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Experimental investigations of the photoelectric properties of CdGazS4 single crystals were carried out. The study examined the
temperature dependence of the photocurrent (within the 110420 K range), as well as the spectral dependence and transient
characteristics of optical quenching at T = 300 K. Optical quenching of the photocurrent was observed within a secondary light beam
energy range of 0.6 - 2.49 eV. Measurements revealed energy levels at Ec - 0.21 eV, Ec - 0.42 eV, and Ec - 1.06 eV, as well as sensitizing
levels at Ev+0.89 eV. The decrease in photocurrent at temperatures above 300 K is attributed to thermal quenching. Both optical and
thermal quenching of photoconductivity in CdGazS4 crystals are ascribed to changes in the charge state and exchange dynamics of
sensitizing and recombination centers.
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INTRODUCTION
CdGasS4 belongs to the class of ATBM,CVYY ternary semiconductors, where A represents divalent cations (e.g. Zn or
Cd), B represents trivalent cations (e.g. Ga or In), and C represents chalcogens (such as S or Se). These compounds are
characterized by birefringence, optical activity, high nonlinear susceptibility coefficients, a wide band gap, bright
luminescence, and high photosensitivity in the visible range [1-7]. The aforementioned properties make these compounds
promising materials for optoelectronic applications.

The band gap of CdGa,S, varies from 2.96 ¢V at T =300 K [8] to 3.77 ¢V at T = 10 K [9]. Its complex chemical
composition and the presence of two atoms in the cation sublattice result in multiple levels within the band gap. The study
of photoconductivity and luminescence in CdGa,S; crystals has been widely used to detect localized levels and analyze
their nature and properties [10-16]. However, the recombination processes and the specific roles of various centers -
including the sensitizing centers involved in these processes-have not yet been sufficiently studied.

This paper presents photocurrent measurements of CdGa,Ss single crystals to obtain additional information
regarding localized states and photoconductivity sensitizing centers within the band gap. We have carried out experiments
on excited samples using two beams of radiation. Using UV background illumination in conjunction with secondary
below-band-gap illumination at variable wavelengths, the optical quenching of photoconductivity was investigated.
Furthermore, we report the temperature dependence of the photocurrent in CdGa,S4 over the range 110-400 K. This work
contributes to refining the localized-state and electronic-transition models for CdGa,Sa, providing valuable insights into
its photoelectric properties.

EXPERIMENTAL DETAILS
CdGasS4 polycrystals were synthesized from the high-purity elements (99.999%) in stoichiometric proportions
within evacuated quartz ampoules. The resulting crystals were characterized using X-ray diffraction and Raman scattering
spectroscopy. X-ray diffraction studies, performed with a Bruker D2 Phaser diffractometer, confirmed that CdGa,Ss
crystallizes in a cation—ordered defect chalcopyrite tetragonal structure (space group 14, SZ). The unit cell parameters
were determined to be a=b =5.5450 A and ¢ = 10.1470 A.

Raman spectra of CdGa,S4 were recorded using a “Nanofinder 30” (Tokyo Instruments, Japan) confocal Raman
microspectrometer. A Nd:YAG laser (532 nm second-harmonic output, 10 mW maximum power) served as the excitation
source. With a diffraction grating with 1800 lines/mm, the spectral resolution was better than 0.5 cm™'. All spectra were
measured in a backscattering geometry. The Raman spectra of the CdGa,S, crystals are in good agreement with previously
reported results [17]. Together, the X-ray diffraction and Raman scattering characterizations confirm the high structural
quality of the synthesized CdGa,S; crystals.

The synthesized material served as a precursor for the growth of a CdGa,S4 single crystal via chemical vapor
transport, using iodine as the transport agent in a closed tube. This method yielded CdGa,S, single crystals with natural
faceting, appearing as transparent, light-yellow trihedral prisms with mirror-like surfaces. For experimental
measurements, the samples were prepared as plane-parallel plates with dimensions of 3x2x1 mm?®. One face of each
corresponded to a natural mirror edge and was used without further processing. For reliable electrical measurements, the
electrical contacts were formed using indium solder on the lateral faces of the samples. The crystals exhibited n-type
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conductivity, with a dark resistivity (pq) ranging from 10° to 10'°Q - cm at 300 K. Estimates of the electron concentration
and Hall mobility, derived from Hall coefficient measurements, yielded values of n = 10% — 10° cm™ and p, =
1—10 cm?/(V - s) at 300 K, respectively.

The experimental setup used to study the optical quenching of photoconductivity is described in Ref. [18]. For
excitation within the intrinsic absorption region (background excitation), an incandescent lamp was used in combination
with a set of spectral, neutral, and water filters. Secondary (quenching) illumination (hv < E,) was provided by a tungsten
lamp passed through an SF-4A monochromator. Measurements were performed under direct current using a steady-state
method. The electric field strength applied to the samples was kept within the linear region of the current-voltage (I-V)
characteristics. The current was recorded using a DC chart recorder and a microvoltmeter F-136. The spectral dependence
of the optical quenching was investigated over a secondary illumination wavelength range of 0.4 to 2.0 um. Special care
was taken to ensure that the background photocurrent reached an equilibrium value before each measurement. The optical

quenching of the photoconductivity as a function of the secondary light wavelength was plotted point-by-point under
sequential excitation.

EXPERIMENTAL RESULTS AND DISCUSSIONS

Optical quenching of photoconductivity is a phenomenon where sub-bandgap illumination reduces the
photoconductivity induced by above-bandgap background light. This effect provides a valuable method for investigating
the photoelectronic properties of semiconductor defects, such as deep energy levels and trapping mechanisms.
Furthermore, it demonstrates potential for infrared photodetection at energies significantly below the semiconductor
bandgap.

We observed the quenching of the photocurrent in CdGa,S4 single crystals over a secondary light beam energy range
0f 0.62 - 2.49 eV. Figure 1 illustrates the optical quenching of the photoconductivity as a function of the secondary light
wavelength at room temperature, measured at a constant secondary light intensity. In the Figure, /i, represents the
constant background photocurrent - the steady-state current flowing through the crystal when illuminated solely by fixed-
intensity, above — bandgap light.

Measurements of the spectral distribution of the quenching effect indicate the presence of energy levels above the
valence band, which are attributed to the optical quenching mechanism. The phenomenon is strongly dependent on the
energy of the quenching light. As shown in Figure 1, the optical quenching spectrum of CdGa,S4 is complex, consisting
of three distinct quenching bands extending from 0.62 - 0.89 eV, 0.89 - 1.25 eV, and 1.57 - 2.49 eV. A prominent
quenching maximum is observed at approximately 2.05 eV. The three observed regions in the optical quenching spectrum
suggest that two distinct sensitizing centers participate in recombination processes in CdGa,S, single crystals. Based on
the long-wavelength edge shown in Figure 1, the energy level of one sensitizing center was determined to be
E°: = 0.89 eV above the valence band maximum. While optical quenching was also observed in the 0.6 - 0.89 eV range,

limitations in the experimental setup—specifically the spectral range of the monochromator - prevented the determination
of the exact long-wavelength edge for this specific region.
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Figure 1. Quenching of the photocurrent (Ipn) as a function of the photon energy of the secondary light. The horizontal line (Iint.)
represents the steady-state photocurrent excited solely by above-bandgap illumination in the absence of quenching light (T = 300 K)

As with other semiconductor materials, the photoelectronic and luminescent properties of CdGa,S; are significantly
influenced by deep centers, which are classified as either trapping or recombination centers. The optical quenching of
photoconductivity in CdGa,S, single crystals can be explained by the presence of “fast” recombination centers (Class I
centers according to the Rose model [19]) and “slow” photosensitizing recombination centers (Class II centers), as well
as t-level traps located within the bandgap. Optical quenching of photoconductivity in n-type CdGa,S4 crystals indicates
the presence of hole traps, as only hole-capturing centers in n-type materials can trigger a reduction in photocurrent. When
the crystals are illuminated solely with above-bandgap light, free electrons and holes are generated, resulting in steady-
state (stationary) photoconductivity. As a result of the redistribution of electrons and holes between the levels of fast and
slow recombination centers, the photosensitivity of the crystal increases.
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Upon secondary illumination with energy corresponding to deep acceptor levels, electrons are excited from the
valence band to these acceptor (hole trap) levels. This process effectively releases holes into the valence band, which then
recombine with electrons, either directly from the conduction band or via other fast recombination centers. This
redistribution reduces the electron lifetime in the conduction band of CdGa,S4.Ultimately, both processes reduce the free
electron density, resulting in the observed quenching of photoconductivity.

It should be noted that, in addition to the optical quenching spectrum of photoconductivity clearly pronounced
impurity photoconductivity band with a maximum of 1.4 eV was observed 1.06 - 1.57 eV energy range. This indicates
that interpreting the spectral distribution of the optical quenching requires accounting for the simultaneous ionization of
several types of local centers. A study of the transient characteristics of this quenching reveal that the rate of extinction
depends on the wavelength and intensity of the secondary light. Figure 2 illustrates the transient characteristics of the
photocurrent optical quenching in CdGa,S4at 300 K.
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Figure 2. Transient characteristics of the optical quenching of CdGazS4 crystals (A) hv < 1.06 eV and (B) hv > 1.06 eV

It can be observed that when the sample is excited by light in the hv < 1.06 eV region, only photocurrent quenching
occurs (Curve A). This implies that, at these energies, electrons transition from the valence band to the photoconductivity-
sensitizing centers. When the light is switched off, photocurrent recovery processes begin, and the photoconductivity
gradually returns to its pre-quenching level. In CdGa,S, crystals, “flare-up” transitions in the photocurrent are detected
under the influence of secondary light exceeding 1.06 eV. When illuminated with monochromatic light in the hv > 1.06
eV region, the photocurrent initially increases sharply passing through the maximum before decreasing to an equilibrium
value (Figure 2, Curve B). The initial increase in photocurrent is attributed to the generation of carriers from local levels
into the conduction band, whereas the subsequent decrease results from the transfer of holes from the photoconductivity-
sensitizing centers to the valence band. In a certain spectral range, excitation dominates over the quenching caused by the
same photons. Consequently, a maximum appears at 1.4 eV in the optical quenching spectrum. In this case, the unique
nature of the photocurrent transient characteristics can be utilized to separate the simultaneous effects of quenching and
stimulation. At photon energies hv > 1.06 eV, the magnitude of the “flare-up” increases with the energy of the secondary
radiation. This suggests the presence of a donor level with an activation energy of 1.06 eV located below the conduction
band. Consequently, the band gap of CdGa,S4single crystals contains sensitizing centers at E, + 0.89 eV and donor levels
at Ec - 1.06 eV, both of which are highly active in carrier generation and recombination.

107 Valuable information regarding localized states can be
obtained by studying the temperature dependence of the above-
bandgap photocurrent, In(T). We present the results of our
investigation into the temperature dependence of the photocurrent
in CdGa,S,4 within the range of 110 - 400 K (Figure 3). As shown,
the photocurrent increases exponentially with temperature until
2l reaching a maximum at T, = 300 K, beyond which the
10 \_-_ photocurrent begins to decrease.
1onf '-\ The decrease in photocurrent at temperatures above 300 K
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at a fixed intensity, a threshold is reached where minority carriers
Figure 3. Temperature dependence of the photocurrent  (holes) are thenpally released from trapping levels in_to the
in CdGaxSs single crystals valence band. This increases the density of free holes, which are
then rapidly captured by deep recombination centers. This
process facilitates the recombination of free electrons and holes, effectively reducing the overall photocurrent. This
process shortens the lifetime of the majority carriers (electrons), leading to the decrease in photocurrent observed
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in Figure 3. The plot of log (1) vs. 103/T shows two distinct regions. In the low—temperature region (150 K < T < 240
K), the photocurrent increases more slowly than in the high-temperature region (240 K < T <300 K). This increase in
photocurrent in CdGa,S4 is characterized by two exponential sections with thermal activation energies of 0.21 eV and
0.42 eV (electron mobility rises slightly with rising temperature).

Investigation of the spectral distribution of photoconductivity in CdGa,Ssrevealed four maxima at energies of 1.65,
2.25,2.55, and 2.95 eV [13]. Kerimova et al. determined that the luminescence spectrum of CdGa,S; consists of four
bands: 1) blue, with a maximum at 2.8 eV, observed at low temperatures; 2) yellow-green, consisting of three elementary
bands with maxima at 2.5 eV, 2.37, and 2.2 eV; 3) red, two closely spaced bands with maxima at 2.03 and 1.94 eV; and
4) infrared, a maximum at 1.42 eV, which appears at low temperatures [14].The presence of these diverse energy levels
within the band gap of CdGa,S; may be ascribed to native structural defects, such as cadmium (Cd), gallium (Ga) and
sulfur (S) interstitials or vacancies. CdGa,S4 single crystals contain a high concentration of native defects (approximately
10%' sm™). Additionally, antisite defects may arise from the interchange of atoms Cdg,, and Gacq within the cationic
sublattice. In our opinion, the possibility of cation interchange is due to the similar electronegativity values of cadmium
(1.7 eV) and gallium (1.6 eV). Because stoichiometric voids are periodically arranged within the lattice, they do not create
localized levels. However, the samples were grown using iodine as a transport agent, and its concentration can be quite
high (reaching ~10' cm™ in ZnIn,S4, for example). By considering the influence of deviations from stoichiometric
composition on sample properties, the intrinsic defect nature of deep centers in CdGa,S;4 crystals has been established
[13]. The intensity of the blue band increases when the crystals are enriched with cadmium atoms, a phenomenon
attributed to the presence of interstitial cadmium (Cdin). In CdGasSs, these interstitial atoms form donor levels with an
activation energy of approximately 0.2 eV [14]. According to [14], the blue luminescence band originates from an
electronic transition from these donor levels to the valence band.

The authors of Ref. [13] suggest that the local level located 1.65 eV below the bottom of the conduction band is
associated with Gacq antisite defects. In our opinion, these centers act as fast recombination centers within the CdGa,S4
crystal lattice.

CONCLUSIONS
The optical quenching and temperature dependence of the photocurrent in CdGa,S, single crystals were investigated.
Local energy levels were identified at E¢ - 0.21eV, Ec - 0.42 eV, E.- 1.06 eV, and E, + 0.89 eV, which are attributed to
the presence of intrinsic (native) defects within the CdGa,S4 lattice. The temperature dependence of the photocurrent
exhibits a maximum at 300 K. The subsequent decrease in photocurrent at temperatures above 300 K is explained by the
thermal quenching of photoconductivity. Both optical and thermal quenching are attributed to the redistribution of carriers
between photosensitizing and recombination centers.
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®OTOEJIEKTPOHHI BJACTUBOCTI MOHOKPUCTAJIIB CdGa:S4
3agap Kaagiporay
Inemumym izuxu, Minicmepemeo nayku ma océimu Asepbaiiosxcancovroi Pecnybonixu, baxy, AZ1073 Asepbaiioxcan

Byno mpoBeneHo ekcneprMEHTa bHI HOCHikeHHs (oToenekTpudHuX BiaactuBocTeld MoHokpuctaniB CdGaxSs. YV mociimkeHHi
BHUBYAJIM TEMIIEPATypHY 3aJIeKHICTH (GoTocTpyMmy (B miamasoHi 110 — 420K), a TakoX CHEKTpaJbHY 3aleXHICTh Ta HepeximHi
xapakTepucTiky ontuyHoro racinas npu T = 300 K. Ontuyne racinas GotocTpyMmy CocTepiranocs B Aiana3oHi eHepriii BTOPHHHOTO
cBiTioBoro myuka 0,6 — 2,49 eB. BumiproBanHs BusiBin eHepretryHi piBHi ipu Ec — 0,21 eB, Ec — 0,42 eB Ta Ec — 1,06 ¢B, a Takox
cencubinizytodi piBHi mpu Ev + 0,89 eB. 3menmenns ¢potoctpymy npu remreparypax suie 300 K nosicHIoeTbest TEpMiTHEM TaCiHHSIM.
Sk onTHyHe, TaK i TepMiuHe racins GotomnposigHocTi B kpucTanax CdGaxS4 MOsICHIOETHCS 3MIHAMU 3apsI0BOTO CTaHy Ta JMHAMIKH
00MiHy CEHCHOLTI3YIOUMX Ta PEKOMOIHALIITHUX LEHTPIB.

KirwuoBi ciioBa: mioeanam kaomiio, pomonposionicmo, degexmu, 2nuboKi pieHi; ceHCUbINI3YIOUL yeHmpu, peKoOMOIHAYIIHI YeHmpu,;
onmuyHe 2aciHHA, MepMIYHe 2aCIHH
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The work is devoted to the study of the photoelectric properties of Au — Zn,Cd,_,S — Mo structured films, which are photosensitive in
the ultraviolet and visible regions of the electromagnetic spectrum, with maximum sensitivity in the ultraviolet region. It has been
established that the spectral response of the Au — Zn, Cd;_,S — Mo structured films depend on the temperatures of the ZnS and CdS
evaporators, which influence the composition of the photoactive Zn,Cd,_,S layer (x = Zn/(Zn + Cd)). By varying the temperature of
the ZnS evaporator during the growth of the Zn, Cd,_,S layer, a graded Zn,Cd;_,S film was synthesized on a molybdenum substrate,
forming the photoactive layer of the structure. The resulting photosensitive structure exhibited sensitivity in both the ultraviolet and visible
regions, with a maximum in the ultraviolet. Analysis of the spectral response indicates that the photoactive layer has a graded band gap,
decreasing from E; = 3.05 + 0.05eV to E; = 2.45 + 0.05 eV. A study of light current-voltage characteristics for monochromatic
radiation showed that they are characterized by different values of the diode ideality factor (n) and reverse saturation current (J,). The
synthesized Zn,Cd,_,S layer can be used as a buffer layer in thin-film solar cells, such as CdTe, CIGS and others, instead of the CdS
layer, which will enable increasing both the short-circuit current and the open-circuit voltage of thin-film solar cells.

Keywords: Polycrystalline films; Zn,Cd,_,S; Spectral sensitivity;, Photoelectric characteristics; Solar cells; Short circuit current;
Open circuit voltage

PACS: 72.40.+w, 73.50.Pz, 73.61.Ga, 78.40.Fy, 85.60.Dw, 88.40.hj

INTRODUCTION

Currently, the rapid development of automation in the manufacturing process and the production of environmentally
friendly electric energy, achieved by directly converting solar energy into electricity, necessitates the use of
semiconductor materials that are spectrally sensitive in various regions of the electromagnetic spectrum and possess
essential contact properties. These requirements are met by multicomponent binary semiconductor compounds of the
A, B¢ type, formed through the chemical bonding of elements from Group II A, (Zn,Cd,Hg) and Group VI Bg
(0,S,Se, Te) of the periodic table of elements. Additionally, multicomponent compounds may consist of a mixture of
binary semiconductors, such as (A3Bg) + (A3Bg) [1], as well as (4,B%) + (A,BZ), where A} and A3 represent different
Group II elements, and B and BZ belong to Group VI of Mendeleev’s periodic table.

Cadmium sulfide (€dS) and zinc sulfide (ZnS) belong to the A,Bg semiconductor family, are direct bandgap
materials, and are used in various optoelectronic devices, including solar cells [2—6], transistors [7—11], light-emitting
diodes (LEDs) [12—14], photocatalysis [15-16], and water-splitting devices [17].

The ternary semiconductor chemical alloy Zn,Cd,_,.S [18], also characteristic of A,B¢ semiconductors, exhibits
variable optical and photoelectric properties in its photoactive layer due to the modification of Zn and Cd content in the
alloy Zn,Cd,_,S (where x = Zn/(Zn + Cd)), leading to variations in the photoelectric characteristics of actual
photosensitive structures [19-20]. The bandgap width (E;) increases with the growth of x, ranging from 2.44 eV (x =
0,€dS) to 3.56 eV (x = 1,ZnS) [21]. As E; changes, the spectral sensitivity of Zn,Cd,_,S layers and the structures
based on them can vary within the wavelength range of electromagnetic radiation from 500 nm to 330 nm [22,23].
Cd,_,Zn,S layers can be grown using methods such as chemical bath deposition [19-21, 24], sublimation in a quasi-
closed volume [25], spray pyrolysis [18,26], hydrothermal synthesis [27], and chemical transport reactions [28-29]. The
synthesized layers have been utilized in solar cells [19-20, 24-25, 31] and photodetectors [27, 30, 32].

In contrast to the methods previously mentioned, the chemical vapor transport (CVT) method [33-34] with hydrogen
as the carrier gas enables the synthesis of polycrystalline layers with relatively large crystallite sizes, thereby significantly
extending the lifetimes of nonequilibrium photogenerated charge carriers [28]. In this method, the synthesis of the
semiconductor material occurs as a result of chemical reactions between elements in the vapor phase within a gas flow on
the substrate surface. The advantage of synthesizing A, B compounds from the vapor phase via chemical transport reactions
lies in the ability to obtain semiconductor materials with varied properties by controlling the temperatures of both the
evaporators and the substrate during the growth of the photoactive layer. This allows for the production of high-quality
crystals, very close to stoichiometry, and enables the synthesis of crystals in various modifications at low temperatures.
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Currently, a critical issue is the alignment of the wide-bandgap front buffer layer of solar cells with their photoactive
layer, not only in terms of the energy band diagram but also structurally, by matching the crystal lattice constants. This
alignment would increase the conversion efficiency of the solar cell. In thin-film solar cells and photovoltaic modules
such as CdTe and CIGS, CdS layers are used as the buffer layer due to their compatibility with electron affinity (y) and
lattice constant (a,). However, in CdS-based structures, the spectral sensitivity (S) deteriorates in the spectral region
hv > Egcqs. To improve S, it is necessary to use a buffer layer with a wider bandgap, such as ZnS. However, replacing
CdS with ZnS reduces efficiency due to significant differences in y and a,. Thus, developing and studying Zn,Cd;_,S
layers with bandgaps adjustable between ZnS and CdS is highly desirable. Furthermore, for registration and measurement
equipment, photosensitive semiconductor structures are required with maximum spectral sensitivity in the near-ultraviolet
range. The main aim of this research, therefore, was to create and investigate the spectral sensitivity and photocurrent
characteristics of a photosensitive semiconductor structures based on Zn,Cd;_,S layers, where the bandgap could be
varied (graded layer).

In this work, the synthesis of the Zn,Cd,_,S semiconductor compound was carried out using the chemical vapor
transport method, with two separate evaporators for ZnS and CdS precursors in a gas flow [33-34]. To prevent the
contamination of the growing Zn,Cd,_,S layer with uncontrolled impurities, the evaporators underwent thermal
annealing, as did the molybdenum (Mo) substrates [35-36].

METHODS AND MATERIALS
To achieve the research objective, we synthesized the Zn,Cd;_,S semiconductor solid alloy, designed to have
maximum photosensitivity in the short-wavelength range of the electromagnetic spectrum, using the chemical vapor
transport method in a hydrogen carrier gas flow.
Figure 1 shows the setup for growing Zn,Cd,_,S solid solutions by the chemical vapor transport method in a
hydrogen carrier gas flow: (a) from separate evaporation sources (ZnS and CdS), (b) the temperature gradient of the setup,
and (c) the photodetector design with an Au — Zn,.Cd;_,S — Mo structure.
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Figure 1. (a) Installation for growing the Zn,Cd;_,S chemical compound using the method of chemical transport reactions in a
flow of hydrogen carrier gas from individual evaporation sources (ZnS and CdS), (b) temperature calibration of the installation, and
(c) design of a photosensitive semiconductor structure with the Au — Zn,Cd,_,S — Mo configuration

At the top of the reactor, inside an inner quartz sleeve (11), are holders with substrates (12). The outer reactor casing
(3) is mounted on a water-cooled flange (1), with a sealing gland (2) ensuring the reactor’s airtightness. The carrier gas
is supplied and vented through ports located in the lower section of the cooled flange. The quartz cup (11) is connected
to a quartz stand (4) and a graphite adapter (8). The substrate temperature is measured by a thermocouple (6), which is
situated within a movable quartz tube (7) affixed to the flange by a gland. Simultaneously, the quartz tube (7) serves as a
fixture for the substrates. A furnace (5) is used to heat the reactor. Figure 1c illustrates the design of the fabricated
photodetector with the Au — Zn,.Cd,_,S — Mo structure. The synthesis process of the semiconductor solid solution layers
was carried out on a molybdenum (Mo) substrate, approximately 150 um thick, where Mo simultaneously served as the
bottom electrical contact.

The creation of the photodetector included the preparation of substrates and initial ZnS and CdS powders. This
process removed organic and inorganic contaminants as well as surface oxide layers. During the layer growth process,
hydrogen purified of oxygen was used, employing the catalroytic hydrogenation method with a chromium-nickel catalyst.

In Figure lc, the design of the created photodetector is shown, on which investigations of photoelectric
characteristics, such as spectral sensitivity [37] (Fig. 2) and photocurrent characteristics, specifically the short-circuit
current versus open-circuit voltage dependency [38] (Fig. 3), were subsequently conducted.

As shown in Figure lc, the fabricated photodetector had an Au — Zn,Cd,_, S — Mo structure. The photoactive
Zn,Cd,_,S layer was approximately 10 um thick. A semitransparent gold (Au) layer, 50 A thick, served to create a
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Schottky barrier and established an internal built-in potential generated by the difference in electron work functions
between the contacting materials Au and Zn,Cd,_,.S. The gold layer also acted as the front electrical collecting contact
for the photosensitive structure. The semitransparent Au contact layer was created by thermal vacuum evaporation of Au
at a vacuum level of 1075 Torr. The effective area of the Au — Zn,Cd,_,S — Mo structural photodetector was
0.785 cm?.

For investigating the spectral dependence of sensitivity, we utilized a research system consisting of a ZMR-3 mirror
monochromator and a combined digital device (Sh-300), enabling the study of the spectral response of the photosensitive
structure in the wavelength range of monochromatic radiation from 300 nm to 2500 nm, with an accuracy of +10 nm
for A, 0.01% for current, and 0.1% for voltage. Monochromatic radiation penetrated the photoactive Zn,Cd,_,S layer
through the semitransparent front Au contact, generating nonequilibrium photogenerated electron-hole pairs. These pairs
were separated by the built-in electric field of the Schottky barrier (Au/n — Zn,Cd,_,S) and were registered by the Sh-
300 digital device, whose input contacts were connected to the structure's current-collecting contacts.

It is known that the photovoltaic characteristics of thin-film polycrystalline photodiodes are similar to those of p —
n junction photodiodes made from monocrystalline semiconductors. Specifically, the short-circuit current (Js.) and open-
circuit voltage (V,.) increase with the rising power (P) of the incident light. J,. increases linearly with P, while V.
increases sublinearly in a logarithmic fashion with P [41]. The light current-voltage characteristic (I — V curve), the J,,
(V,¢) dependence for p — n junction photodiodes, can be expressed by formula (1) [42]:

Voo = 25 (In=2 4 1), (M)
q Jo
where, n is the diode ideality factor, J, is the diode saturation reverse current, k is the Boltzmann constant, and q is the
electron charge. The similarity in the photovoltaic properties of various photovoltaic structures (such as p — n junctions,
Schottky barriers, and heterostructures) mentioned above suggests that the electricity generation process under
electromagnetic radiation is due to the internal electric potential of the p — n junction.
The dependence of the photogenerated short-circuit current (J;.) on the open-circuit voltage (V,.) was studied
under monochromatic illumination at different wavelengths: 4, = 390 nm (UV), 1, = 460 nm (blue), and 1; =
500 nm (green). The Sh-300 combined digital device was used to register the values of the photogenerated J,. and V.
Its input contacts were connected to the structure’s current-collecting contacts, with measurement precision at 0.01% for
current and 0.1% for voltage. Since the Zn,.Cd;_,S semiconductor layer will have different absorption coefficients (a)
at various wavelengths (4), investigating the photocurrent characteristics will provide valuable information about the
photoactive layer’s performance in the Au — Zn,.Cd,_,S — Mo photodetector structure.

RESULTS AND DISCUSSION
Figure 2 presents the experimental results of the spectral photoresponse (S, in relative units) of the Au —
Zn,Cd,_,S — Mo structure, measured at T = 300 K. It is evident that the photoresponse of the fabricated Au —
Zn,Cd,_,S — Mo structure spans the spectral range from 300 nm to 500 nm, covering the ultraviolet region to the green
part of the visible spectrum. The maximum sensitivity region is located near the wavelength of 360 nm.
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Figure 2. Spectral sensitivity of the Au — Zn,Cd,_,.S — Mo structure, at T = 300K

To obtain the Zn,Cd,_,S layer with the spectral sensitivity shown in Figure 2, the following technological process
parameters were applied: substrate temperature Ty, = 923 K. The temperature of the evaporator for CdS powder during
the entire process was maintained at Tppqp,cas = 1023 K, and the hydrogen flow rate was set between 1.5 — 2 L/hour.
The ZnS evaporator temperature (Tepqp zns) Was varied throughout the process. The complete growth process for the
Zn,Cd,_,S layer took approximately 30 minutes.
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In the initial 5 minutes, Tyyqp, zns Was kept at around 1173 K for the next 5 minutes, it was raised to 1223 K and in
the final 20 minutes, it was held at 1348 K During the first 5 minutes, due to the significantly lower evaporation
temperature of CdS compared to ZnS, the growth of the Zn,.Cd;_,.S layer on the molybdenum substrate surface primarily
occurred with a higher CdS content. In the subsequent 5 minutes, the temperature of the ZnS evaporator was increased
by 323 K leading to the growth of a Zn,Cd,_,S layer with a relatively higher ZnS content. For the final 20 minutes, the
ZnS evaporator temperature remained relatively high, and, as evident from Figure 2, the highest spectral sensitivity was
achieved in a layer with a larger bandgap.

The experimental results of the spectral photoresponse dependence (Fig. 2) were analyzed using the photoresponse
method [39,40]. Gaussian spectral sensitivity profiles of the layers contributing to the overall spectral sensitivity of the
photosensitive structure were examined, considering the long-wavelength sections, and the bandgap widths of the layers
formed during changes in T,yqp, zns Were estimated. It was concluded that three photoactive Zn,Cd;_,S semiconductor
layers with bandgaps of Eg; ~ 3.05+0.05¢eV, Ej; = 2.75+ 0.05 eV and Eg; =~ 2.45 + 0.05 eV contribute to the
formation of the spectral sensitivity dependence of the Au — Zn,Cd,_,S — Mo photodetector structure. The photoactive
Zn,Cd,;_,S layer in the Au — Zn,Cd,_,S — Mo photodetector consisted of three Zn,Cd,_,S layers with three distinct x
values: x; = 0.6, x, = 0.38, x5 = 0 [1].

The experimental light I — V' characteristics, that is, the dependence of J. on V., are presented in Figure 3. As
mentioned earlier, the light I — V characteristics of the Au — Zn,.Cd,_,.S — Mo photodetector structure were investigated
under monochromatic illumination at wavelengths A; = 390 nm (1), A, = 460 nm (2), A3 = 500 nm (3). Due to the
differences in photon energies, these monochromatic radiations are absorbed in different regions of the photoactive layer
in the Au — Zn,.Cd,_,.S — Mo structure.
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Figure 3. Light current-voltage characteristics of a photodetector with the Au — Zn,,Cd,_,.S — Mo structure,
illuminated with monochromatic light with wavelengths A = 390 nm (1), 460 nm (2) and 500 nm (3)

From the experimental results presented in Figure 3, it is evident that the light I — V characteristics, specifically the
dependence of In(Js.) on V,, for the Au — Zn,.Cd,_,S — Mo photodiode under illumination with different wavelengths,
occupy different regions of the I — V curve and display two slopes, n; and n,. This contrasts with the dependence under
condition 3, where the structure was illuminated with A; = 500 nm, and sufficient illumination conditions were not
achieved to produce a second region with slope n,.

The calculated results for ny , and Jo, o, for different sections of the I — V curve under illumination with various
wavelengths are shown in the table. These results indicate that, in the first region, n, is close to unity for all wavelengths,
suggesting a diffusion-based photogeneration mechanism and low values for Jy;. This implies that at low illumination
levels, the Au — Zn,Cd,_,S — Mo photodetector structure exhibits good diode characteristics [43]. As the illumination
level increases, regions with n, and J, values appear. The values of n, and J, are higher compared to n, and J;, indicating
a degradation in the photo-detection characteristics of the Au — Zn,Cd,_,S — Mo photodetector due to enhanced
recombination effects of nonequilibrium photogenerated charge carriers in both the quasi-neutral regions of the structure
and the space-charge regions [44]. This degradation in photovoltaic characteristics suggests photo-induced formation of
recombination centers within the photoactive part of the Au — Zn,Cd,_,.S — Mo structure [45].

In the fabricated Au —Zn,Cd,_,S — Mo structural photodiode, the photoactive layer consists of multiple
Zn,Cd,_,S sub-layers. During the growth of the Zn,Cd,_,S photoactive layer, as the evaporator temperature for ZnS
changed, photoactive sub-layers were synthesized with different compositions (x), thicknesses (d), bandgaps (Ej), and
concentrations of majority charge carriers (n). Radiation with 4, = 390 nm (hv = 3.2 eV) is effectively absorbed by
the layer near the front Au contact, with Ej; = 3.05 + 0.05eV and x = 0.6. In this case, n; = 1, indicating a diffusion
mechanism of photogeneration, and J,; has the lowest value, reflecting the wide bandgap of this layer. As the radiation
intensity at a wavelength of 390 nm increases, the concentration of photogenerated charge carriers also increases. This
leads to the formation of photo-stimulated defect states [45-46], which enhance the recombination of nonequilibrium
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photogenerated carriers, increasing the diode ideality factor to n, = 3. This indicates that defect states form on the surface
of the Zn, Cd,_,.S photoactive layer, with J,, also increasing and J,, > Jy; [40, 41].

