from Fig. 5, that the results obtained in the “Cone” model are in good agreement with those obtained in
the SEM2N model for the parameters (Q, =1, o, = 0.23). Note that the results obtained in the “Cone” model coincide with
the results obtained in the SEM2U model for the model parameters (Qu = 1, a,=0.46). Calculations of the depth-dose
curves for different beam incidence angles 6 < 60° show that there is satisfactory agreement between the results obtained
in the “Cone” model and in the SEM2N model, if one assumes that the model parameter Q, =1, and the value of the
parameter a, is determined by the value of the “Cone” model parameter: o, = 0.5*tan(®).

The results obtained from comparing the “Cone” model with the SEM2U and SEM2N models indicate that, at a
qualitative level, there is agreement between the results obtained in the SEM2N model and the SEM2U model. Numerical
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comparison of depth-dose curves calculated using these models demonstrate that the calculation results are in good
agreement for angles 0 < 60° if the model parameters are linked by the following relations: Q, = Q, and o, = 0.5%a.
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Figure 5. Depth-dose curves in a semi-infinite medium (left) and in a layer of optimal thickness
Hopt = 6.06 g/cm? with two-sided irradiation (right).

The depth-dose curves in the layer of optimal thickness under two-sided electron irradiation, calculated in the
“Cone” model and in the SEM2N model, are shown in Fig. 6. The parameter of the “Cone” model is chosen as @ = 24.75°
(solid curve). And for the SEM2N model the following model parameters are chosen: Q, =1, a, = 0.23 (dashed curve),
and Q, =1.1, a, = 0.27 (dotted curve). The depth-dose curve calculated using the Monte Carlo method is presented by
solid red curve for comparison.
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Figure 6. Depth-dose curves calculated for a semi-infinite medium (left) and for a layer of optimal
thickness Hopt = 6.06 g/cm? with two-sided irradiation (right).

One can see in Fig. 6, that the depth-dose curve calculated by the SEM2N model can correctly describe both the
value of the optimal layer thickness and the uniformity of the dose distribution in the layer. This follows from the fact
that the maximum value of the dotted curve is close to the maximum value of the dose in the layer calculated by the
Monte Carlo method, and the minimum value equal to 1 is in the middle of the layer of optimal thickness. Thus, the two-
parameter SEM2N model provides the possibility to calculate a depth-dose curve that can simultaneously describe two
technological characteristics of the radiation sterilization process — the optimal layer thickness and the uniformity of the
dose distribution in the layer.

CONCLUSIONS

The spatial distribution of transferred energy in the volume of a target, initiated by the normal incidence of a point
beam of radiation on the surface of a semi-infinite medium, is used as a basic object (Dose-Map object) for the
development of computer dosimetry models. For a two-parameter approximation of the Dose-Map object, three-
dimensional geometric figures are suggested, whose surfaces are formed by rotating the plots of power functions around
the abscissa axis.

The two-parameter semi-empirical models of the object are designed on the base of two assumptions. First, the
Dose-Map object has axial symmetry relative to the direction of the radiation particle incidence on the target. Second, the
dose spatial distribution is uniform or normal (Gaussian distribution) in the Dose-Map object cross sections at all the depths.

Semi-empirical models SEM2U and SEM2N are developed for calculating the depth-dose curves from radiation
incident on the target at the angle 6. Doing this, the following assumption is applied. The parameters of the Dose-Map
object in its eigen coordinate system do not change with a change in the beam incidence angle 6.

Expressions for calculating the depth-dose curves from radiation incident on the target at the angle 0 are obtained in
the form of the integral transformation of the depth-dose curve known for normal incidence of the radiation beam on the
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target. Software is produced for calculating the depth-dose curves in a semi-infinite medium with uniform irradiation of
the medium surface by the electron beam.

Satisfactory agreement is established between the results obtained using the developed herein semi-empirical models
SEM2U and SEM2N and the results obtained in the semi-empirical model "Cone" and Monte Carlo modeling of depth-
dose curves at different incidence angles of the electron beam on the target.

Examples are provided for which the developed two-parameter models make it possible to simultaneously and
consistently describe two technological characteristics of the two-sided irradiation process: the optimal target thickness
and the dose uniformity coefficient in the target. Consistent data regarding these characteristics allow for the reasonable
choice of optimal electron beam irradiation modes for radiation sterilization.

The present paper describes in detail the procedure of developing the semi-empirical models for calculating the
depth-dose curves of the electron beam in a semi-infinite medium. The described approach to developing the
semi-empirical models can be further applied to developing models for computer dosimetry of other types of penetrating
radiation, for example, bremsstrahlung or gamma quanta, which are widely, used nowadays as penetrating radiation for
radiation technologies.
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HAINIBEMITIPUYHI MOJEJI KEPYBAHHA EJJEKTPOHHAM IIPOMEHEM JIJ151 PAJIALIAHOI CTEPHIIBALIILL
Irop O. I'ipka, Banentun T. Jlazypux
Xapxiscokuii nayionanvHui yHieepcumem imeni B. H. Kapasina, Xapxis, Yxpaina

Jnst mpoBeieH s pajianiifHoi cTeprizamii HeoOXiqHO BU3HAYATH JIOMYCTUMI PEXUMHE OIIPOMiHEHHS, IO 3iHCHIOETHCS 3a OTIOMOT0I0
METOJiB KOMII'IoTepHOT 1o3umetpii. Ha choroaui BUOip ONTUMAaNBEHUX PEKUMIB OIPOMIHEHHS MOYKE IPYHTYBATHCS Ha MOJIEIIAX KPUBOT
3aJIE)KHOCTI 1031 BiJI INTMOMHY NPH Pi3HUX KyTax MaJAiHHS €JIEKTPOHHOTO ITyyKa Ha Iap pedoBHHH. Y Liil poOOTI 11 po3poOKH TaKkux
Mozeneil BUKOPHCTAHO PO3MOALT IepeaaHol eHeprii B 00'emMi MilleHi, iHII[iHOBaHUI HOPMaJbHHM MAAiHHAM TOYKOBOIO Iy4Ka
BUIIPOMIHIOBAHHS Ha MOBEPXHIO HamiBOe3kiHeuHoro cepenoBuina (06'ekt Dose-Map). HamiBemmipuuni mozeni 06'exta Dose-Map
PO3pO0IIeHI Ha OCHOBI JBOX MpHITyIIeHb. OfHA 3 HUX MOJIATA€E B TOMY, IO MillIEHh Ma€ OCbOBY CUMETPIO BiIHOCHO HANIPSAMKY TTaiHHS
YaCTUHOK BHUIPOMIHIOBAHHS Ha MillIeHb. J[pyre mossrae B TOMY, IO IPOCTOPOBHI PO3MOILT T03H € PiBHOMIpHUM a00 HOpMaJbHUM
(posnoxin 'ayca) y monepeunux nepepizax o6'ekra Dose-Map Ha Bcix rimounax. s nBonapameTprdHoi anpokcuManii 06'ekra Dose-
Map 3anponoHOBaHO TPUBHMIpHI reoMeTpudHi (irypH, HOBEpXHi SKUX YTBOPIOIOTHCS 0OepTaHHAM rpadikiB CTEIeHeBUX (YHKIii
HaBKoJIo oci abcuuc. HaniBemnipnaHi Mozeni po3po0iieHi Ha OCHOBI IPHITYIIEHHS, 1110 TapameTpy 00'ekta Dose-Map y Horo BiacHiit
CHCTEMI KOOPJMHAT He 3MIHIOIOTBCS NPH 3MiHI KyTa nmagiHHs npoMeHs. OTpuMaHO BUpa3H ISl pO3paxyHKy KPHBUX TJTMOMHHOT 03U
BiJl BUIIPOMIHIOBaHHS, 1[0 IaJa€ HA MilIeHb IiJ KyTOM 0, y BUIJISIl iHTErpalbHOrO MEPEeTBOPEHHST KPUBOI TMOMHHOI JO3U IS
HOPMAJIBHOTO MaJ(iHHS Iy4YKa BHUIIPOMIHIOBaHHS Ha MilleHb. Po3poOieHo mnporpamHe 3a0es3nedyeHHS Ul PO3PaxyHKY KPHBHX
3aJIeKHOCTI ZI03U BiJl TIMOWHU B HamiBOE3MEKHOMY CEpPEIOBUINI IPH PIBHOMIPHOMY OIIPOMIHEHHI €JIEKTPOHHUM ITy4KOM. TecTOBO
peanizoBaHi aTOPUTMH PO3PAXYHKY KPHUBHX 3aJI€KHOCTI I03H BiJl ITMOWHU BiJl €IIEKTPOHHOTO ITyYKa, IO Ma1a€ Ha MillIeHb il KyTOM
0. BcraHOBIIEHO 33/10BITBHY Y3TOKEHICTh MiX pe3yJIbTaTaMH, OTPUMAHUMH 32 JOIIOMOT0I0 pO3POOIICHHX HalliBEMITIpHYHAX MOIeNeH,
Ta pe3yibTaTaMd MOJENoBaHHS MerogoM MonTe-Kapino KpuBHX 3aJeKHOCTI 03 Bill MIHOMHM NpU Pi3HUX KyTax MaJiHHS
CJISKTPOHHOTO IIPOMEHS] Ha MillleHb. BCTaHOBIEHO X00pY Y3rODKEHICTh MDK pe3yjbTaTaMH, OTPUMaHMMH 3a JIOIOMOTIOO
HamiBeMmnipuynoi Mopxeni "Konyc", Ta pesynpratamu, OTPUMaHHMHU 32 JONOMOTOI0 PO3POOJIEHHMX JIBOHAPAMETPUYHHX
HamiBeMmipuyaux Mmopaeneii SEM2U ta SEM2N. 3a 10moMOrorm 4HCIOBHX METOAIB JOCII/KEHO MOXKIHMBOCTI PO3POOICHHX
JBOMAapaMEeTPUYHUX MOJeNeld Uisi OUIbII MOBHOTO OIMKMCY TEXHOJIOTIYHHX XapaKTepHCTHK IpOLeCy pamialiiHol crepuiizarii.
HaBeneno mpukiagw, ne po3poOJieHi ABOMapaMeTpHyYHI MOAETI AAlOTh MOXJIMBICTH OJHOYACHO OIMMCYBAaTH IBI TEXHOJIOTIYHI
XapaKTEPHCTHKH MPOIECy TBOCTOPOHHBOTO ONMPOMIHEHHS: ONTUMAbHY TOBIIMHY MilleHi Ta KoedimieHT piBHOMipHOCTI 1031 (DUR)
y MillIeHi. Y3ro/pKeHi qaHi o0 X XapaKTepPUCTUK JAal0Th MOXKIIMBICTE OOIPYHTOBAHO BUOHPATH ONTUMAIIBHI PEXUMH OIIPOMIHCHHS
SJICKTPOHHIM IIPOMEHEM IIifl 9ac pafmialiiHol creprmizarii. 3a3HaueHO MOXKIMBOCTI BUKOPHCTAHHS 3aIIPOIIOHOBAHOTO B IIiff CTATTi
MiAX0My MI1 Po3poOKKM HaOOpy HAIiBEMIIIPHYHHX MoJeied KOMITTOTEPHO! 03MMETpil MpOoLECiB ONPOMIHEHHS B pajialiifHuX
TEXHOJIOTisX.
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The challenge of providing safe and clean drinking water requires reliable disinfection methods. Electron beam processing is a
promising technology, but its industrial application is often limited by regulatory constraints, which typically cap the electron energy
at 10 MeV to prevent induced radioactivity. This paper presents a theoretical justification for the radiological safety of using a higher,
sub-threshold energy regime. This paper proposes operating in the 10-15.6 MeV range (using 14.9 MeV as a case study) and demonstrate
that this approach allows for the treatment of significantly thicker water layers compared to the standard 10 MeV regime, while ensuring
radiological safety. A comprehensive numerical model was used to simulate the process, calculating the bremsstrahlung photon
spectrum and the induced activity from potential photonuclear reactions. A quantitative analysis of induced activity was performed
for the main components of water (0, 2H) and typical trace impurities according to Ukrainian standards (DSanPiN 2.2.4-171-10).
The analysis proves that the induced radioactivity is negligible. The primary activation channel on oxygen is energetically forbidden,
and the activity from trace elements is short-lived and falls far below the intervention levels set by Ukrainian radiation safety norms
(NRBU-97). This work provides a strong physics-based rationale that a high-energy, sub-threshold regime is radiologically safe, which
allows for a reconsideration of existing energy limitations in the design of electron beam water treatment facilities.

Keywords: Water disinfection; Electron beam; Bremsstrahlung; Induced activity, Photonuclear reactions;, Computer simulation;
Sub-threshold energy

PACS: 61.80.Fe, 81.40.Wx, 87.55.N-

1. INTRODUCTION

Providing access to clean and safe drinking water is one of the key global challenges of our time and a cornerstone
of public health. Traditional disinfection methods, such as chlorination, while widespread, can lead to the formation of
potentially toxic and carcinogenic organochlorine by-products. Alternative methods, like ultraviolet (UV) irradiation, are
safe but their effectiveness drops sharply in turbid media, limiting their application. In this context, radiation processing
using accelerated electron beams appears to be a promising, fast, and highly efficient technology capable of achieving a
high degree of water sterilization regardless of its optical properties.

A major factor limiting the widespread adoption of radiation processing is the concern over induced radioactivity in
the treated products. For this reason, international and national standards typically limit the maximum energy of electron
beams used for processing food and water to 10 MeV. This limitation ensures the absence of photonuclear reactions in most
light and medium nuclei. However, from a physics standpoint, the penetration depth of electrons is directly dependent on
their energy. At the same time, the primary disinfecting agent in direct electron irradiation is the electron beam itself,
through the formation of highly reactive radiolytic products caused by the ionization and excitation of water molecules.
A detailed description of these processes can be found in foundational texts such as Spinks and Woods [1]. The key
products include hydrated electrons (e,,,), hydroxyl radicals (-OH), and hydrogen peroxide (H>O;), which effectively
destroy microorganisms by damaging their DNA and cell membranes. The secondary bremsstrahlung radiation, however,
is the source of photons that can induce radioactivity, creating a conflict between the desire for greater penetration depth
(high energy) and the strict requirement for radiological safety (low energy).

The purpose of this work is to provide a theoretical justification and quantitative proof, by means of computer
simulation, that using an electron beam with an energy higher than 10 MeV but strictly below the threshold of the
main water activation reaction '°O(y, n)'>0 (15.66 MeV) allows for a significant increase in the treatment depth without
creating radiologically significant induced activity in the water. This paper presents a calculation of the absorbed dose
and a quantitative analysis of possible activation channels for water that complies with the Ukrainian standards DSanPiN
2.2.4-171-10 [2].

Cite as: S.H. Karpus, O.0. Shopen, D.A. Zakharchuk, T.O. Narozhna, East Eur. J. Phys. 3, 431 (2025), https://doi.org/10.26565/2312-4334-2025-3-46
© S.H. Karpus, O.0. Shopen, D.A. Zakharchuk, T.O. Narozhna, 2025; CC BY 4.0 license


https://periodicals.karazin.ua/eejp/index
https://doi.org/10.26565/2312-4334-2025-3-46
https://portal.issn.org/resource/issn/2312-4334
https://orcid.org/0000-0002-1087-9245
https://orcid.org/0000-0003-3158-8081
https://orcid.org/0000-0002-1988-5027
https://orcid.org/0009-0000-3262-9557
mailto:s.karpus@lntu.edu.ua
https://doi.org/10.26565/2312-4334-2025-3-46
https://creativecommons.org/licenses/by/4.0/

432
EEJP. 3 (2025) Stepan H. Karpus, et al.

2. NUMERICAL MODEL AND METHODS

To quantitatively assess the efficiency and safety of the proposed irradiation regime, a numerical model was developed
using the Python programming language (version 3.x) [6]. All mathematical calculations and array manipulations were
performed using the NumPy library [7], and the results were visualized using the Matplotlib library [8]. The model allows
for the calculation of the bremsstrahlung spectrum, absorbed dose, and induced activity in water for a given experimental
configuration.

2.1. General simulation setup

The model utilizes a one-dimensional geometry, representing the dose distribution along the central axis of the beam.
In a practical application, a beam scanning system would be employed to distribute the dose uniformly over the width of
the treatment channel. The simulation follows the passage of a monoenergetic electron beam sequentially through three
media: 1) the accelerator exit window (100 pm thick titanium foil); 2) an air gap (10 cm); and 3) the water target. The
baseline parameters for the calculations were an initial electron beam energy of Ey = 14.9 MeV and a current of I =
1 uA, normalized to a cross-sectional area of § = 1 cm?. The water composition was assumed to comply with DSanPiN
2.2.4-171-10 [2].

2.2. Calculation of physical quantities

The simulation is based on a step-by-step calculation of three key physical quantities: the absorbed dose, the
bremsstrahlung photon spectrum, and the induced activity.

Absorbed Dose. The absorbed dose distribution was estimated using a simplified one-dimensional model. The calcula-
tion is based on the energy deposited by the electron beam, Eq.p, [J], in a given mass layer, m;4y., [kg]. For this first-order
approximation, the fundamental definition of absorbed dose was used [11], with energy loss, dE/dx, based on stopping
power data from the NIST ESTAR database [9]:

Edep _ (dE/dx) -Ax - N, - tirr

Miayer Miayer

D =

where N, is the number of electrons per second, and Ax is the thickness of the water layer. We acknowledge that this
linear model is an approximation valid for thin absorbers and does not account for electron scattering effects. For precise
dosimetry in a thick target, more advanced methods like Monte Carlo simulations are required. However, for the primary
purpose of this paper—the safety analysis—this model is sufficient for a general estimation.

Bremsstrahlung Spectrum. The bremsstrahlung photon flux, @, (E,), was calculated to assess the potential for pho-
tonuclear activation. For this purpose, a conservative estimation approach was adopted. The calculation was based on the
Schiff theory [10], which accurately describes the spectrum from a thin target. This model was applied using the initial
electron energy (Eg = 14.9 MeV), effectively assuming the entire photon flux is generated in a thin layer without prior
energy loss of the electrons.

This approach is intentionally conservative for a safety analysis involving a thick target, such as the water layer. In a
thick medium, electrons lose energy as they penetrate, which ’softens” the resulting bremsstrahlung spectrum, reducing
the fraction of high-energy photons. By using the thin-target Schiff formula for the maximum initial energy, the model
overestimates the flux of high-energy photons responsible for activation. Therefore, if the calculated induced activity is
found to be negligible under this conservative assumption, the actual activity in a real-world scenario will be even lower.

Induced Activity. The rate of formation of the i-th radionuclide, R; [nuclei/s], was calculated based on the fundamental
activation equation, as described in standard texts like Krane [12]:

Eo
Ri =n; / q)y(E,y)O'i(Ey)dEy
Ep
where 7; is the number of target nuclei of type i, ®,, (E, ) is the calculated photon flux spectrum, o (E,) is the cross-section
for the specific photonuclear reaction, and the integration is performed from the reaction threshold energy E;j up to the
initial electron energy Ey. The cross-section data were obtained from the TALYS code [4] and international nuclear data
libraries. The time-dependent activity, A(t), was then calculated using the standard activation and decay equation.

3. RESULTS AND DISCUSSION

Based on the developed model, calculations of the absorbed dose and induced activity were performed for the baseline
configuration of the facility (Eg = 14.9 MeV, I = 1 uA, S = 1 cm?).
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3.1. Absorbed Dose Distribution and Penetration Depth

A key indicator of the radiation processing capability is the absorbed dose distribution as a function of depth in
the target. The calculations, based on the model described in the Methods section, indicate a significant difference in
penetration depth for electron beams with initial energies of 10 MeV and 14.9 MeV.

The model shows that the 10 MeV beam is completely absorbed within a ~5.2 cm layer of water, whereas the
14.9 MeV beam provides effective treatment through a layer of ~7.8 cm. This demonstrates the technical advantage of the
higher-energy regime: it allows for the treatment of significantly thicker water layers in a single pass. It is important to
clarify that this increase in penetration and treatable volume is a direct consequence of the higher beam power (for a given
current) and does not imply a higher energy efficiency per unit mass of treated water. The value of this approach lies in a
significant expansion of technological capabilities. The ability to treat a thicker water layer in a single pass simplifies the
hydraulic engineering of the flow system, potentially eliminating the need for complex weirs or thin-film flow designs that
are necessary for lower-energy beams. This simplifies the overall design and operation of the treatment facility.

The calculated surface dose rate (=2 kGy/s) indicates that a sterilizing dose of 10 kGy, recommended by the IAEA,
can be delivered to the water in a matter of seconds, confirming the high-throughput nature of the electron beam method.

3.2. Radiological safety analysis

To illustrate the underlying principle of the sub-threshold safety regime, the calculated bremsstrahlung photon
spectrum is superimposed with the cross-section of the dominant photonuclear reaction, '°O(y, n)'30, in Fig. 1.

Comparison of Bremsstrahlung Spectrum and Oxygen Activation Cross Section

10 —— Bremsstrahlung Spectrum at 14.9 MeV
2 + @ 150(y,n)1%0 Cross Section
P —-= Reaction Threshold (15.66 MeV)

®
Cross Section (millibarns)
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=

. ‘.»
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Figure 1. Comparison of the calculated bremsstrahlung photon spectrum with the experimental photonuclear reaction
cross-section for 1°0(y, n) 0.

The photon spectrum was calculated using the Schiff theory based on the simulation parameters outlined in the
Methods section: an initial electron beam energy of 14.9 MeV, a current of 1 uA, and a cross-sectional area of 1 cm?,
after passage through a 100 ym titanium accelerator window and a 10 cm air gap. The cross-section data were obtained
from international nuclear data libraries. The lack of significant overlap between the two curves visually demonstrates the
principle of the sub-threshold safety regime.

As can be seen from Fig. 1, the reaction rate, which is determined by the overlap region of the two curves, is
negligible because the photon spectrum effectively ends before the reaction cross-section becomes significantly non-zero.
A quantitative analysis confirms this:

* Activation of Oxygen-16: The induced activity from the formation of 3O is theoretically zero, as the maximum
energy of the electron beam (14.9 MeV) is below the '°O(y, 1)'°0 reaction threshold (15.66 MeV). This primary
activation channel, which is dominant at above-threshold energies, is physically forbidden in the proposed regime.

» Photodisintegration of Deuterium. The *H(y, n)'H reaction (threshold ~2.225 MeV) does occur, generating a fast
neutron flux of approximately 10”7 — 108 n/(s-cm?). It is important to emphasize that this process does not produce
radioactive isotopes in the water (the products are stable protium and a neutron) and thus does not create residual
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radioactivity after the beam is turned off. The resulting prompt neutron field is a standard engineering consideration
for the shielding design of any high-energy accelerator facility.

 Activation of Impurities: A comprehensive safety assessment requires a multi-step analysis of trace elements present
in the water according to DSanPiN standards [2]. Such an analysis involves calculating the absorbed dose and the
resulting time-integrated photon flux, followed by the calculation of radionuclide production for each potential
impurity. The final step is to determine the total and spectral activity at the end of the irradiation cycle and predict
its decay over time.

Following this methodology, a preliminary conservative analysis was performed. It shows that for all relevant
photonuclear reactions, such as Cl(y, n)3*ClI (product Ty, = 32 min) or *N(y, n)!3N (product 7} > = 9.97 min),
the half-life of the produced radionuclide is orders of magnitude longer than the typical water irradiation time (which
is on the order of seconds). Because the irradiation time ;- is much shorter than the half-life 77 ,,, the activity
cannot build up to a significant level, reaching only a minuscule fraction of its potential saturation value. This
comprehensive analysis confirms that for all likely impurities, the induced activity falls many orders of magnitude
below the intervention levels established in the national standard NRBU-97 [3].

4. CONCLUSIONS

Based on the performed theoretical analysis and computer modeling, the following conclusions can be drawn:
A high-energy, sub-threshold approach to radiation-based water disinfection has been proposed and theoretically
justified. It involves using an accelerated electron beam with an energy higher than the standard 10 MeV limit but
strictly below the threshold of the main water activation reaction, '°O(y, n)'>0 (15.66 MeV).
It has been demonstrated through the developed computer model that operating in the proposed regime (using 14.9 MeV
as an example) allows for the treatment of significantly thicker layers of water ( 7.8 cm) compared to the standard
10 MeV regime ( 5.2 cm). This represents an expansion of the technological capabilities for designing single-pass
water treatment systems, rather than an increase in energy efficiency per unit mass.
A quantitative analysis of radiological safety has proven that the induced activity in the water is negligible in the
proposed regime. The activation of the main water component, oxygen, is physically forbidden by selecting an
energy below the reaction threshold. The prompt neutron flux from deuterium photodisintegration is a standard
shielding design consideration and does not cause residual radioactivity. The induced activity from trace impurities is
short-lived and rapidly decays to levels several orders of magnitude below the intervention levels set by the Ukrainian
Radiation Safety Norms.
Thus, the proposed approach is physically justified and has been shown to be radiologically safe. It offers an expanded
technological capability for water disinfection and provides a strong basis for reconsidering the current 10 MeV
regulatory limit in the design and modernization of advanced water treatment facilities.
It is established that for a more detailed assessment of the induced activity in treated water samples, a separate
comprehensive study is required. This future work should include: a) calculation of the absorbed dose and the
corresponding time-integrated photon flux for the specific irradiation regime; b) analysis of the complete list of potential
impurities according to DSanPiN standards; c) calculation of the production rate for each possible radionuclide; and
d) determination of the total and spectral activity at the moment the irradiation is complete, followed by a forecast of
its decay over time.
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3aBanHs 3a0e3nedyeH st 0e3MeYHO0 Ta YUCTOI0 MMTHOI BOJOI0 BHMAara€ HagilHUX MeTofiB Ae3iHdexii. EnekTpoHHO-mpomMeHeBa
00poOKa € MepCrIeKTUBHOIO TEXHOJIOTI€I0, aje ii MPOMHUCIIOBE 3aCTOCYBAHHS YacTO 0OOMeXeHe HOPMAaTUBHIMH OOMEXEeHHIMHU, SIKi 3a-
3BHUYAif 0OMeXYIOTh €Heprilo eleKTpoHiB Ha piBHi 10 MeB nis 3anobiranus ingyKoBaHii pagioakTUBHOCTI. ¥ 1iif cTaTTi MpeacTaBiIeHo
TEOpEeTHYHE OOIPYyHTYBaHHS PaioIoriyHoi Oe3MeKr BUKOPUCTaHHS BUIIOTO, MiATOPOTrOBOTO EHEPreTHYHOrO PeXUMy. Y CTaTTi Mporo-
HyeTbcs podoTa B ianazoni 10-15,6 MeB (na npuxuiagi 14,9 MeB) ta neMoHCTpyeThCS, 10 LieH MijXij 103BosA€ 00pOOIIATH 3HAUHO
TOBCTIIII MIApH BOAY MOPIiBHSHO 3i cTaHAapTHIM pexumoM 10 MeB, 3a6e3neuyioun npu iboMy pajionoriuny 6esnexy. s MojesmoBa-
HHsI TIpoLeCy 0YJI0 BUKOPHCTAHO KOMIUIEKCHY YMCJIOBY MOJEJIb, PO3PAXOBAHO CIEKTP raibMiBHOTO (pOTOHA Ta iHAYKOBaHY aKTUBHICTb
BiJ MOTeHLiAHUX (pOoTOsANepHUX peakuiil. Byjao npoBeneHO KilbKiCHUI aHai3 iHIYKOBaHOI aKTMBHOCTI JUIsl OCHOBHMX KOMIIOHEHTIiB
BOJIM ('60, 2H) Ta TUIOBUX MiKpOEJIEMEHTIB BIANMOBIIHO 10 yKkpaiHchkux cranaaprti (ACaulliH 2.2.4-171-10). Anani3 JOBOOUTb,
IO iHAYKOBaHA pai0aKTUBHICTh € He3HAYHOW. [IepBUHHMI KaHAT aKTUBAL] HAa KUCHI €HEPreTHYHO 3a00pOHEHHMIH, a aAKTHUBHICTD Bi[
MiKpOEJIeMEHTIiB € KOPOTKOYACHOIO Ta 3HAUYHO HMXKUOIO 32 PiBHI BTPYYaHHs, BCTAHOBJIEHI YKpaiHCbKUMU HOPMaMH pafialiiiHoi Oe3nekn
(HPBY-97). Ll po6oTa Hajiae Barome (pi3udHe OOTpyHTYBaHHS TOTO, IO BUCOKOSHEPTeTUIHHMIT ITiIITOPOTOBUIA PEKUM € PafiooriyHO
6e3nevHnM, 110 JO3BOJISIE NEPEVIsIHY TH iCHYI04i eHepreTH4Hi OOMEkeHHs IPU TPOSKTYBaHHI eJIEKTPOHHO-NPOMEHEBUX BOJIOOYUCHUX
YCTaHOBOK.
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In this study, we investigated the morphological properties of nickel (Ni) island-shaped thin films formed on a SiOx/Si substrate using
the electron beam evaporation method. The morphology was examined using Scanning Electron Microscopy (SEM) and Atomic Force
Microscopy (AFM). SEM images were analyzed using ImageJ software to determine the size, density, distribution, and coverage ratio
of the islands. The results showed a strong dependence of island morphology on substrate temperature: at 20 °C, the islands had an
irregular shape with a density of 103 pum™, while at 250°C and 500°C, the islands became more spherical in shape, and their densities
increased to 751.8 and 1212.4 um™2, respectively. AFM analysis confirmed the uniform distribution of the islands and their average
height (15.4 nm). EDS analysis revealed the presence and uniform distribution of Si, O, and Ni elements on the surface. These findings
confirm that substrate temperature is a critical factor in the island formation process.

Keywords: Nickel nanoparticles; Silicon oxide; Electron beam physical vapor deposition; Layer morphology,; Vacuum; Substrate
surface; Nanocatalyst

PACS: 81.15.-z; 68.47.Fg

1. INTRODUCTION

Nickel nanoparticles and thin films possess unique physical and chemical properties that ensure high efficiency and
have a wide range of applications. Specifically, they are effectively used in the synthesis of carbon nanotubes [1],
hydrogenation [2] and oxidation reactions [3], spintronics [4], electronics [5], magnetic devices [6], as well as energy
storage systems [7] and sensor devices [8].

These applications are mainly attributed to the high catalytic activity, thermal and chemical stability, and distinctive
electronic structure of nickel nanoparticles [9]. Nickel nanoparticles embedded in an oxide matrix provide a valuable
platform for in-depth investigation of various physical phenomena. Compared to bulk nickel metal, oxide-supported
nickel nanoparticles exhibit different catalytic activity, stability, and electronic properties [10]. These features are
especially important in heterogeneous catalysis processes [11]. Among the key factors influencing catalytic performance,
the composition of the support material, as well as the size and shape of the nanoclusters, deserve special attention [12].

Research shows that these factors can significantly alter the reactivity and thermodynamic stability of nickel
nanoparticles [12]. Therefore, controlling the size and shape of nickel catalyst particles during their growth process is one
of the key challenges [13]. Currently, buffer layers formed on SiOy substrates play a crucial role in regulating the growth
mechanism of metal nanoparticles. These layers help manage the chemical and physical interactions between the substrate
and metal nanoparticles [14]. At the same time, they contribute to improving the morphological and crystalline structure
of the nanoparticles [15]. Buffer layers based on oxide play an important role in the formation of nanostructured materials.
In particular, nickel nanoparticles grown on a SiOx surface exhibit high dispersion, which facilitates an increase in their
activity [16].

Moreover, these layers play an important role in determining the chemical composition, electronic properties, and
thermodynamic stability of the nanoparticles [17]. The primary objective of this study is to investigate the growth
mechanisms of nickel nanoparticles from the vapor phase via electron beam evaporation on a SiOy buffer layer surface.
This involves examining the formation process of Ni nanoparticles, as well as their morphological and structural
characteristics depending on the substrate temperature. Additionally, the study explores how the synthesis conditions
influence the formation and controllability of the nanoparticles’ properties [18]. The obtained results are expected to
contribute to a deeper understanding of nickel nanoparticle formation within oxide-based buffer layer matrices.
Furthermore, the study aims to identify more efficient ways to control nanoparticle formation processes based on these
mechanisms. The findings will serve as a valuable scientific foundation for applications in catalytic processes and
nanomaterials engineering.

2. EXPERIMENTAL
A monocrystalline Si (111) wafer was used as the substrate. To remove various organic compounds from the surface,
the substrate was first immersed in acetone ((CHs):CO) and methanol (CHsOH) baths at a temperature of 55°C for 15
minutes. It was then rinsed with deionized water and dried under a nitrogen atmosphere. To form an oxide layer on the

Cite as: A.A. Rakhimov, L. Kh. Khudaykulov, A.A. Ismatov, M.M. Adilov, East Eur. J. Phys. 3, 436 (2025), https://doi.org/10.26565/2312-4334-2025-3-47
© A.A. Rakhimov, I.Kh. Khudaykulov, A.A. Ismatov, M.M. Adilov, 2025; CC BY 4.0 license


https://doi.org/10.26565/2312-4334-2025-3-47
https://creativecommons.org/licenses/by/4.0/
https://portal.issn.org/resource/issn/2312-4334
https://periodicals.karazin.ua/eejp/index
https://orcid.org/0000-0002-2335-4456
https://orcid.org/0000-0003-0312-2356

437
Analysis of Temperature-Dependent Surface Properties in the Ni/SiO./Si System... EEJP. 3 (2025)

silicon substrate, it was annealed in a SNOL furnace at 1000 °C for two hours. The thickness of the resulting SiOx layer
was analyzed using a SER-850 model spectral ellipsometer manufactured by SENTECH. Based on the Cauchy layer
model, the measurements showed that the thickness of the SiOx layer was 60 nm.

In the present study, a thin nickel island layer was deposited onto the SiO,/Si substrate via electron beam physical
vapor deposition (EB-PVD). This method enables high-purity film growth under controlled vacuum conditions. The
schematic diagram of the deposition setup used in the experiment is presented in Figure 1.
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Figure 1. Schematic representation of the thin film deposition process via electron beams physical vapor deposition (EB-PVD)

The device is equipped with an electron beam evaporation system (model SEB-06) with a power capacity of 6 kW,
capable of operating with an external voltage of up to 10 kV and an electron emission current of up to 600 mA. A high
vacuum of up to 107 Torr is achieved in the chamber using a turbomolecular pump. This minimizes the contribution of
impurities from the sample and the crucible during the evaporation process. Nickel (Ni) vapor was deposited onto the
substrate surface under a vacuum of 107 Torr, using an electron beam with a current of 30 mA and a voltage of 10 kV for
a duration of 3 seconds.

The surface morphology of the obtained thin films was studied using a Thermo Fisher Scientific (Apreo 2S SEM).
During the investigation, accelerating voltages ranging from 2 kV to 20 kV were used. Low accelerating voltage (2 kV)
was applied to obtain surface morphological images of the sample, while high voltage (20 kV) was used for elemental
composition analysis. SEM images were captured at various magnification levels (from x5,000 to x100,000), allowing
the assessment of film uniformity and the identification of potential structural anomalies on the surface.

3. RESULTS AND DISCUSSION

To evaluate the surface morphology of the samples, scanning electron microscopy (SEM) analyses were performed.
The Image] software was used to determine the size and surface distribution of Ni islands from the SEM images. This
software allows for the identification of individual island areas and quantities within the image, which in turn helps
calculate the island diameter, surface density, and coverage coefficient. Figure 1 shows the SEM images of the Ni island
structure grown on SiO/Si at different substrate temperatures (20°C, 250°C, and 500°C) for 4 seconds. The shape of the
islands was idealized as spherical, and their diameters were determined. The histograms of Ni nanoparticles diameters
were displayed in Figure 1(d-f).

Figure 1(a) shows the SEM image of the surface morphology of the Ni island structure formed at a substrate
temperature of 20°C using the electron beam heating method. It can be seen that the islands have an irregular shape and
are arranged in a way that they are not entirely separated from each other.

The values of parameters such as the diameter, area, surface density, and surface coverage ratio of Ni nanoparticles
obtained from the SEM images (a—c) in Figure 1 using the ImageJ software are presented in Table 1. Using the ImageJ
software for image analysis, the average diameter of the islands was found to be 52.9 nm, and the surface density was
103 um™. These values indicate that at low temperatures, the mobility of metal atoms is limited. As a result, many voids
may form in the structure. For this reason, the islands are unevenly distributed on the substrate and have an irregular
shape.

Table 1. Results of SEM analysis for the size and surface density of Ni island structures grown on the substrate at 20°C,
250°C, and 500°C temperatures.

SiO,/Si temperature (°C) Area (10 pm?) Diameter (nm) Density (um?) Coverage (%)
20 21.9+7.2 52.9 103+0.2 62.70
250 5.814+2.8 27.2 751.8+0.4 43.610
500 2.3+1.2 17.3 1212.4+0.3 28.7
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In Figure 1(b), it is observed that as the substrate temperature increased up to 250°C during the deposition process,
the shape of the islands became more orderly, approaching a spherical form. At this temperature, the mobility of atoms
increases, causing them to start approaching a more energetically stable configuration, that is, transitioning to a shape that
minimizes surface energy. According to the analysis results, at 250°C, the average diameter of the islands decreased to
27.2 nm, and the surface density increased to 751 um™2, with the islands being fully separated from each other and evenly
distributed across the surface.
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Figure 1. SEM images of Ni nanoparticles formed on the SiOx/Si substrate surface at substrate temperatures of 20°C, 250°C, and
500°C and and the histograms of Ni nanoparticles diameters (a, b, s). Scale bar — 500 nm.

In Figure 1(c), at a substrate temperature of 500°C during the deposition process, the size of the islands further
decreased, with the average diameter reaching 17.3 nm and the surface density increasing to 1212 um=. These results
indicate that at higher temperatures, the activation of atomic diffusion leads to an increase in the number of islands and a
decrease in their size.
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Furthermore, the coverage ratio of the islands was found to vary with the substrate temperature. Specifically, the
coverage coefficient was 42.7% at 20°C, 46.3% at 250°C, and 48.9% at 500°C. This indicates that as the temperature
increases, both the density of the islands and the overall surface coverage increase. These analyses confirm that substrate
temperature is a decisive factor in the process of metal island formation.
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Figure 2. Elemental mapping/EDS spectrum of Ni/SiOx/Si

Energy dispersive spectroscopy (EDS) analysis was performed on a sample grown at a substrate temperature of
250°C to determine the chemical composition of the Ni/SiO/Si structure. This analysis allowed for the determination of
the elemental composition in the sample as well as their distribution across the surface.

According to the EDS elemental mapping results, the presence of silicon (Si), oxygen (O), and nickel (Ni) elements
in the Ni/SiO/Si structure was confirmed, and their uniform distribution across the substrate surface was observed.
Specifically, it was noted that nickel nanoparticles and their aggregates were not localized but were almost uniformly
distributed on the sample surface.

The Au element identified in the EDS spectrum was deposited on the sample surface in a very thin (3 nm) layer prior
to analysis. Its purpose is to enhance the SEM image quality and contrast, as well as to improve the electrical conductivity
of the sample. This is a standard practice widely used in SEM analyses. The presence of carbon (C) observed in the
spectrum is mainly explained by the effect of the carbon tape used to attach the sample during the SEM analysis. That is,
the C element is not a constituent part of the sample itself, but is present in the composition due to the technical support
material. Based on the EDS spectrum, the atomic percentages of the identified elements were determined as follows: Si -
70.7%, O - 16.3%, C - 11.2%, Ni - 1.3%, and Au - 0.4%.

It was determined that the main composition of the sample consists of Si and O elements, indicating the dominance
of the SiOy substrate. The relatively small amount of Ni nanoparticles is located in the upper parts of the layer, and it is
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these that play a key role in morphological analysis and determining functional properties. In general, the results of the
EDS analysis, in agreement with the SEM and AFM analyses presented above, qualitatively explained the presence or
absence of foreign impurities, reflecting the elemental composition in the Ni/SiOy/Si structure.

To further assess the surface unevenness of the Ni island structure and the spatial distribution of the islands, Atomic
Force Microscopy (AFM) analysis was conducted. The 3D AFM image (Figure 3) provided detailed information about
the surface topography and roughness of the Ni/SiO/Si sample, which was obtained at a substrate temperature of 250°C.

Figure 3. 3D topographic AFM image for the Ni/SiO/Si sample

The image reveals that the distribution of the Ni islands across the substrate surface is relatively uniform and exhibits
a clear structure. The islands are located close to each other, with some of them not fully separated, forming a dense mass.
This observation aligns with the results from the SEM analysis, showing that the islands exhibit irregular shapes and vary
somewhat in size. The height profile from the AFM image indicates that the surface roughness is relatively stable, with
minimal variations between individual islands. The average height (Rm) of the Ni islands was found to be approximately
15.4 nm. This suggests that the surface relief of the thin film does not have significant differences between peaks and
valleys, and the islands grew at nearly the same height. These findings are consistent with the data obtained from the SEM
analysis, demonstrating that at higher substrate temperatures, Ni islands adopt a more uniform shape and higher density
distribution.

4. CONCLUSIONS

In this study, the morphological characteristics of Ni island-shaped thin films formed on the SiO/Si substrate surface
using the electron beam physical vapor deposition (EB-PVD) method were investigated through scanning electron
microscopy (SEM) and atomic force microscopy (AFM) techniques. Data obtained from SEM images using the ImageJ
software allowed for the determination of the islands' size, surface distribution, density, and coverage coefficient.
According to the results, the geometric parameters and distribution of the Ni islands were directly dependent on the
substrate temperature. At a temperature of 20 °C, the islands exhibited irregular shapes and were located close to each
other, with an average diameter of 52.9 nm and a density of 103 pm™. As the temperature increased to 250°C and 500°C,
the shape of the islands became closer to spherical, their size decreased, and their density increased to 751.8 um and
1212.4 um, respectively. These changes were attributed to the islands striving for a thermodynamically stable state and
minimizing the surface energy. Moreover, AFM images confirmed that the islands were evenly distributed on the surface,
with an average height of approximately 15.4 nm. The elemental composition was determined using EDS analysis, which
showed the presence of Si, O, and Ni elements on the surface, evenly distributed. Thus, the results of the study
demonstrated that the morphology and surface properties of the Ni island structure are strongly dependent on the substrate
temperature.
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AHAJII3 TEMIIEPATYPHO-3AJIEXKHUX IOBEPXHEBUX BJIACTUBOCTEM Y CUCTEMI Ni/Si02/Si IIJT YAC
EJEKTPOHHO-ITIPOMEHEBOTI'O OCA/UKEHHSA
A.A. PaximoB, 1.X. XynaiikyJoB, A.A. Icmatos, M.M. Anijio
Incmumym ionno-nnasmosux ma nazepuux mexuonoeii imeni Y. A. Apigposa, Axaoemis nayx Y3bexucmany
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VY 1mpoMy IOCTiKEHHI MU BHUBYaJIH MOPQOJIOTIYHI BIACTHBOCTI TOHKUX IUTiBOK Hikemo (Ni) y ¢opMi ocTpiBUiB, CPOPMOBAHHX Ha
migknaani SiOx/Si 3a JOIOMOTo METOY eNeKTPOHHO-TIPOMEHEBOTO BHIIAPOBYBaHHS. Mop(hoJIoTio JOCTIIKYBaIn 32 TOTIOMOTOI0
ckaHy 0401 enekrponHoi Mikpockomnii (CEM) Ta aromuo-cunoBoi Mikpockomii (ACM). 306pakennst CEM anHaizyBany 3a JJONOMOTOIO
IIporpaMHoro 3ade3nedeHHs ImagelJ 11 BUSHAUSHHS pO3MipY, IMUIBHOCTI, PO3MOLTY Ta KoedilieHTa MOKPHUTTS OCTpiBIiB. Pesymsrarn
NOKa3aJIi CHJIBHY 3aJIeKHICTh MOpQOoJIOTii OCTPOBIB BiJ TeMneparypy minknaaku: npu 20°C ocTpoBH Majiu HENpaBWIbHY (HopMmy 3
miibHicTIO 103 MM 2, Tomi sik ipu 250°C Ta 500°C octpoBu HaOyBau OibIl chepruHOi (HOpMH, a iX MIBHICTH 301TbINyBaIaCs 10
751,8 ta 1212,4 mxm 2 Binnosigxo. ACM-anani3 niaTBepauB piBHOMIpHHIH PO3IO/iT OCTPOBIB Ta 1X cepentio Bucoty (15,4 um). EDS-
aHali3 BUSBHMB HAsBHICTh Ta piBHOMIipHHUH po3momin enementiB Si, O ta Ni Ha moBepxHi. L{i pe3ymsraté miATBEpIKYIOTH, IO
TeMIIepaTypa MiIKIaIKH € KpUTHIHUM (pakTopoM y mpoueci GopMyBaHHS OCTPOBIB.

Ku11040Bi ci10Ba: HanouacmuHKu Hikeno; OKCUO KPEMHIIO, eleKmpOHHO-NnpoMeHege Pi3utHe 0CA0XHCeHHs 3 Naposoi hasu,; mopgonoeis
wapy, 8aKyym; noepxHs nioOKIAOKU; HAHOKAMALI3Amop
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This work presents a comprehensive theoretical and experimental study of the behavior of nickel impurity atoms in the silicon crystal
lattice. The focus is on analyzing diffusion mechanisms, the energetic characteristics of interstitial nickel atoms, their interaction with
defects and other impurities, as well as the formation of stable clusters within the crystal volume. First-principles quantum
mechanical modeling was employed using the QuantumATK software, applying the Linear Combination of Atomic Orbitals (LCAO)
method and the Local Density Approximation (LDA) exchange-correlation functional. Special attention was given to calculating the
binding energy of nickel atoms in interstitial sites and estimating the activation energy for their migration along various
crystallographic directions ([100] and [010]). The modeling results revealed that nickel atoms predominantly diffuse in interstitial
positions with an activation energy around 0.31 eV, which aligns well with previously reported experimental data. It was found that
interactions of nickel with oxygen, carbon impurities, and point defects have a minimal impact on diffusion processes. However,
interactions with vacancies lead to the formation of stable nickel silicides and cause an increased concentration of nickel near the
surface. The experimental part of the study confirmed the formation of nickel clusters under high-temperature treatments. Scanning
Electron Microscopy (SEM), Secondary Ion Mass Spectrometry (SIMS), and Infrared (IR) microscopy revealed a high density and
uniform distribution of clusters throughout the crystal volume. Cluster sizes ranged from 20 to 100 nm, with concentrations reaching
approximately 10'° cm™. These findings demonstrate that nickel acts as an effective gettering impurity, enhancing the electrophysical
properties of silicon. The results provide valuable insights for optimizing the fabrication processes of high-efficiency silicon solar
cells and microelectronic devices.

Keywords: Nickel; Silicon; Diffusion; Clusters; Interstitial atoms; First-principles; Activation energy; Quantum mechanical
modeling; Gettering, Semiconductors

PACS: 68.37.Rt, 68.37.Ps

INTRODUCTION

Silicon is a key semiconductor material widely used in microelectronics, photonics, and solar energy. The
electrophysical properties of silicon are largely determined by the level of crystalline purity and the presence of
impurity atoms. Of particular importance is the influence of such impurities on the lifetime of minority charge
carriers - a critical parameter that determines the efficiency of solar cells. Transition metals, in particular nickel, form
deep energy levels in the silicon bandgap, acting as recombination centers and reducing the carrier lifetime, which leads
to degradation of semiconductor device performance. At the same time, nickel exhibits pronounced gettering properties,
facilitating the removal of contaminating impurities from the active region, which conversely increases carrier lifetime
and improves photovoltaic parameters.

The present study aims to investigate the behavior of nickel atoms in silicon, their impact on recombination
processes, gettering effects, as well as the stability and durability of silicon structures. Using quantum-mechanical
modeling methods based on first principles, the microscopic mechanisms of interaction between nickel and the crystal
lattice are analyzed, enabling the proposal of new approaches to improve the efficiency and reliability of semiconductor
devices. Previous studies [1-3] and foreign researchers [4-7] have examined the diffusion mechanisms of nickel
impurities, the state of impurity atoms in the lattice, and their influence on the electrical parameters of silicon. The
majority of nickel atoms diffuse in silicon in an electronically neutral state and primarily occupy interstitial positions.
The maximum solubility of nickel atoms is nearly two orders of magnitude higher (see Table 1) than that of other
transition group elements. To deepen the understanding of the diffusion processes of nickel impurity atoms in silicon,
this work performs first-principles calculations of the activation energy of interstitial nickel atoms in the silicon crystal
lattice.

The diffusion coefficient of interstitial nickel atoms depends weakly on temperature and is approximately
~107+ 10" cm?/s. To calculate the diffusion coefficient of nickel in silicon, the equations given in Table 2 can be used.
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Table 1. Solubility of nickel atoms in silicon [2]

State of atoms Calculation formula Solubility at T=1250 °C, cm™
in nodes Nig(T)=10?%-exp(-3.1 eV/KT) 5-1014
. Ni(T)=1.23-10**exp(-1.68 eV/KkT) 7-10'7+10'8
in the internodes NAT) = 1,4x10% exp(-2.3 eV/KT) 710"
Table 2. Diffusion coefficient of nickel atoms in silicon [3]
Temperature range T, °C Calculation formula D, cm?/c
9001300 D(Ni)=2.3-103-exp (-0.47 eV/KT) (3:8) x 10
600900 D(Ni))= (1.69+0.74) x 10 exp (-0.15 eV/ksT) (2+4) x 10

RESEARCH METHODOLOGY

In this work, the behavior of the energy of an interstitial nickel atom in the silicon crystal lattice was studied. For
this purpose, based on first principles, the dependence of the lattice energy on the position of the interstitial nickel atom
was analyzed. Figure 1 shows the primitive unit cell of the silicon crystal.

To calculate the dependence of the lattice energy on the position of the interstitial nickel atom, a minimal region of
the silicon lattice was selected, constructed based on the primitive unit cell. For this, a lattice slice (lattice projection) in
the (100) direction was considered (Fig.2). To form the first coordination sphere around the Ni atom, the cell shown in
Figure 2 was translated in the Y direction (Fig.3).
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Figure 1. Primitive unit cell of the Figure 2. Section of the silicon lattice Figure 3. A silicon lattice cell obtained
silicon crystal in the (100) direction by translating the cut shown in Fig. 2 in

the direction of the Y axis

The position of the nickel atom was considered relative to point O at the center of the obtained cell (Fig.3), so
atoms located farther from this region, which did not belong to the first coordination sphere, were removed (Fig.4).
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Figure 4. Cell and silicon atoms included  Figure 5. Illustration of the OO’ axis Figure 6. Illustration of the CC’ axis
in the first coordination sphere for the (Z-axis direction) along which (X-axis direction) along which various
nickel impurity atom located in the region  various positions of the interstitial Ni positions of the interstitial Ni atom
around point O atom were considered were considered

The lattice energy was calculated for various positions of the interstitial Ni atom along the OO’ axis (direction
along the Z-axis) passing through the center of the formed cell (Fig. 5). The origin of the coordinate system was taken
as the point corresponding to the center of volume O of the considered lattice cell. The dependence of the total energy
on the position of the nickel atom was analyzed along two mutually perpendicular directions: along the OO’ axis
(direction along the Z-axis) and perpendicular to it along the CC’ axis (direction along the X-axis), which also passes
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through the center of the volume of the considered lattice (Fig. 6). The origin along this axis was also taken as the point
corresponding to the center of the volume of the considered lattice.

When examining the energetic behavior of nickel impurity atoms, the most important characteristic is the binding
energy of nickel atoms in the silicon lattice. To determine the binding energy of a Ni atom in the silicon lattice cell, it is
necessary to subtract the total energy of the silicon cell and the Ni atom from the total energy of the system:

Ebinding= Etotal — Esi — Eni

By performing these calculations for each position of the Ni atom within the silicon unit cell, one can obtain the
dependence of the Ni atom’s binding energy as it moves both along the OO’ direction (Z axis) and along the CC’
direction (X axis).

The calculations were carried out from first principles using the QuantumATK software. The molecular orbital
method was employed, specifically the LCAO method (Linear Combination of Atomic Orbitals). To determine the
electronic structure, the exchange-correlation functional Local Density Approximation (LDA) was chosen. The
interatomic interactions were modeled using the PseudoDojo pseudopotential.

To increase the accuracy of the electronic density calculation, the density cutoff parameter of the computational
grid was set to 75 Ry. The k-point mesh was chosen with a density of 4 x 4 x 0 A~', which is an optimal choice for
electronic property calculations.

To study the behavior of the nickel atom during its transition from one cell to a neighboring one, the energy
behavior was considered during movement along two adjacent cells both in the OO’ (OZ) direction and in the CC’ (OX)
direction (Figs. 7 and 8). In the calculations, 12 silicon atoms were fixed, while the movement of the nickel atom was
restricted to only one direction at a time, with the other two directions left free.
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Figure 7. Structure of the considered silicon crystal cell with a nickel impurity atom (colored green) and the direction of nickel atom
diffusion along the OZ axis (a) and view of the cell in cross-section (b). The numbers in the Figure mean the order number of atoms
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Figure 8. Structure of the considered silicon crystal cell with a nickel impurity atom (colored green) and the direction of nickel atom
diffusion along the OX axis (a) and view of the cell in cross-section (b). The numbers in the Figure mean the order number of atoms

Structure optimization was also performed using the Optimize Geometry function of the program. During
optimization, the force tolerance was set to 0.05 eV/A, and the stress tolerance was set to 0.1 GPa [17, 18]. The
maximum number of iterations was limited to 200, and the maximum step size was not allowed to exceed 0.2 A. The
optimization process was carried out using the LBFGS algorithm (Limited-memory Broyden-Fletcher-Goldfarb-
Shanno).

For the optimized structure, the total energy was calculated, which allowed determination of the
thermodynamically stable states of the system and the energetic configurations of the nickel atom in the silicon matrix.
The applied methods provide high accuracy in calculating the electronic and structural properties of the system.

RESULTS AND DISCUSSION
The results of calculating the binding energy dependence of the interstitial nickel impurity atom on its position
along two mutually perpendicular directions are shown in Figures 9 and 10. These graphs show that the activation
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energy, defined as the energy required to transition from one equilibrium position to another, depends on the direction
of movement within the lattice.

During diffusion of the nickel atom along the Z direction, several equilibrium positions appear with energies of
0.26, 0.32, 0.44, and 0.67 eV. The maximum energy required to overcome the barrier (diffusion activation energy) in
this direction is 0.91 eV. During diffusion along the X direction, several equilibrium positions also appear, with
approximately equal energies around 0.31 eV.

The activation energy values obtained from first-principles calculations (0.31 eV) lie between the values of
0.51 eV and 0.15 + 0.04 eV reported in studies [8, 9], respectively.
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Figure 9. Dependence of the binding energy on the position  Figure 10. Dependence of the binding energy on the position
of the Ni atom along the CC’ axis (along the Z direction). of the Ni atom along the X direction.

However, when calculating diffusion parameters in real crystals, it is also necessary to take into account the
influence of impurities (including electrically inactive ones) and point defects that have a significant concentration in
semiconductor silicon under diffusion conditions. These include oxygen, carbon, boron, vacancies, divacancies, and
interstitial silicon.

Since Nj; is in a neutral charge state [7], there is no Coulomb attraction to small dopant impurities (such as boron).

The interaction between Ni; and substitutional carbon (Cs) occurs with an energy of — 0.31 eV [8]. This energy is
comparable to the activation energy of nickel diffusion in pure silicon, so the carbon impurity does not affect diffusion.

The interaction between Ni; and interstitial oxygen (O;) is very weak: the formation energy of the complex
is - 0.07 eV [7]. This trapping energy is significantly lower than the activation energy of interstitial nickel atoms, which
is 0.31 eV for diffusion in silicon [8,9]. Therefore, O; does not impede Ni; diffusion.

In work [7], the interaction of Ni; with intrinsic interstitial silicon atoms (Is{’) and vacancies (V°) was calculated.
The interaction between interstitial nickel and silicon has little effect on nickel diffusion processes in silicon because the
concentration of Is is low [~10%+10'! cm~], and the binding energy is estimated to be 0.07+-0.10 eV [7].

The interaction between Ni; and V°is much stronger [10], since Ni becomes substitutional and forms four covalent
Ni—Si bonds:

Ni; + VO -Nig + 2.60 eV

Such a reaction is highly likely to lead to the formation of chemical compounds—silicides—at the nickel-silicon
interface. The flux of vacancies and divacancies from the silicon lattice volume slows down nickel diffusion and results
in an increased concentration of substitutional nickel near the surface, forming a nickel-enriched layer.

The maximum nickel excess in the surface layer can reach exp(2.6/0.31) = 4x10° times the solubility of nickel in
the lattice (10'® cm). This allows estimating the maximum nickel concentration at the surface to be on the order of
102 cm3. This roughly corresponds to experimental data [11].

During the cooling process after diffusion, the state of nickel atoms can easily change. Nickel, having high
mobility in the silicon lattice, can form complexes with impurities (carbon, oxygen) and with each other, forming
"nickel clusters."

As shown in [9], nickel atoms diffuse in silicon as electronically neutral atoms but with a changed quantum state
(3d84s? —3d'%4s%). According to Hund's rule, nickel atoms thus acquire a more stable state. At the same time, the
atomic radius of nickel decreases from 12.5 nm to 10 nm. This enables nickel atoms to occupy interstitial sites and
move through the interstitial positions without significant deformation of the silicon lattice. Since the size of the
interstitial sites in silicon (12.7 nm) is larger than the radius of the nickel atom, it can be assumed that the cluster
consists of electronically neutral nickel atoms located at interstitial positions in the silicon lattice and additionally
bonded to each other, most likely by metallic-type bonding.
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Based on the above, it can be assumed that electronically neutral nickel atoms in the clusters occupy the nearest
equivalent interstitial positions and form a cubic nickel sublattice similar to the regular silicon lattice, with a lattice
constant approximately equal to that of silicon.

We calculated [12] that the binding energy of nickel atoms to a nickel cluster is AEx = 1.39 eV, and the
concentration of nickel atoms in the clusters is 6 to 8 orders of magnitude higher than the residual nickel concentration
in the silicon lattice.

To verify the formation of clusters and silicides on the surface due to the high nickel concentration, the following
studies were conducted:

Polished silicon wafers of grade KDB-0.5 were used. A layer of pure nickel, 1 um thick, was deposited on the
surface of the samples in a vacuum, followed by diffusion at Tarr = 800+950°C for 30 to 60 minutes, and at
Tairr=1000+1200°C for 5 to 60 minutes in an air atmosphere. The samples were cooled in air at a rate of approximately
50+60°C/sec.

To determine the composition and distribution of nickel clusters, samples with clusters were studied using
scanning electron microscopy (SEM) equipped with X-ray microanalysis, as well as by SIMS and IR microscopy
methods.

During this experiment, it was found (see Fig. 11) that the surface density of nickel clusters is approximately
5x10° to 107 cm™ on the silicon surface and about (4+5) x 10° cm? in the bulk. The distribution of clusters in the bulk is
practically uniform, and their size is less than 0.5 pm (estimated by us to be from 20 to 100 nm), which confirms the
results of studies [13—15].
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Figure 11. Distribution of nickel atoms in the front (1) and back (2) layers of silicon after diffusion from a metallic nickel film
deposited on one surface of the silicon
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Figure 12. Spectrum and composition of clusters of nickel primium atoms on the silicon surface, obtained using a MIRA 3 TESCAN
scanning electron microscope (Field-Emission Scanning Electron Microscope (FE-SEM)).
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Fig. 12, shows the arrangement of nickel atom clusters on the silicon surface obtained using a MIRA 3 TESCAN
(Field-Emission Scanning Electron Microscope (FE-SEM)). To verify that the observed clusters are nickel atom
clusters, we studied their composition using the method (energy dispersive X-ray spectroscopy EDS).

Additional thermal annealing at relatively low temperatures should lead to the redistribution of isolated interstitial
nickel atoms and to the growth of cluster sizes. The additional thermal annealing was carried out at 7, = 700+900 °C
for 30 to 60 minutes in an air atmosphere. The cooling rate of the samples after annealing was not significant. The
increase in cluster size makes it possible to study nickel clusters in silicon using infrared microscopy (on the INFRAM-I
microscope).

As seen in Fig. 13, the nickel atoms introduced by diffusion are present in the lattice as clearly visible clusters,
uniformly distributed throughout the crystal volume, which confirms the results of [16-18].

The cluster size depends on the presence of defects in the silicon lattice and the conditions of additional thermal
treatment (degree of supersaturation). Based on the results of infrared microscopy, it can be concluded that the average
cluster diameter increases to several microns after annealing, and the cluster concentration is on the order of ~10'" cm™.

INFRAM-I

Figure 13. Clusters of impurity nickel atoms in the silicon lattice

CONCLUSION
As a result of the conducted study, it was established that nickel atoms in silicon predominantly diffuse through
interstitial positions with the lowest activation energy along the crystallographic direction [100], with a value of
0.31 eV. It was found that at high nickel concentrations under thermal treatment conditions, stable clusters are formed,
uniformly distributed throughout the crystal volume. These results confirm the important role of nickel as an effective
gettering impurity and as a basis for controlling the recombination properties of silicon structures.
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JOCJIIKEHHS ITOBEJITHKHA ATOMIB HIKEJIEBOI ITPUMICI B KPUCTAJITYHIN PIIIITI[I KPEMHIIO
HA OCHOBI NEPIIUX NPUHIIUIIIB
Baiipam6aii K. Icmainos?, Kanaroaii A. Icmainos?, Hypysia @. 3ikpiiacs®, Aragex E. Aramypartos®,

Cepriii B. Koemnikos®, 30ip T. Kemxxaes?®, Maxkam M. Xauisutoes®, Ilapaxar K. JlitimGeros?
“Kapakannaxkcokuii Oepacagnuil yHisepcumem imeni bepoaxa, Y36exucman, 230112, Hyxyc, eyn. Y. A6diposa, 1
dTawkenmceokutl OeporcasHuti mexuiunuil yHigepcumem, Y3oexucman, 100095, Tawxenm, gya. Yuisepcumemcoka, 2
¢Vpeenucokuii 0epacasnuti ynisepcumem, 220100, gyn. X. Onimocana, 14, Ypeenu, Ysbexucman
Ils pobGora mpexnctaBise BceGiuHE TEOpETHUHE Ta EKCIICPHMEHTAJbHE JOCHIUKEHHS IIOBEIIHKH aTOMIB HIKeJIeBOI IOMIIIKHA B
KpHUCTaNi4yHill pemnitTii KpemHito. OCHOBHa yBara NPUAUIIETBCS aHaNi3y MeXaHi3MiB anuQy3ii, eHepreTHYHHX XapaKTEePUCTHK
MDKBY3JIOBHX aTOMIB HIiKello, X B3aeMofil 3 nedexkTaMy Ta IHIIUMH JOMIIIKAMH, a TaKOX YTBOPEHHIO CTAOLIBHHMX KJIACTEpiB y
o0'emi kpucrana. Jlnst MOAENIOBaHHS 3 IEPIIONPUHIMIHUM IJIXOAOM 3aCTOCOBYBAJOCS KBAaHTOBO-MEXaHIYHE IpOrpaMHe
3abe3neyenus QuantumATK i3 BukopucTaHHSM MeTOy JiHiHHOT KoMOGiHail atTomuux opbitaneit (LCAO) ta dpyHKiionany oOMiHy-
Kopewii JiokanbHOI rycTiHr (LDA). OcobnuBy yBary OyJio IpUAUIEHO PO3PaxyHKY HEprii 3B’ 3Ky aTOMiIB HIKENIO Y MXKBY3JIOBHX
MOJIETIOBAHHS MOKA3aJIy, [0 aTOMHU HIKeI0 NepeBaKHO IH(PYHIYIOTh Y MIXBY3JIOBUX IOJOKCHHSX 3 €HEPri€l0 akTUBALil OJIM3bKO
0,31 eB, mo nobpe y3rokyeThes 3 paHille OIyOJIIKOBAaHUMH SKCIICPHMEHTAIbHUMHA JTAaHUMH. BHSBIICHO, 10 B3a€MOJisS HIKETIO 3
KHCHEM, BYTJICLEBUMH JOMIIIKaMH Ta TOYKOBUMH JeeKTaMH Mae He3HayHWi BIUIMB Ha mpouecu mudysii. Onnak B3aemonis 3
BaKaHCIsIMU NPU3BOAUTH 10 YTBOPEHHS CTAOLIBHUX CHJIILUJIIB HIKENIIO Ta 30UIBIICHHS KOHIEHTpalLil HiKeJIo MOoONN3y IOBEPXHI.
ExcriepuMeHTanbHa 4YacTHHA MOCTIDKCHHS MiATBEpAMIa YTBOPSHHS KJIACTEPiB HIKENIO MPHU TepMiuHid 0OpoOIi 3a BHCOKHX
Temreparyp. MerogamMu ckaHyo4doi enektpoHHol Mikpockomii (SEM), BropunHOi ioHHOiI Mac-crektpomerpii (SIMS) Ta
indppauepsonoi (I4) mikpockomii 6yi0 BUSBIEHO BUCOKY IIUIBHICTD 1 pIBHOMIpHHI PO3MO/LT KIaCTEPIiB 110 BCbOMY 00’ €My KpHCTaa.
Po3mipu kmactepis BapitoBanucs Bix 20 mo 100 HM, a koHUEHTpauii gocsranmy npudamsao 10'° cm 3. Li pe3ynpraTu 1eMOHCTPYIOTD,
[0 HIKeJb BUCTYNAE K ¢(EeKTUBHA TeTTEPyIOYa JOMIIIKa, MOKPAIIYIOUH eleKTpo(di3udHI BIACTHBOCTI KpeMHito. OTpuMaHi JaHi €
LIHHUM BHECKOM JJI ONITHMIi3amii TEXHOJIOTIYHHX IIPOLECIB BUTOTOBJICHHSI BUCOKOS()EKTUBHUX KPEMHIEBUX COHSYHHX €JIEMEHTIB Ta

MIKPOEIEKTPOHHUX TIPHCTPOIB.
KurouoBi cioBa: wikenn, kpemuitl; ougysis,; kiacmepu,; Midcey3nosi amomu; NepuionpuHyunte MoOeIo8anHs, eHepeis akmusayii;
K6aHMOBOMeXAHIUHE MOOENIO6AHHS, 2eMmMepySanHts; HaniGnpogiOHUKY
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It has been established that doping silicon with nickel in the temperature range 7' = 1000-1250°C makes it possible to almost
completely suppress the generation of thermal donors during thermal annealing in the temperature range 7 = 100+700°C. It has been
established that impurity nickel atoms form clusters and precipitates in silicon that absorb oxygen atoms. The most effective
technological method for producing silicon with stable electrophysical parameters has been proposed. The proposed method for
gettering uncontrolled impurity atoms can be used in the production of various electronic devices, especially in the development of
efficient silicon-based solar cells.

Keywords: Diffusion; Cluster,; Nickel; Oxygen; Thermal donor; Silicon

PACS: 78.30. Am

INTRODUCTION

Impurity nickel atoms, unlike other elements of transition groups, have not only the highest diffusion coefficient in
silicon, but also high solubility in the crystal lattice (Ny; ~ 10'® cm™) [1,2]. However, the maximum concentration of
electroactive impurity nickel atoms is less than ~ 0.1% of the total solubility of atoms at a given temperature, which
means that the bulk of impurity nickel atoms in silicon are in an electrically neutral state.

The authors in [3-8] showed that some of the nickel atoms located in the interstices of the silicon crystal lattice can
form impurity clusters and precipitates. The structure, size and distribution of the formed clusters are mainly determined
by the defectiveness of the original silicon, the conditions of diffusion doping, the cooling rate after diffusion annealing,
as well as the temperature and time of additional thermal annealing.

This work is devoted to the study of the electrophysical parameters of silicon doped with nickel impurity atoms at
various temperatures, as well as its behavior during additional heat treatments in a wide range of temperatures (in which
intensive generation of thermal donors occurs) and time.

MATERIALS AND METHODS

Single-crystalline silicon, grade KDB-1, grown by the Czochralski method of p - type conductivity with a boron
concentration of N ~ 2-10'> ¢m™ was chosen as the starting material. The size of the samples was 1x5x10 mm®. The
concentration of residual oxygen in the studied silicon samples was No; ~ 6-10'7 cm™, the dislocation density S ~ 10° cm™.

Ni diffusion was carried out from a layer of pure metallic nickel deposited on the surface of a silicon sample, both
in open air and in evacuated quartz ampoules up to P ~ 10 atm. in the temperature range 7 = 1000+1200°C. The
diffusion time was chosen in such a way as to ensure a uniform distribution of nickel atoms in the volume of silicon. In
separate ampoules, control silicon samples, without nickel admixture, were annealed under similar conditions in order
to evaluate the effect of diffusion annealing on the electrical parameters of the original silicon samples. After diffusion
annealing, the silicon samples were ground off on all sides by 5+10 um to remove the surface layer enriched in nickel,
and then etched by 5+7 um with an alkaline etchant. Mechanical and chemical treatment of all samples was carried out
under identical conditions. The electrical parameters of the samples were measured by the Van der Pauw method using
an ECOPIA HALL HMS-3000 installation.

Table 1 shows the electrical parameters of silicon samples before and after diffusion of nickel impurity atoms at
various temperatures and a duration of 120 minutes. As can be seen from the experimental results, samples doped with
impurity nickel atoms at 7 = 1220 °C practically retain their original electrical parameters, that is, no significant
changes in parameters are observed in them, and in control samples annealed under the same conditions, but without
impurity nickel atoms, resistivity increases 30 times

These experimental results show that at this thermal annealing temperature 7= 1220 °C the generation of thermal
donors occurs, bound by oxygen atoms in the silicon lattice, and the concentration of thermal donors reaches
(Ng>2-10% cm), which is in good agreement with the results of the work [9-12].
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As can be seen from Table 1, with a decrease in the diffusion annealing temperature, the resistivity of the control
samples increases significantly (by 3 and 4 orders of magnitude) and reaches p = 4-10* and p = 2-10° Q-cm at annealing
temperatures 7 = 1170 and 1120°C, respectively. At the same time, in samples doped with impurity nickel atoms, the
electrical parameters practically do not change. These experimental results make it possible to determine the optimal
conditions for doping silicon with nickel, which almost completely suppress the generation of thermal donors.

Table 1. Electrical parameters of control and nickel-doped silicon samples at different diffusion temperatures

Before diffusion Diffusion mode After diffusion
= p, 1, T,°C t, Impurity = P, 1,
= Q-cm cm?/V-s min = Q-cm cm?/V-s
5 Time El
no. % —g
g g
° Resistivity | Mobility | Temperature ° Resistivity Mobility
o =3
= Control &
P 9.8 317 120 Ni )4 9.2 354
1 P 10.3 319 1220 120 Ni )4 8.3 325
P 10.1 285 120 Control n 295 1075
P 9.5 355 120 Ni )4 9.1 370
2 P 10.4 327 1170 120 Ni )4 9.75 335
P 10.2 332 120 Control n 4-104 1052
P 10.8 335 120 Ni )4 9.2 279
3 P 9.6 322 1120 120 Ni )4 9.9 314
P 9.3 325 120 Control i 2:10° 505
P 10.2 270 120 Ni )4 9.75 315
4 P 10.5 290 1070 120 Ni )4 9.42 306
P 9.7 297 120 Control p 11.5 295
5 P 40.3 338 1170 120 Ni )4 45.5 340
P 39.6 345 120 Control n 1.5-10° 1130

Ni — nickel doped silicon samples, C — silicon control samples

The electrical parameters of the samples doped with nickel impurity atoms and the control samples annealed at the
annealing temperature 7= 1070°C do not differ significantly. This may be due to the fact that the concentration of
thermal donors at this temperature and annealing time will be noticeably lower than the concentration of holes in the
original samples. The results showed that in this case, the control silicon samples change their type of conductivity, that
is, they become n - type with a resistivity of p ~ 1.5-10° Q-cm.

From an analysis of the research results, it was established that the influence of impurity nickel atoms on the
generation of thermal donors does not depend on the conditions of nickel diffusion (in air or evacuated quartz
ampoules).

In this regard, at the next stage of work, higher-resistance silicon samples of p and n type conductivity with
different resistivity values were used as the starting material (Table 2).

Table 2. Technological parameters of the nickel alloying process.

.. e Ni diffusion Diffusion | Heat treatment parameters | Changing parameters after heat
Parameters of the original silicon . e
temperature time after diffusion treatment
P, o, t, o t, o8
Typc? . Q-cm T,°C min T,°C hour Q-cm © %
conductivity Resistivity Temperature Time Temperature Time Resistivity | Life time change
n <10 1100+1150 15+20 100+700 t=1+20 11+13 does not change
n <40 1060+1100 25 100+600 t=1+20 41+46 +0++12
n <100 1050 30+35 100+500 t=1+20 97+105 +0++16
p <10 1150+1100 15+20 100700 t=1+20 8+12 little changes
p <40 1100+1050 20+25 100700 t=1+20 43+48 +16 ~+19
p <100 1050-1000 30+35 100500 t=1+20 97+-106 9+16

Table 2 shows the main technological conditions for doping with nickel impurities, under which the original
electrical and recombination parameters of silicon are preserved after the diffusion process and after subsequent thermal
annealing.
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It has been established that the electrical and recombination parameters of silicon samples with nickel clusters
remain unchanged during additional thermal annealing for a time ¢ = 1+20 hours in a wide range of heat treatment
temperatures (7 = 100+700°C).

a)

all elements

1. 8i weight, %e.
2. Ni weight, %

weight %
1

LR L L L L B |
120 130 140 150 160 17
um

b)
Figure 1. Distribution of nickel atoms on the surface of silicon samples
a) clusters of nickel atoms on the silicon surface, b) elemental composition of silicon doped with impurity nickel atoms

Analysis of the research results showed that electrically neutral nickel atoms in silicon are involved in the
formation of clusters (Fig. 1), the size of which is on average 1+10 um and depends on the diffusion temperature and
the cooling rate after diffusion annealing.

The composition of such clusters was studied using energy-dispersive X-ray spectroscopy (EDS). In Fig. 2
presents the results of these studies.

Spectrum 43

Wt.% ()
JLE o4
7.7 0.4
75 0.2

Spectrum 41

Spectrum 43

Spectrum 44 Spectrum 49
Spectrum 47

a)

Figure 2. a) image of the surface, and b) elemental analysis of the surface of silicon doped with impurity
nickel atoms at the “Spectrum 43” point

As can be seen from Table 3, the clusters consist of silicon, nickel and oxygen atoms. On average, the content of
elements in them is: silicon atoms - 60%, nickel atoms - 3%, oxygen atoms - 11%. Based on these research results, it
can be argued that impurity nickel atoms getter oxygen atoms when forming clusters. This means that clusters are a
region of silicon enriched in nickel and oxygen atoms.

As is known from the literature, oxygen atoms in silicon are a source of thermal donors and also act as
recombination centers [13]. This behavior is clearly manifested in control silicon samples (without nickel impurities).
Thus, it can be assumed that electrically neutral nickel atoms form clusters that capture and retain a significant
concentration of oxygen atoms and other uncontrolled impurities, and suppress the generation of thermal donors, which
in turn ensures the stability of electrical parameters and recombination properties during various heat treatment
processes [14-18].
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Table 3. Result of elemental analysis of a sample of silicon doped with nickel atoms!

Element Type line Weight, % c, % Atomic, %
Si K series 71,3 0,4 59,9
(0] K series 7,7 0,4 11,3
Ni K series 7,5 0,2 3,03
CONCLUSIONS

From the analysis of the research results, it can be stated:

1. Impurity nickel atoms in the silicon lattice are mainly in electrically neutral states, easily forming clusters and
precipitates.

2. Clusters of impurity nickel atoms can act as active getter centers for oxygen atoms and other impurities in
silicon, thereby significantly suppressing the generation of thermal donors and other recombination centers in the
silicon lattice.

3. The experimental results obtained show that the presence of impurity nickel atoms in silicon leads to
stabilization of the initial electrical parameters of the samples, regardless of the type of conductivity and the
concentration of the initial impurity boron and phosphorus atoms.

4. The optimal thermodynamic conditions for obtaining silicon samples with clusters of impurity nickel atoms and
electrical parameters that are stable during heat treatment have been determined.
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JTOCIIKEHHSA BIUIMBY HIKEJIIO HA TIOBEATHKY TEILIOBUX JJOHOPIB Y KPEMHIT
Baiipam6aii K. Iemaiinos®*, Hypysia @. ikpusiaes®, Kanar6aii A. Iemaiiiios?, Xaiiparain Y. Kamanos?,
Aunnodepai K. Canapos?

“Kapakannakcokuii oepacashutl ynisepcumem. 1 u. Abdirov st., Hykyc, Kapaxannaxcman 230100, Y36exucman
bTawxenmcvkuil OepoicasHuti mexuiunuil yuigepcumem, Y36exucman, 100095, m. Tawxenm, eyin. Yuieepcumemcoka, 2
“Vuisepcumem 6iznecy i nayxu, eyn. Axxaboe MFY 'asxap, 1, Tawkenm, Y36exucman
BcranoBneHo, 1o JeryBaHHs KpeMHifo HikeneM B intepBaini temmeparyp 7 = 1000+1250 °C 1no3Bojisie MpakTUYHO IMOBHICTIO
MPUAYIINTH TEeHEPALil0 TEPMOAOHOPIB MiA Yac TepMidHOrO BiAmamy B iHTepBami temmeparyp 7 = 100+700 °C. BcranoBneHo, 1o
JOMIIIIKOBI aTOMH HIiKEJII0 YTBOPIOIOTH y KPEMHIi KJIaCTEepU Ta OCalH, sKi MOTIMHAIOTh aTOMH KHCHIO. 3allpOTIOHOBAaHO HAaWOUIBII
e(eKTHBHUI TEXHOJIOTIYHUII CIIOCi0 OTPHMAHHS KPEMHIIO 31 CTaOUIBHUMHU EJICKTPO(I3HIHUMHU IapaMeTpaMH. 3alpONOHOBaHUM
METOJ] TeTepyBaHHS HEKOHTPOJIHOBAHHX IOMIIIKOBHX aTOMIB MOXe OyTH BUKOPHCTaHUH y BHPOOHMIITBI PI3HHX EJIEKTPOHHUX
MIPUCTPOIB, OCOOIMBO MPH PO3poOI ePEeKTHBHUX COHSIUHHX SJICMEHTIB HA OCHOBI KPEMHIIO.

KumouoBi cioBa: oughysis, knacmep; nikenv, Kucenb;, mepmoOOHOp, KPeMHill
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A simulation study utilizing SCAPS 1-D software was conducted to explore the effects of an additional P3HT (Poly 3-hexylthiophene)
layer on the performance of bulk heterojunction polymer solar cells, specifically with the active layer P3HT: ICe0BA. The investigated
cell structure is ITO/PEDOT:PSS/P3HT/P3HT:ICcoBA/ZnO NPs/Al. Following the standardization of the software, we determined the
optimal parameters of the solar cell structure by analyzing various factors influencing cell performance across different layers.
Subsequently, after optimizing the structure, the power conversion efficiency (PCE) improved significantly, rising from 5.18% without
additional layer to 15.26% with additional layer.