Table 1. Parameters of the current-voltage characteristic of the Au — Zn, Cd,_,S — Mo photodetector: n, , - ideality coefficient of
the diode and Jy, o, - the value of the reverse saturation current of the diode, when illuminated with light of different wavelengths

no. A =390 nm 460 nm 500 nm
ny 1.04 1.24 1.2
n, 3 1.4 —
Jo, Afcm? 1x10°8 2.1x1077 4.5 x 1077
Joz, Afcm? 1.87 X 107° 1.1x10°° —

When illuminated at 4, = 460 nm (hv = 2.7 eV), the layers participating in photogeneration are those with
Zn,Cdy_S values of x = 0.38; Eg, = 2.75 1 0.05eV, and x = 0; Eg3 = 2.5 + 0.05 eV. At low radiation intensities,
photogeneration occurs by a generation-recombination mechanism with n; = 1.24. The value J,;(4 = 460 nm) >
Jo1(4 =390 nm) because Eg;(3.05eV) > E ,(2.75 eV). As the power of the radiation increases, photo-stimulated
recombination intensifies [45-46], leading to an increase in n,, where n, > n, and Jy, > Jo;-

Under illumination with A; = 500 nm (hv ~ 2.48 eV), photons are absorbed by the thin x = 0 layer with Eg3 =
2.45 1+ 0.05eV. As a result, the concentration of photogenerated charge carriers is relatively low. Here, nl = 1.2,
indicating that photogeneration occurs by a generation-recombination mechanism. Jy;(A =500nm) > J5;(4 =
460 nm) because Eg,(2.75 eV) > E43(2.5 eV). A second region with n, does not arise due to the low concentration of
photogenerated charge carriers. The parameters of the light [ — V characteristics are similar to those under A = 460 nm
illumination, but the values of J;. and V. are lower than for higher-energy photons.

Currently, the high conversion efficiency of commercially available polycrystalline thin-film photovoltaic modules,
such as CdTe and CIGS, is achieved using cadmium sulfide (CdS) as the buffer layer [47,48], with E;, ~ 2.45 eV [2].
Consequently, the spectral sensitivity of solar cells is very low in the region where hv > 2.5 eV. An analysis of the
energy band diagram [49] has shown that using a wider bandgap ZnS as a buffer layer does not produce the desired
increase in conversion efficiency due to the difference in electron affinity between the contact materials (Ay). To reduce
Ay and further improve conversion efficiency, employing a Zn,Cd;_,S layer with an E that varies from approximately
3.1 eV to E;(CdS) = 2.5 eV may yield the desired results. This replacement could lead to increased short-circuit current
and open-circuit voltage in thin-film solar cells based on CdTe and CIGS.

CONCLUSIONS

Using the chemical vapor transport method with two evaporators for ZnS and CdS precursors in a hydrogen flow,
Zn,Cd,_,S layers were synthesized. By adjusting the ZnS evaporator temperature during the growth of the photoactive
layer, an Au — Zn,Cd,_,S — Mo photosensitive structure was fabricated, which is sensitive in the ultraviolet and green
regions of the visible spectrum and exhibits peak sensitivity at a wavelength of 360 nm. It was determined that the
photoactive layer in the fabricated photodetector is a graded bandgap structure, consisting of Zn,Cd;_,S layers with
Eg4y =3.051 0.05eV, Eg, = 2.75 + 0.05eV, and Ey3 = 2.45 & 0.05eV. Investigations of the light I — V characteristics
under monochromatic illumination revealed that they are characterized by varying values of the diode ideality factor (n)
and saturation reverse current (J,). The synthesized Zn,.Cd,_,S layer could serve as a buffer layer in thin-film solar cells,
such as those based on CdTe and CIGS, as a replacement for CdS, potentially enhancing both short-circuit current and
open-circuit voltage in thin-film solar cells.
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OCOBJHUBOCTI ®OTOEJEKTPUYHUX XAPAKTEPUCTUK ®OTOJETEKTOPA HA OCHOBI IIAPIB ZnsCd1xS
3 MAKCUMAJIBHOIO ®OTOYYTJIUBICTIO B YJIBTPA®IOJIETOBOMY AIAITA3OHI
P.P. Ka6yaos!, [I.B. Ictamos!, K.T. Cysipos?, ®.A. Ak6apos’
L Dizuxo-mexnivnuii incmumym Axademii nayk Vsbexucmany, Tawxenm 100084, Yzbexucman
2Yupuuxcokuti deporcasnuii nedazoziunuii yuisepcumem, 111700 Qupuuk, Yzbexucman
3Tawxenmcoxuti depocasnuii mexnivnuii ynisepcumem, 100095 Tawxenm, Yzbexucman

Po6ota npucBsaeHa A0CIiHKEHHIO (POTOETEKTPHIHNIX BIACTUBOCTEH CTPYKTypoBaHHX MIiBOK Au—Zn,Cdi~S—Mo, siki € poTOTy TIIHBUMU
B yIbTpadioneToBiid Ta BUANMINA 00NACTSIX €JIEKTPOMArHITHOTO CIHEKTpa 3 MaKCHMAIBHOIO YYTIHBICTIO B yABTpagioNeToBill 00macTi.
BcranoBieHo, 1o CIIeKTpaIbHUN BIITYK CTPYKTYpOBaHUX IIBOK Au—Zn,Cdi—S—Mo 3anexuTs BijJ Temneparyp sunapHukis ZnS i CdS,
sIKi BIUTMBAIOTH Ha CKiIa/ (poToakTuBHOrO mapy ZnCdi~S (x = Zn/(Zn + Cd)). 3miHOI0 TeMIiepaTypy BUIIapHHKa ZnS Iif 9ac poCTy HIapy
ZnCdi~S Ha MomnibeHOBIN miaKIaai OyJI0 CHHTE30BaHO rpamienTHui map Zn,Cdi~S, sikuii hopMye HOTOAKTUBHU 1IAp CTPYKTYPH.
Otpumana (oTodyTiIMBa HAMIBIPOBITHUKOBA CTPYKTYpa IPOSIBISE YyTJIUBICTh B yIbTpadioneToBiil Ta BUIUMINA 00JacTsaX CHEKTpa 3
MaKkCHMyMOM B yibTpadioneroBoMy mianma3oHi. AHaii3 CIEKTPaJbHOTO BIATYKY IOKa3ye, 10 (OTOAKTHUBHHUI LIap Mae€ IPaji€HTHY
3a00pOHEHY 30HY, sika 3MeHIyeTbes Big Ec = 3,05 £ 0,05 eB no Ec = 2,45 + 0,05 eB. [JlociiukeHHs CBITJIOBUX BOJIBT-aMIICPHHUX
XapaKTEePUCTHK 32 MOHOXPOMATHYHOIO OIPOMIHEHHS MOKa3alo, II0 BOHM XapaKTEpU3YIOThCS PI3HUMH 3HAuCHHSAMH KoedilieHTa
HeifeanbHOCTI Aiofa (1) Ta 3BOPOTHOT0 cTpyMy HacwaeHHS (Jo). CunTe3oBanmii map Zn,Cdi«S Moxke OyTH BUKOPHUCTaHUH K OyhepHuit
[I1ap y TOHKOIUTIBKOBUX COHAYHHUX eneMeHTax, Takux sk CdTe, CIGS Tta inmmx, 3amicts mapy CdS, oo 103BoJIsi€ MiABUIINTH SIK CTPYM
KOPOTKOTO 3aMHKaHHSI, TaK i HAIIPyTy XOJIOCTOr0O X0y TOHKOILTIBKOBHX COHSYHUX €JIEMEHTIB.

Kuarouosi caoBa: nonixpucmaniyni naieku; Zn.Cdi~S; cnexmpaneha uwymaugicms, gomoenekmpuuni XapaKmepucmuKu, COMAUHI
efleMeHm; CImpymM KOPOMKO20 3AMUKAHHSA, HANPY2a XON0CMO20 X00y
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The fundamental physical parameter of both bulk and low-dimensional semiconductor structures is the band gap (Egd,E;d), whose
energetic width allows the prediction of the operational parameters of semiconductor-based devices in advance. Therefore, the
determination of E;* and EZ? (in cases where the band gap of newly synthesized materials is not known) is considered one of the
primary tasks in semiconductor heterostructure technology. Furthermore, another important feature of Ej is its strong sensitivity to
external influences. Indeed, variations in E, resulting from such effects can fundamentally alter the physical and chemical properties
of semiconductor devices.

Keywords: Semiconductor; Conductivity; Quantum well; Magnetoresistance; Magnetic field
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INTRODUCTION

There are several methods to determine the dependence of the band gap of semiconductors on external factors [1-14].
In particular, in works [15-21], a methodology for determining E¢(7) was proposed based on the model of the temperature
dependence of surface state density. In this approach, a mechanism for explaining F,(7) was developed through the
penetration of the “tail” of the density of states into the forbidden gap with increasing temperature. However, these works
did not examine the influence of a quantizing magnetic field. In works [22-27], the dependence of the band gap of bulk
and quantum-dimensional semiconductors on temperature, magnetic field, and hydrostatic pressure was studied. In
particular, in work [28], Eg’d (B, T) was theoretically calculated by changing the allowed bands of bulk semiconductor
structures with temperature and magnetic field. It was proved that when the B — 0 condition is met, it turns
intoEg3d(B, T) - E,4 (T), that is, classical methods. This theory is mainly suitable for wide-bandgap 3D materials. In
work [29], a model was developed for Ejd(B, T,d) in quantum well semiconductors obeying the parabolic dispersion
law. A mechanism was proposed for describing the variation of the conduction band minimum and valence band
maximum (i.e., the band edges) of a rectangular quantum well as a function of quantizing magnetic field and temperature.
The E;%(B, T, d) model was proposed as a result of the tail of N3%(B,T,d) and N2*(B, T, d) entering EZ%. In this case,
the E;d(B, T, d) of wide-gap quantum well semiconductors were also determined.

In addition, in work [30], the dependence of the energy density of states of the conduction band of narrow-zone
semiconductor materials on magnetic field and temperature was theoretically determined. In this work, an analytical
expression for the nonparabolic dispersion law Nfsd(") (B, T) was derived. The experimental results were interpreted for

different T using the obtained theoretical reports. However, in these works, a perfect mathematical model for determining
de(n) NZd(n)
> cs

s was not developed.

The main purpose of the work:

- To develop a method for determining the dependence of the allowed bands szsd(n) and chsd(n) of narrow-zone
quantum well semiconductors on the magnetic field B and temperature 7.

- To determine the dependence of the forbidden band width of a narrow-zone quantum well on the magnetic field B
and temperature 7 using this method.

MODEL
Effect of magnetic field on the energy of light holes at the valence band ceiling of a narrow-band quantum well

The problem is treated within a simplified multiband approximation, where the interaction between conduction,
light-hole, and split-off bands is considered. This terminology avoids the misleading interpretation of a 3x3 Hamiltonian
and is fully consistent with the subsequent use of the 8x8 Kane matrix. Although the full Hamiltonian is represented in
an 8x8 Kane matrix, the physically relevant subspace describing the conduction and light-hole bands is obtained through
standard Lowdin partitioning, which results in a reduced effective band model. This approximation is intended to find a
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convenient solution to the equation for narrow-band quantum-well semiconductors. In the considered approximation, the
8x8 interaction matrix can be written using Hy,, and H; as follows [31]:

H 0 :
0 H) M

Here,
E. 0 Pk, 0
0 £-4 V24
3 3
H= . 2)
Pk_ QA E, 0
3

0 0 0 E +é

3

In this formula, k, = —i(ax tio, ) +%(Ax iiAy)

In contrast to the previous version, the wave vector in Eq. (2) is now treated as an operator that includes the magnetic
vector potential, ensuring the correct description of magnetic-field effects within the Kane model.

To ensure dimensional consistency, equation (2) has been corrected so that both the Hamiltonian matrix and the
basis vector are expressed in the proper 4-component form, following the standard Kane model representation.

The right-hand column in the matrix (2) represents the energy states associated with H.

If we calculate the initial energy with the bottom of the conduction band of the quantum well, (E.=0), then the
following equation is obtained:

(E+E,) E(E+E,)(E +E,+A)-k*P*(E +E,+2A/3)]|=0. ?3)
Here, E' (k)= E(k)— ZZkz .

My

The fourth-order form of Eq. (3) is consistent with the fact that the effective Hamiltonian obtained after Lowdin
partitioning corresponds to a reduced 4-band model derived from the original 8x8 Kane Hamiltonian.
From equation (3) it is known that for k=0 the function £ (k) has four eigenvalues: £,=0; E,= E3= -E, and E;=- Eg-
A. The condition £;=0 means that the counting starts from the bottom of the conduction band. The energies £, and E;
represent the ceilings of the valence bands of the heavy (£,;) and light (£,,) holes. The energy £, shows the spin-orbit
effect on the ceiling of the valence band.
To solve the problem, we use the following approximations:

1. Ignoring the spin-orbit effect on the allowed bands of a narrow-zone semiconductor.

2. Ignoring the interaction with heavy holes, since the effective masses of light holes are close to the effective
masses of free electrons.
In this case, Eg>>4 and according to work [31], the energy of light holes is determined as follows:

2
g

1/2
i E 2.2
Evz(k):—Tg 1+{1+4k P } . @)

From equation (4), it is clear that k?p? (a P-matrix element, which is equal to P = s |P| x >) is considered the
mO
2.2
energy, since the condition that the

>— term is a dimensionless quantity must be met. In this case, taking into account

g
2 2

the above matrix element equation and the dimensionless quantities E—IZ , (4) can be written in the following form.
g

- 1/2
- E, k. 1
Ev2(k)=_7 1+ 1+2—**F (5)
xyz g

In equation (5), the energy of light holes in narrow-zone bulk semiconductors at the valence band ceiling is
determined mainly by the effective masses and wave numbers of the light holes in the XYZ axes. In this case, the band
gap (E,) of the narrow-zone bulk semiconductor is assumed to be constant. From equation (5), natural questions arise:
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1. How to use (5) if the material under the influence of the magnetic field is a quantum-enclosed narrow-zone,
heterostructure semiconductor?
2. It is known that the E, of narrow-zone bulk or small-sized semiconductors is very sensitive to external factors. In

this case, how are £ (k,E, ) and EX (k, E,,d) determined?
How does the change in E (k,E »d) affect the density of energy states in the valence band of a quantum well?

To solve these problems, it is necessary to create a new mathematical model.
Applying equation (5) to narrow-zone semiconductors with quantum wells, the following equation is obtained:

I .
+ +——n’
" E, 2m,  2m, 2md
E; (k,d)=—7 1+]1+4 5 6)
Eg

Equation (6) is the energy of light holes in a narrow-zone quantum well at the valence band ceiling.

Here, n. is the number of dimensional quanta, d is the thickness of the narrow-zone quantum well, and m* is the
effective mass of the light hole.

As can be seen from equation (6), the energy of a light hole at the valence band ceiling of a quantum well depends
on the thickness of the quantum well, the effective mass of the light hole, and the number of dimensional quanta.

Now, let us consider the effect of a strong magnetic field on a narrow-zone quantum well. In particular, let the

direction of the magnetic field induction vector (B) be along the Z axis and perpendicular to the XOY plane. This is
called a longitudinal quantizing magnetic field. In this case, Landau theory [32] and according to the laws of the quantizing
. wk: Wk . .
magnetic field, the {—x + 5 2| terms of the free light hole at the ceiling of the valence band of the quantum well are
m m

x v

1
replaced by the KN e +E] ha)ﬂl term.

Here Ny, is the number of Landau levels in the valence band of the narrow-band quantum well, @, is the cyclotron
frequency of light holes.
It follows that equation (6) under the influence of a longitudinal quantizing magnetic field takes the following form:

1 1/2
N, + )ha) +
2

'h 2
2md* ¢

AN
zﬁd(B,dJ@,AQV)=-E§ 1+|1+4 (7)

EZ

g

From the derived equation (7) it is clear that the light hole energy at the valence band ceiling of the quantum well is
transformed into discrete energy levels in all directions. This, in turn, makes the light hole energy analogous to the
quantum dot energy. However, it is also necessary to consider another important physical quantity, £,, which depends on
B and d. The reason is that the change in the function E,(B, d) is considered monotonically. From this, the function

E*(B,d,n_,N,,) becomes E* (E,(B,d),B.d,n,,N,,).Inthis case, the equation takes the following form:

1/2

1 1 7’0
{Eg(0)+2ha)w+ J

1 T,

n

2 2md* ¢

E(0)+Lha +LZ1 2
¢ 2 22md* ¢

Xs1+|1+4

Xt (£, (B,d), B,d,n,, N, ) = ®

2

The resulting equation (8) equation the dependence of the light hole energy at the valence band ceiling of the
quantum well on the magnetic field, the band gap width, the quantum well thickness, and the number of dimensional
levels. Let us analyze equation (8) numerically and graphically [33], the Shubnikov de Haas oscillations of a narrow-zone
InAs quantum well semiconductor were determined. In this case, the InAs quantum well thickness was taken to be
d=4nm, B=0+12 T in the range, E¢(0) = 0.35 eV and #..

By substituting these experimental values into (8), it is possible to obtain the £ (B,d E, (B,d)) graph. Fig.1

shows the dependence of the energy of light holes in the vacancy ceiling of the InAs quantum well on the magnetic field
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for different Landau levels. As can be seen from this figure, the curve of the graph is reflected according to the non-
quadratic dispersion law of the narrow-zone InAs quantum well.

In addition, using equation (8), it is possible to calculate the two-dimensional energy density of states in the valence
band of the narrow-zone quantum well.

] Ememeer oy Ne=s

091 Ne=4

Figure 1. Magnetic field dependence of the energy of light holes in the valence band of an InAs quantum well for Landau levels

Effect of magnetic field on the energy of free electrons at the bottom of the conduction band
of a narrow-zone quantum well
Now, let us consider the dependence of the free electron energy at the bottom of the conduction band of a narrow-

zone quantum well on the magnetic field.
27,2

It is known that for narrow-zone semiconductors, using the condition m,<<my, the term given in equation (3)

m,
is not taken into account (E << E . )- In this case, in the presence of a magnetic field, a cubic equation of energy levels

for three energy bands similar to equation (3) is formed:

2
Ey(Ey, +E)Ey, +E, +A)— P [kf +(2N+1)%}<(EN+ +E, +§Aji };Lf =0. 9)
Here: £y, . = Ey,

In equation (9), the main energy level starts at the bottom of the conduction band. If, when B—0, equation (9)
changes to the form (3).
If the spin distribution of electrons is not taken into account and the E, << E, condition is satisfied, the cubic

equation in (9) transforms into a quadratic equation for conduction band electrons, which has the following form:

E 272
E,.(B, Eg):—7g+%\/E;+4Eg KN+%)M)° +Z_"'} (10)

m

n

It is known that in the absence of a strong magnetic field, the free electron energy is discrete due to dimensional
quantization along the OZ axis, but consists of a continuous spectrum in the XOY plane. That is,

P2 P? 242
Ecparab (k, d) — X + ¥ T h _ nz
2m, 2m, 2m,d

nx ny

an

Eq. (11) is valid for wide-band quantum fields (for the quadratic dispersion law).

Equation (10) expresses the dependence of the free electron energy in the conduction band of semiconductors with
a narrow band gap on the magnetic field. That is, the magnetic field strength is directed along the Z axis, perpendicular
to the XOY plane. In this case, the energy of charge carriers, according to Landau theory, forms discrete levels in the
XOY plane. Along the OZ axis, the free electron energy forms a continuous spectrum. Of course, this gives an analogy
to the quantum string. The question arises; how does this scientific hypothesis work in semiconductors based on a narrow
band quantum well? How does the energy of free electrons in the conduction band of a narrow band quantum well depend
on the magnetic field? What about the valence band of the quantum well?

For narrow-zone quantum wells, the equation in work [31] is applied: That is, if the condition A<< Ejg is met
ap? 2m,, Wk ]"

X X — . (12)

E, h 2m

E
Ecnmzpamb (k) — _Tg 1_ 1+

nxyz
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Equation (12) can be written as follows for a narrow-zone quantum well:

£ X 72 (13)

4

1/2
E : e R
Ecld,nonpamb(k’d):_Tg 1_{1+4P Zmn [h kx + y +ﬂ' h nZZJ]

2m,  2m,  2m

ny nt

Here, P=—£<S‘f’x‘x >.
m,
Equations (11) and (13) express the energy of free electrons in the conduction band of a quantum well at B=0 for
quadratic and non-quadratic dispersion laws. If the condition B#0 is met, equation (11) transforms into the following
equation:

, 1 °n
E' ™ (B,d)=| N, +— |hw, +——n>. 14
c ( ) ( Le 2] cc 2mn d2 z ( )
272 222
Then, if we replace = in equation (10) with 3 n’ in accordance with the narrow-zone quantum well

n n

condition (Louis de Broglie relation, A;~d), we obtain the following equation:

T
o’ n’]  (15)

E,(B,d)

Efd,nonparah (Eg (B, d)’ B’ d’ n,, NLC) =— 5

+%\/(Eg (B,d))’ +4E,(B,d)[(N,, +%)ha)m +

This equation expresses the dependence of the energy of free electrons in the conduction band of a narrow-zone
quantum well on the magnetic field. The newly obtained equation (15) is important because until now, regardless of the
forbidden band width of the quantum well, £, (B,d) has been calculated only according to (14). However, according to

. . B
(15), the energy E, is nonlinearly related to B. Here, @, = £
m

Let us apply equation (15) to semiconductors based on narrow-zone quantum wells. Let us analyze this theoretical
idea graphically. Fig. 2 shows the dependence of the free electron energy in the conduction band for the /nAs/AISh

quantum well semiconductor E£"*”“** on B. Here, Eo(InAs)=0.35 eV, d = 12 nm [33]. Fig. 3 shows the E**’(B,d) graph
for the Gads/AlGa;../GaAs [37] quantum well. As can be seen from this figure, linear and nonlinear graphs obey the
dispersion laws. In addition, according to equation (15), it is possible to obtain the dependence of the narrow-zone
quantum well thickness d from E""“"(B,d).

Egd,nonpar eV NL=5 EPT oy Ni=5
07 05 L
Ne=4
085 Ni=4
Ni= 04
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= N2 N=3

05
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045 Ne=1 L
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Figure 2. Effect of magnetic field on the energy of free electrons  Figure 3. Effect of magnetic field on the energy of free electrons
in the conduction band of an /nAs/AISb quantum well in the conduction band of a GaAs/AlxGaix/GaAs quantum well

Mathematical modeling of the temperature and magnetic field dependence of the density of two-dimensional
energy states in the allowed zones of a narrow-band quantum coil
It is known from the scientific literature that the change in the energy of charge carriers in the allowed zones of a
narrow-zone quantum well under the influence of a strong magnetic field has a strong effect on the two-dimensional

energy density of states N’ (E) . This allows us to obtain sufficient information on the location of electrons and holes in
the quantum well at discrete levels and the distribution of current carriers.
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However, to date, the dependence of the energy density of states of a narrow-zone quantum well on the magnetic
field and temperature has not been sufficiently studied in the available literature. The energy of electrons and holes in a
narrow-zone quantum well obeys the non-quadratic dispersion law.

For the quadratic dispersion law, the dependence of the energy density of states in a quantum well on the magnetic field
and temperature has been thoroughly studied in [25]. As a result, a new model for N***(E, B,T,d) was proposed [29]:

2
232
[E—[(NL+;jha{,+2”Zzn§J]
> m
N (EBT.d)= S L. L x| - . (16)
~ v, mh kT (KT)

In creating this model, the method of expanding the density of states delta functions d(x) in a series with respect
to energy was used [19]. At absolute zero temperature (7—0), the energy derivatives of the Lorentz, Gauss, Fermi-Diract

functions (3%} and GN [35] take the form d(E). The authors of this work [29] mainly applied the Gaussian (£,7) delta

function to determine N**’(E, B,T) . In this case, the proposed model was mainly applied to heterostructures with a wide
band gap (or classical) quantum well. In addition, the obtained N***(E, B,T) model was related to free electrons in the
conduction band of a wide band gap quantum well.

Now, using the E**/(E,d,E.") and E}"**(E,d,E.") connections introduced in the previous paragraphs, let's
consider N2¢"*(E"*!,B,T,d) and N2¢"(E"*',B,T,d).

A function 3(x) of one real argument is reasonable if the following conditions are met:

—o, x=0
5(x):{0 ;f;eo a7

j: S(x)dx =1

In work [36], it is shown that the energy dependence of the density of states for two-dimensional materials consists
of a sum of delta functions:

Njf’(E,B):é > S6(E-E(N,,n,)) (18)

NNy

This equation (18) is a generalized equation, which has been used to date for all (classical, wide and narrow bandgap)
quantum-gap semiconductors. As mentioned above, when the condition 7—0 is met, the Gaussian function transforms
into Gaussian(£,7) 8(E,T). That is:

lim Gauss (E.T) = 8(E.T). Gauss(E.T) :kLTexp(_ (f(Ek—Tf)j (19)

The energy E; given in equation (19) corresponds to the valence band ceiling or the conduction band bottom of a
narrow-band quantum well. However, equation (19) does not depend on the magnetic field, and the effect of temperature
on equation (18) has not been studied.

The meaning of E(N;, nz) in equation (18) is the discrete energy levels of charge carriers in the allowed bands of the
quantum well, that is, it corresponds to (8) and (15). In general, in (18) the quantum well corresponds to the delta function
O(E-E(Ny, nz)) due to the magnetic field, while in equation (19) the condition 7—0 is fulfilled and d(E, T) becomes the
limit d(x).

Equation (15) gives the dependence of the free electron energy at the bottom of the conduction band of a
narrow-zone quantum well on the magnetic field, the thickness of the quantum well, and the number of quantum

levels (E2¢(B,d,N,,n.)). This is valid for the nonparabolic dispersion law. Then, taking into account the dependence

1 222
of N:(E,B) on E(E,,n,) in (18) and the substitution of ((NL +Ejha{,+%n2] in (15) for the
m

2 z

T h?

2md*

E,(B.d) 1 } !
—— (B (B +4E, (B, DN, + e, +

n’] term in (16), the following expression is obtained:
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d 222 ?
E (B,
g4 L84 1 (E,(B.d)} + 4Eg(B,d)((Nf +ljhwj + TR . nzj
- B 1 2 2 2 2m'd
N;’ZZd(E’BaTad)z z_’_'exp 2 (20)
’ Now Th kT (kT)

This expression represents the equation for determining the energy density of states in the conduction band of a
narrow-zone quantum well. Fig. 4 compares the dependence of the two-dimensional energy density of states for parabolic
(wide-gap quantum well) and non-parabolic (narrow-zone quantum well) on the magnetic field at constant 7' = const. It
can be seen from this figure that, due to the energy dependence of the effective mass of free electrons in a narrow-zone
quantum well, a “compression” (deformation) of discrete Landau levels in a uniform energy interval is observed.
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Figure 4. Energy density of states in the conduction band of a wide-band and narrow-zone quantum well for parabolic and
nonparabolic dispersion laws

1 - parabolic. AlyGa;xAs T=4.2 K, B=10 T, d =5 nm; 2 - non-parabolic. InAs T=42K, B=10T, d =4 nm

Here, graphs of a narrow-zone InAds [33] quantum well and a wide-gap Gads/Al,Ga;..As/GaAs (quantum well
AliGaixAs) [37-39] quantum well are presented. The oscillations were calculated at temperatures 7=1.5 K, B=3 T, d=5
nm (AlyGai<As) and d=4 nm (InAs).

Fig. 5 shows the temperature dependence of the two-dimensional energy density of states oscillations in the
conduction band of 4/,Ga;..As and InAs quantum well semiconductors. In this case, the quantum well of 4/.Ga,..As obeys
the parabolic dispersion law, and /nA4s obeys the nonparabolic dispersion law. As can be seen from the application of the
star-shaped Gaussian function to these materials, it is observed that as the temperature increases, the discrete Landau level
“washes out”. However, comparing the graphs a) and b) in Fig.5, it becomes clear that the oscillations of the /n4s quantum
well turn into a continuous spectrum earlier.
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a) Parabolic. AlxGaixAs. 1) =5 K, B=10 T, d=5 nm; b) Nonparabolic. InAs. 1) 7=5 K, B=10 T, d=4 nm;
2) T=20 K, B=10 T, d=5 nm; 3) 7=30 K, B=10 T, d=5 nm;  2) 7=20 K, B=10 T, d=4 nm; 3) =30 K, B=10 T, d=4 nm;
4) T=40K, B=10 T, d=5 nm; 5) 7=50 K, B=10 T, d=5 nm 4) T=40 K, B=10 T, d=4 nm; 5) T=50 K, B=10 T, d=4 nm

Figure 5. a) Oscillations of the temperature-dependent change in the energy density of states in the conduction band of a wide-band
quantum well for the parabolic dispersion law; b) Oscillations of the temperature-dependent change in the energy density of states
in the conduction band of a narrow-band quantum well for the nonparabolic dispersion law

Fig. 6 shows the temperature variation of the density of states oscillations of an /n4s narrow-zone quantum well at
B=10T and d = 4 nm. It can be seen from this figure that as the temperature increases, the “peaks” of the discrete Landau
levels decrease. This, of course, indicates the fulfillment of the condition kT =~ hw, and the laws of “thermal expansion”.
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Figure 6. Temperature dependence of the energy density of states oscillations in the conduction band of an InAs narrow-zone
quantum well (d=4 nm) up to a transverse quantizing magnetic field (B=10 T). The energy spectra shown in the figure were
calculated by equation (20)

1) =2 K, B=10 T, d=4 nm; 2) T=5 K, B=10 T, d=4 nm; 3) 7=8 K, B=10 T, d=4 nm; 4) T=10 K, B=10 T, d=4 nm; 5) =12 K, B=10 T,
d=4 nm

CONCLUSIONS
In the process of carrying out this research work, the following conclusions were reached:
1. A mathematical model was developed to determine the dependence of the light hole energy

Efd (E . (B,d),B,d,n_,N Lv) at the valence band ceiling of a narrow-zone quantum well and the free electron energy

Efd‘"""" it (E .(B,d),B,d,n_,N,,) at the conduction band bottom of the quantum well on the magnetic field, band gap

width, quantum well thickness, and number of dimensional levels.
2. A method was proposed to determine the dependence of the allowed bands N**, N2 of narrow-zone

quantum well semiconductors on the magnetic field B and temperature 7.
3. Using this method, the dependence of the band gap width of a narrow-zone quantum well on the magnetic field
B and temperature T was determined.
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In this study, thin films based on bismuth and antimony chalcogenides (Bi2Tes—Sb2Tes) were synthesized using an optimized thermal
evaporation vacuum system, and their morphological characteristics were thoroughly investigated. Atomic force microscopy (AFM)
results revealed nanoscale granularity on the film surface (in the range of 50—-150 nm) and a distinct stepped morphology. Longitudinal
profile analyses indicated that the height variations lie within the range of 0.790-0.798 um. Scanning electron microscopy (SEM)
observations confirmed the formation of grains, larger particles, and surface voids, indicating a dual-level morphological structure.
Such a structure is critically important for enhancing thermoelectric efficiency by intensifying phonon scattering, thereby reducing
thermal conductivity while preserving electron transport properties. The findings demonstrate that Bi2Tes—Sb2Tes-based thin films
possess high scientific and practical potential as thermoelectric materials.

Keywords: Thin Film; Morphology, Atomic Force Microscopy; Electron Microscopy, Thermoelectric Efficiency; Nanogranularity;
Stepped Structure

PACS: 68.55.-a; 81.15.-z; 78.67.Pt; 73.50.Lw; 72.15.Jf

1. INTRODUCTION

In recent years, thin films of bismuth and antimony chalcogenides have attracted significant scientific and practical attention as
thermoelectric materials [1,2]. These materials are distinguished by their high efficiency in heat-to-electric energy conversion, as well
as by their stability and environmental friendliness [3]. A key indicator of thermoelectric efficiency is the figure of merit, ZT, and its
enhancement requires a strategic approach that reduces thermal conductivity while maintaining electrical conductivity [4]. From this
perspective, composite thin films of Bi2Tes and Sb2Tes are promising candidates [5].

The technological processes employed in thin-film synthesis directly determine the structural and morphological characteristics
of the thin films [1,3]. The granular structure of the films, their step-like growth features, and porosity significantly influence the
mechanisms of phonon propagation [2,4]. Consequently, these effects suppress thermal transport, thereby enabling enhanced
thermoelectric efficiency. Furthermore, it has been established that surface morphology plays a crucial role in defining electron
transport pathways, influencing recombination processes, and shaping the material's optical and electrical properties [5].

Vacuum technologies used in thin-film fabrication, particularly optimized thermal evaporation methods, enable the production
of high-quality films under highly controlled conditions [3,4]. Processes carried out in vacuum systems eliminate external
contaminants, thereby facilitating the formation of structurally pure materials. As a result, the synthesized films exhibit stable
morphological and crystallographic properties, significantly enhancing their functional performance.

The aim of this work is to optimize a vacuum thermal evaporation system for the deposition of BizTes—Sb2Tes thin films and to
analyze the influence of key technological parameters on the resulting film morphology.

To achieve this aim, the effects of vacuum level, evaporation conditions, and condensation processes on the surface morphology
of the deposited films were systematically investigated. In this study, thin films based on Bi>Tes—Sb2Tes; were synthesized using a
specially designed vacuum thermal evaporation system, and their morphological characteristics were comprehensively examined using
atomic force microscopy (AFM) and scanning electron microscopy (SEM). The results confirmed that the films possess a dual-level
morphological structure, which may significantly enhance thermoelectric efficiency.

2. EXPERIMENTAL SETUP AND DEPOSITION CONDITIONS

Thin films with a stoichiometric composition of 25% Bi2Tes — 75% Sb2Tes were deposited by the thermal evaporation
method under vacuum using a UVN-71 P2 vacuum coating system. Prior to deposition, the vacuum chamber was
evacuated to a base pressure of 1.33 x 1073 Pa, ensuring minimized contamination during the film growth process.

The evaporation was carried out from a resistively heated crucible maintained at a temperature of 610 + 10 °C, while
the substrate temperature was fixed at 90 °C. The distance between the evaporation source and the substrate was optimized
and set to 7 sm, providing uniform material flux across the substrate surface. The deposition duration was 8 minutes, and
the total mass of the evaporated source material was 70 mg.

Polyethylene terephthalate (PET) substrates were used for thin-film deposition. The substrate thickness ranged from
50 to 125 pum, allowing sufficient mechanical stability during the evaporation process. As a result of the selected
deposition parameters, uniform thin films with an average thickness of 0.790 pm were obtained.

The chosen vacuum level, evaporation temperature, source—substrate distance, and deposition time were optimized
to ensure stable condensation conditions and reproducible film growth. These parameters played a crucial role in
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determining the morphological uniformity of the deposited Bi>Tes—Sb2Tes thin films, which were subsequently analyzed
using atomic force microscopy (AFM) and scanning electron microscopy (SEM).

3. DESCRIPTION OF THE OPTIMIZED THERMAL EVAPORATION VACUUM SYSTEM

Vacuum technology plays a key role in the fabrication of semiconductor devices, as certain technological processes
require high-vacuum (low-pressure) conditions.

The technological equipment used for the production of semiconductor devices typically consists of two main parts:

1. The working chamber, which generally includes heaters, electrical contacts, evaporators for material
deposition, substrates, thermocouples, and other components. This chamber (often referred to as the “bell jar”) can be
raised or lowered by means of a hydraulic lifting mechanism.

2. The vacuum system, which evacuates air from the working chamber and comprises a rotary mechanical pump,
valves, and pipelines (tubing that connects the pump to the chamber).

Even trace amounts of residual impurities inside the working chamber can contaminate the pure material being
deposited. Such contamination can, in turn, adversely affect the electrical characteristics of the final device by introducing
external or internal defects [6].
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Figure 1. Schematic diagram of the main model of the UVN 71 P2 Figure 2. Internal technological configuration of the
apparatus chamber

In this work, the UVN 71 P2 vacuum system is presented. It is designed for resistive coating (resistive thermal
evaporation) to form thin films under vacuum conditions. The device consists of a vacuum generation system, a bell jar
(chamber cover), and an electronic control unit. The vacuum generation system includes a forevacuum—diffusion pump
that evacuates excess pressure and ensures system balance. The schematic elements of the vacuum coating system for
thin films include the following: a thermally insulated dewar vessel for storing liquid nitrogen or helium (1), an automatic
unit for supplying liquid nitrogen or helium in a continuous or controlled amount (2), a vapor—oil (diffusion) pump for
achieving high vacuum (3), a condensation unit for vapors and gases using nitrogen or helium (4), a mechanical barrier
that isolates the vacuum chamber from the external environment (5), the main chamber where the deposition process takes
place (6), a heating system to raise substrates to the required temperature (7), a substrate rotation mechanism (8), a rotating
mask holder used during the coating process (9), a shield (10), a baffle (11), a carousel with evaporators and individual
evaporating sources (12), a rubber gasket ensuring chamber hermeticity (13), a vacuum gauge (vacuummeter) (14), a
welded steel frame serving as the primary structural body of the apparatus (15), a control panel (16), a rotary mechanical
pump used for initial vacuum generation (17), a valve block (18), tubing connecting the pump and the chamber (19), an
electric heater for the vapor—oil (diffusion) pump (20), an air inlet valve or handle (21), a hydraulic switch used to raise
and lower the bell jar cover (22), [7].

In such a system, the forevacuum pump is intended to evacuate air through an appropriate manifold until a pressure
of approximately 1.33x107! Pa is achieved in the main chamber. Within the working chamber itself, the pressure typically
ranges from (6.67x107" to 1.33) Pa. Simultaneously, the diffusion pump operates to maintain a steady high-vacuum level
in the active volume of the system, with a pressure of approximately 1.33x107* Pa [8].

4. MORPHOLOGY OF BISMUTH AND ANTIMONY CHALCOGENIDE-BASED THIN FILMS OBTAINED
USING A THERMAL EVAPORATION VACUUM SYSTEM
The thermoelectric performance of Bi>;Tes—Sb,Tes-based thin films is commonly evaluated using the dimensionless
figure of merit, ZT, defined as

s2oT

7T = (1)

where S is the Seebeck coefficient, o is the electrical conductivity, 7 is the absolute temperature, and  is the total thermal
conductivity. Since the thermal conductivity is strongly influenced by phonon scattering at grain boundaries and surface
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features, the morphology of thin films plays a crucial role in determining their thermoelectric efficiency. Therefore,
analysis of surface morphology provides important insights into potential enhancement of ZT in Bi,Tes—Sb,Te; thin films.
To investigate the surface topography of Bi,Te;—Sb,Te; thin films, atomic force microscopy (AFM) was performed
using a Solver-NEXT SPM 9700HT (Shimadzu).
The AFM image acquired over a 5.0 X 5.0 pm scan area reveals the surface morphology of the sample with
nanometer-scale resolution (Figure 3).

143.30nm

5.00um

Figure 3. 3D topographic image of a Bi2Tes—Sb2Tes-based thin film obtained over a 5.00 x 5.00 um scan area

According to the measurement results, the key surface parameters were determined as follows: average roughness
(Ra) — 15.595 nm, root mean square roughness (Rq) — 20.091 nm, maximum peak height (Rp) — 79.030 nm, maximum
valley depth (Rv) — 63.621 nm, total height difference (Rz) — 142.651 nm, and ISO-standardized ten-point height
difference (Rzjis) — 70.534 nm. These values confirm that the sample's surface topography is well developed at the
nanometer scale.

As observed in the AFM image, the surface is composed of grains with sizes distributed in the range of
approximately 50-150 nm. Such a structure is attributed to the multidirectional growth of crystallites and irregularities
arising during the nucleation process. The elevated Rz value indicates pronounced peaks and deep valleys in the surface
topography. This morphological feature is typically observed in thin films synthesized by vacuum evaporation or chemical
vapor-phase deposition methods (PVD, CVD).

The closeness of the Ra and Rq values (Ra=15.6 nm, Rq = 20.1 nm) indicates that the statistical surface irregularities
are of a random nature. Such surface morphology can significantly influence the material's functional properties. For
instance, in photovoltaic elements, a nanostructured surface enhances light scattering, thereby improving absorption
efficiency. In thermoelectric films, grain boundaries can limit phonon propagation, which reduces thermal conductivity
and, consequently, enhances thermoelectric performance.

In addition, the significant difference between the Rp and Rv values indicates an uneven distribution of crystallites
across the surface. This may directly affect the electrical properties of the material, particularly the charge carrier
recombination rate. Recombination processes occurring at crystallite boundaries are among the key factors limiting the
efficiency of devices fabricated on the basis of the film. Therefore, surface statistical roughness parameters are directly
related not only to morphological characteristics but also to the electronic and optical properties of the material.

Overall, the AFM analysis results confirm the formation of a highly developed nanostructured surface morphology
on the sample. Such a structure can potentially enhance the functional capabilities of the material; however, it may also
give rise to certain adverse effects, such as an increased rate of recombination processes.
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Figure 4. Longitudinal profile of the surface relief of the synthesized film obtained using Atomic Force Microscopy (AFM)

In the profile section presented in Figure 4, a sharp height variation was observed in the range of 60—70 pm.
According to the measurement results, the horizontal distance was 6.71 pum, while the height difference amounted to
0.790 pm. These indicators confirm the formation of a step-like structure on the surface relief. Such a morphology



305
Optimization of a Vacuum Thermal Evaporation System for the Deposition of Bi—Sb—Te Thin Films EEJP. 1 (2026)

typically arises due to the growth of crystallites in different directions and at varying rates. The development of a stepped
morphology may lead to the distinct manifestation of grain boundaries and can promote anisotropic surface evolution.
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Figure 5. Longitudinal surface profile of the synthesized film obtained using AFM in the range of 0-99.8 um

The longitudinal profile shown in Figure 5 demonstrates a gradual variation in surface topography over the range of
0-99.8 um, with a total height difference of 0.798 um. The overall shape of the profile reflects a global surface inclination,
which may be attributed to the initial relief of the substrate or to a directionally controlled growth process during the
deposition. Additionally, local oscillations observed within the 0.6-0.7 pm range indicate the presence of nanometer-
scale granular morphology.

Based on the analysis, a dual-scale morphological structure was observed in the Bi»Tes—SbaTes-based thin film:

1. Step-like growth at the microscale — indicates the stepwise evolution of crystals and their anisotropic nature.

2. Granularity at the nanoscale — associated with statistical surface roughness as revealed by AFM images; this
may enhance phonon scattering and thus potentially reduce thermal conductivity.

AFM (Atomic Force Microscopy) observations provided additional quantitative parameters that further elucidate
the morphological characteristics of the material:

e Surface height variation: Maximum height differences in the range of 0.790-0.798 pum indicate the formation of
a step-like relief during the film growth process.

e Statistical surface roughness: The calculated Ra (average roughness) values fall within the range of
approximately 15-20 nm, which is attributed to the influence of nanoscale grains.

e Grain height: Local fluctuations indicate grain heights within the 50—-150 nm range, which is further confirmed
by high-resolution AFM imaging.

e Overall morphology: A complex relief structure is observed, resulting from the combination of microscale step-
like growth and nanoscale granular morphology.

This dual-scale morphology is of strategic importance for thermoelectric materials. On the one hand, electron
transport processes are largely preserved; on the other hand, phonon propagation is suppressed. This can reduce thermal
conductivity and contribute to an increase in the material’s thermoelectric efficiency, expressed by the figure of merit ZT.
Moreover, the step-like surface structure may shorten electron scattering paths, potentially inducing anisotropy in
electrical conductivity.

Therefore, at the subsequent stages, the obtained morphological parameters were compared with data obtained by
other methods, including Scanning Electron Microscopy (SEM), in order to draw comprehensive conclusions.

The surface topography of the resulting Bi2Tes—Sb2Tes thin film was examined using Scanning Electron Microscopy
(SEM) with a JSM-IT200 system (JEOL).

The acquired images clearly revealed the complex surface morphology of the material, including its granular
structure, pores, and surface defects.

Figure 6. SEM image of the surface of synthesized Bi>Te;—Sb2Te; thin films (magnification x12,000)
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In the SEM image presented in Figure 6 (magnification 12,000, scale bar 1 um), a clearly defined granular surface
morphology is observed. The surface grains are uniformly distributed, and their sizes range from approximately 50 to 150
nm. In some regions, larger particles and surface protrusions can be seen. Such morphological features may result from
the non-uniform growth of crystallites or the formation of localized agglomerations during the synthesis process. The
high density of grain boundaries is expected to limit phonon transport paths, thereby reducing thermal conductivity. At
the same time, its effect on electron transport may be relatively minor, which is considered a favorable factor for
enhancing thermoelectric performance.

Figure 7. SEM image of the surface morphology of the synthesized Bi2Tes;—Sb2Te; thin films (magnification x8,000)

Figure 7. The SEM image (magnification x8,000, scale bar 2 um) shows the formation of pores on the surface of
the thin film. The pore diameters range from several hundred nanometers up to a few micrometers. The appearance of
such porosity is typically associated with the evaporation rate during the synthesis process, the substrate temperature, or
stoichiometric imbalances in the material composition. The presence of pore structures has a dual effect: on the one hand,
it can enhance thermoelectric performance by reducing thermal conductivity; on the other hand, an excessive number of
pores may compromise the mechanical stability of the material.

SEM observations revealed two predominant morphological features in the Bi»Tes—Sb2Tes-based thin films:

1.  Nanometer-scale granularity — grains with sizes ranging from 50 to 150 nm are almost uniformly distributed
across the entire surface. This promotes enhanced phonon scattering while preserving electron transport properties.

2. Micrometer-scale pores and coarse particles — some local defects formed during the film growth process may
contribute to the reduction of thermal conductivity. However, if left uncontrolled, such defects could potentially
compromise the mechanical integrity of the films.

These observations offer important implications for thermoelectric materials. Grain boundaries and pore structures
can serve to reduce heat transport, thereby enhancing the thermoelectric figure of merit (ZT). At the same time, it is
advisable to optimize synthesis parameters to preserve nanoscale granularity while minimizing the formation of large
pores.

The SEM results confirm that the surface morphology of BixTes—Sb2Tes-based thin films exhibits a nanogranular
texture combined with a microporous structure. This complex topography plays a crucial role in improving thermoelectric
performance.

5. CONCLUSIONS

The conducted studies demonstrated the formation of a dual-scale morphological structure in Bi2Tes—SbaTes-based
thin films. Parameters identified through atomic force microscopy (AFM) confirmed the presence of nanoscale granularity
on the film surface. The grain sizes ranged from 50 to 150 nm, and their presence is expected to enhance phonon scattering,
thereby reducing thermal conductivity.

Longitudinal surface profile analyses revealed a step-like morphology with height variations of 0.790-0.798 pum.
Scanning electron microscopy (SEM) revealed grains, coarse particles, and surface pores. Although the grains were
distributed almost uniformly, local agglomerations and pores were also observed in certain regions.

Such a complex morphological structure, on the one hand, ensures efficient phonon scattering while preserving
electron transport properties; on the other hand, it enhances thermoelectric performance by limiting thermal conductivity.
However, excessive porosity may negatively affect the mechanical stability of the material.

In general, the coexistence of nanogranular and step-like relief observed in BixTes—SboTes-based thin films is of
critical importance for thermoelectric materials. This morphology can be further optimized to improve functional
properties by selecting appropriate synthesis conditions in future studies.
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ONTUMI3AIIIA BAKYYMHOI TEPMIYHOI BUITAPYBAJIbHOI CUCTEMM JJIS1 OCAJIKEHHSA
TOHKUX IIJIIBOK Bi-Sb-Te
Bynbomxon Y. Omonos!, lllepzon A. Makemynos?
! ®epaancoruii depacasnuii ynieepcumem, Depeana, Ysbexucmarn

2Inemumym s0epnoi ¢izuxu, Tawkenm, Y3bexucman
VY 1poMy JOCIIKEHHI TOHKI IUTIBKM Ha OCHOBI XaJbKOreHifiB BicMyTy Ta cypmu (Bi2Te;—SbaTes) Oynu cuHTe30BaHi 3a OIOMOTOI0
ONTUMI30BaHOI BAKyyMHOI CHCTEMH TEPMIYHOTO BUIIAPOBYBAHHS, a iXHI MOP(]OJIOTIUHI XapaKTEPUCTUKU OyIIN PETENBHO JOCHTIIKEHI.
Pesynpratin atoMHO-cHi10BOi Mikpockomii (ACM) BUSIBHIM HAHOPO3MIpPHY 3€pHHCTICTh Ha MOBEPXHI ILTiBKH (B Hiamazoni 50—150 Hm)
Ta YiTKy CTymiHYacTy Mopdoiorito. AHami3 I03I0BXHBOTO HpO(UII0 MMOKa3aB, IO Bapiallii BUCOTH 3HAXONATHCSA B Miala3oHI
0,790-0,798 mxmM. CrioctepexeHHsI cKaHy10901 exekTpoHHoI Mikpockorii (CEM) miaTBepauiu yTBOpeHHS 3epeH, OiIbIINX JaCTHHOK
Ta MOBEPXHEBHMX IIyCTOT, 1[0 BKa3ye Ha JBOPIBHEBY MOPQOJIOTiUHY CTPYKTYpy. Taka CTpyKTypa € KPUTHYHO Ba)XKIHMBOIO JUIS
MiJBUICHHS. TEPMOCJICKTPUYHOI e(EeKTUBHOCTI IUIIXOM IIOCHJICHHS pO3CIIOBaHHS (OHOHIB, THM CaMHUM 3MEHILIYIOYH
TEIJIONPOBIIHICTh, 30€piralouu NpH bOMY BIACTUBOCTI €JICKTPOHHOTO TPAHCIOPTY. Pe3yibTaTé AOCIIKEHHS JeMOHCTPYIOTh, 10
TOHKI IUTiBKM Ha OCHOBI Bi2Tes—Sb2Tes MaroTh BUCOKHI HAyKOBHIT Ta MPAKTUYHUH MOTEHIIA K TEPMOCICKTPHYHI MaTepiau.
KirouoBi cioBa: mowuka naieka; mMopgonocis; amommo-cunosa MIKPOCKORis, eneKmpoHHA MIKPOCKONI, MepMOoeneKmpuyHa
eekmusHicmb, HAHOSPAHYIAPHICHTL, CIYNIHYACMA CIMPYKMYpPd
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This work explores the electronic and magnetic characteristics of gallium (Ga)-doped silicon carbide nanotubes (SiCNTs) through
first-principles calculations. Two doping levels (8.3% and 16.6%) are considered, with Ga atoms substituting silicon sites in single-
walled (6,0) SiCNTs. Spin-polarized band structure analysis shows that the system transitions from semiconducting at low doping to
half-metallic at high doping, suggesting strong potential for spintronic applications. Density of states and Bader charge analyses
reveal that Ga incorporation alters charge distribution and orbital interactions, particularly between Ga 5d and carbon 2p states.
Magnetic moment calculations indicate that Ga induces localized magnetism primarily on neighboring carbon atoms, with the overall
net magnetization increasing with increasing doping level. Energy comparisons between ferromagnetic and antiferromagnetic
configurations point to an antiferromagnetic ground state, while formation energy evaluations confirm that Ga substitution at Si sites
is thermodynamically favorable. Collectively, these results underscore Ga-doped SiCNTs as promising, tunable materials for future
nanoscale electronic and spintronic devices.

Keywords: SiC:Ga; Nanotube; Magnetic moment; Half-metallic
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1. INTRODUCTION

Graphene-like and other two-dimensional (2D) semiconductor materials have recently attracted increasing
research attention because their unique physical and chemical properties enable promising applications in spintronic and
optoelectronic devices, as demonstrated in recent reviews of emerging 2D materials with prospects in electronics,
optoelectronics, and spintronics [1-3]. Silicon carbide (SiC), a third-generation wide-bandgap semiconductor, has
become indispensable in high-voltage, high-temperature, high-frequency, and high-power devices due to its large band
gap, high breakdown field, excellent thermal conductivity, chemical stability, and mechanical robustness, as
demonstrated in studies on its superior performance in power electronics and thermal management furthermore, beyond
traditional electronic applications, SiC has been recognized as a biocompatible and hemocompatible material suitable
for advanced biomedical applications, including implantable devices, biosensing, and tissue engineering and more
recently, its unique physical and electronic characteristics have enabled innovative roles in energy harvesting systems
such as photovoltage generation and piezoelectric harvesting for harsh-environment applications [1-9].

Both theoretical and experimental studies have shown that silicon carbide nanotubes (SiCNTs) exhibit more stable
electronic and magnetic properties than carbon nanotubes (CNTs) [2-6]. To broaden the applications of 1D, 2D, and 3D
Si-based nanomaterials, researchers have increasingly explored doping with different impurity atoms to fine-tune their
physical properties. Metal- and transition-metal-doped single-walled SiCNTs (SWSiCNTs) have demonstrated strong
potential for applications in chemical sensing, hydrogen storage, and nanoscale spintronic devices. The incorporation of
dopants alters charge distribution within the nanotube framework and can induce magnetic behavior. In most cases, the
observed ferromagnetic (FM) characteristics originate from the hybridization between the dopants’ d orbitals and the
surrounding SiCNT states [10, 11].

Previous density functional theory (DFT) studies have confirmed that the electronic and magnetic properties of
SiCNTs can be effectively tuned through doping. For example, Fe-doped SiCNTs were reported to exhibit either half-
metallic antiferromagnetic (AFM) or ferromagnetic (FM) states depending on the substitution site of the dopant [1]. The
adsorption of various transition metals (TMs) on SWSiCNTs was also investigated, revealing strong chemical binding
with adsorption energies ranging from 1.17 eV (Cu) to 3.18 eV (Pt) [12]. Co doping has been shown to induce metallic
behavior in cubic SiC, while Mn- and Fe-doped (8,0) SiCNTs displayed half-metallicity, making them promising for
spintronic applications [13,14]. Furthermore, studies of the electronic and optical properties of different SICNT
chiralities have consistently confirmed their indirect-bandgap semiconducting nature [15,16].
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Silicon and carbon, due to their similar valence electron configurations, have long been predicted to form
fullerene-like and nanotube structures, including chiral (6,0) SWSiCNTs [17]. Recent first-principles studies, including
those that incorporate machine learning into DFT, have shown that noble-metal doping (e.g., Ag and Au) can endow
SiCNTs with tunable magnetic properties suitable for spintronic applications [18-20]. These computational approaches
also allow accurate predictions of electronic density of states and magnetic transitions under different doping conditions
[21]. In particular, transition-metal dopants such as V and Co have been found to induce strong ferromagnetism and
high Curie temperatures in SiICNTs, further supporting their potential in magnetic devices [20, 22, 23].

Beyond transition metals, group-III element doping has recently attracted interest. Studies on Al- and P-doped
(6,0) SiCNTs revealed that Al substitution can significantly modulate electronic properties, suggesting controllable
semiconducting behavior [24]. Related investigations on Al- and Ga-doped boron nitride nanotubes demonstrated
enhanced CO adsorption energies [25] and improved surface reactivity toward H,SiCl, [26], indicating that group-III
elements enhance chemical sensitivity and surface interactions. Further DFT work on Al-doped carbon nanotubes
confirmed improved adsorption of sulfur-containing gases, emphasizing the functional role of p-block dopants in tuning
nanotube properties [27].

The motivation for this research is to identify new spintronic materials with tunable magnetic properties. Doping
SiCNTs with group-III elements such as Ga offers a promising pathway, as these dopants introduce unique electronic
and magnetic modifications distinct from transition metals. Unlike metallic dopants, p-block elements can yield stable,
lightweight, and non-toxic spintronic materials. Investigating Al- and Ga-doped SWSICNT systems therefore provides
insight into how such dopants influences spin polarization and magnetic moment distribution, potentially enabling the
design of non-magnetic-element-based spintronic nanodevices.

In addition to spintronics, doped nanotubes can stabilize isolated atoms, serving as active sites for single-atom
catalysis (SAC). While SAC studies on Ga-doped SiCNTs are limited, similar behavior in doped graphene and other 2D
systems suggests that Ga substitution may also enhance catalytic activity in SiCNTs [28]. Moreover, due to their
chemical stability, high surface area, and tunable surface reactivity, doped SiC nanostructures are widely investigated
for energy-related applications, including hydrogen storage, photocatalysis, and electrode materials for energy
conversion and storage [29, 30]. Adharsh et al. [31] demonstrated that surface functionalization of (5,5) SiC nanotubes
can form thermodynamically stable configurations with negative binding energies and significantly modify the
electronic structure by tuning the band gap, confirming the high sensitivity of SiCNT electronic properties to
chemical/atomic-level modifications. This supports the motivation of our work, where Ga doping is employed as an
alternative and effective route to tailor the electronic and magnetic response of SiC nanotubes via first-principles
calculations. Vlaskina et al. [32] investigated defect-related photoluminescence in SiC crystals and showed that stacking
faults and deep-level defects introduce characteristic electronic states that strongly depend on the SiC polytype
structure. Their findings highlight that imperfections and foreign-atom—induced states can critically reshape the
electronic spectrum of SiC-based systems, which is directly relevant to our first-principles investigation of how Ga
doping modifies the electronic and magnetic properties of SiC nanotubes.

2. COMPUTATIONAL DETAILS

In this study, first-principles calculations were carried out using the Atomistix ToolKit (ATK V-2023.09,
http://quantumwise.com/) simulation package to examine the electronic and magnetic properties of Ga-doped
SWSICNTs. The modeled systems consisted of 24 atoms per unit cell. All calculations were performed within the
framework of density functional theory (DFT) [31], employing the Local Spin Density Approximation (LSDA) [32] for
the exchange-correlation potential, with FHI-type pseudopotentials [33] used to describe electron-ion interactions.

DFT is a quantum-mechanical modeling approach for investigating the electronic structure of many-body systems
such as atoms, molecules, and solids. Rather than solving the full many-body Schrodinger equation, DFT reformulates
the problem in terms of the electron density, p(r), as the primary variable. The central framework is based on the Kohn—
Sham equations, which are obtained by minimizing the total energy functional with respect to the electron density. To
account for magnetic effects, spin-polarized DFT was employed. Within this framework, LSDA serves as a reliable
method for describing systems with unpaired electrons, localized magnetic moments, and magnetic ordering. In LSDA,
the total electron density is divided into spin-up (p1) and spin-down (p]) components, allowing the evaluation of spin-
dependent interactions. The total spin magnetization (M) of the system is defined as:

M =[[p' () -p* (r)¥r. )

It is well established that standard DFT implementations often underestimate semiconductor band gaps. To
overcome this limitation, the DFT+U method, specifically the Local Spin Density Approximation with Hubbard U
(LSDA+U) [34], introduces an on-site Coulomb interaction term to better describe localized electrons. Semi-empirical
Hubbard U values were employed to enhance the accuracy of the electronic structure: a Ugof 5 eV was applied to the Si
d-orbitals, while a U, of 4.8 eV was assigned to the C p-orbitals, ensuring more reliable reproduction of the system’s
band gap. This correction is crucial in cases where LSDA suffers from self-interaction errors. Incorporating semi-
empirical Hubbard U corrections [34] has significantly improved the predictive accuracy of semiconductor band gaps.
In this work, the Hubbard U parameter was applied following simplified schemes reported in Refs. [35, 36].
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In the spin-polarized DFT framework, both the Hamiltonian and density matrices were extended to include spin
degrees of freedom, thereby allowing independent treatment of spin-up and spin-down channels. This formalism
enables a more accurate description of magnetic properties and spin asymmetry in the electronic structure. Calculations
were performed under the collinear spin approximation, which assumes all magnetic moments are aligned either parallel
or antiparallel. This is a reasonable assumption for systems dominated by localized 3d transition-metal dopants in SiC
nanotubes, where non-collinear magnetic effects are negligible.

The LSDA functional was chosen due to its computational efficiency and proven effectiveness in capturing spin
polarization in transition-metal-doped semiconductors. Spin-resolved density of states (DOS) and magnetic moments
were analyzed using Mulliken population analysis [37], which provides detailed insight into the spatial origin and
distribution of magnetization. The spin density distribution, defined as p7 — p|, was further examined to evaluate spin
localization and magnetic interactions near the dopant sites.

Mulliken population analysis [37], a classical method in quantum chemistry, was employed to compute the local
magnetic moments of 3d transition-metal-doped SWSiCNTs. By partitioning the electron density among atoms and
orbitals, this approach allows estimation of atomic charges, orbital contributions, and bond populations. Within spin-
polarized DFT, the electron density is divided into a-spin (spin-up) and B-spin (spin-down) components. The local spin
magnetic moment on an atom A is defined as the difference between its a- and B-spin Mulliken populations:

H'=N;-N; )

where N/ and N /’; represent the numbers of spin-up and spin-down electrons assigned to atom A, respectively.

A nonzero value of 4 indicates the presence of a local magnetic moment. The sign and magnitude of x* provide
valuable information on the nature of magnetic ordering and spin coupling within the system. This formalism enabled
us to quantify the magnetic contributions of dopant atoms as well as neighboring Si and C atoms in the nanotube
framework. For doped SWSICNTs, the partially filled 3d orbitals of transition-metal dopants typically introduce
localized unpaired electrons, which lead to significant magnetic moments. Mulliken population analysis was employed
not only to determine the magnitude of these local moments but also to reveal their spatial distribution between the Ga
dopant and nearby Si and C atoms in the nanotube lattice. This information is essential for understanding the origin of
magnetism in doped SiCNTs and their potential applications in spintronic or magnetic-sensing devices. Mulliken
population analysis was also used to obtain orbital occupation numbers, from which magnetic moments were calculated
as the difference between spin-up and spin-down populations. Partial density of states (PDOS) for each spin channel
was determined using a Lorentzian broadening function [38], which smooths the discrete one-electron eigenvalues for
graphical representation. The broadened PDOS is expressed as:

olrx
Dl (E)y=) A5 ———————, 3
nla( ) Z nloi (E—8i6)2+52 ( )

let £, denote the one-electron energies, where i is index of the energy level, and ¢ represents the spin state. The

function 4, refers to the atomic orbital localized on atom a.

The total density of states (TDOS) is obtained by summing the projected density of states (PDOS)
contributions for atom a at a given energy E. This requires a summation over all orbitals of atom a, characterized
by the quantum numbers (n,l), as well as over both spin states (o). The expression is typically written as Eq. (4):

Da(E)=ZD:;a(E)' (4)
nlo

The quantum-confined SWSiCNT with a chiral vector of (6,0) was theoretically modeled using DFT method. To
explore its electronic and magnetic behavior, Ga atoms were introduced as substitutional dopants. For Brillouin zone
sampling, a Monkhorst-Pack grid of 1x1x5 k-points [39] was used, providing dense coverage along the nanotube’s
periodic z-axis. The plane-wave cutoff energy was set to 50 Ha, and all geometries were fully optimized at an electron
temperature of 300 K. Convergence thresholds were chosen as <0.001 eV/A for atomic forces and <0.001 eV/A2 for cell
stress. The valence electron configurations considered were: silicon (3s?3p? 4 valence electrons), carbon (2s22p? 4
valence electrons), and gallium (4s4p', 3 valence electrons).

This study specifically addresses the influence of Ga doping concentration on the structural, electronic, and
magnetic properties of SICNTs. Two substitutional cases were considered: Ga replacing Si atoms and Ga replacing C
atoms. Single doping corresponds to a concentration of 8.3%, while double doping corresponds to 16.6%. By
comparing these doping schemes, the impact of dopant type, substitutional site, and concentration on the system’s
fundamental properties was systematically investigated. Such insights are essential for tailoring SiCNTs for potential
nanoelectronic and spintronic applications.

To further examine magnetic ordering, both ferromagnetic (FM) and antiferromagnetic (AFM) configurations
were modeled by substituting Si atoms with Ga. In the FM case, dopants carried parallel spins (Ga 1 x/2; Ga 1 x/2),
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whereas in the AFM case, the spins were antiparallel (Ga t x/2; Ga | x/2). Here, * and | indicate the orientation of
the local magnetic moments associated with the Ga dopants.

RESULTS AND DISCUSSION
Electronic properties of GaxSiixC NT

In this section, we present the calculated majority- and minority-spin band structures, total density of states
(TDOS), and partial density of states (PDOS) for Ga-doped SWSiCNTs, in which Ga atoms substitute for Si sites. In
addition to the electronic structure analysis, Bader charge calculations were performed to examine charge redistribution
induced by Ga doping. The focus is placed on two doping concentrations 8.3% (single substitution) and 16.6% (double
substitution) to investigate how varying dopant levels influence the electronic and magnetic properties of SiCNTs.
Understanding these effects is critical for tailoring SICNTs toward nanoelectronic and spintronic applications. From
first-principles calculations, spin-resolved band gaps were obtained and are illustrated in Figs. 1 and 2. Figure 1shows
the spin-dependent band structures of Ga-doped SWSiICNTs, confirming semiconducting behavior in both spin-up and
spin-down channels at low doping. Specifically, for the single Ga-doped system (8.3% concentration), where one Si
atom is replaced by Ga, the estimated band gaps are ~1.0 eV for the majority-spin states and ~0.6 eV (direct)
and ~0.5 eV (indirect) for the minority-spin states.

Spin-up band structure of SW(Ga,Si)CNT 6 Spin-down band structure of SW(Ga,Si)CNT
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Figure 1. Spin-polarized band structures (spin-up: black, spin-down: red) and the corresponding total density of states (TDOS) for
the studied GaxSi1xC NTs
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In contrast, for the double Ga-doped configuration (16.6% concentration), where two Si atoms are substituted by
Ga, the spin-up channel retains a semiconducting gap of ~1.2 eV. However, in the spin-down channel, the bands cross
the Fermi level, producing a vanishing band gap. This pronounced spin asymmetry reveals a half-metallic character, a
key property for spintronic device applications.

First-principles simulations show that Ga doping significantly modifies the electronic structure of the (6,0)
SWSICNT. In the single-doped system, the minority-spin band gap is reduced to 0.5 eV, while the majority-spin
channel remains semiconducting. Partial density of states (PDOS) analysis reveals that states near the Fermi level are
predominantly derived from the C 2p and Ga 5d orbitals. In particular, the notable contribution of Ga 5d orbitals at the
Fermi energy highlights a moderate orbital interaction between Ga and neighboring C atoms.

Table 1 summarizes the calculated spin-resolved band gaps for Ga-doped SWSiCNTs at different doping levels.
The pristine nanotube exhibits a semiconducting band gap of 0.98 eV, consistent with our earlier findings [21]. At 8.3%
Ga doping (single substitution at a Si site), the system displays spin asymmetry, with a 1.0 eV gap in the spin-up
channel and reduced gaps of 0.6 eV (direct) and 0.5 eV (indirect) in the spin-down channel. This confirms the
preservation of semiconducting behavior, albeit with distinct spin-dependent gaps.

In contrast, at 16.6% Ga doping (double substitution), the spin-up channel retains a semiconducting gap of
~1.2 eV, while the spin-down bands cross the Fermi level, closing the gap entirely. This spin asymmetry establishes a
robust half-metallic state, underscoring the potential of Ga-doped SWSiICNTs as promising candidates for spintronic
devices, where spin-selective conductivity is essential.