Keywords: Bulk heterojunction polymer solar cell; Fullerene; SCAPS 1-D; Active Layer; ETL; HTL

PACS: 84.60.Jt; 81.05.Lg; 07.05.Tp

1. INTRODUCTION

A polymer solar cell (PSC) is an organic solar cell that utilizes polymers as the primary component for converting
sunlight into electrical energy. The operation of PSCs relies on photoinduced charge transfer between a donor (the
polymer) and an acceptor, typically a fullerene derivative. When exposed to sunlight, excitons are generated within the
polymer, which then separate into electrons and holes at the donor-acceptor interface. These charge carriers are
subsequently collected at the electrodes, producing an electric current. Key characteristics of PSCs include their ease of
fabrication, adaptability, and low production costs. Additionally, they can be made partially transparent. However, a
significant limitation is their relatively low power conversion efficiency (PCE), comparable to that of traditional silicon
solar cells. While PSCs hold environmental advantages, they often exhibit lower stability and increased susceptibility to
environmental changes.

Polymer solar cells (PSCs) can be broadly categorized into four main types: tandem PSCs, bulk heterojunction PSCs
(the most prevalent and favored type), single-layer PSCs, and bilayer PSCs. These solar cells find applications in wearable
technology, portable electronics, integrated photovoltaics, and energy harvesting for the Internet of Things. One of the
key materials used in bulk heterojunction (BHJ) polymer solar cells is poly(3-hexylthiophene) (P3HT), which is notable
for its high hole mobility, environmental stability, and extended absorption in the red region. Consequently, [6,6]-phenyl-
C61-butyric acid methyl ester (PCBM), a soluble C60 derivative, has emerged as one of the most widely utilized organic
semiconductors for acting as an electron acceptor [1-3]. P3HT:PCBM solar cells have demonstrated an open circuit
voltage (Voc) of approximately 0.6 V [4], attributed to the low LUMO energy levels of PCBM, which is around -3.8 eV.
In 2009, a novel C60 derivative named indene-C60 bisadduct (IC¢BA) was introduced, and due to its higher LUMO
energy levels of approximately -3.74 eV, ICsBA has increasingly replaced PCBM as the preferred acceptor material in
these solar cells [14]. This substitution has resulted in improved efficiencies and a higher Voc of about 0.84 V [5-9]

Bulk heterojunction organic solar cells (OSCs), in which the donor and acceptor materials are combined to form the
active layer, were first proposed by Yu et al. in 1995. Since the introduction of this bulk heterojunction (BHJ) structure,
the power conversion efficiency (PCE) of BHJ OSCs has significantly improved, rendering it a promising technology.
Heeger and colleagues [10] were the first to utilize the BHJ structure for polymer-fullerene blends. Subsequent research
revealed that increasing the diameters of the donor and acceptor domains through various additive techniques leads to
enhanced performance [11,12]. In an effort to improve results and address the limitations associated with the poly(3-
hexylthiophene) and [6,6]-phenyl-C61-butyric acid methyl ester (P3HT:PCBM) blend, which exhibits a relatively low
open-circuit voltage (Voc) of 0.6 V, Li et al. demonstrated the use of indene-C60 bisadduct (ICs0BA) as an electron
acceptor in BHJ PSCs [13]. This P3HT:IC¢BA combination resulted in higher PCE values and an increased Voc of
approximately 0.84 V [14,15]

In this study, the solar cell comprised of P3HT:ICsBA (poly(3-hexylthiophene): (indene-C60 bisadduct) was
simulated using SCAPS 1-D Software [16]. The simulation software was standardized by comparing the simulated output
with experimental data [17]. In the numerical simulation of the polymer solar cell (PSC), the hole transport layer (HTL)
is represented by PEDOT:PSS, the active layer by the fullerene blend P3HT: ICsBA, and the electron transport layer
(ETL) by ZnO nanoparticles (ZnONPs). Aluminum (Al) and indium tin oxide (ITO) serve as the electrode materials in
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this structure. The performance of a polymer solar cell with P3HT: IC¢BA as the active layer is improved when P3HT is
added as an extra layer. Based on previous investigations, the operational performance and efficiency of the device were
augmented to 26.5% through the incorporation of an ultrathin P3HT polymeric layer serving as an interfacial medium
between the hole transport material and the perovskite layer [18]. In order to effectively separate and collect charges,
P3HT helps to increase the mobility of electrons and holes, which adds to improved charge transport qualities. It assists
in maximizing the open-circuit voltage and current density by maximizing energy level alignment at the heterojunction
interface [19,20]. P3HT can improve the active layer's structural ordering and crystallinity, resulting in bigger crystal
domain sizes that strengthen the interpenetrating network necessary for efficient charge transfer [17]. Furthermore,
P3HT's solubility in common solvents makes it possible to use simple solution-processing processes, which increases the
layers' scalability and compatibility with a range of production methods [21]. All things considered, these characteristics
help the solar cells' power conversion efficiency to rise noticeably. To the best of our knowledge, this is the first simulation
study reporting the impact of using P3HT on Polymer solar cell with P3HT:ICsBA as active layer. In this simulation, we
specifically investigated the impact of adding P3HT layer to the structure above.

2. DEVICE SIMULATION METHODOLOGY

The one-dimensional Solar Cell Capacitance Simulator (SCAPS) version 3.3.08 was employed as the numerical
simulation tool in this investigation. This software is capable of solving both optical and electrical models throughout the
entire configuration. We utilized a 1.5 AM spectrum for illumination. Previous simulations have focused on various types
of solar cells, including perovskite, fullerene, non-fullerene bulk heterojunction (BHJ), and tandem solar cells (Abdelaziz
et al., 2019, 2020; Gupta and Dixit, 2018; Bahrami et al., 2019). The application allows users to modify parameters and
select the desired output across its various panels. Additionally, the software numerically solves Burgelman et al.'s generic
semiconductor equations to obtain a steady-state operating point solution [16]

Equations foundational to semiconductors, including the Poisson equation, continuity equations, drift equations, and
diffusion current equations, are used to efficiently evaluate the electrical performance of electronic devices when
stimulated. The stimulation can take the form of heat energy, photons, or voltages. This indicates that we can compute
the electrical performance of the devices and analyze their [-V characteristics using these equations. Consequently, these
equations provide a theoretical basis for interpreting and assessing the measured performance of the devices. Furthermore,
they can be employed to reduce experimental labor costs and to evaluate and predict the performance of new device
structures, potentially leading to significant savings in both time and money.

They can be applied to streamline mathematical analysis and determine the ideal device structure parameters. The
local microscopic behaviour of the material is described by these differential equations. The local electric field change
resulting from the volumetric charge density at a particular location within a material is described by the Poisson equation
[Equation 1]. The conservation of electrons and holes at a specific place in the material is expressed by the continuity
equations [Equation 2]. In this instance, an electric field (drift current) or a concentration gradient (diffusion current) is
driving the electron and hole currents [Equations 4-5]. [22]

et =g (p—n+ Np-Na + 2L, (1)
G- @
-%—Up-i—G:z—zZ, (3)

In=-tan e, )
Jp=+HR 2 (5)

In the abovementioned equations, the charge is denoted by q, and the electrostatic potential is denoted
by Y. The symbols p, n, stand for free holes and electrons, respectively. lonised donor-like and ionised acceptor-like
doping concentrations are denoted by Np and Na. Here, € signifies absolute permittivity, while €y denotes permittivity in
free space. The terms Jn and Jp signify electron and hole current densities, respectively, whereas Un denotes electron
recombination rate. G is the generation rate, while Up is the rate of hole recombination. In contrast to what has been
described so far, Er, and Er, stand for the electron and hole quasi-Fermi levels, whereas n and p indicate the electron and
hole mobility, respectively

The glass substrate/ITO/PEDOT: PSS/P3HT:1Cs0BA/ZnONPS/Al simulated bulk heterojunction structure is shown
in Figure 1. The simulation's material properties, such as electron affinity (), bandgap energy (Eg), and relative
permittivity (&), are displayed in Table 1. Hole and electron mobilities are pp and pn, respectively. Donor and acceptor
densities are denoted by Np and N, respectively. The effective densities of states in the valence and conduction bands
are denoted by Nv and Nc, respectively, while the defect density is represented by Nt. 4.8 and 4.2 eV are the settings for
the anode and cathode work functions, respectively. The capture cross section for holes and electrons is set to 1x1072° ¢m?
across all layers, and the thermal velocity is set to 107 cm/s.
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The four primary output parameters of a solar cell are power conversion efficiency (PCE), fill factor (FF), short
circuit current (Jsc), and open circuit voltage (Voc). The necessary material parameters for simulation and absorption
spectra have been compiled from the literature [16,17, 21-35]. A comparison analysis of the simulated and experimental
data for SCAPS 1-D calibration is presented in Table 2. Additionally, Figure 2 illustrates the simulated polymer solar cell
structure with additional P3HT layer.

ZnONPS [ETL
PEDOT :PSS [HTL

Glass Substrate

Figure 1. Simulated Bulk Heterojunction Polymer Solar
Cell Structure for Standardization of SCAPS 1D

Table 1. Simulation parameters of Bulk Heterojunction Polymer Solar Cell

Parameters HTL Active Layer ETL
Thickness [nm] 27 250 46
Eg (eV) 1.6 1.68 3.2
x (eV) 3.4 3.880 4.6
& 3.0 33 9.0
un cm?/vs 10 107 107
pip cm?/vs 400 107 107
Na (cm3) 10" 0 0
Np (cm?) 0 3.2x10'8 1.1x10'8
Nc (cm™) 2.2x10% 1.6x10%0 2.2x10"
Ny (em™) 1.8x10'8 10" 1.8x10"
Nt (cm™3) 10" 10'6 10"

ITO [Anode]

Figure 2. Simulated Polymer Solar Cell Structure

Table 2. Comparison of simulated parameterswith experimental results

Parameters Experimental Simulated
Voc (V) 0.84 0.85
Jsc(mA/cm?) 8.36 8.21
FF(%) 59 57
PCE(%) 4.1 3.97

3. RESULTS AND DISCUSSION
We will analyze the solar cell structure shown in Figure 2 in greater detail. Each layer of the structure is examined
to determine its performance under various parameters for optimal results. To achieve these optimal outcomes, new device
structures are developed and their performance is thoroughly investigated. The following section provides an explanation
of the simulation studies that were conducted.

3.1 Effect of Active Layer thickness

The thickness of the active layer is varied between 100 and 300 nm to assess the characteristics related to solar cell
performance. The parameters Voc, Jsc, FF, and PCE demonstrate similar trends, with all reaching their optimal values at
a thickness of 300 nm. These improvements at the ideal thickness can be attributed to reduced recombination and
enhanced light absorption. Increasing the active layer thickness may enhance Jsc by allowing more light to be absorbed.
However, this relationship is nonlinear; beyond an optimal thickness, it is affected by increased charge recombination
and decreased charge transport efficiency, leading to diminishing returns [36, 37]. While Voc is not directly influenced
by the thickness of the active layer, it is primarily determined by the energy levels of the donor and acceptor materials.
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Nevertheless, recombination dynamics and the quality of the interface may play significant roles in its behavior [38, 39].
Certain experiments have demonstrated that increasing the thickness of the active layer can improve the power conversion
efficiency (PCE) to a certain extent. The relevant graph is presented in Figure 3.
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3.2 Influence of Active Layer Band Gap

The active layer band gap is varied from 1.5 eV to 1.7 eV, and
both power conversion efficiency (PCE) and open-circuit voltage
(Voc) exhibit similar variations with bandgap. Both PCE and Voc
reach their maximum at 1.7 eV. In organic solar cells, Voc is
determined by the difference between the lowest unoccupied
molecular orbital (LUMO) of the acceptor material and the highest
occupied molecular orbital (HOMO) of the donor material. As the
bandgap of the active layer increases, the Voc tends to increase as
well, reflecting either a higher LUMO level of the donor or a lower
HOMO level of the acceptor. This relationship is influenced by the
energy levels of the donor and acceptor materials, which impact Voc
in connection with the difference between the quasi-Fermi levels of
the electrons and holes. A larger bandgap reduces the energy loss
between the bandgap energy (Eg) and Voc. However, in organic solar
cells, the Voc is generally lower than the bandgap energy due to non-
radiative recombination and other losses. As the bandgap increases,
Voc approaches Eg, resulting in an overall increase in Voc.
Furthermore, the power conversion efficiency of a solar cell is
calculated by multiplying its fill factor (FF), open-circuit voltage
(Voc), and short-circuit current (Jsc).

As mentioned earlier, an increase in the bandgap can lead to a
higher open-circuit voltage (Voc), which may subsequently enhance
the power conversion efficiency (PCE). However, a wider bandgap
often results in reduced solar spectrum absorption by the solar cell,
particularly in the infrared region, which can lower the short-circuit
current (Jsc). Nevertheless, in some cases, the increase in Voc
associated with a wider bandgap can compensate for the decrease in
Jsc, resulting in an overall increase in PCE. Additionally, the fill
factor (FF) may improve with an increasing bandgap due to enhanced
charge carrier transfer [40], although this trend is not always
consistent. With further increases in bandgap, FF may remain stable
or even decline, possibly due to the effects of recombination
processes and exciton lifetimes [41, 42]. The relationship between FF
and bandgap is complex and depends on the specific materials and
cell architecture used in the organic solar cell. The relevant graph
illustrating these dynamics is presented in Figure 4.

3.3 Effect of Electric Permittivity of Active Layer

In this section, we have analyzed the impact of the active layer's
electric permittivity [€] on the performance of the polymer solar cell.
The electric permittivity is varied from 3.0 to 3.4. The findings
indicate that while the open-circuit voltage (Voc) increases with ¢, all
other parameters are found to decrease. The electric permittivity of
the active layer influences the dielectric properties of the material,
which in turn affects the open-circuit voltage of polymer solar cells
(PSCs). Consequently, a higher electric permittivity in the active
layer may lead to an increase in Voc due to its effect on the dynamics
of charge carriers within the solar cell.

A higher electric permittivity enhances charge carrier
separation and reduces recombination losses by decreasing the
Coulombic interaction between charge carriers [43]. This
improvement can result in a stronger built-in electric field and more
efficient charge extraction, both of which contribute to an increased
open-circuit voltage (Voc). However, optimizing the performance of
polymer solar cells (PSCs) requires a comprehensive understanding
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of all contributing parameters, as a higher permittivity can indeed enhance Voc. The electric permittivity of the active
layer also influences the short-circuit current (Jsc), fill factor (FF), and power conversion efficiency (PCE) of PSCs by
affecting the dissociation of photogenerated electron-hole pairs and the movement of charge carriers within the device.
Elevated Coulombic attraction between opposing charges can occur with high electric permittivity, potentially hindering
their separation and reducing Jsc [44]. Additionally, a larger permittivity may negatively impact charge carrier mobility,
leading to increased recombination rates and declines in both FF and PCE. The relevant graph illustrating these
relationships is presented in Figure 5.

3.4: Effect of Conduction Band Density of States of Active Layer

10" 107 107 107 In this section, we examine how varying the conduction
ass L PCEI ' ) "] band density of states in the active layer from 1.6x10'" to
o ] 1.6x10%' cm?3 affects the performance metrics of polymer
& .l i solar cells. Figure 6 illustrates the corresponding data. The
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—l =01 ] conversion efficiency (PCE) fluctuate similarly, the open-
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o3 L = ; : - conduction band density of states in the active layer is
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2 el ] shifts in the Fermi level.
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PR Voc| ] for charge carriers to occupy [45]. The increase in short-circuit
Wikl ] current density (Jsc) associated with a higher conduction band
- ] density of states (DOS) in the active layer can be attributed to
pper ppe ppes ppe increased charge carrier generation and improved collection
Conduction Band Density of States (cm”) efficiency. A greater DOS enhances the availability of

conduction states, leading to more efficient photon absorption

Figure 6. Influence of CB density of states of Active Layer a5 consequently, a higher production of electron-hole pairs.

07 198 907 w0” o agn  qod This directly correlates with an increase in Jsc [46]. However,
—~s2s| ] the rise in power conversion efficiency (PCE) and the decline
Z‘j s f h ] in fill factor (FF) of polymer solar cells with an increasing
S 45l ‘ ] conduction band DOS result from a combination of enhanced

6615 [——peT— : : : ] charge generation and increased recombination losses. While a
es.00 [ ] higher DOS contributes to improved charge carrier absorption
%es ss | N and generation, it also results in more opportunities for
“esrol ] recombination, which negatively impacts the FF [45].
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a§§§§§ - ] 3.5 Effect of Valence Band Density of States of Active
g : Layer
g 5 The valence band density of states in the active layer is
- — varied from 1x10'® to 1x10*° ecm?, and its impact on the
% z: ] X characteristics of polymer solar cells is evaluated. The analysis
S 1 reveals that while short-circuit current density (Jsc) and fill
o ) . . ) ! ] factor (FF) change in a similar manner, open-circuit voltage
Lo L U (Voc) and power conversion efficiency (PCE) do not exhibit the
e i o same trend. The decline in PCE and Voc with an increase in
Figure 7. Influence of VB density of states of Active valence band density of states (DOS) is primarily due to
Layer enhanced recombination rates and increased charge carrier

trapping. Although a higher valence band DOS might initially
seem beneficial, it generates more energy states that facilitate non-radiative recombination processes and hinder charge
transport, which adversely affects both PCE and Voc [47-48]. Figure 7 shows the respective graph.

3.6. Effect of Shallow Uniform Density of States of Active Layer
The shallow uniform density of states in the active layer experiences a significant shift from 3.2x10' to
3.2x10' cm?. As this density increases, parameters such as open-circuit voltage (Voc), fill factor (FF), and power
conversion efficiency (PCE) tend to improve, while the short-circuit current (Jsc) shows a decline. An elevated donor
density can enhance the intrinsic potential across the junction by increasing the availability of charge carriers. This rise
in potential positively impacts Voc, which is crucial for the efficient operation of solar cells, as it reduces losses during
charge separation. Furthermore, an increase in donor density leads to enhanced conductivity within the active layer, which
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in turn lowers series resistance. This reduction in series resistance facilitates a higher fill factor by minimizing voltage
drops during operation [49]. The graphical representation is given in Figure 8. However, a noticeable increase in shallow
donor density can also result in a higher defect density within the active layer. This heightened defect density may give
rise to additional recombination centers that foster nonradiative recombination of charge carriers. Consequently, this
adverse effect results in fewer charge carriers contributing to the photocurrent, thereby reducing the short-circuit
current [50].

3.7. Effect of Thickness of ETL
10" 10" 10" 10 This study examines the effect of varying the thickness of the
' : ' electron transport layer (ETL) made from zinc oxide nanoparticles
i | ] (ZnONPs), changing it from 40 nm to 48 nm. The optimal performance
rass | l k ] was identified at a thickness of 48 nm, where the power conversion

. efficiency (PCE) peaked at 5.22%, the open circuit voltage (Voc)

of reached 1.0270 V, and the short-circuit current density (Jsc) was

wf 1 measured at 7.699979 mA/cm?. At 40 nm thickness, the fill factor (FF)
B —Jsc

PCE (%)
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1 was observed to achieve a higher value of 66.09%. The analysis of
! output parameters indicates that as the thickness increases, the fill
factor tends to decrease, while Voc, Jsc, and PCE show an upward
. trend. Thicker ETLs can enhance the open circuit voltage (Voc) in
polymer solar cells by slowing down charge recombination processes.
] By expanding the electron transport pathway, a thicker ETL minimizes
1 the likelihood of electron-hole recombination before charge carriers
reach the electrodes. This increased thickness facilitates a more
effective collection of photo-generated electrons due to the greater
transit space afforded to the electrons. Consequently, as more charge
carriers efficiently reach the electrodes with minimal losses from

g ‘45 4 vy trapping or recombination, this improvement in charge transport can
PCE

s ] lead to higher Jsc [51]. However, the decline in the fill factor in
% S ] polymer solar cells at greater ETL thicknesses is primarily attributed
L . ] to increased series resistance, reduced charge carrier mobility, elevated

oot [ . recombination rates, and interfacial charge transfer resistance [52]. The
?E i ] power conversion efficiency (PCE) of polymer solar cells can improve
w083 r [——FF \ ] with increased thickness of the ETL, up to a certain optimal point,
el ' ' ; largely due to better light absorption, enhanced charge extraction, and

superior charge transport capabilities [53]. The respective graph is
grswl ] shown in Figure 9.
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This section provides a comprehensive analysis of how the
electric permittivity of the electron transport layer (ETL) affects
polymer solar cells, as illustrated in Figure 10. The findings reveal
that changing the electric permittivity from 8.2 to 9.0 results in a
Figure 9. Influence of ETL Thickness decrease in the open-circuit voltage (Voc), while both the short-
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Ultimately, improved charge dynamics and reduced recombination lead to higher values of Jsc and power conversion
efficiency (PCE), which can be attributed to a favourable dielectric environment [55]. However, flaws or suboptimal
interfaces can still generate recombination losses, which may diminish the fill factor's responsiveness to changes in

permittivity.
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3.9 Effect of Conduction Band Density of States of ETL

This section investigates the influence of the conduction band
density of states (CBDoS) of a polymer cell on the performance of
its electron transport layer (ETL). For this analysis, the CBDoS is
varied from 2.2x10'7 to 2.2x10?° ¢m?. It was observed that the
short-circuit current density (Jsc) and power conversion efficiency
(PCE) exhibited similar trends, while the fill factor (FF) initially
decreased before increasing at higher CBDoS wvalues. The
performance was found to be optimized at 2.2x10' ¢cm3, as
illustrated in Figure 11. The decline in Jsc and PCE with increasing
CBDoS is primarily attributed to increased carrier trapping, higher
recombination rates, and potential misalignment of energy levels
[56]. As the CBDoS rises, the presence of additional trap states
hinders charge extraction and facilitates enhanced carrier
recombination, leading to a reduction in open-circuit voltage (Voc).
The behaviour of the fill factor (FF) is influenced by the complex
interactions among energy level alignment, trap states, and carrier
dynamics. This results in a non-linear relationship, where the
competing effects of increased recombination and improved carrier
mobility contribute to the observed patterns in FF.

3.10 Effect of Valence Band Density of States of ETL
This section focuses on the changes in the valence band
density of states of the electron transport layer in polymer solar
cells, varying from 1.8x10" to 1.8x10 ?'cm. Figure 12 provides
a graphical representation of these changes.

It was found that the optimal performance, characterized by a
maximum efficiency of 5.18%, occurs at a density of 1.8x10'7 cm
. Variations in the valence band density of states within the
electron transport layer can lead to complex changes in the output
characteristics of polymer solar cells. The effects on short-circuit
current density (Jsc), open-circuit voltage (Voc), fill factor (FF),
and power conversion efficiency (PCE) are determined by
optimizing the density of states, alongside the ratio of charge
transport to recombination and the alignment of interfacial energy
levels. The respective graph is given in Figure 12.

3.11 Effect of Shallow Donor Density of ETL

This section analyzes the fluctuations in the shallow donor
density of the electron transport layer, which ranges from
1.1x10 * to 1.1x10%° cm. Figure 13 provides the corresponding
graph illustrating these fluctuations. The findings indicate that
while the variations in short-circuit current density (Jsc) and power
conversion efficiency (PCE) are comparable, the changes in open-
circuit voltage (Voc) and fill factor (FF) exhibit a similar trend. Voc
typically increases with a higher shallow donor density, as this
leads to improved charge extraction and reduced recombination
losses. Additionally, as charge transport and extraction enhance,
the fill factor (FF) also rises with the shallow donor density.
However, excessive concentrations of shallow donors can lead to
significant recombination, ultimately resulting in a decrease
in PCE.

3.12 Effect of Thickness of Additional P3HT Layer

In this case, the thickness of the P3HT layer is varied from
16 nm to 24 nm, with the optimal performance observed at 16 nm.
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This is illustrated in Figure 14, which provides a graphical representation of the findings. The investigation reveals that
while the fill factor (FF) shows a different trend, the open-circuit voltage (Voc), short-circuit current density (Jsc), and
power conversion efficiency (PCE) fluctuate similarly. As the P3HT layer increases in thickness, the pathways for charge
transport become longer and more convoluted.

Consequently, charge carrier mobility diminishes, which is

» > i - = - crucial for the effective transfer of electrons and holes to their
& sar | \ ——FPCE respective electrodes. This increase in the distance that charge carriers
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the bandgap. This trend is illustrated in Figure 15. There is a direct
correlation between the open-circuit voltage (Voc) and the energy
Figure 14. Influence of P3HT Thickness levels of the polymer's lowest unoccupied molecular orbital (LUMO)
and highest occupied molecular orbital (HOMO). Generally, a larger
bandgap ensures a higher HOMO energy level, which can enhance
Voc. Additionally, higher bandgap materials are more effective at
absorbing high-energy photons, potentially leading to increased short-
circuit current density (Jsc). Increasing the bandgap creates a larger
——FF] energy difference necessary for charge separation, which reduces the
likelihood of exciton recombination. This mechanism ultimately
contributes to an improvement in both fill factor (FF) and power
conversion efficiency (PCE).
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3.14 Effect of Electron Affinity of Additional P3HT Layer

This section investigates the influence of P3HT's electron affinity
on the performance of polymer solar cells. The electron affinity is
varied from 2.9 eV to 3.3 eV, revealing that all output parameters of
the cell respond similarly to these changes. Figure 16 illustrates this
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16 s 20 22 correlation. In general, a higher electron affinity results in an elevated
Bandgap of FSHIT(8Y) LUMO energy level, which can lead to an increase in the open-circuit
Figure 15. Effect of Band gap of P3HT voltage (Voc) when no current is flowing. Larger electron affinities
28 2.0 82 34 create greater energy offsets, facilitating the efficient movement of
2 B S ] electrons and potentially enhancing the short-circuit current density
W :: ] / ] (Jsc). Furthermore, a polymer donor with a higher electron affinity can
ey 1 reduce recombination losses, leading to improved fill factor (FF) and
wo l—FFT ' ] power conversion efficiency (PCE) [58].
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5 ] The present study investigates the effect of varying the valence
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ﬁ| - g o i : output parameters of polymer solar cells. While the short-circuit
P ﬁ ] current density (Jsc) shows a differential response among the output
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0.003 - : conversion efficiency (PCE) exhibit similar trends. This relationship is

28 50 52 as illustrated in Figure 17.

Electron Affinity of P3HT (eV)

Improvements in metrics such as PCE, FF, and Voc can be

Figure 16. Influence of Electron Affinity of PAHT  attributed to better energy level alignment and enhanced charge
transport. However, as the valence band density increases, performance

declines due to higher defect densities and shorter diffusion lengths, ultimately reducing the overall efficiency of the solar
cell. The maximum efficiency is observed at a valence band density of 1.8x10'7 cm. The decrease in Jsc for polymer solar
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cells, particularly those utilizing P3HT, is primarily caused by increased defect density and shorter charge carrier diffusion
lengths associated with high density states.
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3.16 Effect of Shallow Acceptor Density of States of
Additional P3HT Layer

In our subsequent endeavor, we adjusted the shallow
acceptor density of states in the P3HT layer, conducting a
study that encompassed values ranging from 2x10'® to
2x102° cm3. The optimal performance was observed at a
density of 2x10'" cm?, as illustrated in Figure 18, which
displays the graphical variations. The fluctuations in
performance were similar to those seen with the layer's
valence band density of states. This similarity arises because
both factors significantly influence the solar cell's charge
transport, carrier density, trap formation, and recombination
dynamics. The sensitivity of performance to these
concentrations highlights the delicate balance required to
enhance charge mobility while minimizing the adverse effects
of defects.

3.17 Effect of Bandgap of PEDOT: PSS [HTL]

This study investigates the impact of changing the
bandgap of the hole transport layer, PEDOT:PSS, from 1.2 eV
to 2.0 eV on the output parameters of polymer solar cells. All
parameters were observed to fluctuate similarly, with
maximum efficiency achieved at a bandgap of 1.6 eV, as
illustrated in Figure 19. Increasing the PEDOT:PSS bandgap
can enhance the open-circuit voltage (Voc) in polymer solar
cells. However, a higher bandgap limits sunlight absorption,
resulting in lower charge carrier production. Due to the
significantly high bandgap of PEDOT:PSS, sunlight
absorption is reduced, which subsequently decreases the
short-circuit current density (Jsc). Additionally, the
hydrophilic nature and instability of the hole transport layer
(HTL) may lead to increased series resistance, further
affecting the fill factor (FF). The power conversion efficiency
(PCE) increases initially but subsequently declines as the hole
transport bandgap is raised.

3.18 Effect Electron Affinity of PEDOT:PSS [HTL]

PEDOT:PSS demonstrates a shift in electron affinity
ranging from 3.0 eV to 3.8 eV, with optimized values
achieved at 3.4 eV, as illustrated in Figure 20. The output
parameters of polymer solar cells exhibit similar changes as
the bandgap and electron affinity of PEDOT:PSS are
increased. This similarity arises from the interplay between
energy level alignment and charge transport dynamics, both
of which are simultaneously influenced by these two
characteristics.

CONCLUSION

In this modeling work, a P3HT layer was integrated into
a polymer solar cell structure using SCAPS 1-D software,
with P3HT:ICsBA serving as the active layer. The study
revealed that the structure exhibited significantly better
performance with the inclusion of P3HT. The P3HT layer
enhances charge transit and maximizes Voc and Jsc by
aligning energy levels at the heterojunction surfaces. After
optimization, the following output parameters were achieved:
power conversion efficiency (PCE) = 15.26%, fill factor
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(FF) =51.62%, short-circuit current density (Jsc) =26.577140 mA/cm?, and open-circuit voltage (Voc) = 1.1126 V.
Before optimization, we recorded an efficiency of only 5.18%. These results are quite promising and will contribute to
the advancement of photovoltaic research in the future.
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BIIJIUB JOAATKOBOI'O IIAPY P3HT HA TPOAYKTUBHICTH IIOJIMEPHOI'O
COHSIYHOI'O EJIEMEHTA P3HT: ICq0BA
Yirryp HdeBapagxkan Pamadaapan®P, K. Cebactesan Cyaxip?
“Kagheopa ¢izuxu, docnionuybra 1a6opamopis Mooeno8ants OonmoeiekmpoHnux npucmpois, Konedoc Xpucma [Aemonomnuii],
Ipinoocanaxyoa, Tpiccyp, 680125, Yuisepcumem Kanikyma, Kepana, Inois
bKagpeopa pizuxu, Ypaoosuii koneoac, Yimmyp, Hanaxxao, 678104, Yuisepcumem Kanikyma, Kepana, Indis

By1o npoBeneHo MoietoBaHHs 3 BUKOPHCTaHHSIM IporpaMHoro 3abesneuentss SCAPS 1-D mis BUBYEHHS BIUIMBY JOJATKOBOTO IIApy
P3HT (momi-3-rexcunrioeH) Ha IPOXYKTUBHICT COHSYHUX €JIIEMEHTIB 3 00'€MHUM IeTeponepexoioM, 30KpeMa 3 aKTHBHHUM IIapoM
P3HT: IC60BA. [JocnimkyBana ctpykrypa enementa - [ITO/PEDOT:PSS/P3HT/P3HT:IC60BA/ZnO NPs/Al. Ilicns cranpaprusanii
NIPOrpaMHOro 3a0e3NeYeHHs MU BH3HAYMJIM ONTHUMANbHI HapaMeTpu CTPYKTYPU COHSIYHOIO €JIEeMEHTa, NpOaHali3yBaBLIM pi3Hi
(axropu, 10 BIUIMBAIOTh HA IMPOAYKTUBHICTH €JIEMEHTAa B PIi3HUX LIapax. 3rogoM, Micis ONTHUMI3alii CTPyKTypH, e)eKTHBHICTH
nepersopenHs eneprii (PCE) 3HauHO nmokparuiacs, 30inpiuBImcsk 3 5,18% 6e3 nogarkosoro mapy 10 15,26% 3 101aTKOBUM HIAPOM.
Kuro4oBi ciioBa: conaunuii enemenm 3 00'emnozo cemeponepexionozo nonimepy; gynepen; SCAPS 1-D; axmusnuti wap; ETL; HTL



466

EasTt EUROPEAN JOURNAL OF PHYSICS. 3. 466-475 (2025)
DOI:10.26565/2312-4334-2025-3-51 ISSN 2312-4334

A 31% EFFICIENT CIGS-BASED SOLAR CELL USING SPIRO MATERIAL AS A BUFFER
LAYER: NUMERICAL SIMULATION

Mohamed Hamdaoui**, ®Lhoussayne Et-taya®, ®Abdellah Benami®, ®Malika Ouhadou?,
Abderrahman El Boukili®, ®Jaouad Fosh®

“Optoélectronique et Techniques Energétiques Appliquées, Department of Engineering Sciences, Faculty of sciences and techniques,
Moulay Ismail University of Meknés BP 509 Boutalamine, Errachidia, Morocco

bPhysique Moderne, Rayonnement et Applications, Department of Engineering Sciences, Faculty of sciences and techniques, Moulay
Ismail University of Meknés BP 509 Boutalamine Errachidia, Morocco

“Electronique et Systémes Intelligents, Optoelectronics and Applied Energy Technics (OAET), Department of Engineering Sciences,

Faculty of sciences and techniques, Moulay Ismail University of Meknés BP 509 Boutalamine Errachidia, Morocco
*Corresponding Author E-mail: m.hamdaoui@umi.ac.ma

Received March 31, 2025; revised June 26, 2025; accepted July 15, 2025

This study investigates the potential boost of (Cu(In,Ga)Se2) based solar cells through numerical simulations using SCAPS-1D software
to optimize their performance. Various parameters were analyzed, including the thickness, acceptor concentration, and band gap of the
CIGSe active layer, as well as the donor concentration and thickness of the ZrSz buffer layer. The impact of operating temperature was
also considered. The optimized output characteristics of the proposed cell design include a Voc of 1.13V, Jsc of 32.61mA/cm?, FF 0f 89.12,
and a PCE of 32.91. These findings can aid in advancing the development of high-efficiency CIGSe-based thin-film solar cells.
Keywords: SCAPS; Operating temperature; Thickness; Work function; Parameter of solar cells

PACS: 42.79.Ek, 78.20.Bh, 72.80.Le, 73.30.y, 73.40.Kp

1. INTRODUCTION

Despite the depletion of fossil resources, the need for energy is growing every year, which is vital for worldwide
technological and economic developmentl. As an environmentally advantageous technology that decreases worldwide
CO; emissions, solar cells are recognized one of the most important renewable energy sources.

Like a hybrid of organic and inorganic materials, PSCs, or perovskite solar cells, have advanced remarkably during
the past ten years; their energy conversion efficiency has improved from 3.8% in 2009 to 25.5% in 2024. An essential
factor for generating effective and stable PSCs is the choosing of hole transport layers (HTLs).

As a clean energy source, solar cells are in demand, and copper indium gallium selenide (CIGS) is showing talent [1].
Because of its direct bandgap, A significant optical absorption coefficient is present in CIGS, allowing active materials to
use thin layer (1-2 pm) [2]. But as virgin spiro-OMeTAD has limited hole mobility and does not fulfill device performance
parameters, chemical doping is necessary to boost its conductivity and, consequently, its hole extraction capacity [3].

First and foremost, the goal of this research is to increase a simple solar cell's efficiency as defined by [4]. As a
result, we suggest using an HTL hole transport layer in this study and experimenting with the energy gap and charge
carrier concentration to get the best performance. This study investigates how two crucial solar cell characteristics affect
the photovoltaic performance of simple CIGS/ZrS; devices: The thickness and band gap of the active layer (absorber).

However, to maximize perovskite solar cells' optical and electrical performance, the hole transport layer is an
essential component that improves the optoelectronic properties of the cells. Spiro-OMeTAD is widely used as a hole
transport material in perovskite solar cells (PSCs). However, the mobility and conductivity of virgin or oxygen-oxidized
spiro-OMeTAD are restricted [5]. Cumene hydroperoxide-oxidized spiro-OMeTAD, which has several benefits as an
HTL, is used in this study. It is undeniable that the reduction of particle density, the optimization of the perovskite energy-
to-layer ratio, and the ease of carrier movement all contribute to improved cellular efficiency.

2. MODELING FRAMEWORK AND MATERIAL PARAMETERS

We utilized a solar cell structure that was derived from the research conducted by [4]. for the purposes of this
investigation. Figure 1.a shows the framework that will be used to improve these results, while Figure 1.b shows the
suggested framework based on a modified version of the foundational structure that includes a spiro layer. In order to
investigate potential methods of improving the device's efficacy, we implemented a sequence of alterations to the cell
structure. An innovative addition has been incorporated into our proposed configuration we inserted a HTL the absorbent
layer and the contact layer behind by using the SPIRO material (refer to Figure 1.b).

As shown in Table 1, the physical parameters for the different material layers in this work were carefully collected
using a mix of theoretical considerations, well-researched literature sources, and careful estimate, it’s noted that the
thermal velocity of the electron and the hole is established at 1x107 cm/s for all layers.
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Figure 1. structure of the solar cell without HTL (1.a) and with HTL (1.b).
Table 1. Key material properties that were employed in this simulation
Materials Parameters | ITO[6] | n-ZrS:[7] | p-CIGSe[5] | CuSbS:[8] | P3HT[9] | Cu:0[9] [IS(I)";‘;]
Bandgap (eV) 3.6 1.5-1.9 1.4 1.58 1.7 2.17 1.6
Thickness (nm) 40 100-400 200-2000 50 50 50 50
Dielectric permittivity 8.9 16,4 13.6 14.6 3 7.2 3
Electron affinity (eV) 4.5 4.7 4.5 4.2 4.5 3.2 4.07
Cs density of states (cm?) | 2.2x10'8 2.2x10!8 2.2x10!8 2x10!8 2x10!8 2.5x10% | 2.5x10'8
Vs density of states (cm-3) | 1.8x10"° 1.8x10" 1.8x10"° 1x10"° 1.8x10"° | 2.5x10% | 2.2x10"?
Hole mobility (cm?/Vs) 10 1300 25 49 1.8x107? 8600 18
Electron mobility (cm?/Vs) 10 2300 200 49 1.8x1073 200 100
Donor density (cm™) 1x10"% | 1x10'-1x10'8 0 1x10!8 0 - 0
Acceptor density (cm?) 0 0 1x10'4-1x1018 0 1x10!8 1x101° 1x10!8

2.1. Numerical simulation

Within the framework of our research, we used SCAPS-1D, a digital simulation program known for its sophistication
and usefulness in the analysis and comprehension of physical phenomena produced by photovoltaic devices. This tool
has enabled us to model and assess our solar cells. The standard test conditions (STC) were implemented in each
SCAPS-1D simulation with a luminescence intensity of AM 1.5 (100 mW/cm?).

The displacement of charge carriers along the superposition axis is described by the solution of the Poisson equations
in conjunction with the continuity equations for the electrons and the trous [12].

Solving Poisson's equations in combination with the continuity equations for holes and electrons characterizes the
passage of charge carriers down the superposition axis [13].

Where;

:_,:zlp(x) =2[p(x) = n(x) + Np — Ny + N;]

2 =R,(x) -G

qdx

1d
-—Jp =

qdx

— vy denotes the electrostatic potential,
— N represents the defect density,
— ¢ signifies the elemental charge, € indicates permittivity,

—  prefers to the concentrations of free electrons,

— nrefer to concentrations of holes,
—  Na correspond to the densities of ionized acceptors,
— Npis to the densities of ionized donors,

— Jnand J, represent the current densities of electrons and holes,

op(¥)

Gop (x) - Rn (x)

—  Gop denote the rates of electron-hole pair generation,
— R, represent the rates of electron-hole pair recombination.

(M
2

3)
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3. RESULTS AND DISCUSSION
3.1. Optimization of a Conventional Solar Cell

As it's mentioned, as our reference cell for the sake of this investigation, we used a solar cell structure that was
motivated by the findings of [5], We implemented a number of modifications to the cell structure in order to investigate
possible methods to progress the device's competence.

In this section, we will first examine how the thickness of the absorption layer, the band gap, and density sensors
affect the primary photovoltaic characteristics: open circuit tension (Voc), closed circuit current density (Jsc), filling
factor (FF), and cell efficiency (1)), respectively.