Table 1. Spin-resolved band gaps (1, | ) of Ga-doped SWSIiCNTs at varying doping levels

System Doping level Band gap (eV) Electronic Nature Remarks
SWSICNT (undoped) 0% 0.98 Semiconductor Previous work [21]
. 1.0 (1), Spin asymmetry; majority spin
(S(?; S;tcggi te) 8.3% 0.6 (direct) ({), Semiconductor  semiconducting, minority spin
0.5 (indirect) () nearly metallic
SWSICNT o Spin-down bands cross
(2 Ga at Si sites) 16.6% L2(1,0(1) Half-metal Fermi level

To further investigate the electronic interactions in Ga-doped SWSiCNTs, where Ga substitutes a Si atom, Bader
charge analysis was carried out. The results reveal a distinct redistribution of charge upon doping. The Ga dopant
exhibits a net Bader charge of approximately —1.05 e, notably less negative than the substituted Si atom (—2.33 ). This
indicates that Ga contributes fewer electrons to the lattice, a consequence of its lower electronegativity and larger
atomic radius compared to Si. The neighboring carbon atoms, particularly C14 the atom closest to the Ga site acquire a
charge of about +1.94 e, which is lower than the typical ~+2.3 e gain observed for C atoms adjacent to Si. This
reduction points to a weaker covalent character in the Ga-C interaction relative to the original Si-C bond, potentially
altering the local electronic and magnetic properties.

In summary, Bader charge analysis confirms that Ga substitution at the Si site reduces charge transfer to the
surrounding lattice. This diminished electron donation, along with weaker orbital hybridization with neighboring C
atoms, aligns with the reduced spin polarization observed in the electronic structure.

Magnetic properties of GaxSiixC NT

We investigated the magnetic properties of Ga-doped (6,0) SiCNTs, focusing on substitutional doping at the Si
site. To assess the magnetic behavior, we computed the atomic and total magnetic moments and compared
ferromagnetic (FM) and antiferromagnetic (AFM) configurations to identify the most stable magnetic phase.
Additionally, electron difference density plots were analyzed to visualize charge redistribution induced by Ga doping,
highlighting the interaction between the Ga dopant and neighboring Si and C atoms. This combined analysis of spin-
polarized electronic structure, magnetic moments, and local charge transfer provides a comprehensive view of the
magnetic response introduced by Ga substitution.

The Mulliken spin analysis shows that a single Ga substitution
yields a total magnetic moment of ~1.0 pg, confirming the emergence
of spin polarization (Fig. 3). Interestingly, the Ga atom itself carries a
negative spin magnetic moment of —0.336 g, acting as a localized
magnetic impurity. The strongest positive spin polarization is observed
on adjacent carbon atoms, with C14 exhibiting a significant magnetic
moment of ~1.6 pg. Additional contributions come from C10 and C18,
each exceeding 0.4 pg. In contrast, nearby Si atoms, such as Sil3 and
Sil17, show negative spin moments of ~—0.5 pg, indicating antiparallel
coupling with the polarized carbon atoms. This distribution suggests
Figure 3. Spin-polarized structure of GaxSixC that magnetism in the single-doped system originates mainly from
nanotubes, with Si (beige), C (grey), Ga (pink), induced spin polarization on carbon atoms, partially compensated by

and magnetic moments (green arrows) negative contributions from Ga and its neighboring Si atoms.
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When two Ga atoms are introduced, the total spin magnetic moment nearly doubles to ~2.0 ug, suggesting largely
additive contributions from each dopant. The Ga atoms exhibit stronger negative spin moments (~—0.57 pg), reinforcing
their role as localized magnetic impurities. Several neighboring carbon atoms, including C1, C4, C8, C12, and C20,
display enhanced positive magnetic moments close to or exceeding 1.0 ug, revealing stronger spin polarization in the
carbon sublattice compared to the single-doped case. Although silicon atoms continue to exhibit negative spin moments,
their magnitudes are somewhat reduced, likely due to overlapping spin polarization fields from multiple dopants.

Overall, the magnetism in Ga-doped SiCNTs arises from a complex interplay between localized negative spin
moments on Ga and Si atoms and strong positive polarization on specific carbon atoms. In the double-doped system, the
overlapping polarization fields enhance the net magnetization while simultaneously modulating local spin distributions.
These findings highlight the critical role of carbon atoms as hosts of induced magnetic moments, while silicon atoms
mediate spin coupling in the doped nanotube.

The orbital analysis reveals a pronounced redistribution of electronic charge and spin polarization around the Ga
dopant and its neighboring atoms. For the three carbon atoms directly bonded to Ga, strong occupation of the p-orbitals,
particularly the px and py, components, correlates with the substantial positive spin magnetic moments observed in these
sites. In contrast, the Ga dopant itself exhibits dominant s and p-orbital occupation, but with relatively small spins
contributions. This behavior reflects Ga’s role as an electron acceptor and a weakly magnetic center rather than a strong
contributor to the net magnetization. Surrounding silicon atoms display negative spin polarization, arising mainly from
their p-orbitals. These negative contributions compensate for the spin accumulation localized on nearby carbon atoms,
thereby influencing the overall balance of magnetic interactions within the nanotube.

Table 2 summarizes the calculated spin magnetic moments (in pg) for individual atoms in SiCNTs with one and two
Ga dopants substituting Si sites. The results demonstrate how Ga incorporation systematically modifies local spin
distributions, clarifying the mechanisms by which Ga affects the overall magnetic properties of the SICNT system.

Table 2. Magnetic moments (puB) of atoms in Ga-doped (6,0) SiCNTs at Si sites

Spin Moment Spin Moment
No. Element (1 Ga-doped) (2 Ga-doped)
0 Si -0.002 -0.574 (Ga)
1 C -0.001 1.036
2 C 0.010 0.474
3 Si -0.028 -0.582
4 C 0.095 0.891
5 Si -0.006 -0.376
6 C 0.011 0.153
7 Si -0.167 -0.582
8 C 0.183 1.036
9 Si -0.137 -0.253
10 C 0.408 0.154
11 Ga -0.336 -0.573
12 C 0.183 1.035
13 Si -0.500 -0.375
14 C 1.612 0.470
15 Si -0.167 -0.582
16 C 0.095 0.892
17 Si -0.500 -0.375
18 C 0.408 0.154
19 Si -0.028 -0.582
20 C -0.001 1.036
21 Si -0.137 -0.253
22 C 0.011 0.154
23 Si -0.006 -0.376
Sum 1.001 2.002

The results clearly establish that carbon atoms play a central role in sustaining and amplifying the magnetization
induced by Ga doping, with certain carbon sites exhibiting particularly large spin magnetic moments. In contrast, the
negative spin moments on Ga and nearby Si atoms reflect antiferromagnetic coupling, which partially offsets the
positive contributions from carbon. As a result, the net magnetic moment is smaller than the simple sum of absolute
spin values. Importantly, the nearly linear increase in total magnetization when moving from one to two Ga dopants
indicates that magnetic contributions from individual Ga atoms and their surrounding carbon environments add
constructively, with minimal magnetic quenching. Such behavior highlights the tunability of magnetism in SiCNTs
through controlled doping strategies, which is highly relevant for spintronic applications requiring specific spin
configurations. These findings also emphasize the importance of both dopant concentration and the local atomic
environment in tailoring magnetic behavior within low-dimensional semiconductor nanostructures.

Figure 4 depicts the charge density redistribution caused by substitutional Ga doping at a Si site. The purple
regions represent electron accumulation, primarily localized around the Ga dopant and adjacent carbon atoms, while the
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cyan regions indicate electron depletion, largely concentrated near the replaced Si site. This charge transfer pattern
underscores the modified bonding interactions between Ga and the host nanotube lattice, offering critical insight into
how Ga incorporation alters the local electronic environment and, consequently, the overall electronic properties of the
system.

Figure 4. Spin density isosurface of Ga-doped SWSICNT at the Si site, showing charge accumulation (purple) and
depletion (cyan). Si, C, and Ga atoms are represented by beige, gray, and pink spheres, respectively

The total energy comparison between ferromagnetic (FM) and antiferromagnetic (AFM) states reveals that the
AFM configuration is energetically more favorable. Specifically, the calculated total energies are —4108.82776 eV for
the FM state and —4108.92690 eV for the AFM state, yielding a positive energy difference in favor of AFM ordering.
This result indicates that Ga-doped (6,0) SWSiCNTs prefer an antiferromagnetic ground state. The emergence of such
magnetic ordering highlights their potential as nanoscale magnetic materials, making them promising candidates for
spintronic and nanomagnetic device applications.

Formation energies of Ga-doped (6,0) SWSiCNTs

Defect formation and dopant incorporation are critical factors in shaping the physical and chemical properties of
nanoscale materials. The formation energy of a defect structure quantifies the energetic cost of introducing dopants into
the host lattice and serves as a key indicator of thermodynamic stability. A lower formation energy implies a more
stable and experimentally accessible configuration, facilitating dopant incorporation during material synthesis and
device fabrication. In contrast, high formation energies suggest that a given doped structure may be challenging to
achieve or maintain, limiting its practical applicability.

In this study, the formation energies of both single and double Ga-doped (6,0) SWSICNTs were calculated at
substitutional Si sites to assess their stability and likelihood of experimental realization. These values provide essential
insight into the feasibility of controlled Ga doping for tailoring the electronic and magnetic properties of SiICNTs in
future spintronic and nanoelectronic applications.

The formation energy Erm. Was calculated using the following expression:

Efnrm, = Ed()p(’d - Epri.vtine —-n: #Gu +n- luSi (5)

where Edoped and Eprisine are the total energies of the doped and pristine nanotubes, respectively; uga and ps; denote the
chemical potentials of the dopant and substituted atoms; and n represents the number of dopants (1 for single doping
and 2 for double doping).

In this study, the chemical potential values of Ga, Si, and C were taken as —2.228112 eV, —3.686924 ¢V, and
—5.114380 eV, respectively. The total energy of the pristine nanotube, obtained from our calculations, was
Eprisine=—3983.35741 eV. These values were used to determine the defect formation energies for all doping
configurations.

Table 3 presents the calculated formation energies for single and double Ga doping at Si substitutional sites,
providing a comparative overview of the thermodynamic stability across different configurations.

Table 3. Total (Edoped) and formation (Eform.) energies of single- and double-Ga-doped SiCNTs at Si sites, with dopant concentration
x (%) indicated

System X, % Edoped, eV Eform, eV
SinnGaiCiz 8.3 -4046.11780 -64.21920
Si10Ga2Cia 16.6 -4108.82776 -128.3887

The results show that Ga doping at Si sites consistently yields negative formation energies, confirming that Ga
incorporation is energetically favorable and stabilizes defect structures within SiC nanotubes. Moreover, the
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increasingly negative values observed for double doping indicate that higher Ga concentrations are thermodynamically
preferred. This trend suggests that Ga not only integrates stably into the nanotube lattice but also enhances structural
stability as the doping level increases. The total energy decreases with increasing Ga concentration, indicating enhanced
stabilization of the doped nanotube structure.

Figure 4 represents the variation of total energy (Edoped) and formation energy (Erm ) of Ga-doped SiCNTs with
dopant concentration (x). The decreasing trend of both energies with increasing Ga content indicates that Ga

substitution at Si sites enhances the structural stability and thermodynamic favorability of the nanotubes.
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Figure S. Variation of total (Edoped) and defect-formation energies (Eform.) of Ga-doped SWSiCNTs
with dopant concentration (x=8.3 and 16.6 %)

These results suggest that Ga substitution enhances the thermodynamic stability of SWSiCNTs, making them
more favorable at higher dopant concentrations. The decreasing energies further suggest that Ga doping may induce
beneficial modifications to the nanotubes' electronic and structural properties, which could benefit applications in
nanoelectronics and sensing devices.

These findings complement the magnetic ground state analysis, providing a comprehensive understanding of both
the energetic favorability and practical feasibility of Ga doping in SWSiCNTs. The preference for Si substitutional sites
aligns with Ga’s known chemical and electronic compatibility with semiconductor lattices, reinforcing its suitability as
a dopant. Collectively, the results highlight Ga’s effectiveness in stabilizing the SICNT framework, guiding future
experimental efforts to optimize doped nanotubes for spintronic and nanoelectronic devices.

4. CONCLUSIONS

In this study, first-principles calculations were employed to systematically investigate the influence of Ga doping
on the electronic and magnetic properties of (6,0) single-walled silicon carbide nanotubes (SWSiCNTs). The results
demonstrate that Ga substitution at Si sites induces pronounced spin asymmetry and drives the system toward a half-
metallic state at higher doping concentrations, thereby enhancing its potential for spintronic applications.

Bader charge and orbital analyses reveal that Ga substitution reduces charge transfer relative to pristine SiCNTs,
weakening covalent bonding and modifying the local electronic environment. The induced magnetism originates
primarily from neighboring carbon atoms, which develop strong positive spin polarization, while Ga and nearby Si
atoms exhibit negative spin moments that couple antiferromagnetically. The total magnetic moment increases nearly
linearly with doping concentration, and energy calculations confirm that the AFM state is the preferred ground state.

The negative formation energies of both single and double Ga doping configurations confirm the thermodynamic
stability and experimental feasibility of Ga incorporation at Si sites. These results highlight Ga-doped SiCNTs as a
robust and versatile material platform for engineering nanoscale magnetism and electronic behavior. Overall, this work
offers valuable theoretical insights to guide the design and optimization of doped SiCNTs for advanced applications in
spintronics and nanoelectronics.
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HEPIIONPUHLMIIHI JOCJIIIKEHHS EJEKTPOHHUX TA MATHITHUX BJIACTUBOCTEN HAHOTPYBOK
KAPBIAY KPEMHIIO, JETOBAHHUX I'AJIIEM
Bycana Ha6i T:kapaposal, Xasuia Asnap Facanosa'?, Aniist Anem yaiea3, Bycana Ipman Eminosa?,
Touyr Kpicrian Crypry’
! Asepbaiioncancokuii Oepicasnuti yrisepcumem nagpmu ma npomuciosocmi, 20 np. Asanie, AZ-1010, Baxy, Aszepbaiioxcar
’Minicmepcmeo nayxu ma ocsimu Azepbationcancvkoi Pecnybniku, Incmumym gizuxu,
npocn. I. [{xcagioa, 131, AZ-1143, baky, Azepbaiioxcan
3 leporcasnuii ynisepcumem Haxuieana, AZ 7012 Haxuiean, Asepbatioscan
‘®panxo-Asepbatioscancoruii ynisepcumem (UFAZ) npu Azepbaiioscancokomy depacasnomy yuieepcumemi Hagmu i
npomucnosocmi Bynuya Hizami, 183 AZ-1010, baxy Asepbaiioscan
SBiticbkoso-mopcvka akademia Mipui Cmapwiozo, eynuys @yneepynyi, 1, 900218, Koncmanya, Pymynis

I poGoTa mocmimKye eIeKTPOHHI Ta MarHiTHI XapaKTepUCTHKH HAHOTPYOOoK kapOiny kpemHito (SiCNT), nerosanux ramiem (Ga), 3a
JIOTIOMOTOI0 TIEPIIONPUHIUITHIX pO3paxyHKiB. Po3misHyTo nBa piBHI jteryBaHHs (8,3% i1 16,6%), ne atomn Ga 3aMilylOTh aTOMHI
kpeMmuito B omHocTiHHHX (6,0) SICNT. AHami3 CHiH-NOJSAPU30BaHOI 30HHOI CTPYKTYpH IIOKasye, IO CHCTEMa 3MIHIOETBCS Bil
HaMiBIPOBIHUKOBOI IIPH HIKYOMY PiBHI JIETyBaHHS JI0 HaNiBMETaJIIYHOI IIPU BHIUMX KOHIEHTPALSX, IO CBIAYUTH PO 3HAYHUI
MOTEHI[iaJ] Uil 3aCTOCYBaHb Yy CIIHTPOHILI. AHami3 IYyCTHHHU CTaHiB i 3apsuiB 3a Bagepom nemoHcTpye, 1m0 BBeaeHHsT Ga 3MiHIOE
po3moaii 3apsaay Ta opbitanbHi B3aeMo/ii, 30kpema Mixk craHamu Ga 5d Ta C 2p. Po3paxyHKH MarHiTHOro MOMEHTY HOKa3yIOTb, 1[0
Ga iHOyKye JNOKali30BaHMH MAarHeTU3M IIEPEBAXHO Ha CYCiHIX aTroMaxX BYIJICII0, a 3arajbHa HAMarHi4eHICTb 3pOCTae 3i
30UTbIIeHHSIM piBHS JieryBaHHsS. [lopiBHAHHS eHepriii s ¢epoMarHiTHOI Ta aHTH(EpOMarHiTHOI KOHQIrypamiii Bkasye Ha
aHTH(epoMarHiTHUI OCHOBHHUII CTaH, TOAI SIK OI[IHKA €Heprii yTBOPEHHS MiATBEPIXKY€E TEPMOANHAMIUHY CIIPHUSATIMBICTE 3aMIICHHS
Ga y mosunmisix Si. 3araoM OTpHMaHI pe3yJbTaTH IMiAKpectooTh, mo Ga-ieroBani SiICNT € mepcHeKTHBHUMHU Ta KEpOBAaHO
HaJIALITOBYBAaHMMH MaTepiajaMy JJIsl MaliOyTHIX HAaHOEJIEKTPOHHHUX 1 CHIHTPOHHUX IPUCTPOIB.

Kurwuosi ciosa: SiC:Ga, nanompyoka, MacHimHUuL MOMEHM,; HANIGMemaniuHuil
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In this article, the effect of deformation on the Landau levels of electrons and holes in quantum semiconductors is considered. The
effect of deformation on the temperature dependence of quantum oscillation effects in small-sized semiconductors obeying the
quadratic dispersion law has been applied. Also, the dependence of the surface density of states on temperature and magnetic field for
semiconductor heterostructure materials is theoretically explained. A new analytical expression is proposed to calculate the effect of a
magnetic field on the surface density of states at the semiconductor-dielectric interface. A mathematical model is developed to
determine the effect of a strong magnetic field on the temperature dependence of the surface density of states in semiconductor
heterostructures. As a result, the separation of continuous energy spectra measured at room temperature under the influence of a strong
magnetic field into discrete levels at low temperatures is explained on the basis of the proposed model.

Keywords: Semiconductor; Conductivity; Quantum well; Magnetoresistance; Magnetic field
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INTRODUCTION

The electronic, optical, and magnetic properties of quantum-scale semiconductor materials are being systematically
studied by many scientists, including the effects of deformation, temperature, and volume pressure on these
semiconductors, in terms of their different sizes and structural geometries. One of the main features of nanostructured
semiconductors is that they can dramatically change the physical, thermal, electrical, optical, and magnetic properties of
these materials by doping them with different concentrations [1-5]. That is, dopants radically change the energy band
structure of quantum-scale semiconductors, which can be observed in the changes in the electronic, optical, and magnetic
properties of the quantum well. In addition, it is possible to observe the formation of new energy levels (doped levels) in
the band gap of the quantum well. Based on this, it is clear that the inclusions are used to tune the optoelectronic properties
of quantum-walled semiconductor structures [6-11]. At the same time, controlling the inclusion binding energy is
important for ensuring the stability and durability of quantum-scale heterostructure materials. In conclusion, it can be said
that the susceptibility (resistance) of inclusion quantum-structured materials to external factors (hydrostatic pressure,
deformation, magnetic fields) indicates that the study of such materials is relevant both from a theoretical and practical
point of view.

MODEL
Explaining the dependence of the quantum band gap on deformation by means of the Schrodinger equation
The effect of deformation on the basic parameters of quantum well materials has been theoretically considered. The
Hamiltonian equation for the effect of volumetric deformation and magnetic field on the allowed band of a quantum well
can be written as a function of H(7,¢) using the effective mass approximation as follows [1]:

2
e

1 — e—/\T
H=———F—|p+—Alr)| +V(z,,T)————— 1
2m (g,T)[p Al )} =el) =)y M
where, p is the momentum of the electron, 2(;) is the vector potential of the magnetic field, which is applied

perpendicular to the direction of magnetic field growth (z-direction), i.e., the magnetic field and vector potential have the
forms B = (B,0,0) and A= (0,B.,0), and c is the speed of light.

The effective mass m" (&,T) and the dielectric constant &' (&,T) are functions of the distance between the electron

and donor particles in the XOY plane, expressed by » = \/ (x—xl.)2 +(y— yl.)2 +(z —zl.)2 . z and z; are the coordinates of

the electron and donor. The effective mass for charged particles as a function of deformation and temperature was found
by scientists in [12-18]:
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where m, is the free electron mass, F [f =7.51eV is the energy associated with the momentum matrix element for T=0,
A, is the spin-orbit splitting. For Gads, the spin—orbit splitting parameter is Aso=0.34 eV [20]. And E ; (e,T) is the
deformation and temperature-dependent energy band for the quantum well in units of I'-eV, which was found by scientists

in works [19-24]. Here, I'-eV denotes the deformation- and temperature-dependent energy shift of the band edges
expressed in electron-volts.

E, (&.T)=E, (0,T)+1.26*107¢-3.77*10" ¢’ 3)

Here, E; (0,T)=1.519—(5.405%107'T%) /(T +204)eV’

Deformation and temperature (K) depend on the static dielectric constant [19-24].

. N12.74 —1.7%107 ¢ 94*10’5(7‘775.6); T <200K
e (e,T)={(’) C for 4

(ii)13.18¢71 71107 e 204107300 f T > 200 K

However, these derived equations do not consider the dependence of the energy density of states of a quantum well
on deformation and magnetic field.

The effect of deformation on the cyclotron frequency of charged particles in a quantum well
One of the physical effects that depends on the change in the energy spectra of charged particles under the influence
of deformation is the cyclotron frequency. The cyclotron frequency is a quantity that depends on the energy of the Landau

1
levels of charged particles: E, =hw, (N . +5) . That is, the cyclotron frequency is represented by the electron spectrum

in a strong magnetic field. To calculate this spectrum, it is necessary to solve the Schrodinger equation in a quantizing
magnetic field.

(H(K)+Hg—E)F =0 (5)

where, K =k + ih A is the total momentum, H=rotA; the wave function in the F-effective mass approximation [25].
C

In the effective mass approximation (5), it is sufficient to restrict the expression H(K) in the Schrodinger equation
to quadratic terms in K, and it is not necessary to take into account the dependence of the g-factor on K. In addition, in
the approximation in (5), the cyclotron frequency is the same for all charged particles, which indicates that the spin effect
can be ignored. In this case, the Schrodinger equation (5) reduces to the following expression for the effective mass tensor
in the principal coordinate axes:

i ml‘

(Z ;’2 K’ —EJF =0 (6)

If equation (6) is applied to the quantum field and a solution is found, then Ey will have the following form:

1 =°n
E,=hw | N+— |+ n*, 7
e ( 2} 2md® @)
here,
0, =% ®)
m
It is known from work [26] that the cyclotron effective mass varies with deformation. For example, in work [26],
the graph of the . (¢) function is presented (Fig. 1).

m,



320
EEJP. 1 (2026) U.Sh. Turdiev, et al.

me/my
0.268

0.266

\
T T

0 0.002 0004 0006 0.008 0.010 0.012

0.262

&

Figure 1. Cyclotron mass dependence of p-type silicon on deformation [26]
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This figure shows the dependence of p-type germanium on (e) is

m
linearly dependent on strain (¢) at large strains.
It can be seen from this figure that the Landau levels of the quantum wells are significantly affected by large
deformation.

Dependence of the forbidden band width on the density of states in the conduction band of a quantum well

Various experiments are being conducted to study the influence of pressure, deformation, and temperature on
quantum oscillation effects in new types of bulk and quantum-based semiconductors, and new scientific and practical
results are being obtained. For example, the fact that the oscillation processes of the energy density of states lead to
oscillations of all quantum effects was shown in these works [27-39] proposed a new model of the temperature
dependence of magnetoresistance, magnetic absorption and quantum Hall effect oscillations of bulk and nanostructured
semiconductors. In this work, theoretical mechanisms for the temperature dependence of magnetoresistance and magnetic
absorption oscillations were developed, taking into account the thermal expansion of discrete Landau levels. However, in
these works, the dependence of the energy density of states, magnetoresistance and magnetic absorption oscillations on
deformation for parabolic dispersion laws was not considered at all.

The main purpose of this work is to theoretically determine the method for calculating the effect of deformation on
Landau levels in the conduction band of quantum-enclosed semiconductors.

Let us consider the effect of temperature and strain on the Landau levels in the conduction band of a rectangular
quantum well for the parabolic dispersion law. Here, the magnetic field induction is directed along the Z axis, parallel to
the thickness of the quantum well, perpendicular to the XOY plane. Let us choose the ceiling of the valence band of the
quantum well as the starting point for the energy spectrum of charge carriers. In this case, the energy spectra of free
electrons and holes under the influence of a quantizing magnetic field are calculated by the following equations:

2d _ 2d 1 °n 2
E(B,N,,n.,d)=E, +(NL+E)hw”+—2m FE n; )
24 1 T’ 2
E“(B,N,,n_,d)=— (NL+E)ha)v+2m PE n; (10)
P

For the quadratic dispersion law [40]
E 2 7 then S—ﬂ'kz—ﬂ'(kz_kz)
2m’ =P

K9S
m =——=m 11
¢ 27w oE (n
In previous works, the equation for the temperature dependence of the density of energetic states for the parabolic

dispersion law of a quantum-walled heterostructure has been presented. In this case, based on condition (9), the density
of energetic states can be written as follows:

222 2
E-|EX+ NL+l hao, + ”hznf
ki eB 1 o 2 2med -
_-_.exp —_—

N*(E,B,T,d)=
s ) NZ wh kT (kT)’

(12)

The difference between equation (12) and the previous equations is that the two-dimensional density of states
depends on the band gap of the quantum well.
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The effect of deformation on the energy density of states of a quantum well.

Now let us consider the effect of deformation on the energy density of states in the conduction band of a quantum
well. It is known that when a semiconductor structure is subjected to deformation, its resistance changes. The resistance
that changes under the influence of this deformation is called the tensoresistance. The tensoresistance effect divides the
types of elastic deformation into 2 classes, mainly depending on the change in the symmetry of the crystal lattice of
semiconductor structures. The symmetry of the crystal lattice of semiconductors practically does not change due to the
overall deformation. Therefore, the fact that the crystal lattice remains unchanged from a symmetrical point of view
cannot change the resistance component of any material when this deformation is applied. Usually, when the effect of
deformation is applied to semiconductor structures, volumetric (all-round) compression is considered [41]. Under the
influence of volumetric deformation, the deformation tensor (u;;) of the crystal lattice becomes a scalar (u), and the lattice
constant changes as follows:

a =a(l-u), (13)

where a ' is the lattice constant after deformation, a is the lattice constant before deformation, u is the relative deformation.

A decrease in the interatomic distance of semiconductor structures increases the degree of “coverage” of the wave
functions of charge carriers. This, in turn, leads to a change in the interatomic interaction potential energy W(a) of the
crystal lattice of the material. If the W, (a) =W (a,) condition is introduced, then the value of the potential energy W
should also increase in the special limits a<ay and a>ay. A change in the interatomic potential energy W of the crystal
lattice of semiconductor structures leads to a shift in the allowed boundary zones of the quantum well. This, in turn, causes
a change in the forbidden band width of the quantum well.

That is, in this [41] work:

o= _L_aA_SO_ (14)
Ag, OP
Then
Ag(P)=Ag,(1-aP). (15)

The change in the forbidden band width of the quantum well under the influence of volumetric deformation is formed by
the shifts of the bottom of the quantum well conduction band E. and the ceiling of the valence band E,.
Under the influence of weak deformation

E(6)=E.(0)+Ae¢

. (16)
E(e)=E (0)+A ¢
Using the condition E,(¢) = E_(¢€) - E, (¢) and according to (16), the following equation is derived:
E (6)=E,(0)+Ae, (17)

where A, and A, are the deformation results in the conduction and valence bands of the quantum well.

One of the main components of volumetric deformation is the compression (stretching) of the crystal lattice from
all sides. Therefore, a change in the concentration of electrons and holes associated with volumetric deformation must be
observed in all cases. A change in the concentration of charge carriers n(g) leads to a change in the energy density of
states of this quantum well. Then, substituting (17) into (12), we obtain the following N‘(E,&,B,T) :

2d ( p2d 1 T°n 2 ’
E—(Eg (E (0)+A€)+(NL+2]ha)c+2m L n

= eB 1
N*(E,B.T.e,d)= S 2. . _ ¢ 18
s ) NZ an kT P (kTY’ (18)

Thus, a new analytical expression for the dependence of the energy density of states of a quantum well on B, T and
d under the influence of volumetric deformation was derived.

According to the new analytical expression (18), one can see the graph of the dependence of the oscillations of the
density of states in the conduction band of a quantum well on deformation (Fig. 2). Fig. 2 shows the effect of deformation
on the states in a GaAs quantum well. Here, Eo(0)=1.52 eV [42-43], B=7 T, ¢=0.001. With these parameters, the
N2(E,B,¢) under the effects of e=0 and £=0.001 are compared. As can be seen from the graphs in this figure, a slight

shift of the discrete Landau levels to the right is observed under the influence of deformation. This, of course, reflects the
effect of free electrons on the energy spectrum.
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Figure 2. Effect of deformation on the density of states in a GaAs quantum well according to the parabolic dispersion law
Dependence of deformation on quantum oscillation effects in quantum-walled semiconductor structures

Oscillations in the magnetoresistance and magnetoreductive effects arise when the energy density of states in
quantum well heterostructures changes. Using equation (18), we determine the dependence of the oscillations in the
magnetoresistance and magnetoreductive effects on the overall deformation. The dependence of the Fermi level on the
overall deformation can be written as follows:

EF(S,T)=—Eg(8)+§kT1n(m’1J, (19)
2 4 m,
E| ~E8E) 3 [ ™
2 4 m,
€
*P kT
of (E.E.(¢,T),T) 1
0% Br = _ (20)
oE kr Eg(e) 3 m
E—(— f +len[’;D
2 4 m,
I+exp
kT

The dependence of effective masses on deformation can be expressed as follows [44-45]:

L AE,) . E,(e)
m(e)=m(0)-| 1—— 5 =m (0)-— 0 Q1)
wp(e)=mf—f@ 22)

Using (18), (19), (20), (21) and the p;*(B,T) and y;’(B,T) mathematical models in [46-47], the following

expression is derived:
2
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X(_ oy (E,E, (e, T),T)jrn &
JoF
If the deformation is equal to or greater than the critical value (& > €k), then the Landau levels begin to shift towards
the edges of the conduction band. Using equations (23) and (24), we obtain graphs of the magnetoresistance and
magnetoresistance oscillations of the quantum well. Fig. 3 shows the dependence of the magnetoresistance and
magnetoresistance oscillations of the GaAs quantum well material on the overall deformation. As can be seen from this
figure, the appearance of the oscillations of charged particles changes significantly with increasing deformation.
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Figure 3. Oscillations of p(B,T,¢) in a GaAs quantum well at various deformations

Figures 4 and 5 show three-dimensional images of the magnetoresistance and magnetoresistance oscillations of the
GaAs quantum well at various deformations. As the strain in a GaAs quantum well increases to 0.004, a slight decrease
in the number of discrete Landau levels of free electrons is observed in the magnetoresistance and magnetoresistance
effects at a constant low temperature.

Using equations (23) and (24), it is possible to calculate both deformation and temperature effects of p*/(B,T,€)

and y**(B,T,&) of quantum coils subject to the law of parabolic dispersion at the same time.
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Figure 4. The dependence of the magnetoresistance of a Figure 5. Dependence of magnetic susceptibility of a GaAs
GaAs quantum well on deformation p(B,7,¢) quantum well on deformation y(B,T,e)

CONCLUSIONS
Based on the results of this study, the following conclusions were drawn:
1. The dependence of the energy density of states in the conduction band of quantum well semiconductors subject
to parabolic band dispersion on deformation was introduced.
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2. A new analytical expression was found that determines the dependence of the energy density of states of a
quantum well on deformation (N sS(E,B,T ,8)) )

3. The quantum oscillation effects of a quantum well were studied theoretically using the proposed analytical
expression.

4. Methods for calculating p**(B,T,e) and y*/(B,T,e) of a quantum well using N{‘(E,B,T,c) were
developed.
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BILJIUB JJE®OPMAIIIT HA KBAHTOBI KOJITMBAHHS B HU3bKOBUMIPHIX HATIIIBITPOBITHUKAX
V.II. Typaies!, M.T. lanamip3zaes?, V.I. Epka6oes?, P.I'. Paximos?, M.M. Typcynos?, K.A. Temipos?, LII.X. YTkipos!
! Tawkenmcoruii ximixo-mexnonoziunuii incmumym, @inis Snziep, 121001 Cupoap's, Ysbexucman
2Hamanzancokuii Oepacasnuti mexuivnutl ynisepcumem, 160115 Hamanean, Ysbexucmarn

V wi#t crarTi po3risaaeTses BIUMB AedopMaii Ha piBHi JlaHnay eneKkTpoHIB Ta JipOK y KBAaHTOBUX HAIIBIPOBIIHUKAX. 3aCTOCOBAHO
BIUTHB JedopMaiii Ha TeMIepaTypHy 3alIeKHICTh KBAaHTOBHX KOJHMBAIBHUX €(EKTiB y MaJOpO3MIpHHX HAIliBIPOBIIHHKAX, IO
HiIIOPSAIKOBYIOTECS KBaIPATHIHOMY 3aKOHY Aucrepcii. Takox TeopeTnvHO MOsICHEHO 3aJIe)KHICTh MOBEPXHEBOI T'YCTHHH CTaHIB Bif
TEMIIepPaTypPH Ta MarHiTHOTO TOJIS IS HAIMIBIPOBIIHUKOBUX T€TEPOCTPYKTYPHHUX MaTepiaiiB. 3allpOIIOHOBAHO HOBHUH aHAIIITHYHHUN
BHpA3 IS PO3paxyHKy BIUIMBY MarHiTHOTO ITOJISl HA IOBEPXHEBY T'YCTHHY CTaHIB HA MEXi HaliBIPOBITHUK-AieNeKTpUK. Po3pobieHo
MaTeMaTHYHy MOJIENb IS BH3HAUCHHS BIUIMBY CIJIBHOTO MAarHITHOTO IIOJISI Ha TEMIIEpaTypHY 3aJIeKHICTH ITOBEPXHEBOI I'yCTHHHU
CTaHIB y HaMiBIPOBIIHUKOBHUX T'eTEPOCTPYKTypax. B pe3ynbrari, Ha OCHOBI 3alpOIIOHOBAHOI MOJEII IOSICHIOETHCS PO3IUICHHS
HETIePepBHUX CHEPreTHYHUX CHEKTPiB, BUMIPSIHUX NPU KIMHATHIH TeMmeparypi IiJi BIUIHBOM CHJIBHOIO MAarHiTHOIO IOJS, Ha
JMCKPETHI PiBHI IIPH HU3BKUX TEMIIEpaTypax.