As seen in Figure 2, the photovoltaic cell model used in this simulation study consists of the following components:
the metal/metal electrode (HTL), CIGS (perovskite absorption layer), ZnS2 (ETL), and FTO (transparent conductive
oxide). Table 1 displays the characteristics established for the solar cell structure in this simulation, such as thickness,

band gap, electrical permittivity, electronic affinity, electron/hollow mobility, and thermal electron/hole velocity.
Voc (V)
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Figure 2.The simulated solar cells basic parameters including Voc (a), Jsc (b), FF (c), and n (d) as function on

This section aims to explain how the photovoltaic performance of the basic CIGS/ZrS; structure is impacted by two
important solar cell parameters: the thickness and the absorber and tampon cushion band gaps. The thickness and the
interdict band were changed from 0.2 to 2.0 pm and 1.2 to 1.6 V, respectively, in the first phase. In the second step, we
examine how the thickness of the ZrS, couche and its energy difference affect solar cell performance in order to optimize
the couche tampon's parameters. The final step is to ascertain how the concentration of donors ZrS; and acceptors CIGS
(NA) affects the main parameter of the solar cell under study.

3.1.1.  Exploring the impact of the CIGC thickness and band gap on conventional solar cell properties

It is commonly recognized that the absorber layer's thickness, band gap, and carrier concentration have a significant
impact on how effectively solar cells work. The impact of the CIGS layer's thickness and band gap on solar cell
performance was investigated in order to maximize the absorber layer properties.

It is well acknowledged that the properties of the absorbent layer, such as its thickness, band separation, and porteur
density, are crucial for optimizing the performance of solar panels [14,15]. We have investigated how the thickness and
band gap of the CIGS layer affect the efficiency of solar cells in order to enhance the properties of the absorption layer.

The contour plot depicting the interplay between absorber thickness and band gap energy of the CIGS layer of the
basic structure is illustrated in Fig. 2, and how these variables impact the performance metrics of the device. We take a
range of thickness from 0.2 to 2 um and the gap energy from 1.2 to 1.6 eV. It is clear from this figure, that Jsc decreases
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from about 36.90 mA/cm? at Eg of 1.2 eV to about 24.30 mA/cm? of 1.6 eV for the thickness greater to 0.8 um however
the variation of the Jsc with absorber thickness growth from 0.2 to 2 um. The Voc and FF decrease when the thickness
increases but they rise with the variation of Eg. The efficiency decreases as the thickness of CIGS increases while
remaining constant at Eg greater than 1.3eV. The reason for this is that 1.3 eV represents the ideal value for a solar cell,
enabling it to absorb the maximum quantity of solar radiation, which in turn leads to the generation of electron-hole pairs
and an enhancement of the cell's efficiency [16]. Consequently, research indicates that CIGS serves as the most effective
material to minimize usage. The optimal parameters determined for our new cell design are as follows: VOC = 1.06V,
JSC =28.76 mA/cm?, FF = 88.55%, n = 27.5%, with a thickness of 2 pm and an energy band gap of 1.46 eV.

Since it has been noted in the literature that device performance declined when Eg approached 1.3 eV, the impact
of a larger uniformly variable energy band-gap has not been fully examined [17].

These results may be explained by expanding the interdite band, the local efficacy of the lumineous absorption
collection, and the interface between the p-CIGS chopped and n-ZnS; films. According to the following equation, this
would raise the porteurs' output rate and, as a result, dramatically raise the Voc value [18]:

“in (1+ ””‘) )

In this equation, kg, 1 and I, are the Boltzmann constant, the ambient temperature, and the photogenerated current
respectively.

Additionally, this said that a clifflike band alignment is thought to enhance the charge separation process based on
the CIGS and ZnS2 bandgap values [7].

Voc

3.1.2.  Exploring the effect of the ZrS: thickness and band gap on conventional Solar Cell properties
Having determined the optimal values of the mouthpiece thickness and the band gap of the absorber layer of the
basic structure, we are now interested in the influence of these two factors on the performance of the buffer layer. as
shown in the following figures.
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Figure 3. The fundamental parameters of solar cell simulations: Voc (a), Jsc (b), FF (c), and ) (d), are displayed according to the
thickness of the tampon couch (axis des x) and the concentration of the carriers (axis des y).

Next, we examine how the ZrS, buffer layer's thickness and band gap affect the device performance as seen in the
contour plot in Figure 3. The ZrS, buffer layer's thickness and band gap energy ranges from 0.20 to 0.60 um and 1.5 to
2 eV, respectively. There is a consistent relationship among the photovoltaic output metrics Voc, Jsc, FF, and efficiency.
This suggests that the cell’s overall performance increases when the ZrS, layer’s thickness expands, but they decline with
band gap rise. The development of structural flaws at the buffer layer interface might be connected to this phenomenon.
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As a result, ZrS,'s strong lattice mismatch strain reduces optical absorption, which might harm solar cells' overall
performance [19, 20]. the best performances found are as follows: Voc=1.06V, Jsc=29.03mA/m?, FF= 88.57% and
N=27.40% at 0.6um and 1.5eV of thickness and band energy of ZrS, buffer layer, respectively.

3.1.3.  Exploring the Impact of CIGS Na and ZrS: N4 on conventional solar cell properties

In order to maximize the efficiency of these solar cells with CIGS based, the impact of variations in ZrS, porteurs
and CIGS couches on the key parameters of the cited structure has been examined. Fig. 4 exhibits the effect of the acceptor
(Na) and donor (Nd) carrier concentration of CIGS and ZrS,, respectively, Na and Nq varied from 10'? to 10'® cm™. The
Voc, FF, nrise from 0.77 to 1.06 V, from 81.1 to 82.62% and from 19.14% to 27.42 %; when the Na increases. However,
when the acceptor concentration of the CIGS layer increases, the Jsc drops from 29.83 to 29mA/cm?. Because of
dominating recombination and the material's increased resistivity, it is harder to capture photo-generated electrons at
larger concentrations, which accounts for the slight decrease in Jsc [21, 22]. However, further increasing the donor
concentration in the ZrS, thin film does not affect the Jsc value between 10'? and 10'® cm™. increasing Ny of ZrS, has no
major effect on cell performance.

Jsc (mA/cm2) Voc (V)

1E18 2083 1066

m
@

29,73 - 1,029

1E17

n
3

29,63 09915

m
=)
m
=)

- 29,52

0,9543

m
o

1E15

29,42 09170

ZrS2(cm-3)

2032 08798

ZrS2-Nd (cm-3)

m
=
jut
N

29,21 0,8425

m
w
m
®»

20,11 1, 0,8053

29,00 I ; ! 0,7680
1E12  1E13  1E14 1E15 1E16 1E17 1E18 1E12  1E13  1E14 1E15 1E16 1E17  1E18
CIGS Na (cm-3) CIGS-Na (cm-3"
(a) (b)
FF (%)
88,62 eta (%)
27,42

m
N
m
N

1E18

87,68

o
3

26,39
86,74

m
o

2535
85,80

3)

24,32
84,86

m
o

23,28

2rS2-Nd (cm-3)
m
>

0
N

83,92

ZrS2-Nd (cm

22,25

m
IN

82,98
21,21

m
w

82,04
20,18

81,10

o
N

1E12  1E13  1E14 1E15 1E16 1E17 1E18 1E1 19.14

2
CIGS-Na (Ch‘l-3) 1E12 1E13 1E14 1E15 1E16 1E17 1E18
CIGS-Na (cm-3)
C
(c) (d)

Figure 4. simulated solar cells basic parameters including Voc (2), Jsc (b), FF (c), and n (d) as function on CIGS-Na (x-axis) and ZrSz
Nd (y-axis)

ITI- Study of solar cell device with HTL material

Spiro-OMeTAD, one of the most widely used hole-transport materials (HTMs) in optoelectronic devices, often
requires chemical doping with a lithium compound (LiTFSI) to get sufficient conductivity and efficient hole
extraction [23]. Spiro-OMeTAD is a highly researched and effective hole transport layer material (HTL) owing to its ease
of application and superior performance in organic-inorganic electronic systems spiro [24]. The spiro-linked molecule
offers a high glass transition temperature (Tg), morphological stability, and facile processability, while preserving
excellent electrical characteristics.

To indicate the influence of HTL on power conversion efficiency solar cell CIGS based design, the numerical
simulations are done and the results are presented. The material properties used for HTL couches are taken from other
published works in the literature. Table 1 compiles the essential HTL layer characteristics that were collected from [11,
12] to enhance the solar cell's performance. The impact of altering this layer's band gap on the most crucial solar cell
properties using an HTL layer is seen in Figure 5 below. Nutrients improve all of the solar cell's parameters by jointly
expanding the hole transport layer's band gap. In detail we notice an improvement in the surface current from 31.46 to
32.61mA/cm?, from 0.71 to 1.04 V for Voc; We also have a form factor improvement of 80.47 percent to 86.49 % and an
efficiency improvement of rom 19.04 to 29.36 % [25].
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Figure 5. impact of altering the HTL layer's band gap on the solar cell's primary parameters.

It is well known that the band gap affects the mobility of charge carriers (holes) inside the HTL [26]. By facilitating
the flow of holes from the active layer to the anode, a suitable band gap can raise the overall efficiency of the solar cell.
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Figure 6. Contour plot of simulated solar cells parameters including Voc, Jsc, FF, and 1 as function on the Spiro Na (x-axis) and
CIGS Na (y-axis)

On the other hand, the alignment of energy levels between the HTL and the active layer (such organic materials or
perovskites) is influenced by the band gap. An appropriately matched band gap can promote effective charge transfer and
lower interface energy losses [27]. Dance usually we adopted the value 3 eV for the gap because this is the value in which
we found the best optimization of the solar cell.

To investigate the effects of acceptor density in the two layers, namely Spiro and CIGS, the following study was carried
out, we vary the density of the acceptors for the two layers between an exponential 1.10'2 and 1.10'8/cm?®. Based on figure
6, we can assume that since all parameters essentially stay the same, changes in the layer's total acceptor density have no
consequence on the solar cell's efficiency. The value of Na = 10'8/cm? has been set at for the two layers based on the results.

3.2. Operating temperature effects on the efficiency of solar cells
In this paragraph, in Fig. 7, the influence of operating temperature on the fundamental parameters of the basic
structure and the optimal CIGS/ZrS,/Spiro solar cell was explored. The following graphs show how the operational
temperature affects two different configuration types: the basic setup without HTL and the suggested design that relies
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on SPIRO-MeTAD as a HTL layer. These curves clearly show that the suggested cellule's performance is not much
impacted by temperature increases. Which is consistent with other previously published studies. It can be confirmed that
the construction exhibits good stability in the face of temperature changes. which states that when temperature rises and
the charge carrier recombination probability increases, the opposite saturation current (Io) increases and, therefore, the
Voc, Jsc, and 1 values decrease [28].
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Figure 7. Impacts of the and temperature solar cell performances with and without HTL

4. COMPARATIVE STUDY OF THE PROPOSED STRUCTURE
4.1. Comparative analysis with another HTL layers
In the preceding paragraph, we demonstrated the value of including an HTL sofa into the structure using Spiro
MeTAD; nevertheless, it is necessary to test more HTL materials and observe their impact on the building's performance.
Consequently, many HTMs (ZrS,, CuSbSe,, P3HT, Cu,0 and Spiro-OMeTAD) have been used to enhance simulation
and guide experimental research in order to justify the use of spiro-OMeTAD as HTL. Table 1 displays the input
parameters for the various HTL couches mentioned. The photovoltaic parameters obtained using various devices based
on various HTL are shown in Table 2. It’s noted that the total defect density (Nt) for each layer is taken for 1.00x10' cm.

Table 2. The input characteristics for the various HTL layer mentioned

HTL | Voc(V) | Jsc(mA/cm?) | FF(%) | PCE(%) Ref
ZrS: | 0.997 31.03 88.00 | 27.22 [7]
CuSbS: | 1.07 32.62 87.35 | 30.69 [8]
P3HT 1.07 32.60 79.89 | 28.05 [9]
Cw0 1.07 32.59 84.95 | 29.83 [9]
Spiro 1.02 35.41 87.84 | 31.71 | This work

This configuration of Spiro-HTL-based showed an excellent photovoltaic conversion yield of 31.71%, which was
greater than that of other devices based on other HTMs, according to our testing of many HTMs based on the structure
proposed in this study. Compared to the ather configurations with HTL, Spiro-OMeTAD-HTL we were able to get higher
values for Jsc, FF and PCE. (Jsc=35.41mA/m?, FF=87,84% and PEC=31.71).

4.2. Comparative study with other works
Using various tampon couches from other works, Table 3 compares the performance of the solar cells under
investigation with that of the CIGS solar cells examined in other studies. The data makes it clear that the optimal efficiency
we achieved in our research is 26.75%, which compares well with the results of other studies on solar cells CIGS.
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An overview of certain published works has been done in order to arrange the solar cellule in such an optimal
manner. This course demonstrates that the optimized structure has one of the best configurations at the performance level
that touches more than 31.71%.

Table 3. Comparative studies with other works

Cell structur Voc(V) | Jsc(mA/em?) | FF(%) | PCE(%) Ref
SnO2/ ZnSe/ CIGS// Mo 0.8242 21.08 79.70%, | 13.85% [29]
Zn0Q/CdS/CIGS/Mo 0.7436 34.47 83.09 21.3 [30]
1TO/ZrS2/CIGS/Mo 1.0063 30.35 88.24 26.95 [4]
Zn0:Al/Zn0O-i/Cd/CIGS /Mo 0.82 43.3 84%, 29.82%, [31]
Zn0:Al/ZnS2/CIGS/SPIRO/Mo 1.02 3541 87.84 31.71 This work

4.3. Parameters of the optimal final cell
The following Figure 7 present the four fundamental parameters of the suggested cell output with Spiro as a HTL
layer. As can be seen in this figure, the developed cell presents the following values. The most interesting is its exceptional
efficiency of 31.7%. Given these considerations, this structure can be an alternative solution for photovoltaic systems.
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Figure 7. the main parameters of the optimized structure with HTL

5. CONCLUSION

We have utilized the SCAPS-1D software in this work to do numerical simulations and illustrate the potential of
solar cells in Cu(In,Ga)Se2 in order to maximize their performance. @ Among the many fundamental structural
characteristics examined were the thickness, acceptor concentration, and band gap of the ZrS, tampon couche, as well as
the donor concentration and thickness of the CIGSe absorber layer. The performance of the cells was further enhanced in
the other section of this study by adding a Spiro as a buffer. Additionally taken into account was the effect of operational
temperature. The suggested cell design's optimal output statistics include a PCE of 31.71%, a JSC of 35.41 mA/cm?, an
FF 0f 87.84%, and a Voc of 1.02 V. These findings might contribute to the advancement of thin-film solar cells based on
CIGSe that have excellent efficiency.

ORCID
Mohamed Hamdaoui, https://orcid.org/0009-0008-9063-0984; ©Lhoussayne Et-taya, https://orcid.org/0000-0002-9815-3667
Abdellah Benami, https://orcid.org/0000-0001-5516-5660; ®Malika Ouhadou, https://orcid.org/0000-0002-9751-2381
Abderrahman El Boukili, https://orcid.org/0000-0002-3277-9640; ©Jaouad Foshi, https://orcid.org/0000-0002-8509-6130

REFERENCES

[1] A. Azmand and A.H. Kafashan, “Al-doped ZnS thin films: Physical and electrochemical characterizations,” J. Alloys Compd.
779, 301-313 (2019). https://doi.org/10.1016/j.jallcom.2018.11.268

[2] R.N. Bhattacharya, M.-K. Oh and Y. Kim, “CIGS-based solar cells prepared from electrodeposited precursor films,” Sol. Energy
Mater. Sol. Cells, 98, 198-202 (2012). https://doi.org/10.1016/j.s0lmat.2011.10.026

[3] Qi Chen, et al., “Spiro-OMeTAD doped with cumene hydroperoxide for perovskite solar cells,” Electrochemistry
Communications, 126, 107020 (2021). https://doi.org/10.1016/j.elecom.2021.107020

[4] H. Kafashan and A. Bahrami, “CIGS solar cells using ZrS; as buffer layer: Numerical simulation,” Optik - International Journal
for Light and Electron Optics, 298, 171594 (2024). https://doi.org/10.1016/].ijle0.2023.171594

[5] P. Ganesan, et al., “A simple spiro-type hole transporting material for efficient perovskite solar cells,” Energy. Environ. Sci. 8(7),
1986—-1991 (2015). https://doi.org/10.1039/C4EE03773A



474
EEJP. 3 (2025) Mohamed Hamdaoui, et al.

[6] M. Al-Hattab, et al., “Numerical simulation of a new heterostructure CIGS/GaSe solar cell system using SCAPS-1D software,”
Sol. Energy, 227, 13-22 (2021). https://doi.org/10.1016/j.solener.2021.08.084

[71 M. Moustafa, T. Al Zoubi and S. Yasin, “Exploration of CZTS-based solar using the ZrS: as a novel buffer layer by SCAPS
simulation,” Opt. Mater. 124, 112001 (2022). https://doi.org/10.1016/j.optmat.2022.112001

[8] M. Ameri, E. Mohajerani, M. Ghafarkani, N. Safari and S.A. Alavi, “The investigation of the unseen interrelationship of grain
size, ionic defects, device physics and performance of perovskite solar cells,” J. Phys. D Appl. Phys. 52, 125501 (2019).
https://doi.org/10.1088/1361-6463/AAFEA9

[91 Y. Raoui, H. Ez-Zahraouy, N. Tahiri, O. El Bounagui, S. Ahmad and S. Kazim, “Performance analysis of MAPbI (3) based
perovskite solar cells employing diverse charge selective contacts: Simulation study,” Sol. Energy, 193, 948-955 (2019).
https://doi.org/10.1016/j.solener.2019.10.009

[10] S. Karthick, J. Boucle and S. Velumani, “Effect of bismuth iodide (Bils) interfacial layer with different HTL’s in FAPI based
perovskite solar cell-SCAPS-1D study,” Sol. Energy, 218, 157-168 (2021). https://doi.org/10.1016/j.solener.2021.02.041

[11] A. Hima, N. Lakhdar and A. Saadoune, “Effect of Electron Transporting Layer on Power Conversion Efficiency of Perovskite-
Based Solar Cell: Comparative Study,” Journal of Nano- and Electronic Physics, 11, 01026 (2019).
https://doi.org/10.21272/jnep.11(1).01026

[12] D. Valencia, J. Conde, A. Ashok, C.A. Meza-Avendaiio, H. Vilchis and S. Velumani, “Optimization of Cu(In, Ga)Se2 (CIGSe)
thin film solar cells parameters through numerical simulationand experimental study,” Sol. Energy, 224, 298-308 (2021).
https://doi.org/10.1016/j.solener.2021.05.075

[13] H. Aissat, H. Arbouz and J.P. Vilcot, “Optimization and improvement of a front graded bandgap CulnGaSe2 solar cell,”, Solar
Energy Materials and Solar Cells, 180, 381-385 (2018). https://doi.org/10.1016/j.s0lmat.2017.09.017

[14] A. Belghachi and N. Limam, “Effect of the absorber layer band-gap on CIGS solar cell,” Chinese Journal of Physics, 55(4), 1127-
1134 (2017). https://doi.org/10.1016/j.cjph.2017.01.011

[15] S. Bechlaghem, B. Zebentout and Z. Benamara, “The major influence of the conduction-bandoffset on Zn (O,
S)/Culn0.7Ga0.3Se2 solar cells,” Results in Physics, 10, 650-654 (2018). https://doi.org/10.1016/j.rinp.2018.07.006

[16] L. Et-taya, T. Ouslimane and A. Benami, “'Numerical Simulation of Third-Generation Solar Cells Based on Kesterite CZTSSe
Using SCAPS-1D,” in: Proceedings of the 3rd International Conference on Electronic Engineering and Renewable Energy
Systems. ICEERE, 2022. Lecture Notes in Electrical Engineering, editet by H. Bekkay, A. Mellit, A. Gagliano, A. Rabhi, and
A. Koulali, vol. 954. (Springer, Singapore, 2022). http://dx.doi.org/10.1007/978-981-19-6223-3 31

[17] Y. Osman, M. Fedawy, M. Abaza and M.H. Aly, “Optimized CIGS based solar cell towards an efficient solar cell: impact of
layers thickness and doping”, Optical and Quantum Electronics, 53, 245 (2021). https://doi.org/10.1007/s11082-021-02873-4

[18] M. Abdelfatah, et al., “Fabrication and characterization of low cost Cu20/ZnO: Al solar cells for sustainable photovoltaics with
earth abundant materials,” Sol. Energy Mater. Sol. Cells, 145, 454-461 (2016). https://doi.org/10.1016/j.s0olmat.2015.11.015

[19] H. Kafashan and A. Bahrami, “CIGS solar cells using ZrS: as buffer layer: Numerical simulation,” Optik, 298, 71594 (2024).
https://doi.org/10.1016/].ij1e0.2023.171594

[20] T. AlZoubi and M. Moustafa, “Numerical optimization of absorber and CdS buffer layers in CIGS solar cells using SCAPS,”
International Journal of Smart Grid and Clean Energy, 8, 291-298 (2019). https://doi.org/10.12720/sgce.8.3.291-298

[21] L. Et-Taya, A. El Khalfi, M. Ouhadou, A. El Boukili, Md.F. Rahman and A. Benami, “Design and simulation of a new kesterite
solar cell structure with and without a perovskite back surface field layer to exceed 32% efficiency,” Physica Scripta, 99(5),
055922 (2024). https://doi.org/10.1088/1402-4896/ad3684

[22] L Et-taya, T. Ouslimane and A. Benami, “Numerical analysis of earth-abundant Cu2ZnSn(SxSel-x)4 solar cells based on
Spectroscopic  Ellipsometry  results by using SCAPS-1D,”  Solar  Energy, 201, 827-835  (2020).
https://doi.org/10.1016/j.solener.2020.03.070

[23] X. Liu, B. Zheng, L. Shi, et al., « Perovskite solar cells based on spiro-OMeTAD stabilized with an alkylthiol additive,” Nat.
Photon. 17, 96-105 (2023). https://doi.org/10.1038/s41566-022-01111-x

[24] C. Lin, G. Liu, X. Xi, L. Wang, Q. Wang, Q. Sun, M. Li, et al., “The Investigation of the Influence of a Cu20 Buffer Layer on
Hole Transport Layers in MAPbI3-Based Perovskite Solar Cells,” Materials, 15, 8142 (2022).
https://doi.org/10.3390/ma15228142

[25] S. Rabhi, et al., “The impact of CBz-PAI interlayer in various HTL-based flexible perovskite solar cells: A drift-diffusion
numerical study”, Heliyon, 10(10), e31138 (2024). https://doi.org/10.1016/j.heliyon.2024.e31138

[26] H.S. Najafabadi, M.A. Meier and G.A. Hallock, “Charge carrier transport and electrical response by driving band gap modulation
in semiconductors,” Applied Materials Today, 29, 101608 (2022). https://doi.org/10.1016/j.apmt.2022.101608

[27] L.V.T. Merino, et al., “Impact of the valence band energy alignment at the hole-collecting interface on the photostability of wide
band-gap perovskite solar cells”, Joule, 8(9), 2585-2606 (2024). https://doi.org/10.1016/j.joule.2024.06.017

[28] A. Chen and K. Zhu, “Computer simulation of a-Si/c-Si heterojunction solar cell with high conversion efficiency,”. Sol. Energy,
86, 393-397 (2012). https://doi.org/10.1016/j.solener.2011.10.015

[29] Rihana, S.F. Ahmed and M. Khalid, “Simulation of CIGS based solar cells with SnO2 window layer using SCAPS-1D,” in: 2019
International Conference on Power Electronics, Control and Automation (ICPECA), (New Delhi, India, 2019), pp. 1-4.
https://doi.org/10.1109/ICPECA47973.2019.8975461

[30] H. Heriche, Z. Rouabah and N. Bouarissa, “New ultra-thin CIGS structure solar cells using SCAPS simulation program,”
International Journal of Hydrogen Energy. 42, 9524-9532 (2017). https://doi.org/10.1016/j.ijhydene.2017.02.099

[31] M. Hamdaoui, L. Et-Taya, J. Foshi, N. Mansour and A. Benami, “Enhancement of the performance of solar cells based-CIGSe
by using SCAPS-1D,” in: 2024 International Conference on Circuit, Systems and Communication (ICCSC), (Fes, Morocco,
2024), pp. 1-4, https://doi.org/10.1109/ICCSC62074.2024.10617204



475
A 31% Efficient CIGS-Based Solar Cell Using Spiro Material as a Buffer Layer... EEJP. 3 (2025)

COHSYHI EJIEMEHTH 3 31% E®EKTUBHICTIO HA OCHOBI CIGS 3 BUKOPUCTAHHSAM MATEPIAJIY SPIRO
AK BY®EPHOI'O IAPY: YUCEJIBHE MOJEJIFOBAHHSA
Moxamen Xamaayi?, Jycceiin Er-Tan?, A6nesia Benami?, Manika Yxany?, Aoaeppaxman Eab Bykini®, Jrayan ®ow®
4flenapmamenm iHdHCceHEPHUX HAVK, ONMOENEKMPOHIKA MaA NPUKIAOHI eHepeemuyHi Memoou, Qaxyibmem HAYK i MEXHIKU,
yuigepcumem Mynaa Icmaina 6 Mexnece BP 509 bymanamin, Eppauiois, Mapokko
bKageopa inoicenepnux nayx, cyuacna gizuxa, padiayis ma sacmocysanus, paxyromem nayku i mexuonozii, ynieepcumem Mynaii
Icmaina 6 Mexneci BP 509 Bymanamin, Eppawudis, Mapoxko
“[Jenapmamenm indjceHepHUX HAVK, eNeKMPOHIKA Ma iIHMeNeKMYalbHi CUCIeMU, ONMOeNeKMpPOHIKa Ma NPUKIAOHA eHepeemuKa
(OAET), dhaxynomem nayx i mexuixu, ynieepcumem Mynau Icmain y Mexneci, BP 509, Bymanamin, Eppawioia, Mapoxko
Y 1pOMy JOCHIIKCHHI BHBYAETHCS IMOTCHIIMHE ITiBUINCHHS TOTYXXHOCTI COHsSYHHX enemeHTiB Ha ocHOBi (Cu(In,Ga)Se2) 3a
JIOTIOMOT'OI0  YKCJIOBOTO MOJICIIIOBAaHHS 3 BUKOPUCTaHHSAM mporpamuoro 3abesnedenHs SCAPS-1D s onrtumizanii iXHBOT
MpOAYKTHBHOCTI. Byu npoanani3oBaHi pi3Hi mapamMeTpH, BKIIOYa04X TOBIINHY, KOHIIEHTPAL[IO aKLENTOPIB Ta IUPUHY 3a00pOHEHOT
30HH aktuBHOTO Mmapy CIGSe, a Tako)k KOHIIEHTPAIIiIO TOHOPIB Ta TOBIIUHY OydepHoro mapy ZrSz. Takoxk Oyi0 BpaxoBaHO BIUIUB
pobGouoi Temmeparypu. ONTHMI30BaHI BHUXIJHI XapaKTEPUCTUKH 3alpOIIOHOBAHOI KOHCTPYKIi €JeMEeHTa BKIIIOYAIOTH JIETIOUY
opraniuny popmyny (VOC) 1,13 B, crpym onpominerns (JSC) 32,61 mA/cm?, koeodirient aerpanaiii (FF) 89,12 ta koedimieHt
Buxonay (PCE) 32,91. Li pe3ynbTaTi MOXKYTh JOIIOMOTTH y pO3po0Ili BUCOKOS()EKTUBHUX TOHKOIUTIBKOBUX COHSYHUX EIEMEHTIB Ha
ocHoBi CIGSe.
Kuarwuosi cnosa: SCAPS; poboua memnepamypa, moswuna, poooma euxody, napamempu COHAUHUX eNeMeHmie
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In this paper, the principle of corresponding states was applied in a comparative analysis of the temperature dependencies of the
isobaric heat capacities of aliphatic alcohols and their fluorosubstituted analogues. For the heat capacity, both experimental data from
the literature and simulated data, obtained using artificial neural networks, were applied. The isobaric heat capacity for aliphatic
alcohols in absolute values over a wide temperature range at constant pressure is smaller than that for the corresponding
fluorosubstituted analogues. The comparison of the heat capacity data on the aliphatic alcohols and their fluorosubstituted analogues
with the heat capacity of water, for which there is a hydrogen bond network, and comparison of the corresponding data with the heat
capacity of hydrogen peroxide, where there are hydrogen bonds, but the network is absent, indicates that the change in the physical
properties of alcohols upon fluorosubstitution is associated with the hydrogen bond density.

Keywords: Aliphatic alcohols; Fluorosubstituted alcohols;, Water; Hydrogen peroxide; Heat capacity; Principle of corresponding
states
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INTRODUCTION

The study of the thermodynamic properties of fluorosubstituted monohydric aliphatic alcohols in comparison with
their unsubstituted analogues is one of the essential problems of the up-to-date physics of liquids and liquid systems.
The comparison of the thermodynamic properties of liquids within one homologous series and the substitution series,
obtained by substituting hydrogen atoms with fluorine atoms in their molecules, enables the analysis of the
characteristics of the mechanisms of molecular processes that occur in fluorosubstituted liquids. Such research is now
relatively scarce and sometimes contradictory.

At the same time, the fluorosubstituted alcohols are currently widely used in pharmacology and organic synthesis
as specific solvents and cosolvents, components of high-temperature heat carriers, lubricants, and adhesives, in the
manufacture of pesticides and polymeric materials [1]. Fluorosubstituted alcohols continue to master new scopes of
application, in particular, they are used in biotechnology for peptides stabilization [2], enzymes biomodification [3],
change of the protein macromolecules structure [4], modification of the lipid membranes properties [5], as well as for
modulation of the nicotinic acetylcholine receptors function [6], the mechanosensitive channel of small conductance,
KcsA channels and potassium channels Kv1.3 [7,8], etc. However, despite the widespread use of fluorosubstituted
alcohols in various industries, their thermodynamic properties remain poorly studied.

Thermodynamic coefficients of individual liquids allow analyzing the intermolecular bond energy, to relate the
microscopic and macroscopic parameters of the system state with the changes in the molecular structure of the liquid. The
analysis of literature sources has shown that the low-molecular representatives of homologous series (such as 2,2,2-
trifluoroethanol and 1,1,1,3,3,3-hexafluoropropan-2-ol), which have found wide use in the chemical industry and
biochemical engineering as specific solvents, can be considered as the best studied fluorosubstituted alcohols. As an
example, in [9] the quantum-chemical calculations at the Gaussian M-062x/6-31+g (d,p) level were applied to determine
the standard enthalpy, entropy, and heat capacity for various fluorosubstituted alcohols, emphasizing the importance of
vibrational and rotational contributions to the specified properties. In [10] the authors provided new experimental data on
the surface tension for 1H,1H-perfluoroalcohols of CF3(CF2),CH,OH (n=0-5) type, supplemented by molecular dynamics
simulation to determine the phase equilibria and bulk properties, including the enthalpy of vaporization.

Papers [11-13] are devoted to the helical conformation of fluorosubstituted hydrocarbon chains, what can be
explained by the fact that the fluorocarbon chains, due to steric repulsion of fluorine atoms, acquire a stable helical
shape, but not the usual linear zigzag conformation of aliphatic alcohols. The manifestation of the steric effect is a
change in the bond length and the valence angle between the carbon skeleton and halogen, thus causing tension in the
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intramolecular structure and its change: the zigzag structure of the aliphatic alcohol molecule turns into a helical
arrangement of fluorine atoms in the fluorosubstituted alcohol molecule. The steric hindrance of the substituent atom
can affect the formation of hydrogen bonds and significantly reduce the acidic properties of alcohols. The reason for
this is the negative inductive effect (—I-effect) inherent in the strong electron-withdrawing fluorine substituent [13].

The transition from aliphatic alcohols to their fluorosubstituted analogues must affect the nature of intermolecular
hydrogen bonds [14]. In [11], the quantum-chemical calculations, based on the semiempirical molecular orbital theory
Parametric Method 3 (PM3), were applied to study the structural and thermodynamic properties of the formation of
monomers (n=1-14, 34), dimers (n=1-14, 34), trimers and tetramers (n=1-8) of fluorosubstituted alcohols of the type
CunF2n+iCH2CH,OH at the air-water interface. From the analysis of the enthalpy, entropy, and Gibbs energy of the
clusterization, it was concluded that the dimerization of fluorosubstituted alcohols at the air-water interface occurs in
case, when the number of hydrocarbon links in the alcohol skeleton exceeds 6, while for the ordinary alcohols this
number of the homologous series is 11. Such studies contribute to a deeper understanding of the surface and
thermodynamic properties of fluorosubstituted alcohols, which is of crucial importance for practical applications. For
this purpose, we have compared the thermodynamic properties of the studied alcohols with the corresponding properties
of water, for which there is a continuous network of hydrogen bonds, and with the properties of hydrogen peroxide, for
which the hydrogen bonds exist, but do not form a network.

At the present stage of predicting the thermodynamic properties of halogen-substituted organic compounds from
the point of view of their molecular structure, special attention is paid to the application of artificial neural networks. As
is well known, neural networks require reliable experimental data, and the quality of their prediction is higher the more
relevant data are available within the homologous series. However, the fluorosubstituted alcohol heat capacity remains
insufficiently studied experimentally today. These studies are aimed at clarifying the change in the molecular structure
of the liquid at its transition from aliphatic alcohols [15,16] to their fluorosubstituted analogues. Explanation of the
fluorosubstituted alcohol stabilizing properties at the molecular level, as well as comparison of the saturated acids
stabilizing properties with physical mechanisms [17], remains an urgent task of condensed matter physics, which is
important for modern biomedicine.

The object of this paper is to compare the temperature dependences of the isobaric heat capacity of liquid aliphatic
alcohols within the same homologous series with the properties of their fluorosubstituted analogues using available
experimental data and data obtained from artificial neural networks.

TECHNIQUE FOR THE ALCOHOL HEAT CAPACITY CALCULATION BY THE PRINCIPLE
OF CORRESPONDING STATES

Utilizing the principle of corresponding states [18,19], the authors used the data for aliphatic alcohols, their
fluorosubstituted analogues, water, and hydrogen peroxide, which are presented in up-to-date reference books [20,21],
experimental databases [22-27], and databases simulated by artificial neural networks [28,29], or calculated by up-to-date
statistical methods [30]. The theoretical foundations of simulations using artificial neural networks are presented in
[31,32], and the examples of the artificial neural networks application for simulating the thermodynamic and transport
properties of liquids are given in [33-35].

The utilized simulation approach [28] includes quantum-chemical calculations based on conformer analysis to
determine the most stable structure of the molecule. In this case, optimization of the molecules spatial structure,
comparison of the molecules energy levels and analysis of the relationship between the structure of the molecule and
the property of the substance were carried out. The database [28] contains thermodynamic, physico-chemical, transport,
spectral, biomedical, and other properties, as well as molecular descriptors. Both basic molecular descriptors, indicating
the relative number of different atoms in a molecule, the structure of the molecule and the type of chemical bonds in the
molecule, and special quantum-chemical descriptors, in particular topological ones (about 2000 descriptors in total),
were used. The predicted data were compared with the experimental data, if available.

Note that the experimental data on the temperature dependences of isobaric heat capacity for the fluorosubstituted
alcohols, as well as their critical parameters, are practically absent in the literature today. Therefore, for the
fluorosubstituted alcohols, the simulations by artificial neural networks [28,29] were used. It should be noted that over
the past 10 years, the simulation methods, based on artificial intelligence, have achieved significant development, thus
allowing calculations of physical quantities with an error that is close to those occurring when these quantities are
determined in the up-to-date experimental studies [28].

The principle of corresponding states [18,19] was used to compare the properties of aliphatic alcohols with those
of their fluorosubstituted analogues. The isobaric heat capacity C,=T-(dS/dT), =(0H /dT), was made

dimensionless using critical values of temperature, density, and pressure:

C,‘=(aﬁj Jepe 1)
ar ), B

Here S is entropy, H is enthalpy, both referred to a mass unit (or to the number of moles) of the liquid; 7., F., p.
are the critical values of temperature, pressure, and density, respectively. By the content of this dimensionlessness,
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the enthalpy has the energy dimensionality, which is provided by the combination of critical parameters
Felpe=F-Ve.

The temperature dependences of the heat capacity as well as the critical parameters were taken from literature
sources [20-24] or simulated using the artificial neural networks [28,29]. Table 1 presents the utilized values of the
studied liquids critical parameters.

Table 1. Critical parameters of aliphatic alcohols, their fluorosubstituted analogues, water, and hydrogen peroxide with their CAS
identification

Substance CAS TC ,K P( , kPa P 10* ) m?3/mol
methanol 67-56-1 519.368 8012.12 1.15
ethanol 64-17-5 515.071 6137.06 1.69
propanol-1 71-23-8 535.940 5197.28 2.24
butanol-1 71-36-3 560.307 4452.95 2.77
pentanol-1 71-41-0 583.979 3839.56 3.34
hexanol-1 111-27-3 610.024 3425.08 3.89
heptanol-1 111-70-6 628.259 3095.95 4.43
octanol-1 111-87-5 646.665 2888.66 4.97
nonanol-1 143-08-8 662.673 2510.61 5.51
3F-ethanol-1 75-89-8 499 4863 2.04
S5F-propanol-1 422-05-9 511 3862 2.56
7F-butanol-1 375-01-9 522 3199 3.07
9F-pentanol-1 355-28-2 536 2550 3.62
11F-hexanol-1 423-46-1 549 2263 4.15
13F-heptanol-1 375-82-6 563 1942 4.65
15F-octanol-1 307-30-2 582 1685 5.15
17F-nonanol-1 423-56-3 604 1515 5.69
water 7722-18-5 647.1 22064 0.563
hydrogen peroxide 7722-84-1 727.98 22000 0.777

TEMPERATURE DEPENDENCES OF THE ALCOHOL ISOBARIC HEAT CAPACITY ALONG THE
LIQUID-VAPOR COEXISTENCE CURVE

Let us consider the temperature dependences of the isobaric heat capacity of aliphatic alcohols and their
fluorosubstituted analogues applying the principle of corresponding states. For the alcohols we studied, the literature
lacks both experimental data on the temperature dependences of the heat capacity and the values of the critical
parameters that are necessary when applying the principle of corresponding states. In the view of the availability of only
simulated data for the fluorosubstituted alcohols under study (Table 1), the data, simulated by the same technique
[28,29] for both aliphatic alcohols and their fluorosubstituted analogues, are used in the paper.

Our analysis have shown that for aliphatic alcohols the difference between the simulated data on heat capacity [28]
and similar data, but obtained experimentally [15, 36], generally increases with an increase in the number of carbon

atoms. We estimated the relative deviation §=C, -C, §=C = C » of the simulated heat capacity value C, from the
experimental value C, at the same temperature as A=2-(C, - C )IC,+ C ») - The maximum relative deviation

A, =2(C, _6},) nc, +5P) on the side of higher temperatures varied from 0.5% for ethanol to 9% for nonanol (see

Table 2). At the same time, the arithmetic mean absolute deviation & and relative deviation A for each alcohol at
and |A

equidistantly selected temperatures are at least half their maximum values |5m , respectively.

ax max

A

‘max

Table 2. Modulus of the maximum absolute ‘é}m‘ and relative

deviations of the simulated data on the heat capacity of

aliphatic alcohols from the similar data obtained experimentally

Modulus of maximum absolute deviation Modulus of maximum relative
Substance Srs| » J/(mol-K) deviation |A,,,
ethanol 0.678 0.0049
propanol-1 1.69 0.0089
butanol-1 6.50 0.0255
pentanol-1 20.9 0.0671
hexanol-1 22.8 0.0723
heptanol-1 26.7 0.0666
octanol-1 39.2 0.0885
nonanol-1 42.8 0.0883
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The critical parameters of fluorosubstituted alcohols were obtained by artificial neural networks [28,29]. The
temperature dependences of the dimensionless isobaric heat capacity C, according to (1) on the reduced temperature

7 =T /T, for the aliphatic alcohols and their fluorosubstituted analogues are presented in Fig. 1 and 2, respectively.
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Figure 1. Temperature dependences of the reduced isobaric heat
capacity of aliphatic alcohols in the liquid phase along the
liquid—vapor coexistence curve: 1 — methanol, 2 — ethanol, 3 —
propanol, 4 - butanol, 5 — pentanol, 6 — hexanol, 7 — heptanol, 8

T

— octanol, 9 - nonanol
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Figure 2. Temperature dependences of the reduced isobaric heat
capacity of fluorosubstituted alcohols in the liquid phase along
the liquid—vapor coexistence curve: 1 — 3F-ethanol, 2 — 5F-

propanol, 3 - 7F-butanol, 4 — 9F-pentanol, 5 — 11F-hexanol, 6 —
13F-heptanol, 7 — 15F-octanol, 8 — 17F-nonanol

The analysis of Fig. 1 and 2 shows that the temperature dependences of the isobaric heat capacity for aliphatic
alcohols and their fluorosubstituted analogues are monotonic, but under certain conditions have inflection points.
Moreover, in a wide temperature range along the liquid-vapor coexistence curve, the isobaric heat capacity of the
aliphatic alcohols is almost half the isobaric heat capacity of the fluorosubstituted alcohols. Fig. 3 presents the
temperature dependences of the reduced isobaric heat capacity for some pairs aliphatic alcohol — its fluorosubstituted

analogue.
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Figure 3. Temperature dependences of the reduced isobaric heat capacity of liquids along the liquid—vapor coexistence curve:
1 — ethanol, 2 — pentanol, 3 — 3F-ethanol, 4 — 9F-pentanol

As Figure 3 shows, curves 1 and 2, which correspond to aliphatic alcohols, have a positive second derivative of the
heat capacity with respect to temperature, while curves 3 and 4, which correspond to fluorosubstituted alcohols, have a

negative corresponding derivative. Our research has shown that for ethanol (9°C./dT?), >0, while for

trifluoroethanol (9°C, /9T?), <0; in the vicinity of the melting temperature for hexanol (9°C, /9T?), <0, while for

11F-hexanol (9°C, /9T?), > 0. Such features of the behavior of fluorosubstituted alcohols as compared to the aliphatic

alcohols may indicate to structural differences of the alcohols in the liquid state under study. The research described in
[11,12,13] indicates the significant differences according to which the molecules of fluorosubstituted alcohols can be
located more densely due to the helical conformation of the fluorosubstituted hydrocarbon chains. In our opinion, this
may occur due to the destruction of a certain number of hydrogen bonds.
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DISCUSSION OF RESULTS

To understand the reasons for significant difference in the values of the isobaric heat capacities of the studied
alcohols, the attention should be payed to the influence of hydrogen bonds on the value of the heat capacity of liquids
along the liquid—vapor coexistence curve. For this purpose, we use the principle of corresponding states to compare the
heat capacity of water, in which there is a continuous network of hydrogen bonds, with that of hydrogen peroxide,
where the hydrogen bonds exist, but their continuous network is absent. Fig. 4 shows the temperature dependences of
the isobaric heat capacity of water and hydrogen peroxide along the liquid—vapor coexistence curve, calculated
according to the principle of corresponding states. The indicated curves have minimums at the temperature of 36°C
(T/T=0.477) for water and 155°C (7/T¢=0.558) for hydrogen peroxide. The minima in the temperature dependences of
the heat capacities of water, hydrogen peroxide, and a number of other substances having a small molar mass
[21,22,23,24] indicate the emergence of molecules associates [15] at the temperatures lower than those of the minima.
At the same time, for the aliphatic alcohols [15,28] and their fluorine-substituted analogues [28] the minima in the
temperature dependences of the heat capacities do not occur. Below the temperatures of the indicated minima, the
temperature dependence of the isobaric heat capacities of water and hydrogen peroxide along the liquid—vapor
coexistence curve is anomalous as compared to other liquids. When the temperatures are above the indicated minima,
the heat capacities of the indicated liquids increase as the temperature grows, as it is shown in Fig. 3 for the studied
alcohols.
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Figure 4. Temperature dependences of the reduced isobaric heat capacity of liquids along the liquid-vapor coexistence curve:
1 — water, 2 — hydrogen peroxide; a - minimum for water, b - minimum for hydrogen peroxide. Circles indicate the triple points

The analysis of Fig. 4 leads to the conclusion that the reduced heat capacity of water exceeds the reduced heat
capacity of hydrogen peroxide due to the presence of a continuous network of hydrogen bonds in water. Therefore, it
can be assumed that for the fluorosubstituted alcohols, where most of the hydrogen atoms are replaced by fluorine
atoms, the hydrogen bonds are less dense, thus resulting in higher values of the reduced isobaric heat capacity (Fig. 3,
curves 3 and 4).

Unlike the aliphatic alcohols, the temperature dependences of the isobaric heat capacity of their fluorosubstituted
analogues have opposite signs of the second derivative of the heat capacity with respect to the temperature. According
to [15], the curves of the temperature dependences of the alcohols heat capacity can have an inflection point associated
with the breaking of hydrogen bonds above the inflection temperature. The breaking of the aliphatic alcohol hydrogen

bonds corresponds to such inflection points [15] for which (3°C, /dT*), >0 is below the inflection temperature, while
(0°C,/9T?), <0 is above the inflection temperature. Note, that for the corresponding aliphatic thiols, in whose

molecules instead of the oxygen atom there is a heavier sulfur atom, the curves of the temperature dependences of the
heat capacity do not have inflection points [15].

Thus, the opposite sign of the second derivative of the heat capacity with respect to the temperature for the
aliphatic alcohols and their fluorosubstituted analogues indicates that for the fluorosubstituted alcohols there exists a
hydrogen bond breaking dynamics.

CONCLUSIONS
Using the principle of corresponding states, a comparative analysis of the temperature dependences of the isobaric
heat capacity of aliphatic alcohols and their fluorosubstituted analogues was carried out in the wide temperature range
along the liquid—vapor coexistence curve.
On the basis of literature experimental data and the simulations, performed by artificial neural networks, it is
shown that homologous series of aliphatic alcohols and their fluorosubstituted analogues have differences in reduced
caloric properties.
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It is shown that in a wide temperature range along the liquid—vapor coexistence curve, the reduced isobaric heat
capacity of fluorosubstituted alcohols is almost twice as high as the corresponding value of the aliphatic alcohols, which
the authors attribute to a decrease in the number of hydrogen bonds in the fluorosubstituted alcohols as compared with
the aliphatic ones.

Unlike the aliphatic alcohols, for their fluorosubstituted analogues the second derivative of the heat capacity with
respect to temperature along the liquid-vapor coexistence curve is opposite in sign, which indicates to the dynamics of
hydrogen bond breaking upon fluorosubstitution in aliphatic alcohols.
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This article presents the results of measurements of the dielectric coefficients of acetic acid and its solutions. Measurements were
carried out at wavelength A = 40.0; 30.0; 20.0; 10.0; 6.4; 4.4; 2.1; 1.2; and in the temperature range 20 + 50°C. Models of molecular
clustering in liquid acetic acid were studied based on analysis of the dielectric absorption spectrum. The results of a study of the radio
frequency absorption spectrum of acetic acid indicate the presence of two polymorphic forms of this compound. The characteristic
temperature dependences of the dielectric constant &' of acetic acid have been determined, from which two isothermal rotational
transitions are clearly visible. The first - at the melting point - is accompanied by a sharp decrease in the number of dielectrically
active units. The second, at a temperature below the melting point, leads to dielectric constant €' values close to the high frequency
(HF) limit of the total orientation contribution for microwave absorption in liquid acid. At temperatures above the first and below the
second transitions, the values of the dielectric constant €' do not depend on the frequency of the electromagnetic wave; on the
contrary, pronounced dispersion is observed in the interval between two transitions.

Keywords: Dielectric spectroscopy, Dielectric relaxation; Complex dielectric constant,; Dielectric properties,; Acetic acid

PACS: 61.20. —p; 77.22. —d; 77.22.Gm

1. INTRODUCTION

The main goal of dielectric research is to study the patterns of manifestation of the features of molecular
interactions and movements in the condensed state of matter. Effective control of chemical and technological processes,
revelation of the nature of physical and chemical processes in biological media, synthesis of new polymeric materials
that meet specific requirements, creation of high-speed methods of analysis and control - none of these pressing
problems can be successfully solved without a deep understanding of the mechanism of molecular movements and
interactions.

The extreme diversity of the molecular structures of polar liquids and their solutions that must be taken into
account, as well as the difficulties associated with theoretical inter predation, make it extremely necessary to
systematically accumulate experimental data on molecular motion and interactions in connection with the microscopic
properties of matter. In this aspect, dielectric information acquires special value due to the exceptionally high resolution
of the method on a time scale, which makes it possible to observe the movements of atomic groups, individual
molecules, and large supra molecular formations - clusters. This feature distinguishes the dielectric method from other
widely used spectroscopy methods. However, its implementation is possible only when setting up an experiment within
a wide range of frequency variations, which is associated with overcoming great methodological and technical
difficulties.

Dielectric studies were carried out in parallel in two directions:

a) mastering the existing methodology, as well as the development and implementation of a new experimental
methodology;

b) direct dielectric studies of substances with various types of interactions and molecular structure in liquid and
solid states, under conditions of significant variation in external parameters.

The dynamic dielectric properties of acetic acid [1 — 3], in agreement with X-ray data [4,5], indicate the existence
of highly polar clusters based on intermolecular hydrogen bonds, as well as kinetic units with a smaller effective dipole
moment. In this work, changes in the spectrum of the dispersion caused by the melting of the acid were traced. Analysis
of changes in the dispersion spectrum [6,7] shows that, to a first approximation, the spectrum can be described by a
superposition of two regions. The HF region has a relaxation nature and is characterized by a symmetrical distribution
of relaxation times, increasing with decreasing temperature. The small value of the absorption amplitude and the
relatively low (for the solid phase) reorientation barrier (~4 kCal/mol) give grounds to assert that the rotational
movement of individual molecules creates the high-frequency region.

Low frequency (LF) - the region only partially falls within the overlapped frequency range. A notable feature of
this area is the strong dependence of dielectric coefficients on the thermal conditions of sample preparation, which
requires special precautions to eliminate or minimize the contribution due to the surface effect. Judging by the long
relaxation times and large amplitude, comparable to that in the liquid phase, the main contribution to the LF region is
made by the movements of molecules forming hydrogen-bonded multiverse, without the disintegration of the latter.
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The purpose of the work was to study the radio frequency absorption spectrum of acetic acid. Determination of the
temperature dependences of the dielectric constant €' of acetic acid.

2. MATERIALS AND METHODS

Acetic acid (United States, Keysight Technologies) was chosen as the object of research. Dielectric constant €' and
dielectric losses €" of liquid acetic acid were measured at wavelengths A = 40.0; 30.0; 20.0; 10.0; 6.40; 4.40; 2.10; 1.20;
0.75 cm in the temperature range from 20 to 50°C according to the method described in [8 - 11], taking into account
amendments [12,13].Equilibrium dielectric constants g were measured on a Q - meter VM 560, at a frequency of
1.6 MHz and the same temperatures. The errors are about 2% for the dielectric constant €', 3 — 5% for the dielectric loss
€" and 0.5% for the equilibrium dielectric constant g. Further details about the methodology and constants of the
studied sample are given in [14, 15].

To measure the dielectric constant &' and dielectric losses €" of liquids and solutions in the range of centimeter and
millimeter wavelengths, waveguide methods are widely used, characterized by a relatively high measurement accuracy.
The expression for the complex propagation constant y of an electromagnetic wave in a waveguide fill fused by a polar
liquid, is written in the form [11, 15— 17]:

o2 [ (Pz— i 2 (1 ita®
=i e - =i E (1-itgd), M

i A — wavelength in vacuum; 4., — critical wavelength in a waveguide, determined by the
Zip

dimensions of the waveguide and the type of waves propagating in the waveguide [18], 4o — wavelength in the
waveguide with the liquid under study, ¢* — complex dielectric constant of a polar liquid. From identity (1) it follows
that

HereA = arctg
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To determine the quantities Agand tg 3 included in expression (2), the waveguide method of variable thicknesses is

often used [19 — 21], which is acceptable only under the condition thattg% # 0. According to this method, a waveguide

cell with the liquid under study, the thickness of which in the cell is controlled by the position of the short-circuiting
piston at the rear of the cell, is connected to the end of the waveguide path. The dependence of the standing wave
coefficient in the waveguide path 1 on the thickness of the liquid in the cell 1 is removed. The minimum values 1 of this

dependence are realized at liquid thicknesses in the cell approximately equal to / =}% (2k—1), where k=1, 2,3 ... while

. . . . A .
the ratio of arbitrary maxima nm and 1. of the same dependence 1 on 1 is related to the value of tg 3 by the relation,
which to a first approximation has the form:
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hered, — wavelength in an empty waveguide [1].
A
. . . . . th (nm tg3) .
The convenience of calculating tg%usmg expression (3), the functions ﬁare tabulated. It is usually assumed
mm tg;
that cmn values are quite small in magnitude. However, as calculations show, this assumption is valid only for values of
the indices m > 2 and n > 2. For other values of the indices m and n, the value of ¢, should be taken into account. When
accurately determining the value of A, a systematic error is allowed, which, as a rule, is not always taken into account.
In some cases, it can exceed the permissible limits and significantly affect the accuracy of measuring the values of €'
and €" of the liquids under study. To take into account the systematic error in determining the value of A, we use the
following considerations.
The expression for the standing wave coefficient in a waveguide has the following form [11]:

_ Ltlpl
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Where|p| = —modulus of the reflection coefficient of an electromagnetic wave in a waveguide.
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The position of the extreme values of the dependence of 1) on 1 is determined from the condition.
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We assume that the minimum values of p, and therefore 1, are realized at liquid thicknesses in the cell
I=2.@q-1+5 )

where - § is a value many times smaller than the thickness of the liquid in cell 1.

We substitute expression (6) into (4) and expand the resulting expression for thyl into a series in terms of the
value of . Let us limit ourselves to considering the first three terms of this series. Let us differentiate the resulting
equation (4) by the value of  and use condition (5). Then, discarding terms containing & as a factor, we obtain in a first
approximation

A
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Taking into account the correction 9, the first minimum of the dependence of 1 on 1 will occur at the thickness of
the liquid in the cell:

2
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In the general case, the distance between the nearby p and q minima of the dependence of 1 on | is determined by
the relation:

2
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The quantities 8; and §,q included in formulas (8) and (9) depend on the values of the measured quantities A and
tg %. For ease of calculation, the values of 0, 812 and 83 were calculated. According to the calculation data, the

correction 81 always has a positive sign, while d,q has negative signs. The values of 3; and J,q increase sharply with
increasing A, of the measured liquid. However, as the numbers p and q increase, the correction values decrease
noticeably; they turn out to be significant only when the wavelength A, in the waveguide with the liquid under study is
measured from the positions of the first three minima of the dependence of 1 on L.

It should be noted that for most polar liquids with values of tg%> 0,25 in the ultrahigh frequency range, the
dependence of 1 on 1 has, as a rule, 2-3 well-resolved minima of n.

3. RESULTS AND DISCUSSION
Table 1 gives the values of the dielectric constant of acetic acid €' and dielectric losses €". Explicitly, the spectrum
contains only one absorption region of the relaxation type (Fig. 1, 2).

Table 1. Dielectric coefficients of acetic acid

T, °C 20 30 40 50

Acm €' g" €' g" g' g" €' g"
40.0 5.75 0.96 5.91 0.89 6.12 0.80 6.32 0.73
30.0 5.48 1.15 5.70 1.08 5.93 0.99 6.17 0.91
20.0 5.05 1.23 5.30 1.21 5.56 1.19 5.83 1.14
10.0 4.40 1.11 4.60 1.17 4.81 1.22 5.06 1.28
6.40 4.11 0.97 4.25 1.06 4.44 1.14 4.63 1.23
4.40 3.85 0.89 4.00 0.96 4.14 1.06 4.30 1.16
2.12 3.52 0.76 3.60 0.82 3.70 0.88 3.78 0.97
1.20 3.28 0.62 3.34 0.70 3.41 0.77 3.50 0.85
0.75 3.08 0.52 3.12 0.58 3.19 0.67 3.26 0.75

The relaxation times corresponding to the peak of the €"(A) curves change with temperature according to the
relation T = 19 exp(U/RT), where 1o = 11.8:107'* ¢m, U = 4.0 kcal/mol. Found in this way relaxation parameters should
be considered effective, which is proven by the clear resolution of the spectrum when using the linear representation
method (Fig. 3,4).

To a first approximation, the frequency variation of the values €', €" can be described by a superposition of two
independent relaxation processes (Fig. 5):
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&' —ie" = & + (€01 — &x2) {C1(1 +icor)) ' + C2[(1 + iwTy) ™ *2] 1},

f0; — £eo
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Figure 5. Arc diagrams of acetic acid when the spectrum is divided into two regions (20°C).
The numbers at the dots are wavelengths (cm)

Table 2 gives the estimated parameters of equation (1) along with the measured values of ;. A comparison of the
spectrum calculated from these values with the observed one shows [22] that the permissible limits of variation of the
estimated parameters, in which the scatter does not exceed the experimental errors, are about 10% for T and 0.05 for C.

Table 2. Relaxation parameters of the spectrum of acetic acid according to (1)

T, °C €01 €2 11-10"%sec 12:10%sec 1753 Ci
20 6.30 2.58 122 11.5 0.29 0.50
30 6.38 2.57 100 10.0 0.28 0.49
40 6.46 2.56 81 8.8 0.27 0.46
50 6.54 2.56 66 7.8 0.26 0.48
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Significant broadening of the high-frequency (HF) region makes its further division possible. Due to the large
distribution parameter o of the dielectric relaxation time, attempts to describe this region using elementary Debye
processes require the introduction of four relaxation time values. By analogy with monohydric alcohols [23], it seems
advisable to limit ourselves to separating from the HF region only two contributions, each of which retains a certain
distribution of relaxation times of a symmetrical type (Fig. 6). Table 3 gives the spectrum parameters according to the
equation

&' —ie" = g3 + (801 — £3)2 G[ 1 + (iwT) "] = 1,2,3. (11)

Where -e51= €025 €x2= €03;T1>12>13, 0= 0. The values of relaxation activation energy found from the Ig graph are also
given there t — T/
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Figure 6. Arc diagrams of acetic acid when the spectrum is divided into three regions (20°C). The numbers at the dots are wavelengths (cm).

Table 3. Relaxation parameters of the spectrum of acetic acid according to equation (2)

T, °C £01 £02 £03 €03 11-102sec 12:102sec 13-102sec o a3
20 6.30 4.42 3.26 2.58 122 25.0 2.8 0.11 0.13
30 6.38 4.48 3.28 2.57 100 21.5 2.5 0.11 0.12
40 6.46 4.54 3.29 2.56 81 19.0 2.2 0.10 0.11
50 6.54 4.60 3.30 2.56 66 17.0 2.0 0.10 0.10

The presence of an absorption spectrum contradicts the widespread opinion about the exclusively nonpolar dimeric
type of clustering of liquid acetic acid. The presence of three absorption regions with relaxation times differing by a
factor of 40 cannot be explained by the hypothetical interaction of monomers and cyclic dimers. At the same time, the
value of the correlation parameter g = 0.4 (20°C) indicates a limited proportion of polar clusters. Taking this into
account, as well as summarizing the results of spectrum analysis, identification should be carried out in terms of the
equilibrium between non-polar clusters, polar multiverse and monomers.

The characteristics of the HF contribution give reason to believe that it is created by the reorientation of individual
molecules as a whole, supplemented by internal rotation. The relative content of kinetic units involved in HF absorption
(9%) found from the amplitude €93 — €x3 (at g3-1) coincides with the concentration of acid monomers (12%) at 20°C,
estimated from ultrasonic data. The attribution of the HF contribution to monomers is also confirmed by the closeness
of the values of 13, 03, and Us to those for ethyl acetate, where, with a comparable molecular structure, there are no
directional interactions.

There is no doubt that the LF contribution is classified as multiverse. As for the intermediate contribution, its
identification depends on the specific cluster model. For example, if we proceed from the model of linear highly polar
clusters, then the most likely explanation will be the ratio of the intermediate contribution to the terminal molecules.
Another model of clusters, proposed for alcohols [24-26], postulates an equilibrium between monomers, weakly polar
dimers and highly polar cyclic (non-planar) multiverse (presumably tetramers). In this case, the HF and LF contributions,
as before, are created by monomers and multiverse, respectively, and intermediate absorption is associated with polar
dimers.

The main difference between linear and cyclic clustering models is that in the first case, the appearance of an
intermediate region directly follows from the presence of chain multiverse. On the contrary, with cyclic clustering, the
presence of kinetic units responsible for a given absorption region is not due to the existence of other types of relaxers.

4. CONCLUSIONS
1. The prerequisites for choosing between the two models are determined by comparing the expected and observed
changes in the spectrum caused by the introduction of foreign molecules of acetic acid.
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2. The linear clustering model predetermines the correlation between the amplitudes of low-frequency and
intermediate contributions upon dilution of acetic acid.

3. It is obvious that the idea of an exclusively nonpolar type of clustering of liquid acetic acid is erroneous, as well
as the possibility of two types of clusters, including open or ring polar multiverse.

4. From the dielectric data it is clear that there are two stable modifications in solid acetic acid, differing in
orientation freedom.
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JIEJEKTPUYHA PEJTAKCAIIISI TA MOJIEKYJISIPHI B3AEMO/IIi B OL[TOBIN KUCJIOTI
C.T. A3zizoB*’, O.A. Anies®’, X.X. I'amimos®
“Minicmepcmeo nayku ma oceimu Asepbatiodcancokoi Pecnybnixu, Incmumym ¢izuxu,
np. X. Horcasioa 131, AZ-1143 Baxy, Azepbatioxcan
bAsepbatioscancoxuii depacasnuil ynisepcumem nagpmu ma npomucrosocmi, Azaonizace, 34, baxy AZ1010, Azepbaiiocarn

V wmiif cTaTTi MpeACTaBIeHI pe3yIbTaTH BUMIPIOBaHb JieJIEKTPUIHUX KOS(ili€HTIB OLTOBOI KHCIOTH Ta ii po3unHiB. BuMipioBaHHS
MPOBOJMIINCS Ha noBxkuHAX XBWwib A = 40,0; 30,0; 20,0; 10,0; 6,4; 4,4; 2,1; 1,2; ta B miamazoni temmepatyp 20 ~ 500°C. Monemni
MOJIEKYJISIPHOT KJIacTepH3allii B PiKid OLTOBI KUCIIOTI JOCIIDKYBAINCS HAa OCHOBI aHAJIi3y CHEKTpPY MieIeKTPUIHOTO ITOTJIMHAHHSI.
Pe3ynbraTté IOCIIDKEHHS! CHEKTPY PajioyacTOTHOTO IOTJIMHAHHS OLTOBOI KHMCJIOTH BKa3ylOTh Ha HAsBHICTH ABOX HMOJTIMOP(OHHUX
¢dopm wiei cnomyku. BusHaueHO XapakTepHi TeMIepaTypHi 3aJIe)KHOCTI JieJIeKTPHYHOI IPOHUKHOCTI €' OLTOBOI KHUCIOTH, 3 SIKHX
YiTKO BUJIHO [Ba i30TepMidHi 0OepTaibHi nepexoau. [lepiuuii — y Temmeparypi iaBjieHHs — CYIPOBOKYETHCS Pi3KUM 3MEHIICHHSIM
KITTBKOCTI Mi€NICKTPUYHO AaKTHBHUX OAWHMIG. Jpyruid, mpH TemmepaTypi HW)KYe TOYKH IUIABICHHS, MPU3BOAUTH IO 3HAYCHBb
IeNeKTPUYHOI MPOHUKHOCTI €', Omm3pkux 10 BucokodactotHoi (HF) wmexi 3arampHOro Opi€HTaliitHOrO BHECKY ISt
MIKPOXBHJIBOBOTO IIOTJIMHAHHS B piAkii kucioti. [Ipu Temmeparypax BHINE HEpHIOTO Ta HIDKYE JPYroro INEepexoiiB 3HAUCHHS
JlieJIeKTPUYHOI IPOHUKHOCTI €' HE 3aJeXKaTh Bil YaCTOTH €JISKTPOMAaTHITHOI XBHUJIi; HAaBIIAKH, CIIOCTEPIraeThCsl BUPAKCHA JIUCIIepCis B
iHTepBaJIi MK IBOMa [epeXxoiaMu.

KuarwuoBi ciioBa: Oienekmpuyna CneKmpoCKonis, OleleKMpUYHa pPeraxkcayis, KOMNJIEeKCHA OIeleKMPUYHA NPOHUKHICb,
OdieleKmpUYHi 81ACMUBOCMI; OYMO8a KUCIOMA
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Polyphenols, a versatile group of naturally occurring compounds with many favorable biological properties currently attract
increasing research interest in the context of their ability to inhibit the formation and to destabilize special protein aggregates,
amyloid fibrils, associated with a number of human diseases. In the present study the molecular docking technique was used to gain
insights into molecular details of the interactions between polyphenolic compounds such as quercetin, curcumin, resveratrol,
sesamin, salicylic and gallic acids with the mature amyloid fibrils from Abeta peptide, islet amyloid polypeptide, insulin,
apolipoprotein A-I and apolipoprotein A-II. All examined polyphenols displayed the highest binding affinities for amyloid fibrils
from apolipoprotein A-II and insulin, while the lowest affinities were observed for the fibrillar apolipoprotein A-I. The
hydrophobicity/hydrophilicity analysis of amino acid composition of the binding sites showed that hydrophobic and neutral residues
play a predominant role in the polyphenol complexation with amyloid fibrils from apolipoprotein A-I, apolipoprotein A-II and
insulin, the basic residues essentially contribute to polyphenol association with fibrillar Abeta and islet amyloid polypeptides, while
the involvement of acidic residues was revealed only for the complexes sesamin + apolipoprotein A-I / Abeta fibrils and curcumin
keto + insulin fibrils. The results obtained may prove useful in the development of novel polyphenol-based anti-amyloid strategies.
Keywords: Amyloid fibrils; Polyphenols; Binding sites, Binding affinity, Molecular docking

PACS: 87.14.C++c, 87.16.Dg

Amyloid fibrils, specific protein aggregates with a core [-sheet structure, in the past decades continue to attract
enormous attention in two main aspects associated with amyloid involvement in pathogenesis of more than forty human
diseases [1] and great nanotechnological potential of amyloid assemblies [2]. Considerable research efforts are currently
focused on the development of anti-amyloid strategies and searching for small molecule inhibitors of amyloid
formation [3]. One class of such inhibitors is represented by polyphenols, naturally occurring compounds with a wide
range of biological activities [4, 5]. Growing evidence indicates that polyphenols can interfere with the process of amyloid
formation through: i) preventing the structural transitions of protein molecules into the aggregation-prone states; ii)
hindering the conversion of oligomeric intermediates into mature amyloid fibrils; and iii) disrupting and remodeling the
preformed fibrillar assemblies [6-9]. To exemplify, epigallocatechin gallate displayed the abilities not only to inhibit the
growth of fibrils from Abeta and o-synuclein, but also to induce their remodeling into nontoxic amorphous
aggregates [10, 11]. Resveratrol has been reported to prevent large-scale Abeta fibrillization without affecting the oligomer
formation [12, 13]. Polyphenols baicalein, epigallocatechin gallate, rutin and gallic acid have been found to produce
disassembly of glycation-mediated mature amyloid fibrils from bovine serum albumin (BSA)[14]. The inhibition of
amyloid formation from insulin, lysozyme and AB1-40 peptide, and disassembly of the preformed fibrils were revealed
for rottlerin. It was hypothesized that this polyphenol is capable of interrupting the fibril-stabilizing bonds of
B-sheets [15]. Gallic acid, caffeic acid, rutin and quercetin suppressed the fibrillization of the islet amyloid polypeptide
(IAPP), while rutin and quercetin disaggregated the preformed amyloid fibrils of IAPP [16]. It has been proposed that
improvement of the water solubility and bioavailability of polyphenols through nanonization enhances their anti-
amyloid activities, as was demonstrated for the nanosheet form of polyphenolic fraction from propolis which displayed
more efficient inhibition of amyloid growth and clearance of the preformed fibrils of bovine insulin [17]. It has been
also shown that polyphenol association with fibrillized proteins is governed by hydrogen bonding, m—r stacking and
hydrophobic interactions, and may lead to self-assembly of amyloid fibrils into complex hierarchical structures [9]. All
the above findings point to the necessity of a more thorough investigation of the mechanisms underlying the interactions
between polyphenols and proteins, especially the amyloid protein aggregates. For this reason, the aim of the present
study was to scrutinize the interactions between a series of chemically diverse polyphenols (PF) with mature amyloid
fibrils from structurally different proteins using the molecular docking technique. The group of the examined
polyphenolic compounds included quercetin (QR), curcumin (CR), gallic acid (GA), salicylic acid (SA), sesamin (SES)
and resveratrol (RES), while the amyloid-forming proteins were represented by Abeta peptide (Abeta), islet amyloid
polypeptide, insulin (Ins), apolipoprotein A-I (apoA-I) and apolipoprotein A-II (apoA-II).
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METHODS

The structures of polyphenols were prepared in MarvinSketch software, v.18.10, ChemAxon with subsequent
geometry optimization in Avogadro 1.1.0 software using the Universal Force Field21. The insulin fibril model was
taken from the archive provided by M. Sawaya (http://people.mbi.ucla.edu/sawaya/jmol/fibrilmodels/). The model
amyloid fibrils of apoliporotein A-I were constructed using the CreateFibril tool based on the translational and
rotational affine transformations providing several copies of a certain fragment of fibril core, whose subsequent
stacking produces the elongated fibrillar aggregate. The input structures for CreateFibril were generated from the
monomers in the -strand conformation with PatchDock. The structures of the amyloid fibrils from Abeta, IAPP and
ApoAIl were taken from the Protein Data Bank using the following PDB IDs: 80T4 (AP amyloid fibrils from
Alzheimer's brain tissue), 6Y1A (IAPP) and 80Q4 (ApoAll). The docking of polyphenols to amyloid fibrils was
performed using the web-based server HDOCK [18]. The selected docking poses were visualized with the UCSF
Chimera software (version 1.14).

RESULTS AND DISCUSSION
The molecular docking study of the interactions between the selected polyphenolic compounds and amyloid
fibrils provided evidence for the presence of different types of polyphenol binding sites on the amyloid aggregates
(Figs.1-3). The association of polyphenols with fibrillar Abeta (Fig. 1, A, B,) and ApoAll (Fig. 3) occurs mainly
through the dry surface of the fibrils, while the PF binding sites on the fibrils of IAPP (Fig. 1, C, D) and ApoAl (Fig. 2,
A) are located on the wet surface of amyloid assemblies. The insulin fibrils appear to contain the binding sites for PF on
both the dry and wet surfaces (Fig. 2, B).

Phenolic
d Curcumin

Curcumin

Sesamin Keto

Resveratrol
Quercetin

Gallic
acid

C D
Figure 1. The best-score complexes of Abeta (A, B) and IAPP (C, D) fibrils with polyphenols.
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Figure 2. The best-score complexes of the fibrillar ApoAl (A) and insulin (B) with polyphenols.
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Curcumin keto
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Figure 3. The best-score complexes of the fibrillar ApoAIl with polyphenols.

As judged from the comparison of the best score values (Table 1), all polyphenols form the strongest complexes
with the fibrils from ApoAll and insulin, with the binding affinities decreasing in the rows: Quercetin: ApoAll >Ins >
IAPP > ApoAl = Abeta; Curcumin enol; ApoAll >Ins > IAPP > Abeta = ApoAl; Curcumin keto: ApoAll >Ins >
Abeta > IAPP > ApoAl; Phenolic acid: ApoAll >Ins > IAPP >Abeta = ApoAl; Gallic acid: ApoAll >Ins > [APP>
Abeta > ApoAl; Sesamin: ApoAll >Ins > IAPP > Abeta > ApoAl; Resveratrol: ApoAll >Ins > IAPP > Abeta >
ApoAl.

Table 1. The best score values for the complexes of polyphenols with amyloid fibrils

Polyphenol Abeta InsF ApoAl ApoAll IAPP
Quercetin -121.18 -163.80 -122.73 -211.93 -139.19
Curcumin enol -135.49 -169.26 -118.84 -239.82 -163.48
Curcumin keto -118.42 -140.44 -104.32 -161.14 -118.00
Salicylic (phenolic) acid -71.07 -91.79 -70.36 -103.85 -73.63
Gallic acid -80.34 -110.86 -78.72 -123.75 -83.94
Sesamin -117.59 -153.37 -109.44 -220.44 -147.60
Resveratrol -91.71 -115.26 -80.58 -164.03 -109.11

Presented in Tables 2-8 are the amino acid compositions of polyphenol binding sites on the examined amyloid
fibrils. The  hydrophobicity/hydrophilicity  analysis  performed using the Peptide 2.0 software
(https://www.peptide2.com/N_peptide hydrophobicity hydrophilicity.php) allowed to identify the types of amino acid
residues that predominantly determine the complexation of polyphenols with the fibrillized proteins. As seen in Table 2,
the fibril binding sites for quercetin are composed mainly of hydrophobic and neutral residues, with their content being
the highest for Abeta and ApoA-I fibrils, respectively. An exception is the fibrillar IAPP in which there are no
hydrophobic residues at the quercetin binding sites. The association of quercetin with amyloid fibrils from Abeta, IAPP
and Ins is mediated also by the basic residues, especially, histidine. Notably, the strongest complexes formed by
quercetin with ApoA-II and Ins, are stabilized mainly by the interactions of this polyphenol with hydrophobic and
neutral amino acid residues.

Table 2. The interface residues in the complexes between amyloid fibrils and quercetin

Amyloid fibrils Amino acid residues forming the fibril binding sites for quercetin

1 | ApoA-I GLN2715, LEU2725, ASN27315, GLN298k, LEU299x, ASN300k, GLN3251, LEU326L, ASN327L, ASN354Mm
Hydrophobic: 30%, Acidic: 0%, Basic: 0%, Neutral: 70%

2 | ApoA-II LEUion, THRi21n, TYR14n, TYR214, ALAsen, GLYs7a1, THRssy, LEU1on, THRi2n, TYRusn, TYR21n,
ALAsen, GLYs7n, THRssn, LEU10r, THRi2r, TYRi4r, TYR21r, ALAser, GLYs7R, THRssr, LEUiov,
TYR21v, ALAsev, THRsgv

Hydrophobic: 32%, Acidic: 0%, Basic: 0%, Neutral: 68%
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Amyloid fibrils Amino acid residues forming the fibril binding sites for quercetin
3 | Abeta PHEsk, ARGsk, HISex, VAL1sk, PHE 19k, PHE20k, ALA21x, VAL24k

Hydrophobic: 75%, Acidic: 0%, Basic: 25%, Neutral: 0%

4 | IAPP HIS1sp, SER19p, SER20p, HIS18F, SER19F, SER20F, HIS18H, SER 191, SER201, HIS18), SER19)
Hydrophobic: 0%, Acidic: 0%, Basic: 36.36%, Neutral: 63.64%

5 | Ins GLNi1156, PHE2016, VAL202G6, ASN2036, GLN204G, HSD20s6, ILE21;, LEU131, GLN1s;, LEU1131, VAL2021,
ASN2031, GLN2041, HSD20s1, LEU2061, GLNsx
Hydrophobic: 43.75%, Acidic: 0%, Basic: 12.5%, Neutral: 43.75%

As judged from Table 3, all amyloid fibrils except Abeta possess the binding sites for salicylic acid containing the
neutral amino acid residues in rather large amounts (from 44 % to 70 %). The hydrophobic amino acids do not
participate in the SA association with IAPP, while the basic amino acids contribute to the complexation of SA with
Abeta, IAPP and Ins fibrils.

Table 3. The interface residues in the complexes between amyloid fibrils and salicylic acid

Amyloid fibrils Amino acid residues forming the fibril binding sites for salicylic acid

1 | ApoA-I GLN2171, GLN2441, LEU2451, ASN2461, GLN2715, LEU2725, ASN273;
Hydrophobic: 28.57%, Acidic: 0%, Basic: 0%, Neutral: 71.43%

2 | ApoA-II LEUior, THR12F, TYR14r, TYR21r, ALAser, GLY 577, THRssr, TYR21L, ALAseL, GLY 57, THRssr, THRsgp
Hydrophobic: 25%, Acidic: 0%, Basic: 0%, Neutral: 75%

3 | Abeta GLNi5a, LY S16a, LEU174, MET358, GLN15¢c, LYS16c, LEU17¢
Hydrophobic: 42.86%, Acidic: 0%, Basic: 28.57%, Neutral: 28.57%

4 | IAPP SER19r, HIS181, SER 191, SER20n, HIS185, SER195, SER205, HIS18L
Hydrophobic: 0%, Acidic: 0%, Basic: 37.5%, Neutral: 62.5%

5 | Ins VAL202a, ASN203a, GLN204a, HSD20s5a, ILE2c, ASN203¢c, GLN204c, HSD20sc, LEU206c, GLNsE
Hydrophobic: 30%, Acidic: 0%, Basic: 20%, Neutral: 50%

The types of amino acids in the amyloid binding sites for gallic acid are largely similar to those for salicylic acid,
however, in contrast to SA, the basic residues do not participate in the GA interaction with fibrillar insulin (Table 4).

Table 4. The interface residues in the complexes between amyloid fibrils and gallic acid

Amyloid fibrils Amino acid residues forming the fibril binding sites for gallic acid
1 | ApoA-I GLNu433p, LEU434p, ASNa3sp, GLN460Q, LEU461Q, ASNa620, GLN4s7r, LEU4s8r, ASNasgor
Hydrophobic: 33.33%, Acidic: 0%, Basic: 0%, Neutral: 66.67%
2 | ApoA-II LEUioL, THR12L, TYR14L, TYR21L, ALAseL, LEU10p, THR12p, TYR14p, TYR21p, ALAs6p, GLYs7p, THR5spP,

ALAset, GLY 571, THRssT
Hydrophobic: 33.33%, Acidic: 0%, Basic: 0%, Neutral: 66.67%

3 | Abeta PHEu4k, ARGsk, HISsk, VAL1sk, PHE19x, PHE20x
Hydrophobic: 66.67%, Acidic: 0%, Basic: 33.33%, Neutral: 0%
4 | IAPP HIS186, SER19G6, SER206, HIS181, SER 191, SER201, HIS 18k, SER 19k, SER20K
Hydrophobic: 0%, Acidic: 0%, Basic: 33.33%, Neutral: 66.67%
5 | Ins ILE1021, CYS3071, LEU2175, VAL218y, CYS2195, LEU3175, VAL3185, CYS3195, LEU306k, CYS307x, GLY 308k,

LEU2171, VAL21sL, CYS219L

Hydrophobic: 57.14%, Acidic: 0%, Basic: 0%, Neutral: 42.86%
Both hydrophobic and neutral amino acids account for the binding of resveratrol to amyloid fibrils from ApoA-I,

ApoA-II and Ins, while the basic amino acids play a marked role in the complexation of this polyphenol with fibrillar

Abeta, IAPP and Ins (Table 5).