KurouoBi ciioBa: nanienpogionux,; npogionicms,; K6aumosa Ama, MazHimoonip, Mazximmue noje
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We report on the formation of copper silicide nanofilms using different magnetron sputtering modes. Copper silicide thin films were
formed by sputtering Cu onto a Si(111) surface heated to 467 °C in high vacuum using the mid-RFMS method at a frequency of
100 kHz and a D=70% efficiency. The thickness of the resulting heteroepitaxial Cu/CuisSis/Si film was measured using SEM. Also, a
CuisSia film was formed by thermally annealing Cu/Si(111) nanofilms in a vacuum at 800 K for 1.5 hours using the DCMS method.
The thickness and surface morphology of the obtained samples were studied using SEM. The formation of silicide films is confirmed
by the results of energy-dispersive spectra. The formation of a copper (Cu) silicide film depends on the copper crystal size and substrate
temperature, and at 467°C, a 75 nm-thick CuisSis film was formed under a 130 nm-thick copper layer. These findings provide new
insights into the mechanisms governing copper-silicon interface reactions and highlight the potential of copper silicide nanofilms to
improve the performance of metal-oxide-semiconductor transistors and high-speed integrated circuits.

Keywords: Cu:sSis; lon-plasma; Silicide films;, RFMS; Magnetron sputtering

PACS: 68.55.-a; 81.15.Cd; 73.40.Ns

INTRODUCTION

In recent years, the copper-silicide (Cu-Si) system has been widely studied as a promising material for micro- and
nanoelectronics, solar cell contacts [1-3], metal-oxide-semiconductor transistors [4], and high-speed integrated circuits
(ICs) [5,6]. There are several stable and metastable phases in the Cu-Si system, the formation of which depends on the
diffusion of copper and silicon atoms, the crystal structure of the substrate, and the temperature conditions. Cu and its
silicide films are commonly produced by various methods, including direct current magnetron sputtering (DCMS) [7-9],
mid-radio frequency magnetron sputtering (mid-RFMS) [10-12], high-power pulsed magnetron sputtering (HiPIMS),
molecular beam epitaxy (MNE) [13], and reactive pulsed laser deposition (RPLD) [14]. Cu and its silicide films have
been reported in many articles. However, most of them used glass substrates to form contact films, and several papers
have processed silicon substrates [15]. Many studies have investigated the solid-state reaction sequence in Cu/a-Si
systems based on amorphous silicon. It has been found that the reaction between copper and amorphous silicon initially
forms the 1"”-CusSi phase, which then proceeds to the y-CusSi phase [16-19]. Although the CuisSis phase is
thermodynamically stable, its formation is kinetically limited. This means that there is insufficient information to fully
elucidate the formation mechanism of the CuisSis phase during direct deposition, especially on single-crystal Si substrates.

Thus, although the existing literature provides important scientific results on the Cu—Si system, the direct formation
of the CuisSia phase on single-crystal Si substrates by ion-plasma magnetron deposition, its structural and phase properties
have not yet been fully studied. Also, comparative studies of the effects of magnetron deposition modes, such as mid-
RFMS and DCMS, on the formation of the Cu—Si phase are very few. This study aims to fill this scientific gap and open
up the possibilities for the controlled synthesis of CuisSia/Si nanophase films.

MATERIALS AND METHODS

In this study, we simultaneously deposited films of different thicknesses in an argon atmosphere using a magnetron
sputtering device in two different modes. Copper (Cu) with a purity of 99.998% was sputtered onto a single-crystal silicon
surface by a solid-state ion-plasma method using variable reactive mid-frequency magnetron sputtering (mid-RFMS) and
constant current magnetron sputtering (DCMS). We used a pulsed mid-RF mode of 100 kHz and a duty cycle of 70% to
improve the crystallization and crystal size of copper (Cu) thin films grown at room temperature and 467°C. Si(111) was
used as the substrate. The substrate temperature was monitored and controlled using a temperature regulator module
(TRM, Epos, Russia) in combination with a K-type (TXA) thermocouple. The C and O on the film surface were removed
by bombarding the substrate surface with low-energy ionized argon atoms using an “ion gun” source in a vacuum. Prior
to deposition, the Si(111) substrates were cleaned by low-energy Ar* ion bombardment using an ion gun. The ion energy
was set to 300 eV, and the cleaning process was carried out for 8—10 minutes. The base pressure before introducing argon
was 4.1x107¢ Torr, while the chamber pressure during ion bombardment was maintained at 1.8x1073 Torr. This procedure
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effectively removes native oxides and contaminants, ensuring good adhesion and reproducibility of thin-film growth. The
maximum deposition rate and sputtering efficiency of the DCMS source under a power density of 1.15 W/cm? for the Cu
target were 17 A/s, D=70%, respectively. Furthermore, the formation of a CuisSis film was confirmed by thermally
annealing Cu/Si(111) nanofilms, deposited via the DCMS method, in a vacuum at 800 K for 1.5 hours. The surface
morphology of the obtained silicide films was examined using an Olympus "LEXT™ OLS5100" laser confocal
microscope and SEM. The elemental composition of the obtained samples was determined using EDS, and the phase
structure of the Cu-Si system.

RESULTS AND DISCUSSION
In this work, two different ion-plasma magnetron sputtering approaches for forming CuisSia silicide films on silicon
surfaces were studied. We describe two methods using a magnetron sputtering device. Although the final product is the
same in both methods, the mechanisms of phase formation are fundamentally different. The formation process of copper
silicide films is shown in Figure 1.
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Figure 1. Schematic illustration of the formation mechanism of copper silicide films on Si(111) surfaces during magnetron
sputtering using the DCMS deposition mode

Figure 1 demonstrates Cu atom deposition, diffusion into the heated silicon substrate, and the subsequent in situ
formation of the CuisSis silicide phase. In the first approach, copper (Cu) was sputtered onto the surface of a Si substrate
at room temperature using the DCMS (Direct Current Magnetron Sputtering) method. Under these conditions, the
diffusion of Cu atoms along the surface and into the bulk was limited due to the low substrate temperature. As a result,
an amorphous or poorly crystallized Cu film was formed on the Si surface. The initial Cu film deposited by DCMS was
structurally uneven, with grains and islands observed. This is explained by the limited mobility of Cu atoms along the
surface and the lack of immediate chemical reaction with silicon. In the next step, this sample was heated in a vacuum at
800 K for 1.5 hours. During the heating process, the diffusion coefficient of Cu atoms increased sharply, and a solid-state
reaction began at the Cu/Si interface. Copper atoms penetrated the silicon lattice, forming a thermodynamically stable
CuisSia silicide phase. According to the SEM results, the islands in the initial Cu film interacted with silicon during
heating, forming a more homogeneous, continuous CuisSia silicide film. This process represents a classical annealing-
induced silicide formation mechanism controlled by diffusion.

Figure 2(a) shows the SEM image of the copper film deposited on the Si(111) substrate by the DCMS method before
annealing. The surface exhibits a granular and island-like morphology, indicating limited surface diffusion of Cu atoms
during room-temperature deposition. Such morphology is typical for as-deposited copper films on silicon, where
insufficient thermal energy restricts atomic rearrangement and promotes the formation of isolated clusters.

1~i|l =

Figure 2(a). SEM image of a copper film formed by Figure 2(b). SEM image of a copper silicide film
DCMS on a Si(111) surface (before annealing). formed by the DCMS method (after annealing).

After thermal annealing, the surface morphology changes significantly, as shown in Figure 2(b). The film becomes
more uniform and compact, which indicates enhanced atomic diffusion and the onset of a solid-state reaction between Cu
and Si. The disappearance of isolated islands and the formation of a continuous layer suggest the transformation of the
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initial copper film into a copper silicide phase. This morphological evolution confirms that annealing activates Cu
diffusion into the silicon substrate and promotes the formation of a stable CuisSia silicide layer.

In the second approach, the Cu film was sputtered onto the surface of a Si(111) substrate heated to 467°C using the
mid-RFMS (mid-Radio Frequency Magnetron Sputtering) method at a frequency of 100 kHz and a duty cycle of D =
70%. The main difference in this method is that silicide formation occurs without further heating, that is, directly during
the deposition process itself. Due to the high temperature of the substrate, the sputtered Cu atoms have high mobility upon
reaching the Si surface. Due to the high ionization degree of the plasma in the mid-RFMS mode, the Cu atoms receive
additional energy and are able to diffuse deeper into the Si lattice. As a result, an in-situ solid-state reaction occurs at the
Cu/Si interface, and the CuisSis silicide phase begins to form at the time of deposition. This process is schematically
shown in Figure 3, which depicts the diffusion of Cu atoms onto the heated Si substrate and the formation of a continuous
silicide layer. In this approach, the optimal substrate temperature, ion-plasma energy, and pulsed mid-RFMS mode were
controlled to form the CuisSis phase. As a result, a more homogeneous, structurally stable, and well-crystallized silicide
film was formed. The thickness of the resulting heteroepitaxial Cu/Cu;sSis/Si film was measured using SEM (Figure 4).
The film thickness was determined from the deposition rate and deposition time, with an uncertainty of approximately
+8%. The film thickness was also re-determined from the SEM images, with an estimated uncertainty of +5%. The
formation of the copper silicide film depends on the copper crystal size and substrate temperature, and at 467°C, a 75 nm-
thick Cu,s5Si4 film was formed under a 130 nm-thick copper layer.

e Cu TOTOTTOTOTZOT

Figure 3. Formation mechanism of copper silicide films by the mid-RFMS method.

SEM MAG: 64.3 kx | View field: 4.31 um MIRA3 TESCAN
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Figure 4. SEM image of Cu/CuisSia/Si layer by the mid-RFMS method.

Thus, while in the “DCMS and heating” method the silicide phase is formed in two steps (deposition and annealing),
in the “mid-RFMS and heated substrate” approach, the CuisSis phase is formed in a single-step in-situ process. The second
method, while being technologically simpler, allows for more precise control of phase formation. Figures 1 and 3, along
with the experimental results, show that the formation of the CuisSis silicide phase proceeds via a diffusion- and ion-
plasma-controlled mechanism. A comparative analysis of the DCMS and mid-RFMS approaches clearly shows that the
substrate temperature and plasma regime play a decisive role in silicide formation.

These results indicate that the mid-RFMS method is more effective for forming silicide phases in the Cu—Si system
and is a promising technology for application in microelectronic devices. The elemental composition and mass fraction
of the thin film were determined using energy dispersive spectroscopy (EDS) Figure 5. Based on the measurement results,
the mass fraction of the sample, as a result of mid-radiofrequency pulsed magnetron sputtering (mid-RFMS) on the surface
of monocrystalline silicon using a solid-phase ion plasma method, was 10.61% Si, 89.39% Cu, and the atomic fraction
was 21.13% Si, 78.87% Cu (Table 1).

According to the results of the study, the formation of Cu and its silicide nanofilms from a copper target using the
DCMS and mid-RFMS methods in the magnetron device depends on the initial substrate temperature and the subsequent
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heating temperatures of the films. The optimal temperature for crystallization of the films was found to be 467°C. The
surface morphology of the formed copper silicide nanofilms was measured and analyzed using an atomic force
microscope and an Olympus “LEXT™ OLS5100” laser confocal microscope (Figure 6-7, Table 2). Thanks to the
advanced optical components, high-quality 3D measurements were obtained in these microscopes, and the surface
roughness was found to be 6 nm.
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Figure 5. Energy-dispersive spectrum of a copper silicide film.

Table 1. Elemental composition of the copper silicide thin film

Element mass. % atom. %
Si 10.61 21.13
Cu 89.39 78.87

100.00 100.00

Height profile

258.437um
a) b)

Figure 7. Surface morphology of CuisSis thin film formed by the DCMS method.
a) 2D image b) 3D image
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Table 2. Surface roughness of the copper silicide thin film

no. Distance[pm] Width[pm] Height[pm] Angle [°]
1 0.006 168.216 0.006 179.991

The temperature-dependent electrical conductivity of the Cu—Si thin films was measured using a NETZSCH SBA
458 Nemesis® system, which employs the four-point probe technique for precise conductivity determination. Electrical
contacts were established using the built-in current pins of the system, ensuring stable and reproducible ohmic contact.
The sample was mounted in a horizontal configuration and measured in the temperature range from room temperature up
to 380°C under controlled atmospheric conditions.

The SBA 458 Nemesis® allows automatic averaging of more than 100 readings per measurement point, significantly
improving accuracy. According to the instrument specifications, the electrical conductivity measurement range is 0.05—
150 000 S/cm, with an accuracy of +5% and repeatability of £3%. The system uses Inconel®-sheathed K-type
thermocouples with fixed positions, providing reliable temperature control and eliminating uncertainties related to probe
spacing. During measurements, the temperature was increased stepwise with sufficient stabilization time at each point to
ensure thermal equilibrium before data acquisition.

Figure 8 shows the temperature dependence of the electrical conductivity of a Cu-Si thin film grown on a silicon
surface. The graph shows that in the low-temperature range (from room temperature to about 120°C), the electrical
conductivity is very low, which is explained by the film's initial structural state and the diffusion barriers at the Cu/Si
interface. At this stage, the movement of electric carriers is limited by the influence of intergrain boundaries, defects, and
the silicon substrate. When the temperature was increased to 150-250 °C, a sharp increase in electrical conductivity was
observed. This phenomenon is associated with the active diffusion of Cu atoms into the silicon lattice and the onset of a
solid-state reaction in the Cu—Si system. It is in this temperature range that the formation of a continuous metal silicide
phase occurs, creating paths for carrying electric current (percolation network). As a result, the electrical conductivity
increases by several orders of magnitude, which is a functional sign of the phase transition process. At temperatures above
250-350°C, the increase in electrical conductivity slows down and almost stabilizes.

0 50 10 150 200 250 300 350 400
Temperature / °C

Figure 8. Temperature-dependent electrical conductivity of Cu—Si films

This saturation state indicates the complete formation of the copper silicide phase and the transition of the structure
to a thermodynamically stable state. The electrical conductivity values observed at this stage (~5x10* S/cm) are lower
than those of pure metallic copper but are in the range of values typical of metal silicides, in particular the CuisSis phase.
The temperature-dependent behavior of the electrical conductivity clearly indicates that phase changes are occurring in
the film. While at low temperatures the interface and structural constraints dominate, at high temperatures the Cu-Si
solid-state reaction leads to the formation of a metal silicide phase, dramatically improving the electrical transport
properties of the film. These results further functionally confirm the presence of the CuisSis phase, as detected by SEM
and EDS analyses.

CONCLUSIONS

In this work, the formation mechanisms of copper silicide nanofilms on single-crystal silicon surfaces were
systematically investigated using two different magnetron sputtering approaches. It was demonstrated that copper silicide
formation is strongly governed by substrate temperature and the deposition process's kinetic conditions. Elevated substrate
temperatures promote copper diffusion into the silicon lattice, enabling solid-state reactions and the formation of
thermodynamically stable copper silicide phases. The comparative analysis revealed that copper silicide can be formed
either through post-deposition thermal treatment or directly during deposition under ion-assisted conditions. In particular,
ion-plasma-assisted sputtering on heated silicon substrates enables in situ formation of the CuisSis phase, offering
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improved control over phase composition and interfacial structure. The resulting heterostructures exhibit well-defined
Cu/CuisSia/Si configurations, confirming that copper crystallite size and substrate temperature play a decisive role in
silicide phase evolution. DCMS and mid-RFMS modes were used under the same conditions to systematically study their
effects on the formation of the CuisSis phase. The CuisSia phase is reliably confirmed by EDS, with a Cu/Si atomic ratio
close to the theoretical value, providing a solid scientific basis for its existence. The obtained results provide clear insight
into the diffusion-driven mechanisms responsible for copper silicide formation and highlight the advantages of ion-
assisted magnetron sputtering for controlled silicide synthesis. These findings contribute to a deeper understanding of
Cu-Si interfacial reactions and demonstrate the potential of CuisSis silicide layers for applications in silicon-based
microelectronic devices, including metal-oxide—semiconductor transistors and high-speed integrated circuits.
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®OPMYBAHHA HAHO®A3ZHHUX IIJIIBOK CuisSis/Si HA KPEMHIEBHUX IIOBEPXHAX
K. lospanos!, M. Hopmypanos!, X. laspanos’, A. Xycanos!, I'. Illogies!, I'.T. Pysiesa?, E. Kapimos!, P. Hopky.os?
I Kapwuncokuii Oepacasnuil ynieepcumem, Kapwi, Y36exucman, 180119
’Tepmesvkuil ynieepcumem exonomixu ma cepeicy, Tepmes, Vzbexucman, 190100

3 VYuisepcumem exonomixu ma nedacoeixu, Kapwi, Y36exucman, 180100
Mu noBizomsieMo IIpo (OpMyBaHHS HAHOILTIBOK CHJIIIULY MiJi 3 BUKOPHCTAHHSAM PI3HUX PEKUMIB MAarHCTPOHHOTO PO3IMHIICHHS.
Tonki mmiBku cuinuay mini Oymu cdopmosani murixoMm posnmieHHs Cu Ha mosepxHio Si(111), marpity mo 467°C y BUCOKOMY
BaKyyMi, BUKOPHCTOBYIOUM MeTOJ cepenHboi RFMS Ha wactoti 100 k['m Ta 3 edekrusnictio D =70%. ToBumHy oTprMaHOi
rerepoenitakcianbHol miiBku Cu/CuisSia/Si Oyi0 BUMIpSHO 3a JIOIOMOTOI0 CKaHylo4oi enekrpoHHol mikpockonii (CEM). Takox
mwiiBky CuisSis 6yi0 chopMoBaHO HUISIXOM TepMidHOTO Binnany HanomtiBok Cu/Si(111) y Bakyymi npu 800 K nporsrom 1,5 ronqux
3a gomnomoroio merogxy DCMS. TosmuHy Ta Mop¢oIorito MoBEpXHI OTPUMaHHX 3pa3kiB Oyino mociimkeHo 3a pornomororo CEM.
dopMyBaHHS CHTIMUAHUX IUTIBOK IMIATBEPIKEHO PE3yIbTaTaMi €HEProAUCIEPCIHHIX CTIeKTpiB. @OpMyBaHHS IUTIBKH CHITILUAY Mifi
(Cu) 3amexwuts Bif po3Mipy KpUCTaTiB MiJi Ta TeMIepaTypu MmiakIaaky, i npu 467°C min mrapom wmiai toumwHOB 130 HM Oyio
copmoBano miiBKy CuisSia ToBmuHO0 75 HM. Lli pe3ynpTaTi 1a10Th HOBE PO3YMIHHS MEXaHI3MIB, IIIO PETyJIIOIOTh PeakIil Ha Mexi
PO3IiTY Migb-KpeMHIH, Ta MiAKPECIIOITh MOTEHIaN HAHOILUIIBOK CIJIIMIY MiAi JJIsL MOKPAIIEHHS IPOXYKTUBHOCTI TPAH3UCTOPIB
MeTaJ-OKCH-HAIBIPOBITHUK Ta BUCOKOLIBUAKICHUX IHTETPAIBHUX CXEM.
Kimouosi cioBa: CuisSis,; ionna naasma, cuniyuoni naieku, REFMS; macnemponne poznunenns
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This work presents a comprehensive mathematical and numerical study of electrostatic potential in planar and radial silicon p—n
junctions, considering the combined effects of device geometry, temperature, and incomplete dopant ionization. A two-dimensional
self-consistent solution of Poisson’s equation is developed in Cartesian and cylindrical coordinates, explicitly incorporating incomplete
ionization via Fermi—Dirac statistics over 50-300 K. At 100 K, incomplete ionization reduces effective space-charge density by
38-45%, increases depletion width by 55-70%, and modifies the built-in potential by up to 42% compared to room-temperature
predictions. Radial junctions show strong curvature-induced field localization, producing 15-32% higher maximum potential than
planar counterparts at identical doping and temperature. For N = 102 m3, maximum potential rises from 1.95 — 2.85 V (planar) and
245 — 3.75 V (radial) across 100-300 K, corresponding to 46% and 53% growth, respectively. Peak electric fields reach
3.2x10° V-m, with radial junctions exceeding planar values by ~7-12%, consistently showing 25-32% stronger electrostatic
confinement. These results quantitatively demonstrate that geometry, doping, and incomplete ionization jointly control junction
electrostatics. Radial p—n junctions provide superior electrostatic performance, making them ideal for high-efficiency nanowire diodes,
cryogenic photodetectors, and advanced optoelectronic devices.

Keywords: Radial p—n junction, Planar p—n junction; Poisson equation; Electrostatic potential modeling; Incomplete ionization;
Probability of ionization, Cylindrical coordinate system; Low-temperature effects

PACS: 73.40. Lq, 73.61.Cw, 73.61.Ey, 72.20.Jv

INTRODUCTION

The rapid advancement of semiconductor technology continues to be driven by a deep understanding of the physical
and mathematical principles governing device operation. Among these, the p—n junction remains the foundational element
of modern electronics and optoelectronics, forming the basis of devices such as solar cells, light-emitting diodes (LEDs),
photodetectors, and nanowire-based systems [1-3,48]. Silicon (Si) has long dominated semiconductor applications due
to its natural abundance, mature fabrication infrastructure, and favorable electronic properties, making it the material of
choice for a wide range of devices [4—6].

Recent developments in nanofabrication and epitaxial growth have enabled the realization of radial p—n junctions
(RHJs), which depart from conventional planar geometries. These non-planar structures offer distinct advantages,
including increased active surface areas, enhanced optical absorption, improved light-trapping efficiency, and geometry-
induced modifications of electrostatic fields [7—12]. Such characteristics make RHJs particularly attractive for high-
performance nanoscale devices, cryogenic electronics, and optoelectronic applications where classical planar junctions
are limited. The behavior of semiconductor junctions is fundamentally governed by Poisson’s equation, which establishes
a self-consistent link between charge distribution and electrostatic potential [13—15]. The solutions to this equation are
highly dependent on the junction geometry: Cartesian coordinates describe planar junctions and yield classical depletion-
layer models [16-18], while cylindrical coordinates are required for radial junctions, where curvature introduces
additional terms that substantially alter the electric field distribution [19-21]. These geometric effects influence space-
charge formation, depletion width, junction capacitance, and ultimately device performance.

At low or cryogenic temperatures, modeling junction behavior becomes more complex due to incomplete dopant
ionization, in which a significant fraction of donors and acceptors remain neutral. This phenomenon leads to deviations
from the full-ionization assumption commonly applied at room temperature [22-24]. Accurate modeling requires a
probabilistic approach, incorporating Fermi—Dirac statistics and dopant activation energies to determine the effective
ionization fraction [25-27]. Consequently, the space-charge density, built-in potential, and capacitance—voltage (C—V)
characteristics become temperature-dependent, necessitating advanced mathematical and numerical techniques for
precise characterization [28-30,48]. Additional effects, such as band-gap narrowing, carrier freeze-out, and breakdown
mechanisms, further influence junction electrostatics at cryogenic temperatures and must be considered for reliable device
modeling [31-33].
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Despite the extensive theoretical and experimental studies on planar junctions, a systematic comparative analysis of
planar and radial p—n junctions under incomplete ionization conditions remains scarce. Planar structures continue to serve
as a benchmark for classical junction theory, whereas radial geometries demand modified formulations in cylindrical
coordinates to capture curvature-induced field enhancement, spatial charge redistribution, and extended depletion
regions [34-36]. Studies on Si/GaAs and other Si-based heterostructures underscore the importance of such models for
predicting device behavior under extreme operating conditions [40-49].

In this work, we develop a comprehensive two-dimensional mathematical framework to evaluate electrostatic
potential distributions in planar and radial p—n junctions. The Poisson equation is solved in Cartesian and cylindrical
coordinates, explicitly accounting for incomplete dopant ionization at cryogenic temperatures. By analyzing potential
profiles, depletion widths, and electric-field distributions across different geometries, doping levels, and temperatures,
we demonstrate how junction design and ionization effects jointly dictate electrostatics. The results provide both
fundamental insights and practical guidance for the design of advanced Si-based devices, including nanowire diodes,
photodetectors, and low-temperature optoelectronic systems.

METHODS AND MATERIAL
Materials and Geometric Parameters
Semiconductor p—n junctions have traditionally been realized in planar geometries, which formed the foundation of
electronic device technology throughout the twentieth century [37,38]. In the past two decades, however, advances in
nanowire and epitaxial growth techniques have enabled the realization of radial p—n junctions, which provide superior
electrostatic control, enhanced light trapping, and improved carrier collection efficiency [39]. Figure 1 illustrates the
schematic comparison of (a) a planar p—n junction and (b) a radial p—n junction in two-dimensional geometry.

Figure 1. Two-dimensional schematic representations of the investigated Si-based p—n junction structures:
(a) planar geometry and (b) radial geometry

Fixed charges in the junction regions are represented by ionized acceptors (¢”) and donors (e*), while R denotes the
core radius in the radial geometry. These structural configurations establish the framework for analytical and numerical
investigations of electric field profiles, depletion widths, and breakdown behavior under varying doping concentrations
and operating temperatures. For the analysis, the governing Poisson equation was solved within appropriate coordinate
systems corresponding to each geometry: Cartesian coordinates for the planar junction and cylindrical coordinates for the
radial junction.

Classical analytical solutions for planar (Eq. 1) and radial (Eq. 2) structures, widely reported in earlier studies, were
employed as the basis for describing the electrostatic potential and space-charge distributions. These formulations were
further extended in the present work to incorporate the effects of incomplete dopant ionization and cryogenic conditions.
Planar p—n junction: p=f(x,y,z) (often simplified as p=f(x) due to 1D variation). Cylindrical (radial) p—n junction:
p=f(r,0,z) (with symmetry usually p=f(r,z) or even p=f(r)). Here, p denotes the space-charge density.
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Most prior investigations have been limited to one-dimensional analyses of junction electrostatics [40—42]. In this
work, the framework is extended to two- and three-dimensional geometries to enable a more rigorous evaluation of
electrostatic potential distributions. The functions f{(x,y,z) for planar and f{1,0,z) for radial p—n junctions denote the general
forms of the space-charge density in three-dimensional space. By applying Neumann boundary conditions together with
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Dirichlet constraints, these general formulations are systematically reduced to specific solutions tailored to the junction
geometries under study.

In planar: Governing equation (2D Poisson): VZ¢(x, y) :—MWhere @(x,y) is the electrostatic potential,
si " €o

-1

p(x,y) is the space charge density, and & is dialectric constant of the Si, &, =8.85-10"% F-m™" electrical constant.

Dirichlet boundary condition: The potential directly on the boundary: @(x,y) =@, for (x,y)€ 0Q, .Neumann boundary

condition: The derivative (normal gradient) of the potential on the boundary: E;_(P =g(x,y) for (x,y)e€ 0Q, . Where i

n n
is the derivative along the outward normal to the boundary. Dirichlet conditions at the contacts fix the applied and built-
in potentials, while Neumann conditions at distant boundaries enforce vanishing electric field, representing charge

neutrality outside the depletion region.

In radial: Governing equation (radial 2D Poisson): lai

[ a¢>)+az_¢__p(r,z>

r— - = . Where @(1,z) is the electrostatic
ror\ or) oz Eg &
potential and p(r,z) is the space charge density. Dirichlet conditions: At the top electrode (z=zwp): ¢(7,2,,,) =V, - At the

dp

bottom electrode (z=zbottom): @75 Zypom) = 0. Neumann conditions: At symmetry axis r=0, o> ,-o=0. Dirichlet
r

conditions at the axial electrodes set the contact potentials, while Neumann conditions at the symmetry axis (r=0) and
outer radius (r=R) ensure zero radial field at the core and appropriate field termination at the surface.

p(T)=- 9N, for the p- depletion region (3a)
i 84" Py 'eXp(AEAJ
IBp ’ NV (T) kT
q- ND . .
p(T) = for the n-depletion region (3b)
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Here, ¢ denotes the elementary charge. The material parameters used in Egs. (3a) and (3b) are summarized in Table 1.

Table 1. Summary of the electrophysical parameters of silicon employed in this work at 300 K.

Materials | Eg(eV) E,, E,(meV) N, (cm’s) N, (cm™) n, (cm’S) 808, £ B,.B,
Si 1.12 45 2.8-10*° 1.04-10*° 1.5-10"° 4 11.7 1

Numerical Methods for 2D Poisson Equation in Planar and Radial Junctions.
The electrostatic potential distribution @(x,y) in semiconductor junctions is governed by the two-dimensional Poisson
equation: Expanding the Laplacian operator in Cartesian coordinates yields:

I’p g _ pxy)

o’ 9y’ & &,

To obtain numerical solutions, the device domain was discretized into a uniform rectangular mesh with grid spacings
Ax and Ay along the x- and y-directions, respectively. The second-order derivatives were approximated using central finite
differences:
82(/7 P _2¢i,j TP, 82(/7 _Pn _2%../‘ T O

o M at T e (Ary’

Substituting these into the Poisson equation gives the discrete form:

¢i+1,j _2(/)1',1' +(/)H,j + ¢)i,j+1 _2¢f,j +¢)i,j—1 _ pi,j

(Ax)z (Ay)z Esi &

For a uniform grid (Ax=Ay=h), this simplifies to the iterative update equation:
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where k denotes the iteration step. The iterative scheme was solved using the Gauss—Seidel method with successive over-
relaxation (SOR) to accelerate convergence. Appropriate Dirichlet and Neumann boundary conditions were applied
depending on the geometry and physical constraints of the junction. This formulation enables the self-consistent
evaluation of electrostatic potential profiles for both planar and radial p—n junctions under varying doping concentrations,
temperatures, and incomplete ionization.

Numerical Formulation of Poisson’s Equation in Radial Geometry
For radial p—n junctions, the electrostatic potential exhibits cylindrical symmetry. In cylindrical coordinates (r,z),
Poisson’s equation is expressed as:

2
19.(,99),9¢__pr2)
ror- or Z £ &,

To solve the equation numerically, the device domain was discretized into a uniform grid with spacings Ar and Az.
Using central finite differences, the second derivatives are approximated as:

O | P m20, 0 D |~ P =20, 00
ar2 L) (Ar)2 > azz i,j (AZ)Z
and the first-order term in r is discretized as:

l_ zl. Gy =P
7

r L’j 7 2Ar

i

The resulting discrete equation for each grid point (i,j) becomes:

¢)i+1,j _2@,1' +¢’i—1,j +l. ¢)i+1,j _¢i—1,j + ¢i,j+1 _2(/71',]' +¢i,j—l __ pi,j
(Ar)? r. 2Ar (Az)? £ &
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This discretized formulation was solved iteratively using the Gauss—Seidel method with successive over-relaxation
(SOR) to accelerate convergence. Boundary conditions were imposed according to the junction geometry, including
Dirichlet conditions at contacts and Neumann conditions along symmetry axes. This approach enables self-consistent
evaluation of electrostatic potential, depletion width, and electric-field distribution in radial p—n junctions, explicitly
accounting for curvature-dependent effects and incomplete dopant ionization at cryogenic and room temperatures. For
temperatures below 300 K, the outcomes derived from the analytical models are presented and analyzed in the Results
and Discussion section. Incomplete ionization is shown to exert a pronounced influence on the electrical response of
radial p—n junctions, particularly under cryogenic conditions.

RESULTS AND DISCUSSION
The electrostatic potential profiles in Figure 2a and 2b illustrate the strong influence of doping concentration on the
junction characteristics. In the high-doped case (Figure 2a, Nd = Na = 1x10* m™3), the built-in potential reaches
approximately 0.7 V, while the depletion region is relatively narrow, around 0.1 um. This narrow depletion width
generates a steep potential gradient at the junction, corresponding to a strong electric field (~7x10° V/m), which facilitates
rapid separation of electron—hole pairs.
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Figure 2. Electrostatic potential distribution across the planar p—n junction based on Si for different doping concentrations
(@) Nd=Na=1x10® m3, (b) Nd=Na=1x102m™>
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In the lower-doped planar junction (Nd = Na = 1x10% m™, Figure 2b), the built-in potential decreases to ~0.22 V,
while the depletion width expands to ~0.32 pum, representing a ~190% increase compared to the high-doped case
(0.11 pm, Nd =Na = 1x10?* m3). The corresponding electric field weakens to ~0.7x10° V/m, a reduction of ~90% relative
to the high-doped planar junction (~7x10° V/m). This trade-off demonstrates that high doping produces narrow depletion
regions with strong fields, whereas low doping favors broader regions with weaker fields. For example, carrier separation
times are slower by ~4-5x in low-doped junctions, but the available charge collection volume increases by ~2.5%, which
can enhance photodetector sensitivity.

For radial p—n junctions, the impact of doping is similarly pronounced. In the high-doped case (Nd = Na =
1x10%* m™3, Figure 3a), the maximum potential reaches ~0.36 V, with a peak electric field of ~3.2x10° V/m and a depletion
width of ~0.25 um. In contrast, at Nd = Na = 1x10% m (Figure 3b), the maximum potential drops to ~0.12 V, the peak
electric field decreases to ~1.0x10° V/m, and the depletion width broadens to ~0.78 pm. These variations correspond to
a 66% reduction in peak potential, a 69% decrease in electric field, and a 212% increase in depletion width when lowering
the doping by an order of magnitude.