Table 5. The interface residues in the complexes between amyloid fibrils and resveratrol

Amyloid fibrils Amino acid residues forming the fibril binding sites for resveratrol

! AoA- GLNssB, ASNs7, GLNs2c, LEUs3c, ASNsac, GLN1o9p, LEU1100, ASN111D, GLN136E, LEU137E, ASNI138E,
poA- ASNi6sF

Hydrophobic: 25%, Acidic: 0%, Basic: 0%, Neutral: 75%
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Amyloid fibrils Amino acid residues forming the fibril binding sites for resveratrol

LEUion, THR121, TYR141, TYR211, LEU1on, THR12N, TYR14n, TYR21N, ALAsen, THRsgn, LEU10r,

2 ApoA-II THRi2r, TYR14r, TYR21R, ALAser, GLY57r, THRssr, LEU10v, TYR21v, ALAssv, GLYs57v, THRssv
Hydrophobic: 31.82%, Acidic: 0%, Basic: 0%, Neutral: 68.18%

3 Abeta PHE4x, ARGsk, HIS¢k, VAL1sk, PHE19x, PHE20x, ALA21x, GLU22k, ASP23k, VAL24x
Hydrophobic: 60%, Acidic: 20%, Basic: 20%, Neutral: 0%

4 IAPP HIS1sc, SER19¢, SER20c, HIS18E, SER19E, SER20E, HIS 186, SER 196, SER20G6, HIS181, SER 191, SER201

Hydrophobic: 0%, Acidic: 0%, Basic: 33.33%, Neutral: 66.67%

GLNi151, PHE201H, VAL2021, ASN2031, GLN2041, HSD20sH, ILE25, LEU135, GLN155, VAL2025, ASN2035,
5 Ins GLN2041, HSD20s1, LEU2061, GLNsL

Hydrophobic: 40%, Acidic: 0%, Basic: 13.33%, Neutral: 46.67%

Interestingly, the molecular docking analysis revealed noticeable differences between the two tautomeric forms of
curcumin in their fibril-associating abilities: 1) the binding affinities of enol form of CR appeared to be markedly higher
than those of the keto form, especially for ApoA-II fibrils (Table 1); ii) the basic amino acids are present in the binding
sites of ApoA-I and Ins for CR enol, but not for keto CR; iii) the contribution of the basic residues in the stabilization of
Abeta-CR complexes decreases in the case of keto CR in favor of the neutral residues; iv) the hydrophobic residues
participate in the association of only CR keto with IAPP fibrils; v) in contrast to enol CR, the acidic residues are
involved in the binding of keto CR to InsF (Table 6, 7).

Table 6. The interface residues in the complexes between amyloid fibrils and curcumin enol

Amyloid
fibrils Amino acid residues forming the fibril binding sites for curcumin enol
1 | ApoA-I GLN379n, GLN4oso, LEU4070, ASN40go, GLN433p, LEU434p, ASN43sp, GLNasoq, LEU461Q, ASN4620, GLN4s7R,

LEUu4ssr, ASNagor, ASNs16s
Hydrophobic: 28.57%, Acidic: 0%, Basic: 0%, Neutral: 71.43%

2 | ApoA-II THR12p, LEU10n, THR12H, TYR141, TYR214, LEU1on, THR12N, TYR1an, TYR21n, ALAsen, GLY 578, THRssn,
LEUior, THRi12r, TYR14r, TYR21r, ALAser, GLY57r, THRssr, LEU1ov, THR12v, TYR14v, TYR21v, ALAs6v,
GLY57v, THRssv, TYR21x, ALAsex, THRssk

Hydrophobic: 27.59%, Acidic: 0%, Basic: 0%, Neutral: 72.41%

3 | Abeta HIS13c, HIS14c, VAL12k, HIS13g, HIS145, VAL12G6, HIS136, HIS146, VAL121, HIS131, HIS141, VAL12x, HIS13k,
HIS14x

Hydrophobic: 28.57%, Acidic: 0%. Basic: 71.43%, Neutral: 0%

4 | IAPP HISise, SER19g, HIS186, SER196, SER20G6, HIS181, SER191, SER201, HIS18x, SER19k, SER20x, HIS18m, SER19M,
SER20m, HIS180
Hydrophobic: 0%, Acidic: 0%, Basic: 40%, Neutral: 60%

5 | Ins ILE 1026, LEU306G, CYS3076, GLY308G6, LEU2171, VAL2isn, CYS21on, LEU3174, VAL31su, CYS319u, ILEi021,
LEUso6;, CYS3071, GLY3081, LEU2175, VAL21ss, CYS2195, LEU3175, VAL31g;, CYS3191, LEU306k, CYS307x,
GLY30sx, LEU217L, VAL21sL, CYS219L

Hydrophobic: 57.69%, Acidic: 0%, Basic: 0%, Neutral: 42.31%

Table 7. The interface residues in the complexes between amyloid fibrils and curcumin keto

Amyloid
fibrils Amino acid residues forming the fibril binding sites for curcumin keto
1 | ApoA-I GLNs2c, LEUs3c, ASNgac, GLN109p, LEU110D, ASNi11D, LY S113D, ASNi3se, LY S140E, ASNiesr, LY S167F
Hydrophobic: 18.18%, Acidic: 0%, Basic: 27.27%, Neutral: 54.55%
2 | ApoA-II LEUios, THR128, TYR14B, TYR21B, ALAseB, GLYs78, THRss8, SERso8, LEUcos, LEU10r, THR12F, TYR14F,
TYR21r, ALAser, GLYs7r, THRssr, LEU10L, TYR21L, THR58L
Hydrophobic: 31.58%, Acidic: 0%, Basic: 0%, Neutral: 68.42%
3 | Abeta HIS13a, HIS14a, GLN15a, GLY378, VAL12c, HIS13c, HIS14c, GLN1sc, VAL12g, HIS13E, HIS14E
Hydrophobic: 18.18%, Acidic: 0%, Basic: 54.55%, Neutral: 27.27%
4 | IAPP LEUieg, HIS18e, SER19g, SER20E, LEU 166, HIS186, SER 196, SER206, LEU 161, HIS 181
Hydrophobic: 30%, Acidic: 0%, Basic: 30%, Neutral: 40%
5 | Ins PHE2016, VAL202G6, ASN2036, GLN204G, HSD20sG, ILE21, GLN151, LEU161, GLU171, GLN1151, LEU1161, GLU1171,
VAL2021, ASN2031, GLN2041, HSD20s1, GLN 15K
Hydrophobic: 35.29%, Acidic: 11.76%, Basic: 11.76%, Neutral: 41.18%
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The contact residues of sesamin complexes with ApoA-I fibrils are represented by the acidic and basic residues,
with the amino acid composition of the binding sites being completely different from that of the other polyphenols
(Table 8). Likewise, the acidic residues take part in the association of sesamin with Abeta fibrils.

Table 8. The interface residues in the complexes between amyloid fibrils and sesamin

211;1 i}ilsmd Amino acid residues forming the fibril binding sites for sesamin

1 | ApoA-I ARGu445Q, ARGu46Q, ASP4470, ARGa72r, ARG473R, ASP474r, ARGa99s, ARGso0s, ASPso1s, ARGs26t, ARGs27T,
ASPsost
Hydrophobic: 0%, Acidic: 33.33%, Basic: 66.67%, Neutral: 0%

2 | ApoA-II LEUior, THR12r, TYR21r, ALAser, GLY 577, THRssr, LEUjoL, THRi2L, TYR14L, TYR2iL, ALAseL, GLY57L,
THRssL, LEU1op, THR12p, TYR14p, TYR21p, ALAse¢p, THRsgp, LEU10r, THR12T, TYRI14T, TYR2IT
Hydrophobic: 30.43%, Acidic: 0%, Basic: 0%, Neutral: 69.57%

3 | Abeta PHEux, HISsk, LY S16x, LEU17x, VAL1sx, PHE19x, PHE20x, ALA21k, GLU22x
Hydrophobic: 62.5%, Acidic: 12.5%, Basic: 25%, Neutral: 0%

4 | IAPP SER 198, HIS18p, SER 19D, SER20p, HIS18F, SER19F, SER20F, HIS18H, SER 191, SER201, HIS 185, SER 195, SER205
Hydrophobic: 0%, Acidic: 0%, Basic: 30.77%, Neutral: 69.23%

5 | Ins ILE102a, VAL103a, GLN304a, HSD30sa, LEU306a, CYS307a, VAL2188, CYS2198, LEU3178, VAL3188, CY S3198,
GLN304c, HSD30s5c, LEU306c, CY S307¢, LEU217D, VAL218p, CYS219D
Hydrophobic: 50%, Acidic: 0%, Basic: 11.11%, Neutral: 38.89%

Overall, PF association with Abeta fibrils is governed mainly by the hydrophobic and basic residues, while acidic
residues make some contribution to stabilization of the Abeta complexes with sesamin and resveratrol. The binding of
polyphenols to fibrillar ApoA-I and ApoA-II is mediated predominantly by hydrophobic and neutral amino acids,
although in some cases the basic residues are also involved (viz. in the complexes ApoA-I + curcumin keto / sesamin,
Ins + curcumin keto). The hydrophobic, basic and neutral residues account for the interactions of polyphenols with the
insulin fibrils, while the basic and neutral amino acids play a key role in polyphenol complexation with IAPP fibrils.

CONCLUSIONS

In summary, the molecular docking study of the complexes between the representatives of the six groups of
polyphenolic compounds such as flavonoids (quercetin), phenolic acids and derivatives (salicylic acid acid), stilbenes
(resveratrol), curcuminoids (curcumin), lignans (sesamin), tannins (gallic acid) and the five types of amyloid fibrils
showed that all examined polyphenols have the highest binding affinities for the fibrillar forms of apolipoprotein A-II
and insulin, while the lowest affinities were observed for the fibrillar apolipoprotein A-I. The
hydrophobicity/hydrophilicity analysis of the amino acid composition of the binding sites revealed that hydrophobic
and neutral residues dominate in the association of polyphenols with amyloid fibrils from apoA-I, apoA-II and insulin,
the basic residues to a large extent control polyphenol binding to Abeta and IAPP fibrils, whereas the involvement of
the acidic residues was revealed only for the complexes sesamin + ApoA-I / Abeta and curcumin keto + Ins. These
findings may be of value for deeper understanding of polyphenol ability to destroy or remodel the mature amyloid
fibrils and the development of novel anti-amyloid strategies.
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B3AEMOJISA MMOJIPEHOJIB 3 AMIJIOITHUMHA ®IEPUJIAMM:
JOCTITKEHHSA METOJOM MOJIEKYJISIPHOI'O IOKIHI'Y
Vasina Manosuus®, Baaepis Tpycora?, Merre Tomcen’, Karepuna Byc?, Oabra JKurnskiscnka®, Fanuna TopGenio®
“Kaghedpa meouurnoi ¢izuxu ma 6iomeouynux Hanomexnonozitl, Xapkiscvkuil Hayionanvhui yHisepcumem imeni B.H. Kapa3zina
M. Ceobo0u 4, Xapxis, 61022, Ykpaina
bYuisepcumem Aanbope, eyn. Hinvca Bopa 8,6700 Ec6’epe, Jlanis

IonideHonu, rpyna pi3HOMaHITHUX CIIOIYK HMPHPOIHOTO MOXOMKEHHS, SIKi MAIOTh LTy HU3KY KOPUCHHX OIOJOTIYHUX BIACTHBOCTEH,
Hapasi [PUBEPTAIOTh BCe OUIBIIMK iHTEpeC B KOHTEKCTI IX 3IaTHOCTI iHriOyBaTH YTBOPEHHs i BUKJIMKATH AECTa0LIi3alilo 0COOIMBHX
OINKOBHUX arperariB, aMinoinHUX (iOpwi1, OB s3aHKX 13 OaraThbMa 3aXBOPIOBAHHAMH JIFOJUHH. Y JaHii poOOTI METO] MOJIEKYJISPHOTO
JOKIHI'y OyB 3aCTOCOBaHMH Ul 3’SCYBaHHS MOJEKYJSIPHHMX JeTajlel B3aeMonii MiX MHOMi()eHONBHUMH CIIONYKaMH, BKIIIOYAIOUM
KBEPLIETHH, KYPKYMiH, PECBEpaTpOII, CECaMiH, CAiLIIOBY Ta TajJoOBy KHCIOTH 31 3pinuMu aminoinaumu ¢idpunamu i3 AbGeta nentuny,
aMUIOITHOTO MOJINEeNTHIY, 1HCYIiHY, anoninonporeiniB A-1 tTa A-II. Yci pocmimkeni momideHomn Mamy HalBHILY CHOPIAHEHICTH I0
amitoimaux ¢ibpun i3 amominonpoteiny A-Il Ta iHCymiHy, Toxmi SIK HaWHIKYA CIOPIAHEHICTH cHOCTepiranack a0 GiOopuisipHOTO
aroinonporeiny A-I. AHaii3 aMiHOKHCIIOTHOTO CKJIAJly CaHTiB 3B’S3yBaHHs 3 BUKOPHCTAHHIM IIKAIH TiApo(oOHOCTI/TiapoditbHOCTI
TI0Ka3aB, IO TigpodoOHi Ta HEHTpaIbHI 3aIUIIKK BifIrpaloTh KIIOYOBY POJb y KOMIUICKCOYTBOPEHHI ITOTI()CHONIB 3 aMUIOIIHUMUA
¢ibprnamu i3 anosninonpoteiny A-I, anoninonporeiny A-II Ta iHCymiHY, HO3UTHBHO 3apsi/PKEHI 3aJIMIIKH Y 3HA4YHIN Mipi BU3HAYaIOTh
3B’s13yBaHHs moftideHoiB 3 GiopwipHIMU GopMaMu AOeTa Ta aMillOiIHOTO MOJIMENTH/IIB, TOJI K BHECOK HETATUBHO 3apsPKCHUX
3aIMIIKIB OyB BHSIBICHHN TUJIbKU JUIsl KOMIUIEKCIB cecamin + ¢ibpwmiu anoninonpoteiny A-I /AGera Ta KypkymiH kero + ¢ibpunn
iHcyniHy. OTprMaHi pe3ysibTaTé MOXKYTh OyTH KOPUCHHMH IIPH PO3pOOL HOBUX aHTH-aMIIOITHUX CTpaTeriii Ha OCHOBI MoJideHoMiB.
KurouoBi cinoBa: aminoiouni ¢iopunu, nonigpenonu; catimu 36’s13y8anHs, CnopiOHeHiCMb 36 'A3Y8aAHHS, MOJEKYIAPHULL OOKIHE
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The development of multifunctional drug delivery systems that integrate therapeutic and diagnostic capabilities remains a major
challenge in oncology. In the present work we investigated hybrid carriers composed of human serum albumin and hemoglobin (HSA-
HD) for doxorubicin (DOX) delivery combined with radionuclide and fluorescence imaging. Using molecular docking simulations, we
systematically evaluated the interactions of HSA-Hb assemblies with twelve technetium-99m (**™Tc¢)-labeled radiopharmaceuticals,
DOX, and four near-infrared (NIR) dyes. The results revealed that hemoglobin markedly expands the binding landscape, providing
exclusive and high-affinity sites for several *"Tc complexes (notably TcMEB and TcDIS), while also serving as the primary scaffold
for DOX and NIR dyes. Two distinct DOX-binding pockets were identified within Hb subunits, suggesting enhanced drug stability
and potential responsiveness to tumor hypoxia. Fluorescent dyes, including methylene blue, indocyanine green, AK7-5, and SQ1,
exhibited preferential binding to Hb with affinities higher than those observed for albumin, indicating superior suitability for optical
imaging. Importantly, the partitioning of radiopharmaceuticals to albumin and therapeutic/imaging ligands to hemoglobin reduced
binding competition and enabled the simultaneous integration of multimodal functions within a single construct. These findings
highlight HSA-HDb nanocarriers as promising candidates for next-generation theranostic platforms, combining efficient DOX delivery
with non-invasive radionuclide and fluorescence monitoring.

Keywords: Protein-based drug delivery nanosystems, Human serum albumin, Hemoglobin, Doxorubicin, Technetium complexes, Near
infrared dyes, Molecular docking

PACS: 87.14.C++c, 87.16.Dg

Advancing the design of multifunctional drug delivery systems remains a pivotal objective in oncological research,
particularly when addressing the therapeutic limitations of cytotoxic agents such as doxorubicin (DOX) [1,2]. The challenge
lies in achieving targeted delivery with minimal off-target effects, while simultaneously enabling real-time visualization of
drug distribution [3]. Protein-based nanocarriers have garnered significant attention due to their favorable pharmacological
profiles, including biodegradability, low immunogenicity, and the ability to accommodate both therapeutic and diagnostic
payloads. Among these, human serum albumin (HSA) continues to serve as a cornerstone in drug delivery strategies, owing
to its high binding capacity, extended systemic half-life, and preferential accumulation in tumor tissues via the enhanced
permeability and retention (EPR) effect [4]. Building upon our prior investigations into albumin-based hybrid systems
incorporating transferrin or lysozyme [5-7], we now turn our focus to hemoglobin (Hb) as a co-carrier in the development
of DOX delivery platforms. Hemoglobin, a tetrameric metalloprotein with intrinsic oxygen-carrying functionality, presents
unique physicochemical properties that may be harnessed for drug encapsulation and release [8]. Its quaternary structure,
redox-active heme groups, and responsiveness to pH and oxidative stress render it a compelling candidate for tumor-targeted
delivery, particularly in hypoxic microenvironments where conventional carriers may falter. In this study, we employ
computational modeling techniques to elucidate the molecular architecture and binding energetics of DOX within albumin-
hemoglobin hybrid systems. Furthermore, we investigate the feasibility of integrating radionuclide and fluorescent imaging
modalities into the carrier architecture, aiming to establish a dual-functional system capable of both therapeutic action and
non-invasive biodistribution tracking. Through this approach, we seek to expand the repertoire of protein-based theranostic
agents and contribute to the rational design of next-generation delivery vehicles tailored for precision oncology.

METHODS
To construct the protein-based drug delivery systems (PDDS), the dimeric structure of human serum albumin (HSA)
was utilized as the foundational scaffold, retrieved from the Protein Data Bank (PDB ID: 1A06). Hemoglobin (Hb, human
deoxyhemoglobin, PDB ID: 2DN2) was introduced as a secondary protein component to explore its potential synergistic
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role in doxorubicin (DOX) transport and imaging agent integration. A panel of twelve technetium-99m-labeled
radiopharmaceuticals was selected to evaluate the compatibility of the PDDS with nuclear imaging modalities. Complete
characteristics as well as the structures of the employed complexes are given in [5-7]. To enable dual-modality imaging,
these radiotracers were paired with four near-infrared (NIR) fluorescent dyes: methylene blue (MB), indocyanine green
(IG), cyanine derivative AK7-5, and squaraine-based SQ1. Molecular docking simulations were performed using the
HDOCK platform to identify favorable interaction sites for DOX, technetium-labeled compounds, and NIR dyes within
the HSA-Hb assemblies. Ligand structures were generated using MarvinSketch (version 18.10.0) and subsequently
refined through energy minimization in Avogadro (version 1.1.0). The resulting docking poses were visualized and
examined using UCSF Chimera (version 1.14), and protein-ligand interactions were further characterized using the
Protein-Ligand Interaction Profiler tool [9].

RESULTS AND DISCUSSION

Our previous investigations have examined the versatility of albumin-centered drug delivery platforms for
transporting doxorubicin (DOX), particularly in combination with technetium-99m-based radiotracers (TCC) and near-
infrared (NIR) fluorescent dyes to enable multimodal imaging [5-7]. In our initial study, human serum albumin (HSA)
was identified as a robust carrier capable of forming stable complexes with both radionuclide agents and optical probes.
Computational analyses, including molecular docking and short-timescale molecular dynamics simulations, confirmed
the structural integrity and high-affinity interactions of these hybrid nanocarriers, underscoring their potential for
theranostic applications. Building upon this framework, subsequent works expanded the carrier design by introducing
transferrin (TRF) and lysozyme (Lz) as auxiliary protein partners to albumin, thereby probing their capacity to enhance
tumor targeting and cellular uptake. Both HSA-TRF and HSA-Lz hybrid platforms demonstrated preserved compatibility
with TCC agents and NIR dyes, confirming their potential to optimize the therapeutic precision and overall performance
of DOX delivery systems. In continuation of this line of research, the present study directs attention to albumin-
hemoglobin (HSA-Hb) assemblies. By characterizing their molecular interactions with DOX, technetium-based
radiopharmaceuticals, and fluorescent probes, we evaluate the suitability of HSA-Hb complexes as next-generation
multimodal carriers. Particular emphasis is placed on binding energetics, conformational stability, and their potential to
advance the dual goals of effective therapy and non-invasive imaging.

Molecular docking simulations revealed a distinct hierarchy in the binding affinities of technetium-99m-labeled
compounds (TCC) to the HSA-Hb complexes (Fig. 1, left panel). Analysis of the best docking scores (BDS) indicated
that TcCHYN exhibited the strongest interaction, followed by TcDIS, TcDTPA, and TcMEB.

Albumin + Hemoglobin TcMEB :
TcMEB \ TeHYN I—
e TcDTPA |
TcDTPA [ TcPER [I—
TcPER P TeDIS :
o ‘ TcDMSA

TeDMSA \ TeECD I—
TeECD ——] TCEXA !
TGEXA TeMAG I—
TcMAG | TeMED B
TeMED [ — TeTET [I—
ToTET e —— TeSES I
TcSES : . [ : : NoTCC : : : : ,|—
-250 -200 150 100 .50 -25 -20 -5 -10 5 0

Best docking score Changes in the best docking scores

Figure 1. Absolute values (left panel) and changes (right panel) in the best docking score values obtained for the TCC complexes
with HSA in the absence and presence of Hb

Intermediate affinities were observed for TcSES, TcDMSA, TcMAG, and TcMED, while TcTET, TcECD, TcEXA,
and TcPER showed comparatively weaker binding. The top BDS values for HSA-Hb complexes reached -251.54,
corresponding to 38 interface residues contributing to ligand stabilization (Table 1).

Table 1. The interface amino acid residues and the types of interactions involved in the binding of technetium 99m complexes (TCC)
to the albumin-hemoglobin (Hb) associates

TCC HSA-Hb-TCC interface residues

HSA Hb

ASPyop*, PRO1008, GLUio1s,
ARGi048, ASN1398B, ALA 1428,
HSDi438, TYRu4s8, SER3sc, PHE36c, | Hydrophobic

TcSES PROs7¢c, THR3sc, LEU100c, GLU101p, | interactions, hydrogen
ARG 04D, LEU 05D, ASNiosp, | bonds

ALA 128D, GLNi31D, LYSi32p,
VALi34p, ALA135D, ASN139p

Type of interactions
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TCC HSA-Hb-TCC interface residues . .
Type of interactions
HSA Hb
TeTET GLN39B, ARGuo, GLU438, HSD978, | Hydrophobic
PRO44c, ARGo2c interactions

THR38a, THR41a, TYR424, LEU2sp,
LEUsip, LEUs2p, THR3sp, PHE4ip,
TcMED ALA300B, ASP3018, LEU3028 PHE4p, HSDs3p, VALep, LEUgsp, | Hydrogen bonds
HSDy7p, VAL9sp, ASP9op, ASNio2p,
PHE103p, LEU106D

THR41a, TYR424, LEU2sp, LEUsip,
LEUs2p, THR3sp, PHE4ip, PHE42p,

TeMAG ALAs0s, ASPs0i HSDe3p, VALe7p, HSD97p, VALosp, Hydrogen bonds
ASPyop, ASN102D
LEUi1sa, VALiisa, ARGi117a, PRO1i3sa, Hydrophobic
TCEXA METi23a, PHEi3a, LYSi37a, TYRissa, interactions, hydrogen
LEUis9a, GLUi41a, ILEi42a, ARGissa, bonds ?
TYRi61a, PHE165a, LEU1824, ARG186A
LEUiuiss, ARGii178, PROi1i1ss, MET238, Hydrophobic
TeECD PHE348, LYSi378, TYRusss, GLUu4is, interactions, hydrogen

ILE1428, TYRisiB, LEUis2B, ASPisss,
LEUis58, ARG1s6B

TcDMSA LEUiisa, VALisa, ARGi17a, PROuisa,
METi23a, TYRizsa, ILEis2a, HSDi4ea,
PHE149a, LEUissaa, PHEis7a, TYRieia,
LEUis2a, LEUissa, ARGisea, ASPig7a,
GLUisga, GLY 1894, LY S190a

TeDIS PRO37a, THR38a, GLN1318, LY S1328, Hydrop .hOblC
interactions, hydrogen

ALA1358, ASN1398, ASN139p, ALA142D bonds, salt bridges

bonds, salt bridges

Hydrogen bonds, salt
bridges

TcPER ALA28B, TYR308, LEUssB, HSDs78, PHE708B,
GLY71B, ASNop, HSP2478, GLY24sB, Hydrogen bonds
ASP2498, LEU2508
TcDTPA LEUiisa, VALisa, ARGi17a, PRO1i3sa,
METi23a, PHEi34a, LEUissa, LYSi37a, Hydrogen bonds, salt
TYRi3sa, GLUiais, ILEi428, TYRisia, bridges
LEUis2a, ARGisea
TcHYN GLU3ss3a, LEUsg7za, ASN3oia, LEU304a,
LEUa430a, LEUss3a, SERasoa, GLUa024, Hydrogen bonds, =-
ALA4osa, LEUso7a, VALaooa, ARG4i10a, stacking, salt bridges
TYRa11a, LYSS541a, GLUs424, LY Ss45a
TcMEB LEUssa, SER3sa, PHEszsa, PRO37a,
THR38a, VAL18, GLNi31B, LYS1328, Hydrophobic
ALA\358B, ASN1398, PRO00p, interactions, hydrogen
ARG 04D, ALA 138D, ASN139p, bonds ?

ALA142p, HSD143p, LYS144p,
TYRui4sp, HSD146D

*A, B, C, D denote hemoglobin subunits

The incorporation of hemoglobin into the albumin scaffold significantly altered the ligand-binding landscape. Notably,
the presence of Hb enhanced the binding affinity for several TCC agents, particularly TcMEB and TcDIS, suggesting that Hb
introduces novel interaction sites or stabilizes conformational states favorable for ligand accommodation. Moderate affinity
improvements were also observed for TcSES, TcMAG, and TcMED when bound to Hb-containing assemblies. Interestingly,
four radiopharmaceuticals, TcSES, TcTET, TcMEB, and TcDIS, exhibited exclusive binding to the Hb component within the
HSA-Hb complex (Fig. 2), with affinities surpassing those observed for albumin alone (Fig. 1, right panel).

This selective binding implies that hemoglobin not only complements HSA carrier function but may also serve as a
primary docking site for certain radiopharmaceuticals. From a mechanistic perspective, tetrameric structure of Hb and its
diverse subunit interfaces likely contribute to the formation of deeper or more electrostatically favorable pockets for TCC
binding. Moreover, the redox-active nature of the heme groups may influence the local electronic environment, potentially
stabilizing technetium complexes through transient coordination or polar interactions. These findings underscore the value
of hemoglobin as a co-carrier in multimodal drug delivery systems, particularly for radiolabeled agents.

To assess the therapeutic potential of the HSA-Hb platform, we constructed ternary complexes by docking
doxorubicin (DOX) onto the most favorable protein-TCC assemblies. The results revealed that DOX binding was
significantly influenced by the presence of hemoglobin. Specifically, systems containing TcDTPA, TcDMSA, TcEXA,
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and TcMED exhibited marked increases in DOX affinity when Hb was present. This suggests a cooperative effect, where
the initial TCC binding induces conformational changes or exposes cryptic sites on Hb that are conducive to DOX
interaction. In contrast, lysozyme-based systems analyzed in previous studies [5-7] showed only modest improvements
in DOX binding, limited to TcTET and TcMED complexes. This comparison highlights the superior adaptability of
hemoglobin in accommodating multiple ligands simultaneously, likely due to its larger surface area and more flexible
quaternary structure.

Figure 2. Best docking poses for TCC complexation with HSA-Hb systems

Detailed mapping of DOX binding sites within the HSA-Hb complexes revealed two distinct regions, both located
exclusively on the hemoglobin molecule. The first site, observed in TcDIS and TcMEB systems, involved 15 residues
from the A, B, and D subunits. The second, more extensive site, present in all other ternary complexes, comprised 25
residues spanning the A, B, and C subunits (Fig. 3; Table 2). These sites are likely stabilized by a combination of
hydrophobic interactions and hydrogen bonding, facilitated by the amphipathic nature of DOX and the diverse chemical
environment of Hb.

TePER (e o &, TeDMSA
- ' &4 TeDTPA

Figure 3. The highest affinity binding sites for DOX in HSA-Hb assemblies

Functionally, this Hb-mediated interaction may have twofold significance. First, Hb could act as a stabilizing
scaffold that shields DOX from premature release in circulation, potentially lowering systemic toxicity. Second, the
multivalent subunit interactions may facilitate drug retention within the hypoxic tumor microenvironment, where Hb
oxygen-binding properties could further influence drug pharmacodynamics.

Table 2. The interface amino acid residues and the types of interactions involved in the binding of DOX to HSA-Hb-TCC complexes

HSA-Hb-TCC-DOX interface residues Type of
Complex interactions
HSA Hb
VALia*, LEU2a, LYS99a, LEU100a, SER1024, HSD1034, Hydrophobic
HSA-Hb-DOX LEUio06a, ASP126a, LY S127a, ALA130a, SER1314, TYR35B, interactions
TRP378, GLU101B, LEU1058, ASN108B, ASPoac, PROosc, hvdrogen bor;ds
VALosc, THR137¢, SER138¢, LY S139¢, TYR140c, ARG141C yarog
VALI1a, LEU2a, LYSo9a, LEU100a, SER1024, HSD1034, Hydrophobic
HSA-Hb-TcSES- LEU106a, ASP126a, LYS127a, ALA130a, SER1314, TYR35B, in};eractions
DOX TRP378, GLU1018, LEU1058, ASN1088, ASPosc, PROosc, hvdrogen bon,ds
VALgec, THRi37¢, SER138¢, LY S139¢c, TYR140c, ARGi41¢ ydrog
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HSA-Hb-TCC-DOX interface residues Type of
Complex HSA Hb interactions
VALi1a, LEU2a, LY S99, LEU100a, SER1024, HSD1034, Hydrophobic
HSA-Hb-TcTET- LEU106a, ASP126a, LYS127a, ALA130a, SER1314, TYR35B, in};erac}?tions
DOX TRP378, GLU1018, LEU1058, ASN1088, ASPosc, PROosc, hvdrogen bor; ds
VALosc, THR137¢, SER138¢, LY S139¢, TYR140c, ARGl41¢ ydrog
VALi1a, LEU2a, LYS99a, LEU100a, SER1024, HSD1034, Hydrophobic
HSA-Hb-TcMED- LEUi06a, ASP126a, LYS127a, ALA130a, SER1314, TYRG5B, interactions
DOX TRP378, GLU101B, LEU1058B, ASN108B, ASP9ac, PROosc, hvdrogen bon’ds
VALvsc, THR137¢, SER138¢, LY S139¢, TYR140c, ARG141C yarog
VAL:1a, LEU2a, LY S99a, LEU100A, SER 1024, HSD1034,
LEU106a, ASP126a, LYS127a, ALA130a, SER1314, TYR35B, Hydrophobic
HSA'H];’(‘)T;;“MAG' TRP378, GLU 1015, LEU053, ASN10ss, ASPosc, PROosc, interactions,
VALosc, LYSo9c, THR137¢, SER138¢, LY S139¢, TYR140c, hydrogen bonds
ARGu41c
VALi1a, LEU2a, LY S99, LEU100a, SER1024, HSD1034, Hydrophobic
HSA-Hb-TcEXA- LEUi06a, ASP26a, LYS127a, ALA130a, SER1314, TYR35B, interactions
DOX TRP378, GLU1018, LEU1058, ASN1088, ASPosc, PROosc, hvdrogen bOI; ds
VALogsc, THR137¢, SER138¢, LY S139¢, TYR140c, ARG141C yarog
VAL:ia, LEU2a, LY S99a, LEU100a, SER 1024, HSD1034, Hvdrophobic
HSA-Hb-TcECD- LEUj106a, ASP126a, LYS127a, ALA130a, SER1314, TYR35B, . 3; pt'
DOX TRP378, GLU1018, LEU1058, ASN108B, ASP9ac, PROosc, h 131 erac lgns,d
VALosc, THR137¢c, SER138¢, LYS139¢, TYR140c, ARG141C ydrogen bonds
VALi1a, LEU2a, LY S99, LEU100a, SER1024, HSD1034, Hydrophobic
HSA-Hb-TcDMSA- LEU106a, ASP126a, LYS127a, ALA130a, SER1314, TYR35B, interactions
DOX TRP378, GLU1018, LEU1058, ASN1088, ASPosc, PROosc, hvdrogen bon’ ds
VALosc, THR137¢, SER138¢, LY S139¢, TYR140c, ARGl41¢ yarog
HSA-Hb-TcDIS- PHE36a, LY S99a, LEU100a, SER1024, HSD103a, ASP1264, Hydrophobic
DOX TYR3s8, GLU101B, ARG1048, LEU105B, ASN10ss, GLN1318, interactions,
VALizs, ALA13s, GLU101D hydrogen bonds
VALi1a, LEU2a, LY S99, LEU100a, SER1024, HSD1034, Hydrophobic
HSA-Hb-TcPER- LEU106a, ASP126a, LYS127a, ALA130a, SER1314, TYR35B, in};erac}?tions
DOX TRP378, GLU1018, LEU1058, ASN1088, ASPosc, PROosc, hvdrogen bon’ ds
VALosc, THR137¢, SER138¢, LY S139¢, TYR140c, ARGl41¢ ydrog
VALi1a, LEU2a, LY S99, LEU100a, SER1024, HSD1034, Hydrophobic
HSA-Hb-TcDTPA- LEUio6a, ASP126a, LYS127a, ALA130a, SER1314, TYRG5B, interactions
DOX TRP378, GLU1018, LEU1058B, ASN108B, ASP9ac, PROosc, hvdrogen bon’ds
VALvsc, THR137¢, SER138¢, LY S139¢, TYR140c, ARG141C yarog
VALia, LEU2a, LYS99a, LEU100a, SER 1024, HSD1034, Hydrophobic
HSA-Hb-TcHYN- LEU106a, ASP126a, LYS127a, ALA130a, SER1314, TYR35B, in};erac tions
DOX TRP378, GLU1018, LEU1058, ASN1088, ASPosc, PROosc, hvdrogen b01‘;ds
VALosc, THR137¢, SER138¢, LY S139¢, TYR140c, ARGl41¢ ydrog
PHE36a, LY So9a, LEU100a, SER1024, HSD103a, ASP1264, Hydrophobic
HSA_I]{;DC_)];MEB_ TYR3s8, GLU1018, ARG1048, LEU1058, ASN10s8, GLN1318, interactions,
VALiz, ALA13s8, GLU101D hydrogen bonds

To assess the feasibility of multimodal imaging, the ternary HSA-Hb-TCC-DOX systems were subsequently docked
with four near-infrared dyes: methylene blue (MB), indocyanine green (IG), AK7-5, and squaraine SQI1. The results
underscored that the incorporation of Hb reshaped fluorophore binding preferences relative to albumin-only carriers. For
MB, the canonical albumin binding site encompassing residues LEU115-ARG186 (site HSA115-186) was preserved in
HSA-DOX and HSA-TCC-DOX complexes (Fig. 4). However, in HSA-Hb hybrids, MB predominantly engaged residues
from both proteins, suggesting cooperative binding interfaces. Interestingly, MB affinity generally increased in HSA-Hb
complexes compared to albumin alone, with exceptions observed in systems containing TcMED, TcEXA, TcDMSA, and
TcDTPA.

In contrast, IG exhibited exclusive interactions with Hb, binding primarily within a site composed of 20 amino acids
from the A, C, and D subunits (Fig. 5). Moreover, IG affinity was consistently higher in Hb-containing systems compared
to albumin, highlighting hemoglobin as a superior scaffold for NIR dye incorporation. A similar trend was observed for
the emerging fluorophores AK7-5 and SQ1 (data not shown), whose binding pockets were localized exclusively on Hb
subunits.

This preferential dye association with hemoglobin is particularly noteworthy for theranostic design. By concentrating
fluorescent reporters on Hb subunits, the hybrid carriers may achieve enhanced optical signal intensity and improved
imaging contrast. Additionally, the spatial segregation of DOX and fluorophores within different Hb domains could
reduce steric hindrance, ensuring that therapeutic and diagnostic functions are maintained simultaneously.
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Figure 4. The most energetically favorable
docking poses in the complexes HSA-Hb-
TCC-DOX-MB

Taken together, these results highlight the transformative role of Hb when integrated with albumin in protein-based
carriers. By expanding the available binding landscape, Hb improves affinity for key radiopharmaceuticals (notably
TcMEB and TcDIS), provides exclusive and stable pockets for DOX, and preferentially anchors fluorescent dyes. The
observed behavior of ligands within the hybrid nanosystems suggest that albumin primarily stabilizes technetium-based
radiopharmaceuticals, while hemoglobin serves as the dominant host for DOX and NIR dyes. Such separation may
optimize loading efficiency, minimize interference between ligands, and allow simultaneous therapeutic and diagnostic
functions.

TcDMSA
— TeDTPA

Figure 5. The most energetically favorable
docking poses in the complexes HSA-Hb-TCC-
DOX-IG.
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From a clinical standpoint, HSA-Hb hybrids may offer several advantages over existing platforms. Intrinsic oxygen
transport properties of Hb could modulate drug release in hypoxic tumors, addressing one of the most intractable barriers
in chemotherapy. The preferential fluorophore binding observed for Hb also suggests superior fluorescence imaging
capabilities, which are crucial for real-time surgical navigation and longitudinal monitoring of drug biodistribution.
Finally, the strong and specific interactions predicted computationally provide a rationale for experimental development
of HSA-Hb carriers as theranostic systems.

Future work should focus on validating these computational findings through experimental assays, including in vitro
binding studies, cellular uptake analyses, and in vivo biodistribution imaging. Additionally, the potential immunogenicity
and metabolic fate of hemoglobin-based carriers warrant careful evaluation to ensure clinical viability.

CONCLUSIONS

In conclusion, the present study demonstrates that hybrid assemblies of human serum albumin and hemoglobin
(HSA-Hb) provide a versatile platform for doxorubicin delivery with integrated radionuclide and fluorescence imaging
functionalities. Computational docking revealed that hemoglobin significantly expands the binding landscape, enabling
preferential and stronger interactions with several technetium-99m radiopharmaceuticals while also serving as the
dominant binding site for both doxorubicin and near-infrared fluorophores. This redistribution of ligand affinities between
albumin and hemoglobin reduces competition for binding pockets and allows simultaneous incorporation of therapeutic
and diagnostic agents within a single carrier. The spatial separation of ligands across albumin and hemoglobin subunits
suggests a functional complementarity that could enhance drug stability, facilitate controlled release under tumor-specific
conditions, and improve imaging contrast for multimodal theranostics. Taken together, our findings highlight HSA-Hb
systems as promising candidates for the rational design of next-generation protein-based nanocarriers that combine
therapeutic efficacy with real-time monitoring, paving the way for their further experimental validation and translational
development.
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Po3pobka MyJIbTU(QYHKLIIOHAIFHUX CHCTEM JOCTaBKHM JIIKapCBKUX 3aco0iB, IO MOETHYIOTh TEPANeBTUYHI Ta JiarHOCTHYHI
MOXJIMBOCTI, 3aJIMIIAETHCS OHUM 13 KIIFOUOBHUX BUKIIMKIB Cy4acHOI OHKOJIOTII. Y naHiil poOoTi AOCIiKEeHO riOpHIHI HOCIT Ha OCHOBI
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CHPOBATKOBOTO aTb0yMiHY JtoauHU Ta remoriodiny (HSA-Hb) ans moctaBku nokcopy6inuny (DOX), mo MicTHIH paJioHYKIIiAHI Ta
(ryopeceHTHI MOJISKY/IH-PEopTepH. 3a JOMOMOT0I0 METOLY MOJISKYJIIPHOTO IOKIHTY OYJI0 TPOaHasIi30BaHO B3a€EMO/IIF0 KOMILIEKCIB
HSA-Hb i3 gananusTeMa pagiopapMipenapaTaMi Ha OcHOBI TexHewio-99m (**"Tc), DOX Ta 4oTupMa GapBHUKaMH OJIMKHBOT
inppauepsonoi (NIR) obmacti. Pesynbrat mokaszanu, mo reMorsiobiH CYTTEBO PO3LIMPIOE CIEKTP 3B’sA3yBaHHs, 3a0e3Neuyioun
yHikaibHi Ta Bucokoaddinui caifTu 11 Kiibkox kKomiuiekcis ®MTc (30kpema T¢MEB Ta TcDIS), a Takok BHCTYNa€ OCHOBHHM
marpuuauM OinkoMm uist DOX 1 NIR-6apsuukiB. Ycepenuni cy6onunuups Hb Oynu inentudikoBaHi 1Ba okpeMi caiiTh 3B’s13yBaHHS
DOX, mo Bka3ye Ha HiIBHIIEHY cTaOUIBHICTD IIpenapary Ta MOTeHIIHHY Yy TJIMBICTh A0 Tinokcil myxinH. dixyopeclieHTHI 6apBHUKHY,
BKJIFOYHO 3 METHJIEHOBUM CHHIM, iHAoNiaHiHOBUM 3eneHnM, AK7-5 Ta SQ1, nemoncTpyBanu nepeBakHe 3B s13yBanHs 3 Hb i3 Oinbmoro
CIOPIAHEHICTIO, HIK 70 albOyMiHy, IO CBIAYMTH IPO Kpally HNPUIATHICTH IS ONTHUYHOI Bizyamizamii. Baxmmso, mo addinicts
paniodapmipenapaTis 10 anb0yMiHy, a TepaleBTHYHUX Ta JIarHOCTHYHUX areHTIiB — JI0 TeMOMIOOIHY 3HIDKYBajla KOHKYPEHIIIO 3a
caiiTh 3B’sA3yBaHHA Ta 3a0e3ledyBajia OJHOYACHY IHTETrpalil0 MYyJIbTUMOAAIBHUX (YHKIIH B MeXax OIHi€l HAHOIIIAT(OPMHU.
OtpumaHi pe3ynbTaT cBigdath, mo HSA-Hb HaHOHOCIT € MepCeKTUBHMU KaHIUIATaMH Uil CTBOPCHHS HOBITHIX TEPaHOCTHYHHX
w1aTGopM, 10 NOENHYIOTh eekTHBHY nqocTaBKy DOX 3 HeiHBa3MBHUM PaliOHYKIITHUM Ta (GIyopecleHTHUM MOHITOPHHTOM.
KurouoBi cioBa: nanocucmemu docmagku aikieé Ha 0CHOGI OINKig; TH0OCLKUL CUPOBAMKOBUL ANbOYMIH,; 2eM02NI00iH; 00KCOPYOIYuH,
KOMRAEKCU mexHeyilo; inghpauepeoni 6apeHuKiL; MOIEKYISPHULL OOKIHE
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In this work, the structural, morphological and optical properties of aluminum (Al) and aluminum oxide (Al.Os) thin films deposited by
radio-frequency (RF) magnetron sputtering were studied. The films were grown using a high—purity Al target in controlled atmospheres
containing varying flows of argon (Ar) and oxygen (O). Particular attention was given to how the target-substrate distance and the Ar/O2
flow ratios influence the films’ structural properties, surface features, and optical response. Characterization techniques included X-ray
diffraction (XRD) for phase identification and crystallite size estimation, Atomic Force Microscopy (AFM) for surface morphology and
roughness analysis, and UV—-Vis Spectroscopy for optical transmittance measurements. The results showed that reducing the target-
substrate distance led to films with increased surface roughness, thickness, grain size and crystallite size, likely due to enhanced energetic
bombardment and adatom mobility. Optical measurements revealed that A2O3 films grown at higher O> flow rates (around 5 sccm) were
highly transparent, exhibiting transmittance values close to 100% across the UV-visible range (190-900 nm). In contrast, films deposited
under low Oz flow conditions (0.6-1.4 sccm) were nearly opaque, indicating incomplete oxidation or metallic behavior. The XRD analysis
revealed that higher Oz flows tended to suppress crystallinity, resulting in amorphous Al2O; films, while lower flows preserved some degree
of crystalline order. Additionally, increasing the Ar flow rate during deposition promoted films growth, as evidenced by increased film
thickness, which may be attributed to enhanced sputtering efficiency and target atom flux. These findings highlight the critical role of
deposition parameters in tailoring the properties of Al-based thin films for optical and electronic applications.

Keywords: Aluminum, Thin films;, Magnetron sputtering; Target-substrate distance; Ar flow rate

PACS: 81.15.Cd, 68.37.Ps, 61.05.cp, 78.66.Bz

INTRODUCTION

In recent years, thin film technology has emerged as a significant research area worldwide, driving the development
of innovative techniques for film growth [1]. The structural properties of thin films depend on their synthesis method,
with a preference in the literature for physical methods, primarily thermal and vapor deposition [1]. Physical deposition
methods produce films with higher adhesion and require lower substrate temperatures. In contrast, the main drawback of
chemical methods is their reliance on toxic solvents [2]. The properties of the resulting films depend on the deposition
conditions used; in sputtering, these conditions include power [3,4,5], deposition time [6,7], working pressure, gases used
[8-10], substrate temperature [11,3], target-substrate distance [12, 13], and other factors.

Metallic coatings are versatile and suitable for a diverse range of applications. Pure metals such as aluminum, nickel,
tungsten, and titanium are commonly used in optical and energy applications [14,15].

AlLO:s films are frequently applied in various fields, including optics [8], cutting tool applications [16], and as
insulating layers in gate dielectric components [17]. Due to their low refractive index and high optical transparency,
alumina films are often utilized as anti-reflective coatings in solar cells [18].

In solar-to-thermal conversion, the selective solar absorber plays a crucial role by efficiently absorbing solar
radiation over a broad wavelength range while minimizing infrared re-radiation as the absorber’s temperature increases
[19-21]. To enhance the thermal stability of selective solar absorber multilayers, Al-Os layers have been used in [22] via
atomic layer deposition (ALD) to suppress metal atom diffusion from the underlying reflective layer.

Al:Os also has significant potential as a coating in thermonuclear fusion applications due to its high permeation
reduction factor (PRF), good irradiation resistance, compatibility with Pb-Li, and strong corrosion resistance, mechanical
durability, and wear resistance [23, 24].

Magnetron sputtering technology enables the deposition of thin films over large areas with high deposition rates and
good adhesion, making it a preferred method for producing thin-film metallic coatings with less environmental impact
than chemical methods [25].

To optimize the application of these films and coatings, it is essential to understand how deposition conditions affect
their properties. The impact of sputtering power on film properties has been widely studied [1,4,5]. In this article, we
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investigate the relationship between target-substrate distance, Ar and O: flow rates, and the resulting morphological,
crystallographic, and optical properties of the films.

METHODOLOGY
Thin film synthesis

The films were deposited onto glass substrates by magnetron sputtering using a 13.56 MHz radio-frequency (RF)
source with an Al target in an environment of high-purity Ar (99.999%) and O.. The Al target, 99.99% pure, measured
2 inches in diameter and 0.25 inches in thickness and was cleaned by pre-sputtering for 40 minutes. The substrate surfaces
were treated with Ar before deposition. A base pressure of 3.5 x 107° Torr was achieved using a mechanical pump and a
turbomolecular pump.

For the characterization of the films by X-ray diffraction (XRD), an X'Pert* Powder diffractometer was used at 45 kV
and 40 mA with a wavelength of A = 1.5406 A. Data processing was performed using the X'Pert HighScore Plus software,
and the patterns were indexed with assistance from the International Center for Diffraction Data (ICDD) database.
Crystallite size calculations were performed using the Scherrer equation.

Atomic force microscopy (AFM) results were obtained with a Park Systems Corp. NX10 microscope in non-contact
mode, equipped with an SiO: tip. Optical characterization was performed using a Jasco V-750 UV-Vis spectrophotometer
over a wavelength range of 190-900 nm.

Table 1 presents the deposition conditions used for Al and Al,Os thin films, illustrating the various parameters
employed to investigate the effects of target-substrate distance, as well as argon and oxygen flow rates.

Table 1. Deposition parameters for Al and Al2O3 thin films synthesized by RF magnetron sputtering.

Deposition Parameter Al films (Target-substrate distance study) | Al films (Ar flow study) AL O; films (O, flow study)
Target-substrate distance (cm) 6,9,12 9 9

Argon Flow rate (sccm) 40 20, 40, 60 50

Oxygen Flow rate (sccm) 0.6,1.0,1.4,5.0

Working pressure (mTorr) 5.0 3.5,5.0,7.0 5.0,5.1,52,5.5
Deposition time (min) 15 15 30
Power (W) 150 150 270

RESULTS AND DISCUSSION

Al thin film grown at different target-substrate distances
The AFM technique enabled us to characterize the surface and thickness of the films. Figure 1 displays the 2D AFM
images of the films, while Figure 2 illustrates the dependence of roughness and thickness on the target-substrate distance.

167 nm

Figure 1. 2D AFM images of films grown (from left to right) at: 12, 9 and 6 cm target-substrate distance, the root mean square
roughness turned out to be: 6.3, 8.0 and 20.4 nm, respectively
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Figure 2. Decrease in the thickness and roughness of the films by increasing the target-substrate distance.
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As shown in Figures 1 and 2, roughness, grain size, and thickness decrease as the target-substrate distance increases
(Table 2). With a greater target-substrate distance, the eroded atoms travel farther before deposition, resulting in an
increased number of collisions along their trajectory. This reduces both the kinetic energy with which they reach the
substrate or growing film and the number of atoms that complete the entire path to deposition [26, 27].

Statistical analysis was conducted to quantify the increase in grain size, using the software XEI from Park Systems.

Table 2. Summary of AFM results for film characterization

Target-substrate distance (cm) 6 9 12
Thickness (nm) 491 263 132
Deposition rate (nm/min) 32.7 17.5 8.8
Root mean square roughness (nm) 20.4 8.0 6.3
Average grain length (nm) 155 125 90
Average grain perimeter (nm) 468 390 271

The diffraction patterns of the films grown at different target-substrate distances were analyzed. Using X’Pert
HighScore Plus software and the Scherrer equation, the crystallite size was calculated for each family of planes present
in the pattern.

Figure 3 shows the obtained diffraction patterns. These correspond to a cubic system with space group Fm-3m. As
shown in the graph, decreasing the target-substrate distance results in higher peak intensities, which reflects an improved
signal-to-noise ratio. This makes the fluctuations less noticeable, giving the diffraction lines a clearer and sharper
appearance. This effect can be attributed to a higher deposition rate and larger crystallite formation at shorter distances.
The increased kinetic energy of aluminum atoms enhances their mobility on the surface and along grain boundaries,

promoting grain coalescence and growth [27].
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Figure 3. XRD patterns and decrease in crystallite size with the increasing in target-substrate distance for Al thin films

Al thin films grown at different Ar flow rates
Figure 4 shows the 2D AFM images obtained for these films, along with the root mean square roughness.
roughest film, as well as the one with the largest grain size, was obtained with 40 sccm of Ar (Table 3).

The

B 5 v

43.9 nm

S »

Figure 4. 2D AFM images of films grown (from left to right) at: 20, 40 and 60 sccm of Ar flow rate, the root mean square
roughness was found to be: 5.8, 8.0 and 6.6 nm, respectively

Figure 5 shows an increase in thickness with the Ar flow rate. As the argon flow rate increases, a greater number of
atoms are sputtered from the target, generally leading to an increase in thickness. However, when the argon flow becomes
too high, the mean free path of the sputtered particles is reduced due to more frequent collisions, which can limit their
ability to reach the substrate and consequently reduce the films thickness [28, 29]. Therefore, the thickness of the Al films
is a competition of the above-mentioned effects. A decrease in roughness for the film grown at 60 sccm is also observed
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in Figure 5. Similar behavior was reported by Chavan et al [28] in RF-sputtered Mo thin films. At 60 sccm, the higher
flow reduces adatom energy and surface mobility, which limits the formation of large islands and promotes more uniform
layer-by-layer growth, resulting in smoother films and lower roughness compared to 40 sccm, were higher mobility favors

larger grains and a rougher surface.
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Figure 5. Behavior of the thickness and roughness of the films grown at different Ar fluxes.

Table 3. Summary of AFM results for film characterization.

Ar flow rate (sccm) 20 40 60
Thickness (nm) 237 263 339
Deposition rate (nm/min) 15.8 17.5 22.6
Root mean square roughness (nm) 5.8 8.0 6.6
Average grain length (nm) 102 125 119
Average grain perimeter (nm) 282 390 377

Figure 6 shows the diffraction patterns obtained. The film synthesized at 40 sccm of Ar exhibits a larger grain size,
which translates into an improvement in crystalline properties, such as crystallite size (Figure 8). An analogous behavior
in crystallite size was observed by Akhtaruzzaman et al. [30] in their study of WS, films deposited at different argon flow
rates. The XRD peak intensities are governed by a combination of factors [31]. At low Ar flow (20 sccm), smoother
surfaces and higher adatom mobility enhance coherent diffraction, producing the highest intensities. At 40 sccm, larger
crystallites and good texture maintain relatively high peaks despite higher roughness, while at 60 sccm, defects and
reduced mobility lower the peak intensities even for thicker films.
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Figure 6. XRD patterns of Al samples grown at different Ar fluxes

AL O3 thin films grown at different Oz flow rates

The crystalline properties of Al,Os films grown with an Al target in an Ar and O, environment, at different O, flow
rates, were studied. Table 1 shows the deposition parameters used.

Figure 7 shows the obtained diffraction patterns, where we can observe a considerable decrease in crystalline
properties as the amount of oxygen increases. The structural evolution of the films with oxygen flow can be described as
follows: the samples grown at 0.6 and 1.0 sccm exhibit clear diffraction peaks corresponding to metallic Al, indicating
that these films are crystalline. The sample deposited at 1.4 sccm shows weaker and broader peaks, consistent with a
significant reduction in crystallite size and amorphization due to the incorporation of oxygen. Finally, the film grown at
5.0 scem exhibits no discernible diffraction peaks, indicating a fully amorphous structure. In addition, a slight angular
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shift of the diffraction peaks was observed, which can be attributed to changes in the lattice parameters. This progressive
loss of crystallinity and peak displacement are expected, as oxygen incorporation disrupts the ordered arrangement of Al
atoms in the metallic lattice and promotes the formation of an amorphous Al-O network. [32, 33].
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Figure 7. XRD patterns of Al2O3 samples grown at different Oz flow rates. Decrease in crystallite size with increasing Oz flow rate.

The optical properties of these films strongly depend on the O, flow rate. In Figure 8, we can observe that the film
grown at the highest oxygen flow rate (5 sccm) has a transmittance of almost 100%, while the films synthesized at 0.6,
1.0, and 1.4 sccm have almost 0% transmittance across the range 290-900 nm and decreasing from ~8% to nearly 0% in
the 190-290 nm range. These values reflect the strong absorption of the films. The spectral shape is further modulated by
the onset of absorption in the glass substrate, which produces small oscillations in this range. Such oscillations are also
visible for the 5 sccm sample despite its high transparency.

The depression in transmittance near 300 nm for the film grown at 5 sccm is consistent with interference in the near-
UV and is mainly attributed to thin-film optical interference (film/substrate coupling). This interpretation is supported by
the calculation of an interference minimum at 300 nm for a film thickness of 132.4 nm, which closely matches the
experimental thickness of our film (133.8 nm).

The thickness of the samples was measured using the height difference between the film and the substrate in AFM.
As shown in Figure 9, the film thickness decreases as the O, flow rate increases. At low O, flows, the aluminum target
remains largely metallic, allowing a high sputtering yield and resulting in thicker films. As the O, flow increases, a layer
of aluminum oxide forms on the target surface, which has a much lower sputtering yield compared to metallic Al.
Although RF sputtering allows stable plasma operation even when the target becomes partially insulating, the deposition
rate still decreases significantly because the sputtering efficiency of the oxidized target is lower. This process is known
as poisoned target effect in reactive sputtering [34]. Consequently, films deposited under higher O, flow are thinner.
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Figure 8. Transmittance of A2O;3 films grown at different O2  Figure 9. Behavior of the thickness of the Al2Os films grown at
flow rates different Oz fluxes

CONCLUSIONS
In this work, Al and ALO; films were deposited by magnetron sputtering with a radio-frequency source. For the Al
films, we used an Ar environment, while for the Al.Os films, a mixture of Ar and Oz was used. In the first case, we studied
the influence of the target-substrate distance (6, 9, 12 cm) on the morphological and crystallographic properties of the
films. AFM analysis revealed an increase in roughness, thickness, and grain size as the target-substrate distance decreased.
XRD results showed that the crystalline properties of the samples improved as the target was brought closer to the
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substrate, which is associated with the intentional increase in substrate temperature and grain fusion, contributing to the
formation of a more uniform crystalline structure with fewer grain boundaries.

In the second case, we examined the influence of Ar flow rate (20, 40, 60 sccm). The film grown at 40 sccm was the
roughest, with the largest grain and crystallite size. Furthermore, increasing the Ar flow rate led to an increase in film
thickness.

For the Al.Os samples, we studied the influence of O- flow rate, using a fixed Ar flow of 50 sccm while varying the
02 flow (0.6, 1.0, 1.4, 5.0 sccm). We observed a significant decrease in crystalline properties as the oxygen flow increased,
due to the introduction of oxygen atoms disrupting the orderly arrangement of atoms in the crystal lattice. The film grown
at the highest oxygen flow exhibited a transmittance of almost 100%, while the films synthesized at 0.6, 1.0 and 1.4 sccm
showed nearly 0% transmittance across the 290-900 nm range. In addition, the film thickness decreased with increasing
O, flow due to the poisoning of the target during reactive sputtering.
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BIIJIUB ITAPAMETPIB PATIOYACTOTHOI'O MATHETPOHHOT' O PO3ITMJIEHHSI HA CTPYKTYPY
TA XAPAKTEPUCTHKH TOHKHUX IVIIBOK Al TA ALO3
P. Pamoc Baackec?, ®@. Codic-Ilomap?, A. ®ynnopa®, M.A. Pyic-Po6iec?, Aminkap ®parienn’, Exyapao Iepec-Tixepina®
24emornommuuil yHieepcumem Hyeeo-Jleon, Llenmp oocniodcers ghizuxo-mamemamudHux HayK, axyibmem Qisuko-mamemMamusdHux HayK
Asgenro [ledpo 0e Anvba, Yrisepcumemcwvie micmo, Can-Hikonac-0e-noc-Iapca, Hyego-Jleon, 66455, Mexcuxa
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VY it poOOTi JOCHIIKYBAIHCS CTPYKTYPHIi, MOP(OJIOTIYHI Ta ONTHYHI BIACTUBOCTI TOHKHUX ILTIBOK atoMiHit0 (Al) Ta OkcHay antoMiHif0
(AL:Os), HaHeceHux MeTonoM pagiodactoTHoro (PY) MarHeTpoHHOTrO po3nuieHHs. [1niBKy BUPOILLyBaId 3 BAKOPUCTAHHAM BHCOKOUHCTOT
MimieHi 3 Al y KOHTpoIbOBaHHX aTMocdepax, 110 MICTHIIH Pi3Hi MOTOKU aprony (Ar) ta kucHio (O2). OcobnuBy yBary NpUALISUTH TOMY,
SK BIACTaHb MDK MIIOICHHIO Ta MiAKJIAJKOI Ta CHIBBIAHOLIEHHS MOTOKIB Ar/O; BIUTMBAIOTh Ha CTPYKTYpPHI BIIACTHUBOCTI ILTiBOK,
0COOIMBOCTI TIOBEPXHI Ta ONTHYHY PeaKiito. MeTomu XapaKTepruCTUKH BKIIIOYAIN PEHTTeHIBChKY Andpakito (XRD) mis inentudikarii
(a3 Ta OIIHKHM pO3Mipy KPHUCTAJITIB, aTOMHO-CHJIOBY Mikpockorio (ACM) st aHasi3y MopoIorii Ta MOPCTKOCTI ITOBEPXHi, a TAKOXK
Y®-creKTpoCcKomio I BUMIPIOBAaHHS ONTHYHOTO IIPOIYCKAaHHS. Pe3ynbraTd mokasayy, Mo 3MEHIICHHS BiJCTaHI MK MIIICHHIO Ta
I IKJIa KOO TIPU3BOUTH JI0 OTPUMAaHHSI IUTIBOK 31 30UIBIIEHHSIM HIOPCTKOCTI MOBEPXHi, TOBLIMHH, PO3MIPY 3epeH Ta Po3Mipy KPHCTAIITIB,
HMOBIpHO, Yepe3 IOCHIICHe eHepreTHYHe OoMOapyBaHHs Ta PyXJIMBICTb anatoMiB. ONTHYHI BUMIpPIOBaHHS ITOKa3ajH, o miiBku AlO3,
BHUPOLICHI IIPU BUIUX MIBUAKOCTAX MOTOKY O2 (0113bK0 5 Ky0. cM®/cM®), Oyiu Lyske PO30pUMH, JEMOHCTPYIOUH 3HAYEHHSI IPOITY CKaHHS
Omu3bki 10 100% y Bcbomy YO-Bumumomy aianasoi (190-900 um). Ha npotusary 1iboMy, IUTiBKH, OCaKEHI B yMOBaX HU3BKOT'O IIOTOKY
02 (0,6-1,4 xy6. cm?/cm?), Oynu Maibke HEIIPO30PUMH, IO CBITYHUTH PO HETIOBHE OKHCIICHHS a00 MEeTaleBy MOBEAIHKY. PEHTTeHIBChKIIt
IudpakIiiHIKA aHali3 MOKa3aB, M0 BUIII MOTOKH O2 MaJH TEHICHIUIO MPUTHIYYBaTH KPUCTANIYHICTh, IO MPU3BOIMIO 10 aMOPPHUX
wriBok Al2O3, Toxi SIK HYDKYI TTOTOKH 30epirany NeBHUI CTYIiHb KPUCTATIYHOTO MopsiaAKy. KpiM Toro, 301IbIIeHHS IMBUAKOCTI TOTOKY Ar
Tl 9ac OCaKEHHsI CIPHSUIO POCTY ILTIBOK, IPO IO CBITYUTH 30UIBIICHHS TOBIIMHH IUTIBKY, IO MOXKe OyTH TIOB'SI3aHO 3 MiBHINECHOIO
e()EeKTHBHICTIO PO3NWICHHS Ta MOTOKOM aToMiB MimieHi. Lli pe3ynbraTtd HiIKpecIIOTh KPUTHYHY pOJIb MapaMeTpiB OCAIKEHHS y
BU3HAYCHHI BIIACTHBOCTEH TOHKUX IUTIBOK Ha OCHOBI Al JIsl ONTHYHMX Ta €JIEKTPOHHUX 3aCTOCYBaHb.

Kur040Bi ciioBa: aniominitl; monki niieku; MazHemporHe po3nuieHHs,; 8i0CMatb Midxe MilleHHIO ma NiOK1aoKow,; WEUOKICIb NOMOKY Ar
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This paper investigates a plane symmetric cosmological model (PSCM) in the context of modified f{R) gravity theory, incorporating
both vacuum and non-vacuum scenarios. A perfect fluid is assumed as the matter source. To obtain the solutions, we consider the
premise of both constant and nonconstant scalar curvature. By applying the conservation law for Einstein's field equation, T;’ =0, and
the power-law assumption, we retrieve some well-known solutions. We solved the field equations by making a specific assumption
that involved a transformation A28 = U. This study explores the physical and kinematic characteristics of specific cosmological models,
along with an examination of the statefinder diagnostic—a key tool for analysing the Universe’s evolutionary trajectory. The work
provides important insights into the behaviour of anisotropic models within the context of modified f{R) gravity. It highlights the
interplay between matter distribution and spacetime geometry, particularly emphasizing how assuming constant and nonconstant scalar
curvature aids in simplifying and solving the corresponding field equations. The resulting solutions enhance our understanding of
cosmic evolution governed by modified f{R) gravity.
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1. INTRODUCTION

The groundbreaking theory of modern physics called General Theory of Relativity (GR) brings numerous solutions
to understand cosmic phenomena. The physical processes which GR explains are numerous yet there exist multiple
unresolved astrophysical and cosmic problems outside its existing boundaries. One of the most significant challenges is
the observed late-time acceleration of the Universe, which GR alone cannot adequately explain. To address such
limitations, researchers have proposed modifications to the Einstein-Hilbert action—the foundational element of GR.
Among these modifications, the f{R) theory of gravity stands out. This theory generalizes the Einstein-Hilbert action by
introducing a function f{R), where R is the Ricci scalar representing spacetime curvature.

In the past decade, f{R) gravity has become a leading approach to modifying General Relativity (GR). This theory
helps scientists find new solutions to describe how the Universe evolves. By adding a function of the Ricci scalar, f{R),
to the gravitational action, the theory allows for more flexible models of gravity. These models can explain the observed
cosmic acceleration without needing dark energy. f{R) gravity extends GR and offers new ideas for understanding the
Universe. A key aim of the theory is to explain both the rapid expansion in the early Universe and the current acceleration
in a single framework.

Hans Adolph Buchdahl introduced the fR) gravity theory in 1970 [1]. Bertolami et al. [2] later extended it by
coupling a function of the Ricci scalar R with the matter Lagrangian L,, while Carroll et al. [3] used it to explain the
Universe’s late-time acceleration. A fundamentally different image of our Universe has been revealed by astrophysical
data from a variety of sources, including Cosmic Microwave Background (CMB) variations [4], type-la supernovae
experiments [5], X-ray experiments [6], as well as large-scale structure observations [7]. All these data point to a faster
expansion of the cosmos.

Some astrophysicists believe that modified gravity theories could explain the phenomena of dark matter (DM) and
dark energy (DE), which appear to be causing the continuous expansion of the Universe. Numerous astrophysical models
with varying aspects have been developed and analysed over the past decade. Perlmutter et al. [8] provided the first
evidence for a Universe with a positive cosmological constant, indicating its expansion, based on observations of 40 high-
redshift supernovae. Bamba et al. [9] explored various methods for testing DE and alternative extended gravity models
using cosmography. One approach to addressing this problem involves replacing the conventional Einstein-Hilbert action
in the standard part of the Einstein field equations with a general function of Ricci Scalar R [10]. Mishra et al. [11]
demonstrated a transition from early deceleration to significant late-time acceleration by using different deceleration
values with a hybrid scale factor.

The investigation of DE can be examined through its equation of state (EoS) parameter w = %, It’s important to note

that perfect fluid is a significant component of the Universe, undergoes variation and contraction in its action. Fakhereh
MD [12], studied the dynamical behaviour of an anisotropic Universe in extended gravity using two cosmological models.
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Shamir [13], explored the Plane symmetric model in f{R) gravity, and obtained some well-known solutions. Raut et al.
[14], obtained vacuum solutions of plane symmetric model with the help of special form of deceleration parameter (DP)
in f{R) gravity theory. Agrawal et al. [15], studied gravitational baryogenesis models’ comparison in f{R) gravity by
considering perfect fluid as a matter. Singh et al. [16], studied Bianchi type-I five- dimensional cosmological models with
massive string in GR and found that sum of energy density and string tension density was null. Agrawal et al. [17],
investigated black holes and wormholes by considering spherical symmetric space-time beyond classical GR. Karim MR
[18], studied Bianchi type-I model in the context of an anisotropic Universe within the Saez-Ballester theory of gravitation
and found the formula for computing the Universe’s entropy in terms of viscosity. Al-Haysah and Hasmani [19], assumed
fIR) = R + aR? and obtained the solution for higher dimensional Bianchi type-I cosmological model by considering
string as a matter field by combining f{R) gravity theory and Kaluza-Klein (KK) theory. Ladke and Mishra [20,21],
studied five-dimensional plane symmetric and static interior plane symmetric solutions in f{R) gravity theory. Thakare et
al. [22], derived the precise solutions of non-vacuum, higher-dimensional, plane symmetric model in f'(R, T) gravity
theory by means of quadratic EoS. Sharma et al. [23], investigates the stability of the transition from early deceleration
to recent acceleration in a perfect fluid LRS Bianchi-I cosmological model within f(R, T) theory. Dabre et al. [24],
explores a bulk viscous fluid with a cloud of strings using the plane symmetric LRS Bianchi type I metric in the context
of fAR) gravity. Pawar et al. [25], explored string cosmological plane symmetric model considering bulk viscosity and
find solution using relation between metric potential B = RA™ . Turrion et al. [26], studied the physical non-viability of
a wide class of f{R) models and their constant-curvature solutions, and show that most f{R)-exclusive constant- curvature
solutions also exhibit a variety of unphysical properties. Larranaga A. [27], obtained a rotating charged solution in f{R)
theory of gravity with constant curvature representing a black hole. Calza et al. [28], studied vacuum f{R) gravity solutions
which are characterized by constant Ricci scalar and investigated black hole solutions in detail.

This paper explores vacuum and non-vacuum solutions for plane symmetric spacetime within the f{R) gravity
framework. We obtain general solutions for the field equations of plane symmetric spacetime under the premise of

constant and nonconstant scalar curvature. Additionally, we applied Einstein's field equation, T;] =0 to solve non-
vacuum field equations. The physical behaviour of these solutions is analysed using various physical quantities.

2. fiR) GRAVITATIONAL THEORY
The gravitational f{R) theory is regarded as the best straightforward example of an extended gravity theory, first
proposed by Hans Adolph Buchdahl.
The action for f{R) gravity theory is given by [29,30,31],

s=J-g (ﬁf(R)+Lm)d4x (1

Here, the Lagrangian matter is denoted by L,,, and a function that depends on the Ricci scalar R is represented as
AR). The above action is formulated by simply replacing R with f{R) in the traditional Einstein- Hilbert action
expression.

Now, changing (1) with respect to the metric g;; ,we obtain

F(R)R;; — 2 f(R)gi; — ViV;F (R) + gyoF (R) = KTy, @

Here, F(R) - %, o=gi V;V; is the d’ Alembert operator, V; represent the covariant derivative operator, T;; denotes the

standard matter energy- momentum tensor derived from the Lagrangian L,, and k is the coupling constant in gravitational
units.
Solving the above equation (2), we get

F(R)R — 2f(R) + 30F(R) = kT (3)

In vacuum case (i.e., for T = 0) equation (3), reduce to

F(R)R—2f(R) +30F(R) =0 (4)

This connection between f{R) and F(R) is crucial for simplifying the field equations.
With a constant Ricci scalar R = R, equation (4) becomes:

F(RO)RO - Zf(Ro) =0 )

The term "constant curvature condition" describes this situation.
When we simplify equation (3), we obtain

F(R)R+ 30F(R)— kT
2

fR) = (6)

Solving equations (2) and (6), we get,
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(F(R)R—DF(R)—kT) _ F(R)Ryj—V;V;F(R)—KTj (7
4 9ij
As an LHS of equation (7) is not depend on index i, we have
_ (FRR;i—ViViF(R)—kT;

Ki= ( gii ) ®)

Where, K; — K; = 0, for all i and j, K; just a notation of traced quantity.
For perfect fluid the energy-momentum tensor is,

T;j = (p + puu; — pgi; ©)

Which follows the EoS,
p=wp (10)

Where —1 < w < 1, p and p represents energy density and pressure of dark energy.

It is widely accepted that by the end of the inflationary period, the geometry of the Universe was homogeneous and
isotropic [32], where the FLRW models plays an important role in representing both spatially homogeneous and isotropic
Universe. Observational studies have confirmed these symmetries. Yet, theoretical arguments and unexpected anomalies
in the cosmic microwave background (CMB) suggest that an anisotropic phase may have existed in the early Universe.
After the announcement of the Plank probe results [33], it is believed that the early universe may not have been exactly
uniform. Thus, the existence of inhomogeneous and anisotropic properties of the universe has increased popularity when
it is come to constructing cosmological models under the supervision of anisotropic background.

3. METRIC AND THE FIELD EQUATIONS
The general non-static, anisotropic and spatially homogeneous plane symmetric spacetime metric is given by [14],

ds? = dt? — A?(dx? + dy?) — B%dz? (11)

Where A = A(t), B = B(t).
We denote the coordinates x, y, z, t as x*, x2, x3, x* respectively.
The Ricci scalar of metric (11) is,

A B A%? 4B

R=-2|
Where 4 =22 4 =4
de dt?

From equations (8), for vacuum field,

etc.

K, = (F(R)Rij_ViVjF(R)) (13)
9ij
Where, K; — K; =0,V i,
ForK,— K, =K,—K,=0and K, — K; = 0 we get

[FH+s-S -S| F+5F-F=0 (14)
A B A AB A
ﬁ_ﬁ]mﬁp—ﬁ:o (15)
A AB B

With three unknowns, A, B, and F, we are left with two non-linear DE (14) and (15). These are challenging, nonlinear
equations to solve. However, we look into a few solutions utilizing the idea of constant curvature assumption.

4. SOLUTIONS WITH THE CONSTANT CURVATURE ASSUMPTION
Under the assumption of constant curvature, the field equations in f{R) gravity are analysed. This approach allows
for the recovery of several well-known solutions that are already established in GR, but now within the context of
significant f{R) gravity models.

Case-I:
Say for a constant curvature solution R = R, we have

F(Ro) = 0= F(Ro) (16)
Equations (14) and (15) can be used to get the following form:

s N
S-S -T2 =0 (17)
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24 24B
% a0 (18)

The power law assumption can be used to solve these problems. i.e.A « t? and B « t?, where p and q are real numbers.
Thus, A = k,tP? and B = k,t?, where k, and k, are proportionality constants.
From equations (17) and (18), we get,

2 1
P=3.9=—3 (19)

And hence from (11) and (19) the solution becomes

4 2
ds? = dt? — k,*t3(dx? + dy?) — k,*t 3dz> (20)

This can be shown that, these values of p and q leads to R = 0. This represents the simplest possible solution and is
somewhat trivial in the case of constant scalar curvature.

We reinterpret the specifications, i.e. k,2dx? = dX?2, k,*dy? = dY? k,*dz? = dZ?
The above metric can be written as,
4 2
ds? = dt? — t3(dX? + dY?) — t 3dZ? (21)
This corresponds to Taub's Metric [13].

Case-II:

Now we assume that B = A™. Then subtracting equation (17) from (18), we get
A_B LA A (22)

A B A2 AB

After solving above equation we get,

A=[(n+ Dkt + k)] (23)

Hence

B =[(n+ 2)(kst + ky)]+2 24)
Where k3 and k, are constants of integration.
With these values of A and B, metric takes the form
2 2n
ds? = dt? — [(n + 2)(kst + k)]®2(dx? + dy?) — [(n + 2)(kst + k)] dz? 25)
This equation gives Taub’s Metric for n = —% .

Case-II1: For non-vacuum perfect fluid solutions:
In this instance, the metric in equation (11) has a non-vacuum solution.
The energy-momentum tensor for a single fluid source is

T;; = (p + puju; — pgij (26)
With
gYuu; = 1,u; = (0,0,0,1) 27)
where p is the fluid's energy density and p is the isotropic pressure.
u; is the four-velocity of the time-like vector satisfying (27).

Using (8), (26) and (27), we get
ForK;, — K, = K, — K, = 0 and for K; — K, = 0, we get,

i B A B, dp s

[-2-S+ S+ F=SF+F+k@+p) =0 (28)
24 | 24B B ; i
—B L2 F-ZE 4 F 4 k(p+p) =0 29)

Using equations (16), equations (28) and (29) becomes,

i B A, AB] , K
[ttt =0 (30)

24 | 24B] | k
[T+ e =0 3D
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Solving (30) and (31), we get

i B, A 4B
a5 a2 a5 "0 (32)
Integrating (32), we obtain
A_B_ ks
A B A%B (33)
where ks is the integration constant. Making use of (33) and the conversion
A’B=1 (34
Where U = U(t) and A = A(U), B = B(U) are expressed as follows:
A= BUAReks/D[@/W) B = §71/3)g(~2ks/3) [(dt/U) (35)
Where f and § are integration constants.
ds? = dt? — ﬂzu(z/g)e(2k5/3)f(dt/'u)(dxz + dyZ) _ 62u(2/3)e(—4k5/3)f(dt/'u)dzz (36)

The standard conservation law for Einstein’s field equation T,j.j = 0 (Here semicolon (;) indicates covariant divergence)
gives,

) A B\
p+@+p)(25+2)=0 (37)
Solving (37), using equations (10) and (34) we obtain,
p = EU+) (38)

Where ¢ is integration constant and —1 < w < 1.
The cosmological parameters are given by,
Spatial volume, V = U

11U
Hubble parameter, H = =
: U
Expansion scalar, 6 =
1 ks>
Shear scalar, 0% = ==
3 u? o
: 2U2-3UU
Deceleration parameter, g = %
U

Three different circumstances arise based on the parameter U.

1. U = constant = c.
In this case 4 = 'e®'t/3 and B = §'e~@K't/3)  p = gc~(1+w)
where B’ = Bc/¥ [ §' = ¢V k' =kg/c

12
AlsoH=0,0=0, g% = kT, q is not defined. Here p and o are constant. For ks = 0, A and B are constant and

o become significant. For ks > 0, A increases and B decreases exponentially with time.

2. U=t
In this case A = Bt((ks*D/3) and B = §t((1=2ks)/3) | p = £¢~(1+®) geale factor a = t(/3 | H =(1/3t), 8 =(1/t),
0% = (ks’/3t?) and q = 2.

3. u=t"
In this case A = ft@/DelkstC™W/30-1) B = §p0/3)g=(2kst@W30-1) |5 = gen(i+w)
8 =(n/t), 0% = (ks*/3t?") and q = ((3 — n)/n), where n # 1.
The dimensionless rate of change of the third derivative of the field parameter with respect to the cosmic time is
known as the jerk parameter in cosmology. It is given by

j(t) = q+ 2q? —% and hence j(t) = (18/n?) — (9/n) + 1

In this case, the expansion scalar 6 remains positive forn > 0, confirming that the Universe is expanding. As cosmic
time increases, 8 decreases and asymptotically approaches zero, indicating a gradual slowdown in the expansion rate.
The shear scalar o2 also diminishes over time and vanishes in the asymptotic limit, implying that the Universe evolves
toward isotropy. The deceleration parameter is given by ¢ = ((3 — n)/n), which becomes negative for n > 3, reflecting
an accelerated expansion phase consistent with current cosmological observations. The energy density follows the relation
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p = étm(1+®) and decreases with time for w > —1. Notably, for w = —1, the density remains constant, imitating the
behaviour of a cosmological constant and aligning with the ACDM model. These results support a scenario in which the
Universe transitions from an anisotropic, decelerating phase to an isotropic, accelerating one at late times.