The radial geometry introduces curvature-dependent effects that concentrate the electric field near the core—shell
interface. For radii r < 0.5 pm, the p-type core dominates the space-charge distribution, while at larger radii, the n-type
shell forms the counter region. This results in localized field intensification: for Nd = Na = 1x10% m3, the peak field in
radial junctions (~3.2x10° V/m) is ~12% higher than in the planar case (~2.85%10° V/m), while the maximum potential
is ~8% higher. At lower doping (Nd = Na = 1x10% m3), the radial peak field (~1x10° V/m) is ~10% higher than the
planar junction (~0.9%10° V/m). Overall, these results quantify the combined influence of doping and geometry: High
doping (1x10% m™): planar @max = 0.35-0.36 V, radial @max = 0.36-0.38 V; peak electric field planar = 3x10° V/m,
radial = 3.2x10° V/m; depletion width ~0.25-0.26 pm. Intermediate doping (1x10%2.5 m™): planar @umax = 0.22-0.28 V,
radial @max= 0.25-0.30 V; peak field planar = 1.2-1.5x10° V/m, radial = 1.5-1.7x10° V/m; depletion
width ~0.32-0.45 um. Low doping (1x102 m™3): planar @max = 0.12 V, radial ¢@ms = 0.14 V; peak field
planar = 0.7x10° V/m, radial =0.8x10° V/m; depletion width ~0.32—0.78 pm. These quantitative comparisons
demonstrate that radial junctions consistently provide 15-32% stronger electrostatic confinement, steeper potential
gradients, and higher peak electric fields than planar counterparts, particularly at high doping levels. Such behavior
highlights the critical role of curvature-induced field enhancement in radial geometries, which can significantly improve
charge separation, carrier collection efficiency, and device robustness in high-performance photodetectors, LEDs, and
nanowire solar cells.
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Figure 3. Electrostatic potential distribution across the radial p—n junction based on Si for different doping concentrations
(@) Nd=Na=1x10*m>, (b) Nd=Na=1x102?m™

Comparison of Planar and Radial p—n Junctions (Figures 2 and 3), Figures 2 and 3 present the electrostatic potential
distributions for planar and radial p—n junctions, respectively, under comparable doping conditions. Planar junctions
(Figure 2): For the higher doping level (Nd=Na=1x10% m), the maximum potential difference across the junction
reaches ~0.35 V, with a depletion width of ~0.26 pm. The peak electric field is ~3 x 10° V/m, approximately uniform
across the depletion region. When the doping is reduced to 1x10?> m3, the potential difference drops to ~0.12 V, while
the depletion width expands to ~0.80 pum, and the peak field decreases to ~1x10° V/m, consistent with the analytical 1D
depletion approximation. Radial junctions (Figure 3): Cylindrical geometry produces stronger field localization near the
core—shell interface. For the high doping case (1x10% m™3), the maximum potential slightly increases to 0.36 V, while the
depletion width is ~0.25 pm, and the peak electric field reaches ~3.2 x 10° V/m, slightly higher than the planar case. At
lower doping (1x10% m3), the potential reduces to 0.12 V, and the depletion region broadens to ~0.78 pum, with the peak
field decreasing to ~1 x 10° V/m. Geometry effects: Radial junctions concentrate electric fields near the core—shell
interface due to curvature, generating steeper potential gradients relative to planar junctions. Depletion width: At high
doping, radial junctions exhibit slightly narrower depletion widths (~0.25 pm vs 0.26 um for planar), while at low doping,
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the widening (~0.78 pm vs 0.80 pm) is comparable, reflecting the 2D radial charge distribution. Electric field distribution:
Unlike planar junctions with nearly uniform fields, radial junctions show pronounced field peaks at the interface, which
can enhance carrier separation and collection in optoelectronic devices. Overall, radial p—n junctions provide enhanced
electric field localization and marginally higher built-in potentials compared to planar junctions, while the dependence
on doping concentration follows the expected inverse relation with depletion width. The results quantitatively demonstrate
the influence of 2D geometry on electrostatic profiles, critical for optimizing high-performance photodetectors and radial
solar cells. Electrostatic potential in planar and radial p—n junctions. Figure 4(a) and 4(b) present the maximum
electrostatic potential (pmax as a function of temperature for planar and radial p—n junctions, respectively, with three
representative doping concentrations (Nd = Na=10%4,10%,10%2 m ).

For planar junctions (Fig. 4a), max decreases monotonically with increasing temperature. The highest doping
(10%* m™3) exhibits a reduction from 0.98 V at 50 K to 0.82 V at 300 K, corresponding to a ~16% decrease. Intermediate
(102 m™) and low (10%> m™®) dopings show smaller variations of ~8% and ~5%, respectively. This trend reflects the
temperature-dependent effective doping due to incomplete ionization. At low temperatures, a fraction of dopants remains
non-ionized, reducing the effective carrier concentration and increasing the built-in potential. As temperature rises, more
carriers are thermally activated, but the model shows a slight reduction in N with temperature, producing the observed
decrease in @max.

The radial junctions (Fig. 4b) follow a similar trend; however, the absolute potentials are systematically lower than
the planar counterparts. For Npo=Na=10%* m3, @y decreases from 0.88 V at 50 K to 0.74 V at 300 K (~16% drop). This
reduction arises from the cylindrical geometry, which spreads the electric field over the radial coordinate, effectively
lowering the maximum potential. Lower doping levels (10?3 and 10*2 m™) exhibit minimal temperature dependence,
consistent with the planar case.
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Figure 4. Maximum electrostatic potential (¢max) as a function of temperature for planar (a) and radial (b) Si p—n junctions with
three representative doping concentrations:

The quantitative comparison between planar and radial geometries highlights two critical points: (i) higher doping
leads to larger ¢max and more pronounced temperature sensitivity, and (ii) radial geometries reduce the peak potential due
to geometric field spreading, which can be approximated from Poisson’s equation in cylindrical coordinates: Nd =
Na=10%4,10%3,10>2 m 3. Solid symbols represent simulated values obtained from the finite-difference solution of Poisson’s equation
with incomplete ionization taken into account. The plots show a monotonic decrease of max With increasing temperature, more
pronounced at higher doping levels. Radial junctions exhibit systematically lower @max due to geometric spreading of the electric field,
highlighting the combined influence of temperature, doping, and device geometry on the electrostatic potential.

Table 2. Maximum electrostatic potential max in planar and radial p—n junctions as a function of temperature (50-300 K) for different
doping concentrations. The relative drop indicates the percentage decrease of (max over the given temperature range.

Doping Np=Na=(m%) Planar gmax (50-300 K) [V] Radial @max (K) [V] Relative Drop (%)
10% 0.98 — 0.82 0.88 — 0.74 16-18
1073 0.31 — 0.28 0.27 — 0.25 8
10?2 0.10 — 0.095 0.09 — 0.085 5

These results indicate that high-doped radial junctions are more sensitive to temperature, a critical consideration for
device design. The findings are consistent with analytical expectations, and the spatial distribution of the electric field in
cylindrical geometry reduces the peak potential relative to planar structures. Figures 4(a) and 4(b) demonstrate that
temperature and doping strongly influence the electrostatic potential, with high doping and planar geometry producing
the largest potentials, whereas low doping or radial geometry results in smaller and less temperature-sensitive potentials.
These insights are crucial for optimizing p—n junction devices for photodetectors, LEDs, and high-performance
optoelectronic applications.
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Table 3. Maximum potential (pmax) variation with temperature and doping concentration considering incomplete ionization.

Doping (m™) Temperature (K) @max Planar (V) omax Radial (V)
100 0.05 0.07
1-102 200 0.06 0.08
300 0.06 0.09
100 0.35 0.42
1-10%2 200 0.47 0.55
300 0.58 0.68
100 1.95 245
1-10% 200 2.40 3.10
300 2.85 3.75

Table 3 and Figure 5 summarize the dependence of the maximum electrostatic potential @max) on doping
concentration and temperature for planar and radial p—n junctions under incomplete ionization. At the lowest doping of
1x10%' m™3, both junctions exhibit very weak temperature dependence. For planar structures, @may rises only from 0.05 V
at 100 K to 0.06 V at 300 K (a relative increase of ~20%), while for radial junctions it increases from 0.07 V to 0.09 V
(~29%). This limited variation highlights that incomplete ionization dominates at dilute doping, resulting in nearly
temperature-insensitive electrostatic behavior. At an intermediate doping level of 1x10?> m™, temperature effects become
more significant. The planar junction shows an increase from 0.35 V at 100 K to 0.58 V at 300 K, corresponding to a
relative enhancement of ~66%. The radial structure rises from 0.42 V to 0.68 V, i.e., ~62% increase. Notably, at this
doping level, radial junctions maintain a consistently higher potential, exceeding planar counterparts by 15-20% across
all temperatures. At the highest doping level of 1x10% m3, the differences become even more pronounced. The planar
junction increases from 1.95 V (100 K) to 2.85 V (300 K), which corresponds to ~46% growth, while the radial junction
rises from 2.45 V t0 3.75 'V, a ~53% enhancement.
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Figure 5. Temperature and doping concentration dependence of the maximum potential @max in (a) planar and (b) radial p—n
junctions. The results clearly demonstrate that with increasing doping concentration the potential increases significantly, while the
effect of temperature is more pronounced at higher doping levels due to incomplete ionization

More importantly, the radial geometry provides a consistent 25-32% higher potential compared to the planar case at
the same doping and temperature. This superior performance arises from the cylindrical field distribution in radial
structures, which strengthens charge confinement and enhances the curvature-induced potential build-up. Overall, the
results demonstrate that: At low doping, the impact of temperature is minimal (<30% change), regardless of junction type.
At moderate and high doping, temperature strongly amplifies the potential, leading to ~50-70% increases across
100-300 K. Radial junctions consistently outperform planar ones by 15-32%, with the relative advantage becoming more
significant at higher doping concentrations. This analysis confirms that radial p—n junctions not only mitigate the
limitations imposed by incomplete ionization at low temperatures but also provide stronger electrostatic potential barriers
at elevated doping levels, which is advantageous for high-performance optoelectronic devices such as photodetectors,
LEDs, and solar cells operating across a wide thermal range.

CONCLUSIONS

This work has systematically compared the electrostatic potential behavior of planar and radial p—n junctions under
the combined influence of doping concentration, temperature, and incomplete ionization. The findings provide several
quantitative insights with direct implications for advanced optoelectronic device design. Doping Dependence: At the
lowest doping (1x10?' m3), the maximum potential (¢max) in planar junctions increases only slightly from 0.05 V (100 K)
to 0.06 V (300 K), a relative change of ~20%. In contrast, radial junctions rise from 0.07 V to 0.09 V (~29%), maintaining
a 25-30% higher potential than planar counterparts across the full temperature range. This indicates that at dilute doping,
geometric effects dominate over thermal activation. Intermediate Doping (1x10?> m™): Planar @max increases from
0.35 V to 0.58 V (~66%), while radial structures increase from 0.42 V to 0.68 V (~62%). Radial junctions outperform
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planar ones by 15-20% at all temperatures, confirming the curvature-enhanced electrostatic confinement. High Doping
(1x10% m3): Planar junctions increase from 1.95 V to 2.85 V, a ~46% rise. Radial junctions grow from 2.45 V t0 3.75V,
a ~53% enhancement. Crucially, radial junctions provide a consistent 25-32% higher @max than planar ones at equivalent
doping and temperature, demonstrating their superior electrostatic robustness. Temperature Effects: The relative
variation of gmax with temperature is minimal at low doping (<30% change), but becomes highly pronounced at higher
doping levels (46—70% change). This confirms that incomplete ionization strongly amplifies thermal sensitivity in heavily
doped junctions, with radial structures showing slightly stronger response than planar ones. Device Implications: The
enhanced @max in radial junctions suggests improved charge separation, higher built-in barrier height, and stronger
suppression of leakage currents compared to planar structures. At 110 m~ and 300 K, the radial @max (3.75 V) is 32%
larger than the planar @m.x (2.85 V), which directly translates to higher breakdown thresholds and improved carrier
confinement key for high-efficiency nanowire LEDs, photodetectors, and cryogenic solar cells. Conversely, planar
junctions, with lower @max and wider depletion widths, may remain preferable in low-doping, low-field devices where
carrier collection volume is more critical than electrostatic confinement.

In summary, the study demonstrates that radial p—n junctions consistently provide stronger electrostatic potentials
(15-32% higher than planar), particularly at high doping and elevated temperatures, where incomplete ionization effects
are significant. This geometry-driven advantage positions radial junctions as the preferred architecture for next-generation
high-performance optoelectronic devices operating across wide thermal ranges, while planar junctions retain advantages
in low-field, wide-depletion applications.
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MATEMATUYHE MOJEJIOBAHHS EJJEKTPOCTATUYHOI'O IOTEHIIAJY B PAIAJIBHUX I INTAHAPHUX
p-n IEPEXOJAX: TIOPIBHAJIBHE JOCJIIIKEHHS
Jiabaopa A. Kananpaposa!, MaginaGony III. I6parimosa!, Jkomxkin 1. A6xymnaes?, Iopoxim b. Canaep>345
! Vpeenucoxuii Oeporcasnuii ynieepcumem, eyauys Xamioa Onimoocona, 14, Ypzenu, 220100 Ysbexucman
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$3axiono-Kacniticokuil ynisepcumem, baxy, Azepbaiiocar
*Tawkenmcokuii ynisepcumem npukiaonux Hayx, eyiuya Yuieepcumemcora, 28, Tawxenm 100095, Vs6exucman
Snoicenepnuii paxyavmem, Ilenmpanvroasiamcoxutt ynicepcumem, Tawxenm 111221, Ys6exucman

Il pobora mpencrapisie KOMIDIEKCHE MaTeMaTHYHE Ta YHCENIbHE JOCITIDKEHHS eJIeKTPOCTaTHYHOTO IOTEHIlialy B IUTAaHAPHUX Ta
pamiaJbHUX KPEMHIEBUX p—n IEpexofax 3 ypaxyBaHHSAM B3a€MOii reoMeTpii NMpUCTPOIo, TEMIIEpaTypH Ta HENOBHOI ioHi3amii
JIETYIOYMX JIOMIIIOK. Po3pobieHo camosrigue IBOBUMIpHE pinieHHs piBHsHHs [IyaccoHa y aexapToBiil Ta LMIIHAPHYHINA cHCTeMax
KOOPJIMHAT, 3 SIBHUM ypaxyBaHHSIM HEMOBHOI i0oHi3alliil 3a cratuctiukoro depmi—/lipaka B miamazoni 50-300 K. ITpu 100 K HemoBHa
iOHi3aLlis 3MeHIye eEeKTUBHY I'yCTHHY IPOCTOPOBOro 3apsuy Ha 38—45%, 30inbiuye mmpuHy 30inHeHOI obnacti Ha 55-70% Ta
3MiHIO€ BOyZOBaHUH NoTeHLian 10 42% NOPIBHAHO 3 NMPOTHO3aMU IPH KIMHATHIM Temneparypi. PaxianbHi nepexonu JeMOHCTPYIOTh
CHJIbHY JIOKATi3aIlif0 €JIEKTPUYHOTO IONs 4Yepe3 KpUBH3HY, 3abesmedyroun 15-32% BHMIIMA MAaKCHMalbHUH MOTEHMIAN, HIX Yy
IUTaHAPHUX TEPEXOAiB 3a THX CAMHX YMOB JieTyBaHHs Ta Temmeparypu. st N = 10?* M3 makcumanbHHI moTeHmian 3pocrae 3 1.95 —
2.85 B (mumanapuwuit) Ta 2.45 — 3.75 B (paniansauii) y aianasoni 100-300 K, mo Bigmosingae 3poctannio Ha 46% Ta 53% BiAnoBiaHO.
[TikoBi 3HaUCHHS €IEKTPUIHOTO HOJIS HocsATatoTh 3.2 X 10° B-M ™!, mpu 1iboMy pajiaibHi Iepexoau NepeBHITyOTh INTaHapHi Ha ~7-12%,
JEMOHCTPYIOUH CTabiIbHO 25-32% cuiibHilIe eJleKTpocTaTnaHe oOMexeHHs. Lli pe3ynbTaTu KijdbKiCHO AEMOHCTPYIOTB, 1[0 FeOMETis,
JIETYBaHHs Ta HENOBHA iOHi3allisl CIIJIFHO BU3HAYAIOTh €JIEKTPOCTATHKY IepexoniB. PaxianbHi p—n mepexoan 3abe3rneuyloTh BUILY
CNIEKTPOCTATUYHY Ee(QEKTHBHICTb, WI0 POOUTH iX iJealbHUMHU JUI BHUCOKOC(EKTHBHHMX HAHOIAPOTSAHHUX JiOAIB, KPiOTEHHHX
(OTOIETEKTOPIB Ta CyYaCHUX ONTOENEKTPOHHUX MPUCTPOIB.

KurouoBi cnoBa: padianvhuii p—n nepexio; naamapuuil p—n nepexio, piguanna Ilyaccona; mooenos8anus enekmpocmamuyHozo
nomenyiany; HenoeHa ioHiz3ayisa,; IMOGIpHICMb IOHI3aYll; YUNTHOPUYHA CUCTeMA KOOPOUHAM, HUSbKOMeMNnepamypHi eghexmu
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This study presents a comprehensive investigation of the cryogenic electrical and material behavior of silicon (Si) and gallium arsenide
(GaAs) over a wide temperature range from 4 to 300 K and doping concentrations spanning intrinsic conditions up to 1x10'® cm™. The
temperature-dependent evolution of both the fundamental and effective band gap energies is systematically quantified, revealing a band
gap widening from 1.12 to 1.17 eV in Si and from 1.42 to 1.51 eV in GaAs as the temperature is reduced from room temperature to 4
K. Detailed analysis of donor and acceptor activation energies demonstrates pronounced incomplete ionization at cryogenic
temperatures, particularly below 20 K, where the free carrier concentration in lightly doped samples decreases by nearly 80%, resulting
in a substantial suppression of electrical conductivity. In addition, surface-sensitive chemical characterization confirms strongly
reduced dopant diffusion and negligible oxidation at low temperatures, indicating excellent structural and chemical stability in both
materials. The combined electrical and surface analyses elucidate the intricate interplay between band structure evolution, carrier
freeze-out dynamics, and surface processes under cryogenic conditions. These findings provide critical physical insight and practical
design guidelines for the development of high-performance cryogenic electronic, optoelectronic, and quantum-enabled devices based
on Si and GaAs platforms.

Keywords: Effective band gap,; Electrostatic potential; Incomplete ionization; Carrier concentration; Band gap widening; Low-
temperature effects; Cryogenic semiconductors; Electrical conductivity

PACS: 73.40. Lq, 73.61.Cw, 73.61.Ey, 72.20.Jv

INTRODUCTION

The ongoing progress in semiconductor technology relies heavily on a deep comprehension of the fundamental
physical, chemical, and mathematical principles that dictate device behavior. Central to modern electronics and
optoelectronics is the p—n junction, which serves as the core building block for a variety of devices, including solar
cells, light-emitting diodes (LEDs), photodetectors, and nanowire-based systems [1-3]. Silicon (Si) has long been the
dominant material in the industry due to its natural abundance, mature and reliable fabrication techniques, and
favorable electronic properties [4—6]. Conversely, gallium arsenide (GaAs), characterized by high electron mobility
and a direct bandgap energy, is particularly advantageous for high-speed electronic circuits and cutting-edge
optoelectronic devices [7-9].

In recent years, non-planar junction designs have garnered significant interest. Radial p—n junctions (RHJs) offer
distinct advantages over planar counterparts, including increased effective surface area, enhanced optical absorption,
superior light-trapping efficiency, and geometry-induced modifications to the local electrostatic field [10—13]. These
characteristics make RHJs highly promising for nanoscale devices, cryogenic electronics, and high-efficiency
optoelectronic systems [14—16].

The electrostatics of semiconductor junctions is governed by Poisson’s equation, which establishes a self-consistent
relationship between charge density and electrostatic potential [17—19]. While Cartesian coordinates suffice for planar
junctions, cylindrical coordinates are essential for accurately describing radial junctions, where curvature effects
significantly influence the local electric field [23-25]. These geometric differences directly affect depletion widths,
junction capacitance, and overall device performance. At cryogenic temperatures, incomplete ionization of dopants
introduces additional complexity, as a substantial fraction of donors and acceptors remain neutral [26-29]. This deviation
from the full-ionization assumption necessitates probabilistic modeling based on Fermi—Dirac statistics and dopant
activation energies [30-33], leading to temperature-dependent modifications of space-charge density, electrostatic
potential, and capacitance—voltage (C—V) characteristics [34—36,43].

Beyond conventional Si and GaAs systems, diluted magnetic semiconductors (DMS), such as GaMnAs cylindrical
nanoshells, display rich thermodynamic and magnetic behavior influenced by Rashba spin—orbit (RSO) coupling arising
from structural inversion asymmetry [39-40]. Numerical analyses combining Schrodinger equation solutions with
Boltzmann-Gibbs statistics reveal competing effects: external magnetic fields enhance orbital confinement, whereas RSO
coupling delocalizes electron wavefunctions. This interplay governs key thermodynamic quantities, including heat
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capacity—exhibiting low-temperature Schottky anomalies—and magnetic susceptibility, which strongly depends on both
temperature and field. Additionally, these systems undergo temperature- and field-driven ferromagnetic-to-paramagnetic
phase transitions, underscoring their potential for spintronic applications.

A systematic comparative study of planar and radial p—n junctions under incomplete ionization conditions is thus
crucial. Cylindrical-coordinate formulations for radial geometries capture curvature-enhanced electric fields and extended
depletion regions. In this work, we develop a comprehensive mathematical framework for analyzing electrostatic potential
profiles, depletion widths, and electric-field distributions in Si- and GaAs-based planar and radial junctions at cryogenic
temperatures, offering both theoretical insights and practical guidance for the design of advanced nanoscale optoelectronic
and spintronic devices.

METHODS AND MATERIAL

In semiconductor physics, one of the most critical parameters is the energy band gap, which defines the energy
difference between the valence and conduction bands. Traditionally, most literature reports and device models consider
only the fundamental band gap energy, corresponding to intrinsic (undoped) materials even p-tye and n-type exist
[35,26,16]. However, when donor or acceptor impurities are introduced into the crystal lattice, the band structure is
modified due to impurity-induced states, leading to the formation of an effective band gap rather than the ideal
fundamental one. In this case, the effective band gap represents the actual energy separation between occupied and
unoccupied electronic states in extrinsic semiconductors, and it deviates from the intrinsic value depending on the doping
level and temperature. This distinction becomes especially important at low temperatures, where incomplete ionization
of dopants occurs, causing significant deviations in carrier concentration and band-edge positions.

In conventional models, the fundamental band gap is often assumed to be temperature dependent but unaffected by
dopant ionization. However, in reality, only the effective band gap changes noticeably under varying doping and
temperature conditions, particularly in cryogenic regimes. Considering these effects, silicon (Si) is investigated here as a
technologically dominant material in microelectronics, while gallium arsenide (GaAs) is selected for its superior
optoelectronic performance. The functional parameters of these two materials used in the present analysis are summarized
in Table 1.

Table 1. Fundamental physical, electrical, and optical parameters of Silicon (Si) and Gallium Arsenide (GaAs) at 300 K [40-43].

Parameter Symbol Si (Silicon) GaAs (Gallium Arsenide) Units / Notes
Crystal structure — Diamond cubic | Zinc blende —
Lattice constant a, 5.431 5.653 A
Density P 2.33 532 g/cm?
Atomic weight — 28.09 144.64 —
Relative permittivity (static) &r 11.7 12.9 —
Band gap (300 K) Eg 1.12 (indirect) 1.42 (direct) eV
Band gapat 0 K Eg(0) 1.17 1.519 eV
Varshni parameter o o 4.73x10™* 541x10* eV/K
Varshni parameter 8 B 636 204 K
Electron affinity X 4.05 4.07 eV
Conduction band effective DOS Nc 2.8x10* 4.7x10" cm’?
Valence band effective DOS Nv 1.04x10" 7.0x10'® cm™
Intrinsic carrier concentration n, 1.5x10% 2.1x10¢ cm’?
Electron effective mass m; 0.26 mo (trans.) | 0.067 mo —
Hole effective mass m: 0.55 mo 0.5 mo —
Electron mobility Un 1350 8500 cm?/V's
Hole mobility Up 480 400 cm?/V:s
Electron diffusion coefficient Dn 35 220 cm?/s
Hole diffusion coefficient Dp 12 10 cm?/s
Saturation velocity Vear 1x107 2x107 cm/s
Thermal conductivity K 1.5 0.46 W/em-K
Thermal expansion coefficient o 2.6x10°° 5.7x10°¢ K
Melting point Tm 1414 1238 K
Specific heat capacity Cp 0.70 0.35 J/g'K
Refractive index (A =1 um) n 3.48 33 —
Energy gap type — Indirect (I'-X) Direct (I'-T") —

The fundamental (intrinsic) bandgap energy, E, (T) is the energy difference between the conduction band minimum

and valence band maximum, for an ideal pure crystal. However, in doped or real semiconductors, several effects modify
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the bandgap energy, producing an effective bandgap energy E, . (7) that depends on: Temperature (T), Doping
concentration (Np, Na), Bandgap energy narrowing (BGN), Carrier—carrier and impurity interactions. Temperature
dependence — Varshni’s equation (1) [17].

arl?
T+p

E (T)=E,(0)- (1
Where E, (0) is the bandgap energy at 0 K. The empirical parameters used were o = 4.73x10* eV/K and = 636 K for
Si, and o = 5.405x10~* eV/K and B = 204 K for GaAs. Bandgap energy narrowing (due to heavy doping): When doping
is high (>10'® ecm™), impurity band formation and many-body effects cause a reduction in bandgap energy [25]:

Eg,tf/f (1) = Eg (T) = AE gy 2)

where AE,;, bandgap energy narrowing term £, (T') . Effective bandgap energy accounts for temperature- and doping-

induced narrowing of the ideal bandgap energy. It’s crucial for modeling carrier concentration, recombination, and device
characteristics in real semiconductors.

RESULTS AND DISCUSSION
At cryogenic temperature (T = 1 K), the fundamental bandgap energy E,(7T) of Siis 1.17 eV, while that of GaAs is
1.519 eV, consistent with experimental low-temperature data. As the temperature rises, both materials show a monotonic
decrease in £, (T')as a result of thermal lattice expansion and enhanced electron—phonon coupling. At room temperature

(300 K), E, (T) decreases to approximately 1.12 eV for Si and 1.42 eV for GaAs, representing reductions of ~ 4.3 %

and = 6.5 %, respectively. The stronger temperature sensitivity in GaAs originates from its higher Varshni coefficient
(a = 5.405 x 10™* eV/K) and smaller temperature parameter (8 = 204 K) compared to Si (« = 4.73 X 10™*eV/K,B =
636 K). When the doping concentration increases from 1 X 107to 1 X 108 cm™3[17], the effective bandgap energy
E, ;(T) decreases further owing to BGN effects induced by impurity potential fluctuations, carrier—carrier interactions,

and band-tail formation. At 300 K, the calculated narrowing is approximately 0.030-0.045 eV for Si and 0.020-0.035 eV
for GaAs, resulting in £, ,(T)=1.08—-1.09 el for Si and 1.38-1.40 eVfor GaAs. This indicates that Si experiences a

stronger BGN effect (= 3545 meV) than GaAs (= 25-30 meV), attributed to its indirect band structure and higher density
of electronic states near the band edges.

- SiEy

Band gap Energy (eV)
Band gap Energy (eV)

] 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
a) Temperature (K) b) Temperature (K)

Figure 1. Fundamental and effective band gap energy versus temperature for Si and GaAs calculated using the Varshni relation
and bandgap energy-narrowing (BGN) correction:(a) Ny = N, = 1 X 107 cm™3;(b) Ny = N, = 1 x 1018 cm ™3,

Figure 1 illustrates the temperature dependence of the fundamental and effective bandgap energy energies of silicon
(Si) and gallium arsenide (GaAs), calculated using the Varshni empirical relation integrated with bandgap energy-
narrowing (BGN) corrections. The analysis considers doping concentrations of Ny = N, = 1 X 107 cm™3[Fig. 1(a)]
and 1 X 108 cm™3[Fig. 1(b)] over a wide temperature range from 4 K to 400 K.

The combined influence of temperature and doping on E, (T)and E, , (T) plays a decisive role in determining
the optical and electronic performance of semiconductors. At low temperatures (< 100 K), both materials maintain wide
bandgap energies favorable for low-leakage photodiodes and cryogenic detectors. In the intermediate range (200-300 K),
the gradual reduction of E_(T)and E, , (T)strongly affects the intrinsic carrier concentration n; « exp (—Eg/2KkT),

and thus the junction leakage currents in diodes and transistors. At elevated temperatures (>350 K), an effective bandgap
energy reduction of approximately 0.05 eV in Si increases the intrinsic carrier concentration n; by more than two orders
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of magnitude compared to 300 K, which is a critical factor that must be included in technology computer-aided design
(TCAD)-based device simulations and power-device thermal modeling.

From a comparative standpoint, GaAs preserves a larger absolute bandgap energy and exhibits smaller relative
narrowing, making it particularly suitable for high-frequency and optoelectronic applications such as laser diodes, light-
emitting diodes (LEDs), and photodetectors operating near 0.87 um. In contrast, owing to its smaller indirect bandgap
energy, Si continues to be a key material for broadband photodetectors, solar cells, and complementary metal-oxide—
semiconductor (CMOS)—integrated circuits, albeit with increased sensitivity to temperature and doping variations.

The physical origin of these differences lies in the distinct band structures and dielectric responses of the two
materials. Si exhibits stronger electron—phonon coupling and weaker dielectric screening (¢ = 11.7), which amplifies
impurity-related perturbations and deepens band tails. GaAs, characterized by a direct [-valley conduction band and
higher dielectric constant (¢ = 13.1), provides enhanced carrier screening and optical stability. Consequently, GaAs-based
devices display reduced bandgap energy modulation under identical thermal or doping conditions, leading to improved
quantum efficiency, gain stability, and high-temperature reliability.

The modeling strategy adopted here—combining Varshni’s temperature-dependent relation with a logarithmic BGN
correction—achieves excellent quantitative consistency with experimental observations and is well-suited for device-
level predictive modeling. The inclusion of a 40 meV narrowing at N = 108 cm™3 alters the built-in potential (Vy;) and
carrier lifetime predictions by 5—7 %, underscoring the importance of incorporating BGN effects into TCAD simulations
of Si/GaAs heterojunctions, tandem solar cells, and LED/laser structures. Silicon-based devices: The stronger BGN effect
in Si necessitates precise calibration of junction potential, carrier lifetime, and dark current in heavily doped regions. This
is particularly critical for power electronic, photovoltaic, and CMOS applications, where carrier transport and leakage
strongly depend on E, . (T). GaAs-based devices: The comparatively stable effective bandgap energy enhances optical

confinement, carrier mobility, and thermal reliability, making GaAs superior for high-speed and high-temperature
optoelectronic systems, including microwave photonics, laser diodes, and quantum well structures. Si/GaAs
heterojunctions: Understanding the interplay of thermal and doping effects allows precise band alignment engineering,
minimizing interface recombination and optimizing carrier extraction in multilayer and tandem architectures. Such
insights are crucial for achieving high-efficiency heteroepitaxial photodiodes, tandem solar cells, and integrated
optoelectronic circuits.

Future studies should extend this approach by incorporating strain-induced band modulation, quantum confinement,
and alloy composition effects (e.g., GaAsP, InGaAs, or SiGe) to refine predictive accuracy for nanoscale and
heteroepitaxial systems. These refinements are essential for the next generation of photonic, quantum, and energy-
conversion devices, where accurate bandgap energy engineering governs both conversion efficiency and long-term
operational stability. Integrating temperature, doping, strain, and compositional effects into unified analytical—
computational frameworks will enable precise material tailoring, paving the way for high-efficiency, low-loss, and
thermally robust semiconductor technologies.
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Figure 2. Temperature dependence of (a) the fundamental and (b) the effective band gap energy of Si.

Figures 2 and 3 depict the temperature-dependent evolution of the fundamental and effective band gap energies for
silicon (Si) and gallium arsenide (GaAs), respectively, within the temperature range of 10400 K and the doping
concentration range of 10—10'® cm™. Both materials demonstrate a continuous reduction in band gap energy as the
temperature increases, a behavior primarily governed by lattice thermal expansion and electron—phonon coupling effects
as expressed by the Varshni relation. For silicon (Figure 2), the fundamental band gap £, (T') decreases from 1.170 eV

at 0 K to approximately 1.103 eV at 400 K, resulting in an average thermal coefficient of % ~ —1.7 x 107* eV/K. This

relatively weak temperature dependence arises from the large Varshni parameter fg; = 636 K, indicating a modest
phonon-induced band renormalization. When the bandgap energy narrowing (BGN) effect is included, the effective band
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gap energy E, . (T)decreases further. At a moderate doping level of N = 10' cm™, the bandgap energy reduction is

approximately 0.01 eV, whereas at N = 10'® cm™, it reaches 0.06-0.07 eV. Consequently, E .¢for heavily doped Si falls
to around 1.04 eV at 300 K, reflecting the impact of impurity-induced potential fluctuations and the merging of conduction
and valence band tails.

In the case of GaAs (Figure 3), the fundamental band gap exhibits a more pronounced temperature sensitivity due
to its smaller Varshni  parameter (Sg,as = 204 K). The band gap decreases from 1.519 eV at 0 K to approximately

1.420 eV at 400 K, corresponding to a thermal coefficient of % ~ —2.5 X 10™* eV/K. This indicates that the electron—

phonon interaction in GaAs is roughly 1.5 times stronger than in Si. When the doping-induced narrowing is included, the
effective band gap E, , (T') drops to about 1.47 eV for N = 10" cm™ and further to 1.43 eV for N = 10" cm™, implying
a BGN magnitude of 40—50 meV at high doping levels. The weaker narrowing in GaAs compared to Si can be attributed
to its direct band structure and lower density of states near the band edges, which reduces impurity band overlap.
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Figure 3. Temperature dependence of (a) the fundamental and (b) the effective band gap energy of GaAs.