5. SOLUTIONS WITHOUT THE CONSTANT CURVATURE ASSUMPTION
Field equations (28) and (29) are linearly independent with five unknowns A, B,p,p and F. The deceleration
parameter describes the evolution of the universe. The cosmological models of the evolving universe transits from early
deceleration phase. (g > 0) to the current accelerating phase (q < 0). Whereas the models can be classified based on the

time dependence of DP. To solve the system of equations, we assume the deceleration parameter (q) varies linearly with
the Hubble parameter [34,35].

q=-5=v+aH (39)
Here y and « are arbitrary constants.
For y = —1 in equation (39)
ad
q=——7F=—1+aH

Which yields the following differential equation,

W ato1= (40)
Integrating equation (40) we get

1
a(t) — e;,/ZaHkG (41)

Where kg is a constant of integration.
Assuming the shear scalar o is proportional to the expansion scalar 8 we obtain the relationship between scale factor
A and B as follows:

A=B" (42)
Where n is constant and n # 1
Using (34), (41) and (42) the metric components are
A(t) _ ea(23r?+1_) [2at+kg (43)
and
3
B(t) = eanrny ke (44)
The metric (11) is reduced to,
6N 6
ds? = dt? — eaenrnV 2 ey 2 4 dy?) — eazn+)Y 2attke g2 (45)

Equation (45) represents PSCM with variable deceleration parameter.
The directional Hubble parameter H,, H, and H, are given by
3

n
C(n+ 1D 2at + ke
o 3
@n+1)2at + kg

Hubble parameter (H) and expansion scalar () is given by

H, = H,

1

H= J2at+kg (46)
3
0= J2at+ks (47)
The spatial volume (V') and anisotropic parameter (A) is given by
V= e%/ZaHkﬁ (48)
_2n-1? _
= i = constant (A # 0 forn # 1) (49)

The shear scalar (2) is given by
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2_ _ 3m-1?
T (2n+1)2(2at+ke) (50)
From equations (47) and (50), we get
2 _13\2
tlim Z—z =% = constant(# 0 forn # 1) (51)
The energy density p and isotropic pressure p using equations (10) and (38) are given by
—3(1+w) —3(1+w)
p - f e—a J2at+kg ] and p - (,l)f [e o J2at+keg (52)
Where ¢ is integration constant and —1 < w < 1.
The deceleration parameter (q) is given by
a
q=-1+ Toarie (53)
From equation (12), the Ricci scalar R is found as
_ a _3(3n%+2n+1)
k= {(Zat+ks)3/2 (2n+1)2(2at+k6)}’ (54)

In this model, the Universe’s initial time is given by t = — :—Z =T (k¢=0,a > 0), which can be shiftedto t = 0

by setting kg = 0. At this initial moment, the scale factor a remains constant, indicating that the Universe in this case
begins from a non-singular state.

At the initial time (t = 7°), the Hubble’s parameter (H), expansion scalar (8), shear scalar (o) are all infinite.
Additionally, the isotropic pressure (p) depends on EoS parameter (i.e. p = w&) while the energy density (p) remains
constant (i.e. p = §).

Also, the energy density remains positive throughout cosmic evolution but gradually declines over time. In contrast,
the isotropic pressure increases, it starts from a negative value in the early universe and approaches zero at the present
epoch. Observationally, this negative pressure is attributed to dark energy, which, despite having positive energy density,
drives accelerated cosmic expansion.

As time t progresses, the scale factor a increases, while the physical parameters H, 6, gradually decrease. In the
limit of large t, the scale factor a becomes infinitely large, while the parameters H, 8, approach zero. This implies that

the Universe in this model originates from a non-singular state and expands exponentially over cosmic time.
2
a“—kg

Furthermore, the deceleration parameter q is positive for t < , indicating an early decelerating phase of the

. . . 2k .. . . .. .
Universe. Conversely, q is negative for t > az—a"’ , predicting the accelerating phase of the Universe’s expansion in this

model. However as t — oo, q approches — 1, which is characteristic of de Sitter-like exponential expansion. This
indicates a transition from deceleration to acceleration, consistent with current observations of cosmic evolution.
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Statefinder diagnostic: A geometric statefinder pair {r, s}, whose notable characteristic is their dependence on the scale
factor and its time derivatives, was introduced by Sahni et al. and Alam et al. [36,37]. The statefinder diagnostic method
serves as effective tool for distinguishing different DE models in cosmology. This diagnostic pair also characterizes the
ACDM model where the cosmological constant A act as DE. The ACDM model is considered the standard framework for
studying the evolution of the accelerating Universe and is identified by the fixed point {r, s} = {1, 0}.
The state-finder diagnostic pair is defined as [38,39,40]
H r—1
r—ﬁ—3q—2and5—3(q—_%) (55)

We employ the statefinder diagnostic method to evaluate our model's dynamics and contrast its behaviour with that

of the ACDM model. The expressions for the statefinder parameters {r, s} in our framework are derived as follows:

I 1
3a® 3¢ and s = [—ﬂ““"s] (56)

r=14+—m—
2at+kg  [2at+kg [1_31/2—ut+k5]
2 a

In our model, the state-finder pair {r, s} tends toward {1,0} at late time, thus the model is compatible with ACDM
model [41]

110+ 4

1.05r :

1.00 ACDM

1 1 1 1 1 L L
-0.10 -0.08 -0.06 -0.04 -0.02 0.00 0.02

S
Figure 6. The figure shows the state-finder parameter

Energy conditions: Here, the time-varying behaviour of the energy conditions is explored. The energy conditions are
used in many approaches to understand the evolution of the universe. The study of singularities in the spacetime was
based on energy conditions. Some of the important energy conditions are given as follows:
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Weak energy conditions (WEC)=>p >0,p—P =0

Dominant energy conditions (DEC)= p+ P >0

Strong energy conditions (SEC)= p+ 3P =0

Using equation (52), we analyse the behaviour of above-mentioned energy conditions. Figures (7-9) show the
behaviour of WEC, DEC and SEC with proper choice of constants respectively and it is observed that all the energy
conditions are satisfied for this model.

Figure 7. Behaviour of WEC vs. t and w with Figure 8. Behaviour of DEC vs. t and w with
f=la=2ks=1 f=la=2ks=1

Figure 9. Behaviour of SEC vs. t and w with
E=1l,a=2ks=1

6. CONCLUSIONS

We have investigated non-static plane-symmetric model in the framework of f{R) gravity theory in this work,
looking at both scenarios with and without matter (vacuum and non-vacuum conditions). To determine precise answer to
the field equations, we have taken into consideration the metric form of the theory.

In the first two cases, we considered vacuum conditions and found solutions using constant curvature and power
law assumptions. These solutions matched the well-known Taub’s solution.

In the third case, we considered non-vacuum condition and found solutions using the energy momentum tensor
equation. We solved the field equations by making a specific assumption that involved a transformation A2B = U and
using the EoS, p = wp. For the non-vacuum scenario, we considered three possibilities of U, where U is constant, ¢, and
t™. Particularly, in the case where U = t™ with 0 < n < 1, we observed that the ratio /6 does not approach to zero as
t = oo. This implies that the shear decreases at a slower rate compared to the expansion scalar, implying that anisotropic
remains significant over time. This persistent anisotropy suggests that our model remains anisotropic, representing the
early evolutionary phase of the Universe.

These findings underscore the potential of f{R) gravity to effectively describe the Universe's dynamics, particularly
during its early stages when anisotropic effects are expected to be prominent.

In this section, without assuming constant curvature, we assumed a scale factor a(t) = e%V 2at+ks (where o and kg
are positive constants), to derive an exact solution of the Einstein field equations. This model remains anisotropic
throughout cosmic evolution for n # 1, as it is independent of the cosmic time ¢t. It describes an exponentially expanding
Universe that originates with a finite volume at the big bang (#=0) and later transitions into an accelerated expansion
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phase. The behaviour of the DP is shown in Fig. 1 for @ = 1.5, 2, 3. The deceleration parameter q in this model is found
to be time dependent, exhibiting a transition from an early decelerating phase to the current accelerating phase of the
Universe. Fig. 2 and 3 represents the time-varying behaviour of the Hubble parameter (H) and volume (V), respectively.
Fig. 4 and Fig. 5 illustrate the variation of isotropic pressure p and energy density p w.r.t. the cosmic time ¢. The energy
density and pressure gradually diminish and approach zero as t becomes large. Fig. 6 shows the evolution of r-s trajectory.
The state-finder pair {r, s} tends towards {1,0} at late time, indicating that the model asymptotically behaves like the
ACDM (cosmological constant A + Cold Dark Matter) model. Fig. 7,8, and 9 represents the time varying behaviour of
WEC, DEC, and SEC, showing that all the energy conditions (WEC, DEC, SEC) are satisfied throughout the evolution.
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JOCJIIKEHHS MJIOCKOTIO0 CUMETPUYHOI'O ITPOCTOPY-YACY B MOJUPIKOBAHIMI
T'PABITALIMHIN TEOPII f{R)
I.B. Ixore?, C.J1. Jleo”
“Kagedpa mamemamuxu niciaouniomuoi oceimu, Yuieepcumem I onosanu, I aouiponi, Inois
bKoneooc nayx Maxammu Ianoi, aduandyp, Indisa
V wmi#t crarTi JOCTIUKY€EThCS INIOCKOCUMETpHYHA KocMotoridaa Moaens (PSCM) y konTekcTi MoaudikoBanoi Teopii rpasiramii f{R),
BKJIIOYAIOUH SIK BaKyyMHi, Tak i HeBaKyyMHi cueHapii. [[eperom Marepii BBakaeTbes ineanbHa pinnHa. 11106 oTpumary po3B's3ky,
MH PO3IIISIAAEMO EPEIYMOBY K HOCTIIHOT, TaK 1 HEMOCTIHHOT CKAJISIPHOT KPUBUHHU. 3aCTOCOBYIOUH 3aKOH 30€pe)KESHHS I PiBHSIHHS
nons EliHmTeiiHa, T;’ = 0, Ta MPUMYIIEHHS CTEIICHEBOIO 3aKOHY, MA OTPHMY€EMO JEsIKi BiIoMi po3B'si3KH. MU po3B'sI3ail piBHIHHS

moJtst, 3poOMBIIK crenudidHe MPUITYLMICHHs, SKe BKIIOYano meperBopeHHs A’B = U. lle mocmimkenHs Aocmimkye ¢isuudi Ta
KiHeMaTH4HI XapaKTePUCTUKH KOHKPETHUX KOCMOJIOTIYHUX MOJIEIIEH, a TAaKOXK PO3IIILAAE NIarHOCTUKY 32 JOIIOMOTOF0 METO.LY MOIIYKY
CTaHIB — KIIIOYOBOT'O IHCTPYMEHTY IS aHaJi3y eBoJomiiiHOI TpaekTopii BeecBity. PoboTa Hamae BakimBe po3yMiHHS ITOBEIIHKH
aHI30TPONHMUX Mojeneill y KoHTekcTi MoaudikoBanoi f{R) rpasitanii. Bona mimkpeciroe B3aeMonilo MK pO3IOAITIOM Marepil Ta
TEOMETPI€I0 IPOCTOPY-Yacy, OCOOJIMBO MiIKPECIIOIOYH, SIK ITPUITYIIEHHS TOCTIIHOT Ta HETOCTIHHOT CKaISIPHOI KPUBHHM JIONIOMAarae
CIPOCTUTH Ta PO3B's3aTH BiANOBiAHI piBHAHHS mojss. OTpUMaHi pillleHHs MOKPALIYIOTh Hallle PO3yMIHHS KOCMIYHOI €BOJIOLIi, 110
kepyetbest MoaudikoBanomo f{R) rpasirauiero.

KuarouoBi cinoBa: niocko-cumempuunuii; meopis epagimayii f(R), ideanvna piouna; é3naunux cmanis; anizomponnuii Bececgim
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The development of sensitive, low-cost, and biocompatible sensors for detecting toxic heavy metals remains a pressing challenge in
environmental monitoring. Protein-based nanostructures present unique opportunities in this regard. Coupling amyloid fibrils with amyloid-
sensitive fluorescent dyes, which exhibit distinct spectral responses upon binding to amyloid structures and in the presence of metal ions, may
lead to a promising sensing platform. In this study, the benzanthrone derivative ABM was examined as a fluorescent probe for detecting heavy
metal ions in aqueous solutions and in the presence of - B-lactoglobulin amyloid fibrils (B-1gf). In water, benzanthrone dye shows a broad
emission spectrum dominated by a band at 690 nm. Binding to 3- lgf produces a substantial increase in fluorescence intensity and a ~65 nm
hypsochromic shift, indicating dye partitioning into the fibrillar hydrophobic environment. In aqueous solutions, ABM responds to heavy
metals with characteristic spectral changes: Pb 2" and Ni 2" decrease the 690 nm emission band and generate a 560 nm band, while Cu 2" and
Zn *" cause complete quenching of the 690 nm emission with the appearance of a prominent 560 nm maximum, consistent with the formation
of metal-ligand charge—transfer complexes. In the fibrillar environment, ABM displays a dominant emission at 560 nm; addition of heavy
metals modulates the intensity and shape of this band in an ion-specific manner. Deconvolution of the emission spectra revealed two spectral
components, whose amplitudes and shape descriptors were selectively altered by Ni " and Cu ?*, while Zn 2" and Pb ** had lesser effects. These
findings demonstrate that ABM fluorescence reports sensitively on the strength and specificity of heavy metal interactions with amyloid fibrils,
supporting its potential as an optical sensor for probing protein—metal systems.

Keywords: Benzanthrone dyes; Metal detection;, Heavy metals

PACS: 87.14.Cc, 87.16.Dg

Heavy metal ion contamination poses a significant environmental and public health challenge, as ions such as
mercury (Hg?"), lead (Pb?*), cadmium (Cd?"), and copper (Cu?*) are highly toxic even at trace levels, persist in ecosystems,
and readily bioaccumulate, with strong links to cancer and neurodegenerative disorders [1-3]. Accurate detection of these
ions remains a critical priority for environmental monitoring and disease prevention related to heavy metals. Despite the
high sensitivity and reliability of conventional analytical techniques, including atomic absorption spectroscopy (AAS) [4],
inductively coupled plasma mass spectrometry (ICP-MS) [5], and electrochemical assays [6,7], their applications are
limited by high costs, extensive sample preparation, and limited field portability. These constraints highlight the urgent
need for novel sensing strategies, particularly for detecting water contamination. Recently, fluorescence-based sensing
has emerged as an attractive alternative due to its high sensitivity, selectivity, and potential for real-time
applications [8-11]. Numerous studies have documented advances in fluorescent sensors incorporating aptamers [8,9],
quantum dots [10,11], and organic dyes [12-15] for detecting heavy metals in environmental matrices. Specifically, small-
molecule fluorescent probes offer rapid response and high affinity through selective coordination with metal ions,
enabling precise fluorescence modulation [8, 16].

Concurrently, protein-based nanomaterials are emerging as highly effective nanoscaffolds for heavy metal removal
due to their diverse amino acid functional groups and ability to self-assemble into tunable supramolecular structures such
as fibrils, gels, and spherical condensates. Recent advances in protein- and peptide-derived adsorbents demonstrate
outstanding metal-binding efficiencies. For example, soy protein hydrogels efficiently captured Cu(ll) even in the
presence of competing ions [17], while a BSA/graphene oxide hybrid membrane achieved 90.4% mercury removal [18].
Additionally, elastin-like polypeptides with histidine clusters proved effective for Cd(Il) [19]. Particularly, hybrid
membranes combining activated carbon with amyloid fibrils from proteins such as B-lactoglobulin or soy protein removed
over 99% of various metals, including gold, mercury, lead, palladium, arsenic, chromium, and nickel, in both model and
real wastewater systems [20-22]. Despite the structural stability, high surface area, and abundant binding sites of amyloid
fibrils—making them well-suited for functionalisation with optical reporters in biosensing applications—the convergence
of amyloid fibril scaffolding and fluorescent dyes for heavy metal ion detection remains largely unexplored. This hybrid
sensing approach could utilise the structural and binding capacity of amyloid frameworks with the optical sensitivity of
fluorescent reporters, potentially enabling portable, low-cost detection systems with enhanced sensitivity and selectivity.

In this study, we present a feasibility investigation into the development of a sensor platform comprising
B-lactoglobulin amyloid fibrils with the benzanthrone fluorescent dyes ABM for the detection of Cu?*, Zn**, Ni**, and
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Pb?', heavy metal ions. More specifically, the aim of our study was to assess the ABM sensitivity to heavy metals and
metal-B-lactoglobulin fibril interactions.

EXPERIMENTAL SECTION
Materials
Bovine B-lactoglobulin (Blg), copper(Il) chloride dihydrate, nickel(II) chloride, lead(Il) nitrate, zinc chloride and
thioflavin T (ThT) were purchased from Sigma, USA. Benzanthrone dye ABM [23] was synthesized in the Daugavpils
University. All other reagents were of analytical grade and used without the further purification.

Preparation of working solutions
The B-lactoglobulin stock solutions 10 mg/ml (BIgF) was prepared in distilled water with HCI1 (pH 2.0). The reaction
of the protein (stock solutions) fibrillization was conducted at 90 °C for 2 days. The kinetics of amyloid formation was
monitored using the Thioflavin T assay [24], revealing the dye fluorescence intensity increase at 480 nm ca. 7 times (data
not shown). The working solutions of protein were prepared by dissolving a stock solution of the fibrillar B-lactoglobulin
in distilled water (pH 6.07).The ABM stock solutions were prepared in ethanol, while ThT was dissolved in 10 mM Tris
buffer (pH 7.4). The fluorimetric measurements were carried out in distilled water (pH 6.07).

Spectroscopic measurements
The absorption spectra of the examined dyes were recorded with the spectrophotometer Shimadzu UV-2600 (Japan)

at 25°C. The dye concentrations were determined spectrophotometrically using the extinction -coefficients

el =93.10° M'em! and £]5“ =3.6-10* M-'cm™! for ABM and ThT, respectively. Steady-state fluorescence spectra

were recorded with an RF-6000 spectrofluorimeter (Shimadzu, Japan). Fluorescence measurements were performed at
25°C using 10 mm pathlength quartz cuvettes. Fluorescence spectra were recorded within the range of 480—-800 nm, with
an excitation wavelength of 460 nm. The excitation and emission slit widths were set at 10 nm.

Fluorescence spectra analysis
The deconvolution of the dye absorption spectra was performed with Origin 9.0 (OriginLab Corporation,
Northampton, USA) using the log-normal asymmetric function (LN) [25]:

In2 a—-A
I1=1 — In? s 1
max exp{ )" (G—%H M

is the emission maximum, A is the wavelength, A, is the position of the

where I is the fluorescence intensity, /

max

peak, p is the asymmetry of the function defined as:

A -4
— C min 2
i ®
where 4, and A denote the wavelength values at half-emission. The parameter a designates the limiting wavelength:
e = Awin )
p -1
Binding model

Quantitative characteristics of the dye-protein binding were determined in terms of the Langmuir adsorption model
by analyzing protein-induced changes in the probe fluorescence intensity at the wavelengths, corresponding to emission
maximum for ABM (624 nm was selected for non-deconvoluted spectra). Assuming that the ABM fluorescence response
is proportional to the amount of the protein-bound fluorophore B, the -IgF-induced change in the probe fluorescence
intensity A/ at the fluorescence maximum can be written as:

)B=F, B “)

mol

AI = I - I() = [ahoundB + afree (Z - B)] - aﬁ‘eeZ = (abmmd - a}

free

where [, and I — fluorescence intensities of the dye in a buffer solution and in the presence of protein, respectively; F, ,

is a coefficient proportional to the difference of the dye quantum yields in buffer and when bound to the macromolecule;
Qg @0d @, — molar fluorescence of the bound and free dye, respectively, Z is the total concentration of the probe.

If one protein molecule contains n dye binding sites, the association constant ( K, ) is given by:

B

~(Z-B)(P-n-B) ©)

a

where P is total protein concentration.
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The F,, parameter was calculated form the fluorimetric titration of the dye by the fibrillar -lactoglobulin.

mo

Specifically, at high protein concentrations, when P/n >> B, from the combination of the Egs. (4) and (5) one obtains:

1 1 1

1
=== + (©)
AI BF mol Ku P nZErzol ZF;m)I
F:'m)l = 1 / aZ (7)
where a — the y-intercept of the linear fit of the plot 1/AI =1/P.
Next, Egs. (4) and (5) can be rearranged to give:
1 \/ 2
N:EFmol Z+nP+1/K, - (Z+nP+1/Ka) —4nPZ ®)

The approximation of the experimental dependencies A/ (fluorescence intensity increase) on P (total protein
concentration) by Eq. 8 allowed us to determine the other dye-protein binding parameters — association constant (K, )

and binding stoichiometry (7).

RESULTS AND DISCUSSION

In the initial phase of our study, we assessed the binding of ABM with B- lactoglobulin amyloid fibrils. As can be
seen from Figure 1, a free dye in an aqueous environment is characterized by an emission maximum at 690 nm. The
emission maximum of ABM shifts from 538 nm in nonpolar benzene to 650 nm in polar ethanol, arising from
intramolecular charge transfer between the amine substituent and the carbonyl group, which increases the excited-state
dipole moment and induces solvent relaxation [26]. The addition of fibrillar B-lactoglobulin to ABM in water caused a
marked increase in fluorescence intensity, accompanied by a ~ 65 nm hypsochromic shift in the emission maximum,
indicating dye transfer into a non-polar environment. To quantitatively evaluate the ABM binding, the fluorescence
enhancement at 625 nm (Al) as a function of the protein concentration was fitted using the Langmuir adsorption model

Eq. 8), yielding the association constant K, =1.9x10° M~ and the number of binding sites »n = 7.5+0.3 mol/mol .
q Yy g a g

BLgl* concentration, pM:
—— ABM

6000+ 8.68 16000 ABM#NICl
; 1 1.35 . 14000 —— ABM+Pb(NO3),
2 50004 2.0 = —— ABM+CuCly
= 1 igi Z 12000+ —— ABM+ZnCly
g 40007 —3.84 10000
g 1 —a3 k=
8 3000-| —s4 8 8000
: ] _—2?? g 6000
$ 2000+ e 8 ]
3 ] 2 4000+
= =
1000+
] 2000+
07_,.'7' T T T T T T T T T T T 1 0__7_ T T T T T 1
500 550 600 650 700 750 800 500 550 600 650 700 750 800
Wavelength, nm Wavelength, nm

Figure 1. Emission spectra of ABM in the presence of - lactoglobulin amyloid fibrils (A) and heavy metal ions (B). ABM
concentration was 1 uM and 10 uM for ABM-f-IgF and ABM-B-IgF-heavy metal systems, respectively

Next, we evaluated ABM's ability to detect heavy metal ions in aqueous solution (Figure 1B). In water, the
benzanthrone dye ABM displays a broad emission spectrum with a prominent peak at 690 nm and a shoulder at
approximately 560 nm. When it binds to heavy metals, the 690 nm band diminishes, while emission at around 560 nm
increases, with the extent of these changes depending on the specific ion. Particularly, binding with Ni?>* and Pb?* results
in about a 1.8-fold reduction in fluorescence intensity at 690 nm, a 20 nm blue shift of the emission maximum, and the
emergence of a distinct band at 560 nm. Notably, ABM shows an even higher affinity for Cu** and Zn**, demonstrated
by complete quenching of the 690 nm band and the appearance of a highly intense emission maximum at 560 nm. It is
well known that the interaction between fluorescent dyes and heavy metal ions is mainly controlled by the presence of
functional donor groups in their molecular structure (such as carbonyl, amine, nitrogen, hydroxyl, etc.), which act as
coordination sites for metal binding [8]. The shift in emission peaks for ABM with metal ions likely arises from the
formation of metal-ligand charge—transfer complexes involving electron transfer from molecular orbitals in the metal to
those in the ligand. Our results indicate that Pb** and Ni**, probably, exhibit weaker metal-ligand charge—transfer
complex. The strong quenching of the 690 nm maximum and the blue shift at around 560 nm can be explained by the
formation of a metal-ligand charge transfer complex involving the amino and carbonyl groups of ABM, as numerous
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studies indicate Cu?" preference for these structural groups [8,27]. Conversely, Zn?* tends to form stable coordination
complexes mainly through the carbonyl oxygen [8,27], which is also present in the ABM structure. When interacting with
the carbonyl group of ABM, Zn?" likely stabilizes the dye’s excited state, reducing non-radiative decay and leading to the
emergence of a highly emissive band at 560 nm.
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Figure 2. Deconvolution of ABM absorption spectra into two components in water (A), in the presence of 6.64 uM B-IgF (B),
ABM-B-1gF-Ni system (C), ABM-B-1gF-Pb system (D), ABM-B-1gF-Cu system (E), ABM-B-1gF-Zn system (F). Heavy metal
concentration was 423 uM. Empty circles represent raw data. The solid line demonstrates the fitting of the experimental data by the
asymmetric log-normal function

In the next phase of our study, we investigated the sensitivity of ABM to heavy metal ions in the presence of amyloid
fibrils. Figure 2 illustrates the emission spectra of ABM in systems containing -1gF and heavy metals. When only p-1gF
is present, ABM shows a prominent emission peak at 560 nm along with a weaker shoulder around 690 nm. The addition
of heavy metal ions altered the relative intensities of these bands in a metal-dependent manner. Specifically, the addition
of Zn?*, Ni**, and Pb*" did not significantly change the overall shape of the emission spectra, whereas in the presence of
Cu?', the 690 nm peak became dominant. To analyze the spectral behaviour of ABM in the combined amyloid—heavy
metal systems, the dye's fluorescence spectra were decomposed using the log-normal (LN) function, which is well-suited
for resolving asymmetric spectra [25]. It was found that the fluorescence spectra of ABM in water, in the presence of
B-lactoglobulin amyloid fibrils, and in the ABM—-1gF-heavy metal systems could be represented as a sum of two distinct
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bands corresponding to short-wavelength and long-wavelength spectral components. From the deconvolution data, a set
of parameters was obtained, including the amplitude and three shape descriptors: (i) the peak position, which reflects the
polarity of the environment; (ii) the full width at half-maximum (FWHM); and (iii) the asymmetry parameter of the peak.

Table 1. Spectral characteristics of ABM in aqueous solution, 3-lactoglobulin fibrils and p-lgF—metal systems

System Band Ao A, ,cm’! F\Z;I:Hl\/[, p,cm’! R’
ABM I 2514.9 687.7 92.1 0.633 0.996
11 551.7 630.8 433 1.152 ’
ABM_bLgF | 903.5 690 47.2 0.950 0.999
II 5240 625 142.3 0.708 ’
ABM bLgF Ni I 2120 708 85 0.635 0.993
11 5231.0 629 122.8 1.082 ’
ABM bLgF Pb I 613.5 689.9 497 0.692 0,99
1I 4755.7 628.4 150.5 0.781 ’
ABM bLgF Cu I 783.3 691.3 59.2 0915 0.999
11 2653.9 639.8 175.7 0.795 ’
ABM bLgF Zn_ I 665.1 6912 46.0 0.638 0,99
II 4908.8 628.2 152.1 0.80 ’

As summarised in Table 1, the bathochromic band I (690 nm) dominates over the hypsochromic band I (630 nm)
in aqueous ABM, whereas band II prevails in both ABM—f-1gF and ABM—-lgF—-metal systems. Upon addition of
heavy metals, several characteristic changes were observed compared to ABM—f-IgF: (i) an increase in band I
amplitude in the presence of Ni** and Cu?", more pronounced for Ni**; (ii) a slight decrease in band II amplitude for
Zn?*" and Pb?*; and (iii) a 1.9-fold decrease in band II fluorescence intensity in the ABM—f-1gF—Cu?* system. These
spectral alterations were accompanied by broadening of band I (Ni** and Cu?") and band II (Cu?"), as reflected in
increased FWHM values, along with a rise in the asymmetry parameter of band II in the Cu** complex. The presence
of heavy metals did not affect the position of the peaks, except for the band I of ABM_bLgF Ni, where a slight long-
wavelength shift was observed.

Overall, the results in Table 1 indicate that the addition of Ni** and Cu?* influences the fluorescence response of
fibril-bound ABM more strongly than other tested heavy metal ions. Given the highest fluorescence response of ABM in
aqueous solution with Cu?" and Zn?**, these findings suggest that both the dye's sensitivity to heavy metals and the
interaction strength between heavy metals and amyloid fibrils are key factors in the spectral behaviour of the fibril-bound
dye. Little is known about the mechanism of heavy metal ion interaction with B-lactoglobulin amyloid fibrils. However,
Peydayesh et al. [21] demonstrated that adsorption of chromium, nickel, silver, and platinum to B-lactoglobulin amyloid
fibrils is a highly exothermic and ion-specific process. Assuming that the accessibility of metal-binding sites for different
ions in B-1gF varies, stronger binding of Cu?* and Ni** to the fibrils can perturb the local environment of ABM, amplifying
spectral shifts and intensity changes compared to Zn?*" and Pb?". However, further studies are needed to elucidate the
molecular mechanisms of metal—fibril binding and quantitatively assess binding affinities.

CONCLUSIONS

This study demonstrates the feasibility of using B-lactoglobulin amyloid fibrils in combination with the
benzanthrone-based fluorescent dye ABM as a sensing platform for heavy metal ions, including Cu?*, Zn?*, Ni**, and Pb?*.
The results show that ABM exhibits distinct, metal-specific fluorescence responses in both aqueous solutions and fibril-
bound environments. In particular, ABM undergoes pronounced spectral changes in aqueous solution upon binding Cu?",
Zn*", Ni**, and Pb**, with Cu?** and Zn?* producing the most potent effects due to their preferential coordination to amino
and carbonyl donor groups. The incorporation of ABM into -lactoglobulin fibrils enhances dye fluorescence. It enables
the selective modulation of emission signals upon metal binding, with Ni** and Cu?' causing the most significant changes
in spectral characteristics. Collectively, these results indicate that the fluorescence response of ABM reflects not only
direct dye—metal binding but also the strength of metal interactions with amyloid fibrils. This dual sensitivity positions
ABM as a promising optical probe for studying metal—protein interactions and for developing supramolecular platforms
for heavy-metal sensing. Further studies are warranted to characterize the dye-fibril-metal complexation and expand its
application to additional metal ions.

Acknowledgements
This work was supported by the Ministry of Education and Science of Ukraine (the project “Development of economically affordable
nanosystems for rapid identification and purification of water from heavy metal ions based on carbon nanoallotropes and amyloids
from organic waste” No. 0124U000968).

ORCID
Olga Zhytniakivska, https://orcid.org/0000-0002-2068-5823; ©Uliana Malovytsia, https://orcid.org/0000-0002-7677-0779
Kateryna Vus, https://orcid.org/0000-0003-4738-4016; ®Valeriya Trusova, https://orcid.org/0000-0002-7087-071X
Elena Kirilova, https://orcid.org/0000-0002-9577-5612; ®Galyna Gorbenko, https://orcid.org/0000-0002-0954-5053



528
EEJP. 3 (2025) U. Malovytsia, et al.

REFERENCES
[1] L. Jérup, Br. Med. Bull. 68, 167 (2003). https://doi.org/10.1093/bmb/1dg032
[2] P.Zhang, M. Yang, J. Lan, Y. Huang, J. Zhang, ef al. Toxics, 11, 828 (2023). https://doi.org/10.3390/toxics11100828
[3] J. Huff, R. Lunn, M. Waalkes, L. Tomatis, and P. Infante. Int. J. Occup. Environ. Health, 13, 202 (2007).
https://doi.org/10.1179/0eh.2007.13.2.202
[4] F. Barbosa, F.Krug, and E.C.Lima. Spectrochimica Acta Part B: Atomic Spectroscopy, 54(8), 1155 (1999).
https://doi.org/10.1016/S0584-8547(99)00055-5
[5] E.L. Silva, P. dos Santos Roldan, M.F.Giné.Journal of Hazardous Materials, 171(1-3), 1133 (2009).
https://doi.org/10.1016/j.jhazmat.2009.06.127
[6] S. Fouziya Sulthana, U. Mohammed Igbal, S.B. Suseela, et al, ACS Omega, 9(24), 25493 (2024).
https://doi.org/10.1021/acsomega.4c00933
[7] R. Ding, Y.H. Cheong, A. Ahamed, G. Lisak. Anal. Chem. 93, 4, 1880-1888  (2020)
https://doi.org/10.1021/acs.analchem.0c04247
[8] N.De Acha, C. Elosua, J.M. Corres, and F.J. Arregui, Sensors, 19, 599 (2019). https://doi.org/10.3390/s19030599
[9] Y. Wen, F. Xing, S. He, S. Song, and L. Wang, Chem. Commun. 46, 2596 (2010). https://doi.org/10.1039/B924832C
[10] M. Zhou, J. Guo, and C. Yang, Sens. Actuators B Chem. 264, 52 (2018). https://doi.org/10.1016/j.snb.2018.02.119
[11] B. Rezaei, M. Shahshahanipour, A.A. Ensafi, and H. Farrokhpour, Sens. Actuators B Chem. 247, 400 (2017).
https://doi.org/10.1016/j.snb.2017.03.082
] W.-B. Huang, W. Gu, H.-X. Huang, ef al., Dye Pigment, 143, 427 (2017). https://doi.org/10.1016/j.dyepig.2017.05.001
] M. Saleem, and K.-H. Lee, J. Lumin. 145, 843 2014). https://doi.org/10.1016/j.jlumin.2013.08.044
] X. Yang, W. Zeng, L. Wang, et al., RSC Adv. 4, 22613 (2014). https://doi.org/10.1039/C4RA02738H
] Y. Han, C. Yang, K. Wu, and Y. Chen. RSC Adv. 5, 16723 (2015). https://doi.org/10.1039/C4RA16479B
] A. Majhi, K. Venkateswarlu, and P. Sasikumar, J. Fluoresc. 34, 1453 (2024). https://doi.org/10.1007/s10895-023-03372-3
[17] J. Liu, D. Su, J. Yao, Y. Huang, J. Shao, and X. Chen, J. Mater. Chem. A, 5, 4163 (2017). https://doi.org/10.1039/C6TA10814H
] X.Yu, W. Liu, X. Deng, S. Yan, and Z. Su, Chemical Engineering Journal, 335, 176 (2017). https://doi.org/10.1016/j.cej.2017.10.148
] J. Kostal, A. Mulchandani, and W. Chen, Macromolecules, 34(7), 2257 (2001). https://doi.org/10.1021/ma001973m
] S. Bolisetty, and R. Mezzenga, Nat. Nanotechnol. 11, 365 (2016). https://doi.org/10.1038/nnano.2015.310
] M. Peydayesh, S. Bolisetty, T. Mohammadi, and R. Mezzenga, Langmuir, 35, 4161 (2019).
https://doi.org/10.1021/acs.langmuir.8b04234
[22] L.C. Ramirez-Rodriguez, L.E. Diaz Barrera, M.X. Quintanilla-Carvajal, et al., Membranes, 10, 386 (2020).
https://doi.org/10.3390/membranes10120386
[23] E.M. Kirilova, I. Kalnina, G.K. Kirilov, and I. Meirovics, J. Fluoresc. 18, 645 (2008). https://doi.org/10.1007/s10895-008-0340-3
[24] M. Groenning, J. Chem. Biol. 3, 1 (2010), https://doi.org/10.1007/s12154-009-0027-5
[25] M. Bacalum, B. Zorila, and M. Radu. Anal Biochem. 440, 123 (2013). https://doi.org/10.1016/j.ab.2013.05.031
[26] G. Gorbenko, V. Trusova, E. Kirilova, et al., Chem. Phys. Lett. 495, 275 (2010). https://doi.org/10.1016/j.cplett.2010.07.005
[27] Z.Yan,Y.Cai,J. Zhang, Y. Zhao, et al., Measurements, 187, 110355 (2022). https://doi.org/10.1016/j.measurement.2021.110355

®JIYOPECHEHTHE JETEKTYBAHHS IOHIB BA’KKUX METAJIIB 3A TOIIOMOI' OO
BEH3AHTPOHOBOI'O FAPBHUKA
Y. Manosuus?®, O. Kutnskisebka?, K. €abuos?, K. Byc?, B. Tpycosa?, E. Kipinosa®, I'. F'op6enko?
“Kagheopa meduunoi ¢izuxu ma 6iomeduunux Hanomexnonoziu, Xapkiscokuil HayioHanbHuil yHisepcumem imeni B.H. Kapasina
M. Ceo600u 4, Xapxis, 61022, Vkpaina
bKagheopa npurnadnoi ximii, Incmumym nayx npo scummsa ma mexuonoaii, Jlayeasninocokuii ynicepcumem, LV-5401 Jayeasninc, Jlameisn
Po3pobka 4yTnMBUX, HEAOPOTHX Ta OIOCYMICHHX CEHCOpPIB IS BHSBICHHS TOKCHYHUX BaKKHX METAJiB 3aJMIIAETHCS aKTyalbHHM
3aBIaHHSM Y cepi eKOJIOTTYHOr0 MOHITOPUHTY. HaHOCTpYKTYpH Ha OCHOBI OUITKIB HAJAI0Th YHIKAIbHI MOKIIMBOCTI JJIsI CTBOPCHHS TaKUX
cercopiB. [loeqHannas aminoimHux ¢GiOpuI 3 aMuTOIA-9yTIUBUMH (IIyOPECHICHTHUMH OapBHHUKAMH, sSKi IEMOHCTPYIOTH XapaKTEpHi
CIEKTPAaNIbHI 3MiHH IIPH B3a€MO/Iii 3 aMUIOITHUMH CTPYKTYypaMH Ta i0OHAMHU METaJIiB, MOXKE CTBOPHUTH IIEPCIIEKTHBHY CEHCOPHY IIaT(GopMy.
B naniit po6oTi JocimKeHo Ty IMBICTE OeH3aHTPOHOBOTO 30H1a ABM 110 10HIB Ba)KKHX METANIIB y BOAHHUX PO3YHMHAX Ta y HPHCYTHOCTI
aminoinaux Giopun B-makrornodyininy (B-1gF). YV Boai 30HI XapakTepH3y€eThCsl CIIEKTPOM BHITPOMIHIOBAHHS 3 TOMIHYHOYHM TIKOM IIPU
690 M. 3B’s13yBanHst 3 B-1gF cnipruunHsie 3HauHe 301IbIICHHS IHTEHCUBHOCTI (TyopecueHLii Ta ~ 65 HM TillCOXpPOMHUIA 3CyB ITOJI0XKESHHS
MaKCHMyMy, 1[0 BKa3ye Ha mepexij 6apBHuKa y rinpopobHe cepenosuiie Gpidpmwit. Y Boguux po3unHax ABM pearye Ha Bakki MeTanu
XapaKTepPHUMH CHIEKTpaIbHUMH 3MiHamMu: Pb?* Ta Ni?* 3MeHIIyI0Th CMyTy BUNIpOMiHIOBaHH: 1pu 690 HM Ta popMyIOTh cMyTy mpH 560 HM,
toxi sik Cu*" Ta Zn*' MOBHICTIO TacATh (piyopecueHuito mpu 690 HM, M0 CYNPOBOIKYETHCS YTBOPEHHAM MaKCHMyM Ha 560 HM, 1m0,
HaOIBII IMOBIPHO, € HACIIIKOM YTBOPEHHSAM KOMIUIEKCIB IIEPEHOCY 3apsiay METaI—JIrana. Y IpuCcyTHOCTI aMiutoiqaux ¢ibpun ABM
Mae MIIPOKHH CHEKTp ¢uryopecreHnii 3 MakcuMyMoM Ha 560 HM. JlofmaBaHHS BaXKKHX METANIB MOJYIIOE IHTEHCHBHICTB 1 (hopMy i€l
CMYTH B 10H-CIenu(iqHui crocid. JIeKoHBOIIONIs CIIEKTPiB BUIPOMIHIOBAHHS ITOKA3ajla HAasBHICTH ABOX CHEKTPAIGHUX KOMIIOHEHTIB,
AMILTITY/IM Ta XapaKTEPUCTUKH SIKMX 3MIHIOBAIUCH Mif miero NiZ* ta Cu?!, tomi sk Zn?* Ta Pb*" manu menmmit BB, Li pesynsratu
JIEMOHCTPYIOTh, 110 (yopeciieHiiss ABM uyTiuBo BigoOpaxae crenudigHiCTh B3aEMOIIT BAKKUX METAIB 3 aMUIOTTHUME QiOpHIIIMH,
HiATBEPUKYIOYN HOTO MOTEHLIAN K ONTHYHOTO CEHCOpa JUIS BABYEHHS CHCTEM «OLIOK—MeTai».
Kunrouosi cnoBa: 6enzanmponogi bapsHuxu, oemexyis Memanie, 6axcki memanu