A direct comparison between Figures 2 and 3 reveals several key differences. First, GaAs maintains a larger band
gap across the entire temperature range by approximately 0.32—0.35 eV at 300 K making it more suitable for high-
frequency and optoelectronic applications where direct interband transitions are desired. Second, the temperature
coefficient of GaAs is nearly 50% larger than that of Si, indicating higher thermal sensitivity, which may limit its use in
devices operating under elevated temperatures without compensation mechanisms. Third, Si exhibits stronger doping
dependence, with an effective bandgap energy reduction exceeding 60 meV at N = 108 cm™3, compared to 40-50 meV
for GaAs under similar conditions. Overall, the comparative analysis indicates that Si is thermally more stable but more
susceptible to impurity-induced band tailing, while GaAs offers superior optical properties but exhibits stronger
temperature-induced bandgap energy reduction. These results are consistent with experimental observations and underline
the necessity of temperature- and doping-dependent modeling in the design of Si- and GaAs-based optoelectronic and
high-power devices.

Table 2. Comparison of intrinsic and effective intrinsic carrier concentrations in Si and GaAs at 300 K

Doping level AEBGN, Si: Si: AEBGN, GaAs: GaAs:
(cm™) Si: (eV) n; (cm>) n;,eff (cm™) GaAs: (eV) n; (cm>?) n;,eff (cm™)
1x10" 3.0x10™* 1.50x10 1.51x10% 1.1x10°° 1.90x10°¢ 1.90x10°
1x10's 1.0x10°3 1.50x10° 1.53x10%° 1.1x10* 1.90x10°¢ 1.90x10°¢
1x101¢ 1.0x1072 1.50x10 1.82x10° 1.03x1073 1.90x10°¢ 1.94x10°¢
1x10'® 6.0x102 1.50x10*° 4.79x10%° 2.60x102 1.90x10°¢ 3.14x10°¢
1x10* 1.0x10! 1.50x10* 1.04x10" 5.01x1072 1.90x10°¢ 5.00x10¢

At 300 K, silicon (Si) and gallium arsenide (GaAs) demonstrate distinctly different doping responses in both their
intrinsic and effective intrinsic carrier concentrations due to varying degrees of bandgap energy narrowing (BGN). As
summarized in Table 2, the intrinsic carrier density of Si n, =1.5-10" em™ is approximately four orders of magnitude

higher than that of GaAs 1.9-10° cm™ , primarily due to Si’s smaller bandgap energy. When the doping concentration
rises from 1-10" cm™ to 5-10" em™, Si exhibits a nearly sevenfold increase in its effective intrinsic concentration from
1.51:10" ¢cm ™ to 1.04-10"" ¢m™ driven by a substantial bandgap energy reduction of AE,, = 0.01 eV . In contrast, GaAs

experiences only a 2.6-fold enhancement 1.9-10°cm™to 5.0-10° cm™ with a smaller AE,, = 0.05 eV . This sharp

contrast highlights that Si is significantly more sensitive to heavy doping, leading to stronger bandgap energy narrowing
and higher carrier activation, while GaAs maintains superior electronic stability with limited BGN effects an essential
advantage for high-speed and high-temperature optoelectronic devices.



348
EEJP. 1 (2026) Jonibek Sh. Abdullayev, et al.

CONCLUSIONS

A comprehensive comparison of the intrinsic and effective intrinsic carrier concentrations and bandgap energy-
narrowing (BGN) effects in Si and GaAs has been carried out at 300 K over doping levels ranging from 1x10'* to
1x10" cm™. The results reveal that silicon (Si) exhibits a pronounced narrowing of the bandgap energy from 1.12 eV
(intrinsic) to 1.02 eV at N = 1x10" cm™, corresponding to AEggn =~ 0.10 eV. In contrast, gallium arsenide (GaAs) shows
a smaller reduction from 1.424 eV to 1.374 eV (AEggy = 0.05 eV) under the same doping conditions. The effective
intrinsic carrier concentration in Si rises sharply from 1.5x10' cm™ (intrinsic) to 1.0x10" cm™ at N = 1x10" cm>—a
nearly sevenfold enhancement. In GaAs, the corresponding increase is more moderate from 1.9%10° cm™ to 5.0x10° cm™
(a 2.6x growth). At moderate doping (N = 1x10'® cm™), Si experiences AE@gn) =~ 1.0x1072 eV and n e~ 1.8%10'° cm3,
whereas GaAs shows AEgan) = 1.0x1073 eV and n ¢~ 1.9x10° cm™ demonstrating nearly an order of magnitude weaker
dependence on impurity concentration. This disparity originates from Si’s higher effective density of states
(Nc=2.8x10 cm™3, Nv = 1.04x10" ¢cm™3) and its indirect band structure, which enhances carrier—carrier and impurity
interactions. GaAs, with Nc = 4.7x10'7 cm™ and Nv = 7.0x10'® cm™3, exhibits stronger dielectric screening and less BGN
sensitivity. At cryogenic conditions (T < 20 K), incomplete ionization becomes dominant: in Si, up to 80% of donors and
acceptors remain un-ionized, reducing free-carrier density by nearly one order of magnitude; in GaAs, the ionization
efficiency exceeds 90% under similar doping, maintaining higher conductivity stability. Consequently, Si is advantageous
for cryogenic or high-field devices such as low-noise detectors and power diodes, whereas GaAs remains superior for
high-frequency optoelectronic and microwave components. These quantitative insights into AEggn) and n, e provide a
reliable framework for predictive bandgap energy engineering and doping optimization in next-generation Si-, GaAs-,
and Si/GaAs-based heterostructures and nanodevices.
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KPIOTEHHI MATEPIAJIBHI TA EJIEKTPO®I3UYHI 3MIHU B Si TA GaAs
Jlxonibex II1. Adaysuiaes!, Maginadony III. Ioparivmosa', zkomkin L. A6aysiace?, Iopoxiv b. Canacs
! Vpeenucoxuii deporcasnuii ynisepcumem, syauysa Xamioa Onimoocona, 14, Ypaeny, 220100 Vzbexucman
’Hayionanvnuii docrionuyoxuti ynieepcumem TIHAM, xagedpa ¢izuxu ma xivii, Tawxenm, Yzbexucman
33axiono-Kacniticoxuil ynisepcumem, Baxy, Azepbaiiocarn
*Tawxenmcokul yrisepcumen npukiaonux nayx, eymuysa Yuieepcumemcoka, 28, Tawkenm 100095, Yz0exucman
SInorcenepnuii paxynomem, Llenmpanoroaziamcoxuii ynicepcumem, Tawxenm 111221, Vz6exucman
VY 1npoMy JOCIHIKEHHI CHCTEMaTHYHO BHBYEHO KPiOTeHHY IMOBEIiHKY KpeMHito (Si) Ta apceHiny ramito (GaAs) y TemreparypHOMYy
mianaszoni 4-300 K Ta mpu KOHIIEHTpAIlisx JieryBaHHs BiJ BaacHuX jo 1x10'® cm . BeraHOBNIEHO €BOIIONI0 (yHIAMEHTAIBHOT Ta
edexkTHBHOI mHpuHK 3abopoHeHol 30HU: y Si BoHa 3pocrae Bix 1,12 no 1,17 eB, a y GaAs — Big 1,42 no 1,51 eB npu 3HImKEHHI
temneparypu Bix 300 K no 4 K. BusnaueHo eneprii akTHBallii JOHOPIB i aKLENTOPIB, SKi JEMOHCTPYIOTh BUPKCHHI e(peKT HeOBHOT
ionizanii mpu T < 20 K, mo0 3MeHIIIye KOHICHTpAIiI0 BUIBHUX HOCIiB Maibke Ha 80% y cabKko JIETOBAHUX 3pa3Kax 1 CyTTEBO 3HIDKYE
€JIEKTPONPOBIHICTh. AHAIII3 MOBEPXHEBOI XiMIUHOI CTa0IBHOCTI MTOKa3aB MPUAYLICHHS TUQy3ii JIETyIOUnX AOMIMIOK Ta MiHIMAJIBHY
OKHCHIOBAHICTh y KpiOreHHHX ymoBax. OTpuUMaHi pe3ynsraTd 3a0e3ledyloTh KOMIUICKCHE PO3YMIHHS B3a€MOZii CTPYKTYpHHUX,
SJIEKTPOHHUX Ta XIMIYHUX TporeciB y Si i GaAs, 0 € KPUTHYHO BAXKIMBUM JUIS IPOEKTYBAHHS Ta ONTHMIi3amii KpiOTEeHHHX
€JIEKTPOHHUX 1 ONTOENEKTPOHHHUX HPUCTPOIB.
KiwuoBi ciioBa: epexmusna wiupuna 3a60poHeHoi 301U, eleKmpoCcmamuyHuil NOMeHyial, HenosHa IoHI3ayis; KOHYeHmMpayis HoCiig,
Ppo3uupenHs 3a60poHeHol 301U, epeKkmu HUILKUX memnepamyp, Kpio2eHHi HanienpoGiOHUKY, eneKmponposioHicme

2,3,4,5
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For the first time, the influence of growth Na/Cl non-stoichiometry at the surface of a NaCl single crystal on its phase composition,
gamma-irradiation-induced point-defect aggregation in both sublattices, and nanoparticle growth was studied using a combination of
experimental methods and modern analytical instruments. It was found that under irradiation with doses <1 MR, the initial impurity
nanophases NaClO3 and NaxO on the surface are ruptured, and instead Na2Cl, NaCl, NaOH, and metallic Na and NaH are formed.
Key words: NaCl crystal; Gamma-ray irradiation; Color centers; Impurity nanophases; Irradiation-induced phase transformations;
Local elemental composition; X-ray diffraction spectra; Optical absorption spectra

PACS: 61.46.-w, 61.80.-x, 64.70.K-

INTRODUCTION

Recently, sodium chloride (NaCl) crystals have attracted particular interest as a matrix for the disposal of highly
active nuclear waste; therefore, several studies of gamma-induced structural defects are again relevant [1-5]. A hundred-
year history of research on the effect of ionizing radiation on solids began with the discovery of color centers associated
with point defects in NaCl and other ionic crystals when irradiated with UV light and X-ray quanta [2,6-15], and
continued with irradiation with nuclear particles and the addition of X-ray and electron microscopic methods for the
analysis of structural defects [16-23].

Optical methods formed the basis of the theory of the creation of Frenkel paired anionic defects (charged a-/ and
neutral F-H) as a result of the decay of anionic excitons (their creation energy is 8-8.4 eV), cationic excitons (60-62 eV),
and the recombination of conduction electrons with self-trapped holes (Vx centers) [12,15,19]. There are three types of
Schottky vacancies (the transfer of an atom from the bulk to a site on the surface S): a cation vacancy, an anion vacancy,
and a bound pair of vacancies of the opposite sign, as well as pairs of Frenkel defects (vacancies and interstitials) in the
bulk.

It was shown that at low temperatures of 5-200 K, color centers are stable, and above the anionic interstitials (H-
and /-centers) as well as anionic and cationic vacancies (v, and v.) already straightforwardly migrate along the crystal
lattice [2,6,9,12-15,19-23]. The concentration of paired defects was estimated using the Smakula-Dexter formula
(assuming a uniform volume distribution of defects and an unchanged dielectric constant) from the experimental spectra
of optical absorption and refractive index, as well as the calculated oscillator strength (0.8—0.9 for the F center in NaCl)
[7,12,14,15]. The minimum energy of incident electrons for the collisional displacement of Cl in NaCl is estimated
at ~290-320 keV [2,8]. The enthalpies of migration A" were determined for the vacancy Na 0.66 eV and interstitial Na
0.29 eV, for the vacancy Cl 0.72 ¢V and Cl,~ only 0.16 ¢V, but the maximum value 0.9 eV was obtained for the
divacancy complex {VnaVci}. Thus, it was proved that molecular Cl migrates more easily than the Na atom. This
explains why, during radiolysis, Cl evaporates faster as a gas, while Na remains on the surface and forms colloids
[2,5,10-13,15,18,19,21,22]. However, the non-stoichiometry of the surface after evaporation of CI during radiolysis was
not measured directly. The total surface area of the crystal should increase as Schottky defects and their agglomerates
(nanopores and nanopillars) form, but this can only be measured with modern atomic force microscopes.

Therefore, the purpose of this work was to experimentally investigate the effect of the initial (growth) Na/Cl non-
stoichiometry of the surface composition of a NaCl single crystal on the gamma radiation-induced aggregation of point
defects and the growth of nanoparticles (metal or other nanophases) using a set of experimental methods.

OBJECTS AND METHODS OF RESEARCH
We used pure high-quality NaCl crystals for IR windows, grown in an inert atmosphere by the classical Kiropulos
method in a graphite crucible, with a standard diameter of &35 mm and a thickness of 4 mm; optical polishing was
performed at LOMO (Russia). The samples were wrapped in Al foil for isolation from air (possible oxidation of the
surface) and irradiated in a dry channel at 320 K ®°Co with gamma quanta at a dose rate of 145 R/s (energies 1.17 and
1.32 MeV, when corpuscular properties prevail over wave properties) at 4w geometry (isotropic irradiation) to doses
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from 10°R, when Frenkel pairs accumulate to 107 R (10 MR), when agglomerates and colloids are effectively
formed [2,5,13,15,17-22].

Micrographs of the samples before and after irradiation were taken on a scanning electron microscope EVO MA10
(Zeiss) at different magnifications, and the local elemental composition was determined using a built-in EDS
attachment with an electron backscattering detector (Oxford Instr. Resolution 128 eV) in the energy range of X-ray
quanta from 0.1 to 30 keV. Scanning probe microscopy was carried out on SPM (Shimadzu) to see nanoscale roughness
of the surface layer and its change induced by the gamma-irradiation (radiolysis etc). Optical absorption spectra were
recorded on an SF-56 spectrophotometer in the wavelength range of 190—1100 nm and optical density range from -1
to +5 in the mode of strongly absorbing objects (slit spectral width 5-10 nm). The phase composition was determined
by X-ray diffraction over a wide angular range from 5 to 140 degrees on an Empyrean diffractometer (PANalytical).

RESULTS AND DISCUSSIONS

NaCl crystals were irradiated with gamma rays at Debye temperature = 322 K (which turns out to be very close to
the temperature of the dry channel of the gamma source), while all vibrational modes of the lattice were excited and
effective diffusion of Na and Cl along interstices was ensured [18, 20].

Taking the known ratio 1 R/s = 2-10° quant/cm’s for the energy of a gamma quantum of 1 MeV, the dose rate of
145 R/s =2.9-10'" quant/cm?s and the exposure dose in the flux range from 2.9-10'° to 3-10'7 quant/cm?. Since one 1.17 MeV
gamma quantum can create either one electron-positron-pair with an energy of 0.585 MeV each, or up to 103 Compton
electrons with an energy of ~ 100 eV each, sufficient to displace a light atom (A<40) upon collision (25-50 eV) and
generation of a pair of defects [2, 8]. However, the minimum energy of an incident electron for the displacement of Cl in NaCl
is estimated in the range of 290-320 keV and the radiation-chemical yield of stable F-centers 1.5/100 eV and unstable
1.75[2,17,18,21]. However, according to another estimate, for A = 30, the electron energy in the beam is 0.6-0.8 MeV [8].

The experiment began by determining the local elemental composition of the defective surface. Figures 1A—1D
show microimages and nanoscale surface roughness of a NaCl crystal in the non-irradiated state and after irradiation
with a dose of 10 MR, as well as local spectra of characteristic X-ray radiation from the near-surface layer. The growth
dislocations and tracks of polishing are clearly visible even on non-irradiated sample with high-quality optical
polishing, which indicates the presence of both aggregated and nanoscale structural defects. Bright spots indicate areas
where the surface charge is localized.
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Figure 1. SEM and SPM images of the polished surface of a NaCl crystal: A, E) unirradiated and B, F) after gamma irradiation at 320
K and 140 R/s with a dose of 107 R; the squares show the places where the local characteristic spectrum C) and D) were recorded
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Figures 1E and 1F show the surface profiles before and after y-irradiation. It can be seen that the surface roughness
(according to the Z scale) after the initial optical polishing reaches about 650 nm due to the presence of frequent
nanosized channels and protrusions of the dominant cubic phases NaClOs; and Na,O. The most anisotropic
orthorhombic phase, Cl,, as well as nanosized cubic HCI and Na, appear to be located within nanogrooves on the
channel walls. After irradiation, the depth of the furrows and the height of the peaks decrease by approximately a factor
of two due to radiation-enhanced diffusion, and the NaCl matrix becomes exposed. At the same time, a new NaH phase
forms in the shape of sharp-edged cones with heights of up to 100 nm, while the furrows deepen as a result of chlorine
loss (Table 1).

The chlorine content even on a non-irradiated surface is less than the stoichiometric (60.65%), but still more than
sodium. The chlorine content on the irradiated surface is already so much less than stoichiometric that it is already less
than sodium. This is direct quantitative evidence of surface radiolysis with the removal of chlorine. It is energetically
disadvantageous to create such a quantity of chlorine vacancies; therefore, an effective agglomeration process occurs
with the formation of metal colloids and pores [10, 11, 17-22].

Table 1. Local elemental composition (wt %) of the surface layer of the NaCl crystal (the second column is the stoichiometric ratio
according to the chemical formula) before and after gamma irradiation

NaCl Unirradiated Dose 10’ R Error, %
Element formula 12 13 14 10 11
Na 39.35 448 44 44.2 54.6 52.6 0.2-0.6
Cl 60.65 55.2 56 55.8 454 474 0.2-0.6

To confirm this, the X-ray diffraction spectra were measured, and the structure and phase composition were
determined, as shown in Fig. 2 and Table 2.
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Figure 2. Wide-angle X-ray diffraction spectra of a pure NaCl crystal before (1) and after gamma irradiation at 300 K and 140 R/s
with a dose of 7-10° R (2)

The spectra show that each high-intensity matrix reflection (h00) is accompanied by incoherent Compton
scattering due to the interaction between X-rays and weakly bound valence electrons, which is an important effect in the
case of light elements such as Na and Cl. A weak reflection (110) at 29.5° was attributed to Na nanoparticles
[17,18,20,21]. After gamma irradiation, a systematic shift of reflections towards small angles is observed, a decrease in
their amplitude and broadening at the level of half the amplitude are due to phase transitions as a result of additional
loss of chlorine from the surface.

Table 2. Structure and phase composition of the surface layer of a NaCl crystal before and after gamma irradiation at 300 K and 140
R/s with a dose of 0.7-10° R.

Lattice parameters, A
Sample Phase % Group Structure a b c
Na -1% Im-3m Cubic 4.221 4221 4221
NaCl-6% halite HP, syn Cubic 5.453 5.453 5.453
Fm-3m
Na(Cl103)-47% sodium chlorate(V) Cubic 6.340 6.340 6.340
Reference P213
Nacl Ch-a% dichlorine Orthorhombic 6.290 4.500 8210
Cmca
HCI1-2% Fm-3m Cubic 5.482 5.482 5.482
Na>0-40% Fm-3m Cubic 5.560 5.560 5.560
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Lattice parameters, A
Sample Phase % Group Structure a b c

NaCl-16% Fm-3m Cubic 5.620 5.620 5.620

NaH-4% Fm-3m Cubic 4.880 4.880 4.880

NaCl Na(Cl03)-8% | sodium chlorate(V) Cubic 6.486 6.486 6.486

D=0.7 MR P213

_ samma NaOH-11% 0-NaOH Orthorhombic 3.399 3.399 11.377
irradiation Bmmb

Na-3% P63/mmc Hexagonal 3.767 3.767 6.154

NaxCl1-58% Cmmm Orthorhombic 3.291 10.385 2.984

As you can see from Table 2, the unirradiated polished surface contains nanopores with Cl, and HCI and
nanoparticles of Na and NaH, as well as impurity nanophases NaClO3 and Na,O, which are all cubic and practically
cover the bulk cubic structure of NaCl. After the accumulation of a gamma dose of 0.7 MR, the impurity oxygen-
containing phases decompose with the formation of dense orthorhombic and hexagonal structures and partial reduction
of the basic NaCl lattice. So, for the first time, gamma-radiation-induced phase transitions in the near-surface layer were
discovered, for which much more energy from absorbed gamma rays is spent than for simple displacements of atoms
from site to interstice to saturating concentrations of 10'7-10'? cm™ [9,13,15,19,22], which must be taken into account in
the energy balance.

Having determined experimentally the deficit of chlorine and the phase composition of the near-surface layer, the
dose dependences of the absorption spectrum were measured to establish the dose when pair chlorine vacancies are
formed, from which, presumably, chlorine molecules evaporate. In fig. 3 shows the absorption spectra of NaCl crystals
measured in steps of dose accumulation from 2-10* R to 3-107 R. The results obtained do not contradict the literature
data on the position of absorption bands and color instability [7,12,13,15-19,22].
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Figure 3. Absorption spectra of NaCl crystals scanned from 190 to 1100 nm on an SF-56 spectrophotometer:
A) 1- non-irradiated, small doses: 2(blue) — 2x10* R, 3(red) — 5x10* R, 4(pink) — 10° R, 5(black) — 2x10° R, 6(green) — 3x10° R;
B) large doses 1(green) — 7x10° R, 2(blue) — 107 R, 3(red) — 3x107 R

However, measurements in the mode of strongly absorbing materials (Fig. 3B) made it possible to see that the
saturation of absorption by F centers noted by all authors and the simultaneous appearance of aggregate F» and F;
centers does not exist. Instead, there is a break a continuous extinction function on the wavelength, as if an impurity
band were formed in the forbidden band.

The splitting of the F-center band appears at a dose of 5-10° R, when paired F-F centers with electric dipole
interaction are formed. In fig. 3A, for the first time, strong dispersion was found around the intense absorption band of
the F’ center, where the optical density even takes negative values. According to G. Mie's theory of light scattering by
metal nanoparticles in a transparent dielectric [24]. This means that this band of light is effectively reflected, which
characterizes metal clusters at the site of anion vacancies, which fully agrees with the above results of the elemental and
phase composition of the surface (the presence of metallic phases of sodium). Figure 3B shows that the higher the
radiation dose, the higher the concentration of paired centers (category of molecular centers), the closer the distance
between the centers in each pair, the stronger the electron-electron interaction and, accordingly, the greater the splitting
between the levels. The sodium plasmon resonance line is observed at 500 nm. When the transition of an electron
between an occupied and an unoccupied level is allowed by the rules of optical selection, this leads to a strong
absorption of a photon with an energy equal to the difference between the energies of the occupied and unoccupied
levels. The maximum of the imaginary term of the dielectric function & can be expected at v, and /hv,. Since these
maxima correspond to strong absorption, they determine the color of the solid. The physical condition for strong
absorption is that the states in the valence and conducting bands are dispersed in parallel over large parts of the
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Brillouin zone. This condition is obviously satisfied for very flat bands arising from strongly localized states [21,23]. In
our case, under ionizing irradiation, strongly localized states appear near the level of the chemical potential i near the
middle of the forbidden band with excited levels very close to the valence and conducting bands. At high doses, these
states come so close to each other that the electrical dipole interactions between them become significant. The electric
dipole moment arises due to ionic polarization: the negatively charged chlorine sublattice is displaced relative to the
positively charged sodium ions.

CONCLUSIONS

The use of a set of experimental methods for studying the crystal structure, the spectra of intense optical
absorption by colour centres, and the elemental and phase composition of the near-surface layer on modern analytical
instruments enabled the discovery of new effects even in the widely studied ionic NaCl crystal. The X-ray diffraction
spectra, presented for the first time on a semilogarithmic photon-counting scale, clearly show strong reflections from
the matrix and weak reflections from impurity phases. For the first time, the effect of the initial (growth)
nonstoichiometry of the surface of a NaCl single crystal with a Chlorine deficiency on the aggregation of point defects
in both the anionic (pores with Cl, and HCI) and cationic (Na and NaH nanoparticles) sublattices was found. Impurity
nanophases NaClO; and Na,O were identified, which passivate the superstoichiometric aggressive Na. For the first
time, gamma-radiation-induced damage of the existing surface phases and formation of new nanophases were
discovered, as a result of which the surface layer of the basic lattice of NaCl was partially restored, which should be
taken into account in the distribution of the absorbed dose in the bulk and in the near-surface layer.

The obtained results and research methods can be applied for the dosimetry of long-term irradiation in depositories
of high-level waste in the NaCl matrix and their structural changes.
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PAJIAIIAHO-THIYKOBAHI ®A30BI IEPETBOPEHHS, ATPETALIS TOUKOBUX JE®EKTIB TA YTBOPEHHSI
HAHOYACTHUHOK Y TAMMA-OITPOMIHEHUX KPUCTAJIAX NaCl
Iloskar Byspikos!, Enbsipa Ioparivosa?, Baxonip Caiinyiuiaes’, Yrkip Yabakaes*
Hayxoeo-mexuiunuii yenmp padiayitinoi ma adepnoi 6esnexu, Tawxenm, Ysbexucman
2Inemumym s0eproi ¢izuxu AH PY3, Tawxenm, Y30exucman
3Vnisepcumem Anvppazanyc, Tawxenm, Yzbexucman
*Henaycoxuti incmumym nionpuemnuymea ma nedazozixu, m. Jlenay, 360, Cypxandap 'incoka obnacms, Yzbexucman

Briepiie 3a jpormomororo KoMmOiHamii €KCHEpHMMEHTaJbHUX METOMIB Ta Cy4YacHHX AHANITHYHUX IPHIAIIB JOCITIJDKEHO BIUIUB
Hecrexiomerpii pocty Na/Cl Ha moBepxni monokpucrana NaCl na ioro (a3oBuii ckiaj, arperaiito TOYKOBHX Je(eKTiB B 000X
miArpaTkax, iHIyKOBaHy raMMa-ONpOMIiHEHHSM, Ta PiCT HAHOYACTHHOK. Byso BWsBIIEHO, 110 IpW ompomineHHi po3amu <l MR
movaTkoBi fomimkoBi HaHO(a3n NaClOs Ta Na2O Ha moBepxHi PO3pHBAIOTECS, a 3aMicTh HUX yTBOpIooThcst Na2Cl, NaCl, NaOH Tta
metaneBi Na Ta NaH.

Kuarouosi caoBa: xpucman NaCl; eamma-onpominenns; yewmpu 3abapenenus; Oomiwikosi nanogasu; ¢azoei nepemsopenus,
IHOYKOBAHI ONPOMIHEHHAM, IOKATbHUL eNeMEeHMHULL CKILA0; PEHM2eHIBCbKI OUPPAaKYitiHi cnekmpu, onmuyHi ab6copoyitini cnekmpu
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In this study, carbon nanotubes (CNTs) were synthesized on Ni-coated sapphire substrates using conventional and water-assisted
chemical vapor deposition (CVD and WA-CVD) methods to evaluate the effect of water vapor on amorphous carbon removal and
catalyst activity at low temperatures. Reduced nickel nanocatalysts were prepared by the sol-gel method and activated in a hydrogen
atmosphere. Raman spectroscopy confirmed that CNTs synthesized by WA-CVD exhibited a higher degree of graphitization
(ID/IG = 1.18) and the absence of amorphous carbon peaks around 794 cm™, indicating improved purity. X-ray diffraction (XRD)
analysis revealed the formation of graphitic carbon (002) and NisC crystalline phases, as well as a rightward shift of the (002) peak to
20 = 26.2°, suggesting lattice contraction caused by water-vapor-induced stress. Transmission electron microscopy (TEM) images
showed that CNTs synthesized under WA-CVD conditions were thinner (17-25 nm), longer (> 1 pm), and cleaner than those obtained
by conventional CVD, which exhibited thick amorphous carbon coatings. These results demonstrate that the controlled addition of
water vapor during CVD suppresses amorphous carbon formation, regenerates catalyst active sites, and significantly enhances CNT
crystallinity and morphological uniformity. The findings provide an efficient approach for synthesizing high-purity, well-aligned CNTs
suitable for thermal interface materials, nanocomposites, and electronic device applications.

Keywords: Carbon nanotubes;, Amorphous carbon removal;, Water-assisted CVD; Nickel catalyst; Sol-gel synthesis; Raman
spectroscopy; X-ray diffraction; TEM morphology; Graphitization degree; Catalyst regeneration

PACS: 81.07.De; 81.15.Gh; 81.20.Fw; 61.48.De; 61.72.Cc; 78.30.Na; 61.05.cp; 68.37.Lp; 82.65.+r.

INTRODUCTION

Since their discovery by Iijima in 1991 [1], carbon nanotubes (CNTs) have been among the most promising
nanomaterials investigated to date. Their exceptional mechanical strength, electrical and thermal conductivity, as well as
chemical stability, make CNTs suitable for a wide range of applications, including electronics, catalysis, composite
materials, energy storage systems, and thermal interface materials (TIMs) [2—4].

The quality, morphology, and properties of CNTs mainly depend on the synthesis parameters—particularly the type
of catalyst, growth temperature, carbon source, and reaction atmosphere [5]. The most widely used synthesis technique
is Chemical Vapor Deposition (CVD), which offers several advantages such as simple technological requirements, low
cost, and controllable growth conditions [6,7]. However, the formation of amorphous carbon (a-C) during the CVD
process significantly reduces the structural and functional quality of CNTs.

Deposited carbon on the catalyst surface can generally be classified into amorphous carbon and graphitic carbon.
Amorphous carbon is formed through the adsorption of carbon species on active nickel sites; it is highly reactive and can
be removed at relatively low temperatures [8]. In heterogeneous catalysis, carbon deposits of different structural order
can form on catalyst surfaces, and their nature strongly affects catalyst stability and activity. Amorphous carbon species
are generally less ordered and more reactive, whereas graphitic carbon exhibits a more ordered sp bonded lattice that is
thermodynamically stable and harder to remove by simple low-temperature treatments [9]. Such graphitic deposits tend
to form at higher reaction temperatures and, once present, require significantly higher temperatures or aggressive
regeneration procedures for elimination. As carbon continues to accumulate, these graphitic coke species block active
sites or pores and physically limit the access of reactant gases to catalytic centers, which leads to a gradual decline in
catalytic activity and, in severe cases, complete catalyst deactivation [10].

As a result, the growth rate of CNTs decreases, their length shortens, graphitization becomes limited, and both
electrical and thermal properties deteriorate [11]. Therefore, the controlled removal or prevention of amorphous carbon
formation during synthesis is one of the most effective strategies for improving CNT quality.

Several approaches have been explored for the elimination of amorphous carbon. One of the most widely studied
techniques involves oxidative acid treatments, using mixtures of nitric acid (HNOs), sulfuric acid (H2SO4), or hydrogen
peroxide (H20:) [12—14]. By functionalization, chemical groups such as carboxyl (—COOH), carbonyl (—CO), and hydroxyl
(-OH) are formed on the CNT surfaces, which exfoliate the CNT bundles, improve their wettability and enable their
dispersion in polar media. In the presence of metal precursors, these surface groups help the diffusion and nucleation of
metals on the CNT sidewalls for the synthesis of ideal CNT composites [15]. The acidic treatment tends to damage the
external graphitic lattice structure of CNTs[16]. Thus, optimizing the concentration and duration of oxidation is crucial [17].
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An alternative approach is the Water-Assisted Chemical Vapor Deposition (WA-CVD) method, where water vapor
(H20) is introduced into the synthesis environment. Adding water vapor to the CVD process can improve the CNT purity,
alignment, and growth height by removing amorphous carbon on the (typically Fe) catalyst particles owing to the partial
oxidation of the metallic catalyst. [18,19]. This method enables the formation of vertically aligned, dense, and highly
ordered CNT arrays [20]. Studies have shown that samples synthesized at higher temperatures (600—800°C) exhibit a
higher degree of graphitization, whereas lower temperatures favor amorphous carbon formation [21].

Moreover, the choice of metal catalyst significantly influences amorphous carbon formation. Transition metals such
as Fe, Co, and Ni effectively decompose carbon and promote diffusion; however, at lower growth temperatures,
amorphous carbon deposition becomes more likely [22]. Therefore, the activation and cleanliness of the catalyst surface
play a crucial role in CNT growth [23].

Recent research demonstrates that the in-situ removal of amorphous carbon—during rather than after synthesis—
enhances the morphology, graphitization, and functional performance of CNTs [24,25]. This not only simplifies the
synthesis process but also minimizes subsequent chemical treatments, preserving the structural integrity of the nanotubes.

In this study, the conventional CVD and water-assisted CVD (WA-CVD) methods are compared to evaluate the
influence of water vapor on amorphous carbon formation at low temperatures. The presence of water vapor facilitates the
decomposition of excess amorphous carbon on the catalyst surface in real time, keeping active sites exposed.
Consequently, CNT growth yield increases, catalyst lifetime extends, and graphitization improves. Understanding the
mechanism of amorphous carbon formation and its suppression via WA-CVD or oxidative environments provides a
pathway for producing low-defect, highly crystalline CNTs at relatively low temperatures.

This approach establishes an important scientific foundation for the development of efficient, stable, and thermally
conductive nanotubes for thermal interface materials (TIMs) [26], nanocomposites [27], and electronic devices [28].

In this study, reduced nickel nanocatalysts synthesized via the sol-gel method were employed for the growth of
carbon nanotubes (CNTs). Nickel(II) nitrate hexahydrate [Ni(NOs).'6H.O] was dissolved in distilled water, and
ammonium hydroxide (NH«OH) was gradually added until the pH reached 11. The resulting solution was slowly heated
to 85 °C, leading to the formation of a gel. The obtained gel was deposited onto sapphire substrates using the spin-coating
technique and subsequently dried at 400 °C. The nickel nanocatalysts were produced by reducing nickel oxide (NiO) at
elevated temperatures in a hydrogen atmosphere, which converted NiO into metallic nickel and enhanced its catalytic
activity.

EXPERIMENT

Carbon nanotubes were synthesized on Ni-coated sapphire substrates using a super-growth chemical vapor
deposition (CVD) technique that selectively removes amorphous carbon without damaging the nanotube structure at the
growth temperature. The schematic diagram of the experimental setup developed for CNT synthesis using the super-
growth CVD method is shown in Figure 1.

Figure 1. Schematic diagram of the designed CVD system: 1— quartz reactor (1 m length); 2, 3 — flanges; 4 — laboratory furnace;
5 — molybdenum plate with thermocouple; 6 — sample

All experiments were conducted under identical reaction conditions, with the only difference being the presence or
absence of water vapor during the growth stage. The substrates were placed inside a quartz-tube furnace, and when the
reaction temperature reached 550 °C, ethanol (C.HsOH) was introduced into the reactor together with argon gas,
maintaining a total gas flow rate of 3.0 L/min. The reaction time was fixed at 45 minutes. CNT growth was performed
under two different conditions:

-Dry growth (without water vapor): Ar (2900 sccm) + C:HsOH (100 sccm).

-Water-assisted growth (WA-CVD): H20 + Ar (2900 sccm) + C2HsOH (100 sccm).

In the WA-CVD process, deionized water at room temperature was passed through a bubbler to generate water
vapor, which was continuously monitored and controlled. The controlled addition of water vapor served to maintain the
catalyst activity and enhance the growth rate of carbon nanotubes.
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After 45 minutes of growth, the flow of C:HsOH and Ar was stopped, and the samples were allowed to cool naturally
to room temperature.

To evaluate the structural, crystallographic, and morphological properties of the synthesized carbon nanotubes
(CNTs), several advanced characterization techniques were employed.

Raman spectroscopy was carried out using a Renishaw Raman spectrometer equipped with a 532 nm laser source
operating at 100% power (approximately 10 mW). The spectra were recorded over the range of 100-3500 cm™. This
analysis provided insights into the degree of graphitization, the presence of amorphous carbon, and defects within the
CNT structure.

The crystalline structure and phase composition of the CNTs were analyzed using Rigaku SmartLab SE X-ray
Diffractometer with Guidance Software. Measurements were conducted with Cu Ka radiation (A = 1.5406 A) at an
operating voltage of 40 kV and current of 50 mA. Scans were performed in 1D mode, with a step size of 0.01° and a scan
rate of 3.00° min!, covering the 26 range of 10°-100°.

To further investigate the morphology and internal structure, Transmission Electron Microscopy (TEM) analysis
was performed using a Thermo Scientific Talos F200i (S) field-emission scanning TEM operating at 20-200 kV.

RESULTS AND DISCUSSION
The Raman spectra of the synthesized carbon nanotubes (CNTs) exhibited three characteristic peaks typical of
carbon nanomaterials — the D, G, and 2D bands — as shown in Figure 2. These peaks correspond to the vibrational
modes of sp>-hybridized carbon atoms within the graphitic lattice, confirming that the nanotubes possess a graphitic
structure.

—— standard CVD
G peak

D peak

Amorphous
carbon

Ip/lG=1,19

2D peak

Intensity (a.u.)

| —— WA-CVD
D peak G peak

Ip/lG=1.18

2D peak

500 1000 1500 2000 2500 3000
Raman shift (cm™)

Figure 2. Raman spectra and TEM image of carbon nanotubes synthesized by: (a) conventional CVD and (b) water-assisted CVD
(WA-CVD) methods

In the Raman spectra, the G band observed in the range of 1575-1586 cm™ corresponds to the in-plane stretching
vibrations of sp®-bonded carbon atoms, confirming the presence of a crystalline graphitic structure. The
D band (~1343-1349 cm™) is associated with lattice imperfections and amorphous phases, and its intensity reflects the
degree of structural disorder in the sample.

For the CNTs grown by the conventional CVD method, the D, G, and 2D peaks were observed at 1343, 1575, and
2685 cm™, respectively, with an Ip/Ig ratio of approximately 1.19, indicating the presence of defects and amorphous
carbon. Additionally, a low-frequency radial breathing mode (RBM) in the range of 126—139 cm™ confirmed the existence
of single-walled carbon nanotube (SWCNT) fractions.

In contrast, for the CNTs synthesized using the WA-CVD method, the D, G, and 2D peaks appeared at 1349, 1586,
and 2686 cm™', respectively, while the characteristic amorphous carbon signal around ~794 cm™ was absent, indicating
higher purity of the sample. The Ip/Ig = 1.18 value suggests improved crystallinity. The rightward shift of the G-band to
1586 cm™ can be attributed to mechanical compression or doping-induced stress within the carbon lattice.

The X-ray diffraction (XRD) patterns of the CNTs synthesized under both conditions are shown in Figure 3. The
diffractograms exhibited several distinct peaks in the 20 range of 10°-100°, confirming the crystalline nature of the
obtained samples.
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Figure 3. XRD diffractograms of carbon nanotubes synthesized by conventional CVD (red) and WA-CVD (black) methods

In the diffractogram of the CNTs synthesized by the conventional CVD process, the main diffraction peaks appeared
at 20 =~ 25.8°, 42.8°, 44.4°, 51.7°, 76.2°, 92.8°, and 98.3°, corresponding respectively to the (002) and (020) planes of
graphitic carbon and to the (111), (200), (220), (311), and higher-order reflections of metallic Ni phases (JCPDS Ne. 04-
0850). The strong peak near 20 = 25.8° confirms the presence of graphitic carbon layers, indicating the formation of
carbon nanostructures.

The XRD pattern of CNTs synthesized via the WA-CVD method exhibited the same major peaks (20 = 26.27°,
44.4°, 76.2°, 92.8°, and 98.3°) along with several additional reflections at 20 = 39.3°, 41.6°, 58.62°, 71.20°, 78.11°,
86.05°, 88.09°, and 97.49°. These additional peaks correspond to the hexagonal NisC phase (PDF No. 77-0194), indexed
to the(110), (006), (116), (300), and (119) planes [29].

The (002) peak of CNTs grown under standard CVD conditions appeared at 20 = 26°, typical for graphitic carbon
structures. In contrast, for CNTs synthesized under WA-CVD conditions, a slight rightward shift of the (002) peak to 20
~ 26.2° was observed, which is attributed to lattice parameter contraction. The primary causes of this shift are the
compressive stresses induced on the catalyst surface by the water vapor, a reduction in nanocrystallite size, and possible
atomic rearrangements caused by oxidation or doping processes, leading to a decrease in interatomic spacing and,
consequently, an increase in the Bragg angle (20) [30].

The morphological characteristics of the synthesized CNTs were further investigated using Transmission Electron
Microscopy (TEM), as shown in Figure 2 and Figure 4.
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Figure 4. TEM images of carbon nanotubes: (a) CNTs synthesized by the conventional CVD method; (b) CNTs synthesized by
the water-assisted CVD (WA-CVD) method

The TEM image of the sample grown under dry CVD conditions (Fig. 2a) shows nanotubes covered with a thick
layer of amorphous carbon and agglomerated clusters. The nanotubes have diameters of approximately 23—40 nm (Fig.
4a) and lengths typically limited to 200—500 nm. The presence of numerous irregular and fragmented segments indicates
uncontrolled carbon deposition on the catalyst surface, leading to the accumulation of amorphous carbon and
consequently to CNTs of poor structural quality with disordered morphology.

In contrast, the TEM image of the sample synthesized under WA-CVD conditions (Figure 2b) shows much cleaner
and more ordered nanotubes. The CNTs are thinner and longer, with diameters ranging from 17-25 nm (Fig. 4b) and
lengths exceeding several micrometers (>1 pm). The amorphous carbon layer is almost absent, and the CNTs are well-
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separated from one another. This demonstrates that water vapor regenerates the catalyst surface, suppresses excessive
carbon deposition, and stabilizes the growth process.

From the TEM images (Figures 4a and 4b), it can be concluded that CNTs synthesized by both the CVD and WA-
CVD methods grew via the tip-growth mechanism. In both cases, Ni nanoparticles served as active catalytic centers,
decomposing the carbon precursor and promoting tubular carbon formation.

Overall, the comparative analysis indicates that synthesis performed in the presence of water vapor results in higher-
quality, longer, and purer carbon nanotubes than those obtained under dry conditions. Water vapor not only extends the
catalyst lifetime but also produces CNTs with smaller diameters and more uniform distributions.

CONCLUSIONS

The conducted research demonstrated that the water-assisted chemical vapor deposition (WA-CVD) method is
significantly more efficient than the conventional CVD process for synthesizing carbon nanotubes (CNTs). The Raman
analysis showed that CNTs synthesized under WA-CVD conditions exhibited no amorphous carbon components and
displayed a higher degree of graphitic ordering (In/Ig= 1.18). The XRD results revealed a shift of the (002) peak to 20 =
26.2° and the formation of the Ni,C phase, confirming the stabilizing effect of water vapor on catalyst activity. The TEM
observations demonstrated that CNTs grown by the WA-CVD method were thin (5-12 nm), long (=1 pm), and well-
separated, whereas those grown under conventional CVD conditions were short, irregular, and coated with amorphous
carbon. Overall, water vapor regenerates the catalyst surface, suppresses amorphous carbon formation, and improves both
graphitization and growth efficiency. Therefore, the WA-CVD method has been proven to be an optimal approach for
synthesizing thin, long, and well-aligned carbon nanotubes with high crystallinity and purity.
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MNOKPAIIEHHSA CUHTE3Y BYITIELEBUX HAHOTPYBOK IIVIAXOM BHJIAJIEHHA AMOP®HOI'O BYTJIEIIO
Cesapa I. I'yiiomaxanoBa, lusoc X. Xynaiikynos, liboc Ixx. Adgicainos, Xaram b. Aurypos
Incmumym ionno-naazmosux ma aazepuux mexuonozitl im. Apigposa Axademii nayx Y3bexucmany
100125, eéyn. /lypmon tiyni, 33, Tawkenm, Y30exucman

VY mpoMy pocmimkeHHi ByrieneBi HaHOTpYOku (BHT) Oynmm cuaTe30Bani Ha camndipoBHX MIAKJIAAKAX 3 HIKEJIEBUM MOKPHUTTAM 3a
JIOTIOMOTOIO TPaJHIIIfHIX METOMIB Ta METOMIB XIMITHOTO OCaKEHHS 3 TapoBoi (a3u 3 BukopuctanHsM Boau (CVD ta WA-CVD) nis
OLIIHKY BIUIMBY BOJSHOI NMapy Ha BUJAJICHHS aMOP(HOTO BYIVIEIIO Ta aKTUBHICTH KaTali3aTopa 3a HU3BbKUX TeMueparyp. BigHosieni
HiKeJIeBI HaHOKAaTaJi3aTopH OyJaM OTPHMaHi 30Jb-TelIb METOIOM Ta aKTHBOBaHI B arMocdepi BoxHi0. PamMaHIBChbKa CIIEKTPOCKOIIIS
MiATBEp/KIa, 10 ByIICHEBl HAHOTPYOKH, cuHTe30BaHi MeTogoM WA-CVD, neMoHCTpyroTh BUIMIA cTymiHb rpaditusarnii (ID/IG =
1,18) Ta BimcyTHicTh mikiB amopdHOro Byriewmro Onu3bko 794 cM™!, 1m0 CBIAYMTH MPO MOKPAILEHY YHUCTOTY. PeHTreHiBChKuMit
nudpakuiiauii ananiz (XRD) BusiBuB yrBopenus rpadiroux Bynienesux (002) ta kpucraniynux a3 NisC, a Takox 3cys miky (002)
mpaBopyd 10 20 = 26,2°, u10 cBiqUUTh PO CTUCHEHHS KPUCTAIIYHOI PEUITKH, COPUYMHEHE HANPYKEHHSIM, 1HIYKOBAaHUM BOISHOIO
naporo. 300pakeHHs MPOCBIdyBaIBHOI e1eKTpoHHOI Mikpockomii (TEM) noka3zanm, mo Bymienesi HaHOTpyOKH, CHHTE30BaHi B yMOBax
WA-CVD, 6ymn tonmumu (17-25 HM), noBmuMu (> 1 MKM) Ta YHCTIMIMMHM, HDK Ti, mo Oynu orpuMani 3BudaiiHmM CVD, sxi
JIEMOHCTpPYBAJIN TOBCTI HOKPUTTS 3 aMop¢HOTO Byrtemnto. Lli pe3ynsTaTu 1eMOHCTPYIOTh, III0 KOHTPOJILOBAHE IOAABAHHS BOJSIHOT TApH
nix wac CVD mnpurniuye yTBOpeHHs aMOp(HOro ByIJIEL0, pereHepye aKTHBHI IEHTPH Karaji3aropa Ta 3HAYHO IIOKpAILye
KPHUCTAIIYHICTh Ta MOP(OJIOTiYHY OJJHOPIIHICTH ByIVIELIeBUX HAHOTPYOOK. OTpHMaHi pe3ysibTaTi NIPOIOHYIOTh e(EKTHBHHUH MiAXi 10
CHHTE3Y BHCOKOYMCTHX, A0Ope BHPIBHAHHMX BYDJICLICBUX HAHOTPYOOK, NPUAATHHUX [UISI BHKOPHCTaHHA B TepMOiHTepdeiicHnx
Marepiajiax, HiHOKOMIIO3UTAX Ta €IEKTPOHHUX MPHCTPOSIX.

KurouoBi cioBa: syeneyesi nanompyoku,; sudanenna amopgrozo gyeneyro;, CVD 3 gukopucmanHam 600u, Hikeregull Kamanizamop;
3071b-2€eb CUHME3, PAMAHIBCLKA CHEKMPOCKONIs, peHmeeHiecvka oudparyis, mopgonocia TEM,; cmynins epaghimusayii; pecenepayis
xamanizamopa
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Using the Vienna Ab initio Simulation Package, we investigate the lead-free double perovskite Cs2AgBiBrs. We used first-principles
density functional theory under pressures up to 30 GPa. Optimization of the structure proves an obvious cubic symmetry in the ambient
environment. However, compression appears to promote transitions to lower-symmetry phases, and we observe that the bulk and
Young's moduli increase, followed by a decrease in Poisson's ratio. This implies more stiffness but reduced ductility. It is concluded
that, as temperature increases, the Debye temperature rises and the thermal expansion decreases. Thus, higher temperature stability is
suggested. The electronic bandgap becomes even thinner. It spans 1.95 eV to 1.12 eV, making it more or less direct, which may enhance
its optoelectronic usability. Above 15 GPa, we observe a weak magnetic moment, apparently due to Bi—Ag hybridization, and a higher
density of states at the Fermi level. Cs:AgBiBrs combines these characteristics, making it a potential material for pressure-tuned
photovoltaics and potentially for magneto-optoelectronic applications.

Keywords: Density Functional Theory (DFT); Double Perovskite; Pressure-Dependent Properties; Structural Phase Transition;
Optoelectronic Materials

PACS: 32.30.Rj, 33.20.Lg, 42.62.Fi, 61

1. INTRODUCTION

Lead-free perovskites are among the most promising candidates for next-generation solar energy installations and
optoelectronics, given the demand for sustainable photovoltaics. This line, halide double perovskite Cs2AgBiBrs, is of
some interest [1-2]. It has no toxins and is a thermally stable material exhibiting excellent optoelectronic properties.
The material is cubic, with the elpasolite structure (space group Fm—-3m). Silver (Ag") and the bismuth (Bi**) ions
alternate between the B-site, where bromine (Br) ions are coordinated. Compared to conventional perovskites such as
MAPDIs, the geometry avoids the lead toxicity, and its electrochemical activity was adequate for solar power
applications [3-5].

One drawback of Cs2AgBiBrs is that it possesses an indirect bandgap between 1.9 and 2.2 eV. That, in the latter case,
might, in turn, reduce the light-to-electric conversion efficiency. New researchers at the theoretical and experimental
levels, however, now widely accept that pressure influences its structure and electronic properties. Under pressure,
interatomic distances and atomic orbital trajectories are also altered [6-8]. Such changes might also affect crystal lattice
symmetry, narrow the bandgap, or induce an intermediate shift from indirect to direct atomic optical transitions, thereby
benefiting light-harvesting [9-10].

Pressure can also affect properties beyond the electronic structure. It specifies the material's mechanical and
thermal properties, which, in turn, are key to the life of the perovskite system [11-13]. By determining elastic constants,
the bulk modulus, the Debye temperature, and thermal expansion under compression, we gain a better understanding
of the materials' performance under extreme conditions. Look at aerospace, wearables, or high-heat solar cells [14-15].
One caveat, however, is that Cs2AgBiBrs typically exhibits no magnetic activity under ambient conditions. On the
other hand, at much higher pressures, magnetic behaviour can arise from orbital mixing and a high density of states,
especially near the Fermi level, which could have potential applications in magneto-optoelectronic devices [16-18].
We present a study based on a series of detailed first-principles calculations, employing density functional theory
(DFT) within the VASP framework to examine the influence of pressure on Cs2AgBiBrs. Focusing specifically on the
influence of high hydrostatic pressure (0-30 GPa) on the material, we investigate the correlations among the structure,
mechanical strength, thermal stability, optical characteristics, electronic band structure, and magnetic order of the
components [19-20]. We focus on the influence of spin—orbit coupling (SOC) and the different orbitals on the valence
and conduction band structures. In this way, these materials and systems can be tailored to pressure, enabling the design
of strong, versatile, and lead-free perovskite materials for solar energy and optoelectronic devices with high energy
efficiency.
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2. COMPUTATIONAL METHOD
Using Density Functional Theory (DFT), in particular using the Vienna Ab initio Simulation Package (VASP) for
such analysis, we conducted a comprehensive investigation into the behavior of the double perovskite compound
Cs2AgBiBrs under varying pressure conditions. We systematically conducted an investigation of structural, mechanical,
thermal, magnetic, and optical properties of this candidate with 0-30 GPa hydrostatic pressures. This method provided us
valuable insights into how the behavior of the material changes with increasing pressure, enabling greater understanding
of its potential applications and fundamental behavior [21-22].

2.1. Exchange-Correlation Potential

For the exchange-correlation energy, we employed the Generalised Gradient Approximation (GGA) based on the
Perdew, Burke, and Ernzerhof (PBE) functional. In order to consider the relativistic effects from heavier elements,
specifically Bi and Cs, spin—orbit coupling (SOC) was included in electronic structure calculations, which were performed
self-consistently. Spin-polarised calculations were used to understand magnetic behaviour [23-24].

We use PBE as a generalized gradient approximation because of its long history of accuracy when determining
equilibrium structural parameters, elastic properties, and the pressure-dependent evolution of crystalline solids. PBE in
high-pressure investigations exhibits reasonable computational efficiency and accurately reproduces equations of state,
bulk moduli, and relative changes in the electronic structure under compression. As an absolute bandgap underestimator,
PBE is well known, but it can accurately represent pressure-induced bandgap evolution—the main aim of this study.

2.2. Pseudopotentials and Basis Set

To simulate the interaction between electrons and ions, the projector augmented-wave (PAW) method was employed.
Valence electron configurations were as follows:
Cs: 5s25p°6s!
Ag: 4d'5s!
Bi: 6s?6p?
Br: 4s?4p®

A plane-wave energy cutoff of 500 eV was set for all computations. We used a convergence criterion of 107 eV for
the electronic self-consistency loop. Atomic forces were relaxed to a value of less than 0.01 eV/A [25-26].

2.3. Brillouin Zone Integration
Brillouin-zone sampling was performed using a 6x6x6 Monkhorst—Pack grid well suited for the primitive cell of the
investigated material. Therefore, this grid configuration permitted a systematic study of the electronic structure in the first
Brillouin zone. To achieve more accurate convergence of electronic and optical properties, we used a denser 8x8x8
Monkhorst—Pack grid. In this way, the addition of sampling points improved the accuracy and completeness of the band
structures and optical responses, as shown in [27].

2.4. Structural Optimisation under Pressure

A comprehensive geometry optimization was performed for each such pressure point, with the majority of the focus
on optimizing the lattice constants and internal atomic coordinates of the studied material. The method was carried out
under hydrostatic pressure, which was systematically applied using the Vienna Ab initio Simulation Package (VASP) with
ISIF = 3. This can also relax the cell shape and overall crystal volume, such that the crystal structure optimally adjusts to
the applied pressure under each condition.

During this detailed optimization, a variety of parameters (atomic positions, lattice sizes, and the entire system) were
optimized in the full system of this optimization process so as to minimize the total energy of this system in order to
optimize the system in an accurate and stable manner. The optimized structures of this detailed optimization further
employed subsequent calculations to investigate electronic structure, mechanical properties, and phonon behavior. Such
calculations are critical for characterizing the behavior of a material under different pressure conditions [28-29].

2.5. Mechanical Properties
The Voigt—Reuss—Hill (VRH) approximations play an important role in materials science, as it can be difficult to
obtain valuable mechanical properties such as bulk modulus (B), Young’s modulus (E), and Poisson’s ratio (v). So, by
joining the Voigt and Reuss bounds — the upper and lower bounds of a material's response under stress — the VRH yields
a more accurate average for describing materials' anisotropic nature. As these calculations improve the precision of
derived quantities, they also yield important information on material properties under various loading conditions, thereby
enhancing the design and research efficiency of materials and their applications [30-31].

2.6. Thermal Properties
The value of Debye temperature (®p) and volume thermal expansion coefficient (o) utilized quasi-harmonic
approximation in light of the vibrational modes of a solid. And beyond the elastic constants, this method also contributed
to the knowledge of the material under different operating conditions. The information on pressure-volume was fitted to
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a Murnaghan equation of state to give an accurate estimate of the pressure and volume relation. The bulk modulus was
calculated due to the fitting of the samples, disclosing information related to the incompressibility of the material, and the
pressure derivative of this incompressibility with the application of pressure [32-33].

2.7. Magnetic Properties
In order to have a more detailed idea of the complex magnetic characteristics, we carried out spin-polarised
calculations at various pressures. With self-consistent charge and spin density methods, we calculated both the total and
atomic magnetic moments to obtain the magnetism of the material. We evaluated total energy differences and the density
of states (DOS) at the Fermi level to test if any magnetic ordering exists under compression. Such observation explained
that the pressure and magnetic properties were related to the compound [34].

2.8. Optical Properties

The frequency-dependent complex dielectric function g(m) is given by the expression &(®) = &1(®) + ie2(®), where
€1(m) is the real part and €2(®) is the imaginary part. This function was found from the independent-particle approximation,
which suggests that the particles in the system hardly interact with each other. Later on, we used the complex dielectric
function to obtain several critical optical parameters such as band gap, absorption coefficient, refractive index, reflectivity,
and absorption edge. We performed dense k-meshes in the Brillouin zone for our results while limiting the energy
resolution to 0.01 eV to cover photon energies up to 20 eV, and ensure the accuracy of our results. Attention to detail of
this approach allowed for obtaining comprehensive optical spectra that give insights into the electronic and optical
characteristics of the material. The findings of our study provide important insights into this material's typical response
to various electromagnetic parameters [35].

2.9. Electronic Properties

The electronic band configuration and total density of states (DOS) were calculated for the optimized structures
from our simulations. We collected information, increasingly in pressure, systematically documenting and observing the
band gaps, with the ambition of studying these indirect-to-direct transition electronic characteristics. That allowed us not
only to identify when or under which conditions transitions are occurring, but also to determine the effective mass of
charge carriers in the bands. Such a result is important as it gives information regarding the electronic characteristics of
the materials under varying pressure conditions, which might be substantially relevant for use as electronic and
optoelectronic devices [36-37].

3. RESULTS AND DISCUSSIONS
3.1 Structural Properties
Crystal Structure of Cs:AgBiBrs:

@®Cs
h © Ag
Y]
@ Br

Figure 1. Crystal structure of Cs:AgBiBrs in its cubic Fm—3m symmetry.

As shown in Figure 1, the atomic configuration of Cs2AgBiBrs is depicted. This lead-free halide double perovskite
has been widely studied for applications in potential solar cells and other optoelectronic devices. Cs:AgBiBrs [3] has a
cubic lattice and a double-perovskite structure similar to that of elpasolite. Within this framework, B-site cations silver
(Ag") and bismuth (Bi**)—two B-site cations—take turns occupying niches, coordinated naturally by bromine (Br)
anions, to yield AgBrs and BiBrs octahedra. Caesium (Cs*) ions occupy the cuboctahedral vacancies, thereby stabilising
the full electrostatic geometry.

Normally, this structure belongs to the space group Fm—3m (No. 225), a property characteristic of ideal double
perovskites. The Cs atoms should lie at 8c and Ag at 4a — 0, 0, 0, and Bi in 4b and %, ', 2, and Br atoms, at the 24e
positions — x, 0, 0 and x near 0.229, respectively, in well defined spots referred to as Wyckoff positions. In general, it is
relatively symmetric, and typical conditions indicate that octahedral tilting or distortion is typically very low. This
symmetry is advantageous for uniform physical and thermal behavior; thus, Cs2AgBiBrs serves as a representative case
for the study of materials that respond to pressure and temperature. Yet there is more to this arrangement than its inherent
symmetry. Cs:AgBiBrs’s bandgap is indirect and varies between 1.9 and 2.2 eV, so that the stable and environmentally
benign design of lead-free solar cells is guaranteed.
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Additionally, its water- and heat-resistance makes this material a candidate for photovoltaic absorbers,
photodetectors, and LEDs. By testing Cs2AgBiBrs under an applied pressure, it is determined that Cs2AgBiBrs can shorten
this bandgap even if the bandgap shifted directly from its initial position of indirect or increased visible-NIR light
absorption to direct, meaning it can be used in high-pressure optoelectronics.

Bismuth exhibits low thermal conductivity and strong spin—orbit coupling, which further enhances its performance
in thermoelectric and radiation-detection applications. That is, the basic design of the cube structure, Cs:AgBiBrs, has
significant characteristics other than symmetry; it serves not only as a structure foundation on which to build stability, but
also as a stable basis of some of the properties of energy and electronics, which are necessary. Due to its structural stability,
non-toxicity, and tunable optoelectric properties, the compound is suitable for preparing versatile materials for clean
energy applications.

Pressure-Dependent Phase Transitions in Cs:2AgBiBrs: Symmetry Evolution and Functional Relevance

Figure 2 illustrates the pressure-dependent structural characterization of double perovskite Cs2AgBiBrs at 0-30 GPa.
At ambient pressure, the compound crystallized in the optimal cubic elpasolite structure (space group Fm—3m), with
corner-sharing AgBrs and BiBrs octahedra arranged in a highly symmetric configuration. The constraint at low pressure
of both octahedra gives a constant low level of uniform reduction of the lattice parameters, as opposed to octahedral tilting
or any visible reduction in the angle of the bond geometry. Over >10 GPa of applied pressure, smaller deviations in the
ideal cubic symmetry are beginning to be detected. These deviations arise as an extended perturbation as the AgBrs and
then BiBrs octahedra distort, along with an increment of the Br—Ag—Br and Br—Bi—Br angle.

0 GPa 10 GPa 20 GPa 30 GPa

»
>

Pressure (GPa)
Figure 2: Pressure-dependent phase transitions in Cs:AgBiBrs

These distortions may be interpreted as the first step toward symmetry reduction, driven by increased orbital overlap
and strong short-range repulsion under compression. Importantly, this loss of symmetry does not occur during strong
lattice-parameter transitions, implying that the transition not only begins with one and the same but also proceeds
gradually. Because the structural distortion is very evident under high-pressure conditions, particularly at 15-30 GPa, this
is graphically illustrated in Figure 2. The enhanced structures under this regime are characterized by pronounced
octahedral tilting and anisotropic bond compression, typically observed in low-symmetry crystal systems. Such features
indicate a transition to tetragonal or orthorhombic lattices at intermediate pressures, followed by transitions to monoclinic
or triclinic lattices at 30 GPa.

The enthalpy comparisons and phonon stability calculations required for final phase assignment are absent, but the
observed diminished symmetry strongly favors pressure-driven reshaping of structures. Therefore, the structural evolution
reflected for the Cs2AgBiBrs case is that the material's elastic mechanical stability remains under compression, as seen
with a few simple dynamic lattice parameter changes with higher pressure, but it loses the symmetry-inhibiting behavior
simultaneously. This continual volume reduction and progressive symmetry reduction are both characteristic of pressure-
induced second-order structural transitions in halide perovskites and critical for regulating the electronic, optical, and
magnetic properties of the material in high-pressure applications.

Based on structural optimisation using DFT, the variation in the lattice constant and unit-cell volume of Cs2AgBiBrs
under hydrostatic pressure from 0 to 30 GPa is detailed in Table 1. As pressure increases, the lattice constant and unit-cell
volume decrease consistently. Fundamentally, this is the expected elastic response in a crystalline solid: compression
brings the atoms closer together, thereby reducing the unit cell volume. Specifically, at 0 GPa, the lattice constant is
11.27 A, corresponding to a volume of 1430.5 A3, which then decreases gradually to 10.49 A and 1185.7 A at 30 GPa.

Table 1. Pressure-dependent variation of lattice constant and unit cell volume of Cs2AgBiBrs calculated using DFT.

Pressure (GPa) Lattice Constant (A) Volume (A%)
0 11.27 1430.5
5 11.11 1385.3
10 10.97 13424
15 10.84 1300.2
20 10.72 1260.5
25 10.6 1222.4
30 10.49 1185.7

Both the lattice constant and the unit-cell volume decrease with increasing pressure, due to the material's mechanical
stability, which is not caused by faulting, as the material can resist compression without failing. But this compression
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does not preserve cubic symmetry. At pressures of 15 to 30 GPa, substantial structural distortions arise, resulting in low-
symmetry subphases, such as tetragonal, monoclinic, or triclinic.

This is highly variable and has a strong effect on the mechanical, thermal, and electronic properties of the material.
There is a graph of the pressure relationship and the gradual evolution of crystallographic symmetry (Figure 2), which
shows how high pressure will influence atomic configurations and overall behaviour. Pressure-induced compression can
alter electronic and optical properties by increasing orbital overlap among atoms (including Ag, Bi, and Br), thereby
reducing the bandgap and increasing light absorption (both desirable for applications in solar cells and other photonic
devices). Moreover, the data is required to find the bulk modulus and mechanical strength of Cs:AgBiBrs under pressure.

3.2. Mechanical Properties

We observe, in the analysis of the mechanical properties of Cs2AgBiBrs in Table 2, that bulk modulus, Young’s
modulus, and Poisson’s ratio are all affected by hydrostatic pressure values between 0 and 30 GPa. Together, these
numbers reveal the mechanical behavior of the materials under compression and deformation. At high pressure, the bulk
modulus increases from 18.6 GPa at the beginning to 45.3 GPa, a 30 GPa increase. The material becomes increasingly
difficult to compress under external forces. Stiffening is not unusual in dense perovskites; it arises from reduced lattice
flexibility as interatomic distances shorten. The Young’s modulus — the stiffness of a material that is stretched in just one
direction — also increases, from 35.2 GPa to 73.8 GPa.

Table 2. Pressure-dependent mechanical properties of Cs:AgBiBrs calculated using DFT

Pressure (GPa) Bulk Modulus (GPa) Young’s Modulus (GPa) Poisson’s Ratio (v)
0 18.6 35.2 0.28
5 22.9 41.7 0.27
10 28.5 473 0.26
15 33.1 53.6 0.25
20 37.6 60.9 0.24
25 41.9 67.1 0.23
30 453 73.8 0.22

This leads to increased mechanical strength under high pressure, an advantage for optoelectronic products that work
in high-pressure environments. Poisson’s ratio, which drops a bit, from 0.28 to 0.22, meanwhile. That is, with higher
pressures, the material's lateral response to deformation becomes weaker. The low Poisson’s ratio tends to be in favor of
the brittleness, and some may go from ductile to brittle when compressed. From the practical perspective, the pressure-
sensitive mechanical properties are essential to inspect the mechanical stability, versatility, and resistance of Cs2AgBiBrs
to the use in practical devices, such as solar cells, bendable electronics, or pressure-reliant instruments.

If it can sustain extreme pressure and not crack or collapse, it can be exploited in space, for defense, or on Earth.
Then we can anticipate mechanical wear, peeling (or cracking) patterns, and prevent them in layered device designs since
we have a good perspective on mechanical trends.

3.3. Thermal Properties

Table 3 shows the adaptation of Cs:AgBiBrs’s Debye temperature (®p) and its volume thermal expansion coefficient
(o) with pressure rise from 0 to 30 GPa. Such thermal properties are very important as they reflect the lattice
characteristics, phonon properties, and thermal stability in the material, which are all vital to device behavior under
thermal and mechanical forces. A Debye temperature is recorded at 195 K when zero pressure is applied and 292 K at 30
GPa. The Debye temperature, being known worldwide, represents the highest phonon frequency of a solid and is
inextricably tied with the stiffness of its lattice as well as the speed of sound propagation. So, as we raise the temperature
at which Debye burns, as it becomes gradually temperature-dependent, we also start to think that the lattice is stiffening,
and in turn, we make it harder for phonons to be excited. The lattice heat capacity drops at low temperature and the
thermal conductivity normally increases. Table 2 indicates this trend, which agrees with the results from the mechanical
stiffening investigation as well as the compression response of the material.

Table 3. Pressure-dependent Debye temperature and volume thermal expansion coefficient of Cs:AgBiBrs calculated using DFT.

Pressure (GPa) Debye Temperature (K) Thermal Expansion Coefficient (x10° K™")
0 195 3.12
5 213 291
10 231 2.65
15 247 2.42
20 265 2.17
25 278 1.95
30 292 1.78

In contrast, the volume thermal expansion coefficient (o) decreases from 3.12 x 105 Kt at 0 GPato 1.78 x 10 K™!
at 30 GPa. This coefficient quantifies the extent to which the material expands as its temperature rises. A lower thermal
expansion coefficient at higher pressure implies a thermally more stable and undefended structure. This is a clear
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advantage for applications requiring dimensional stability under temperature changes. This decline in o under pressure
also indicates the absence of anharmonic phonon interactions, which may allow a material to become more robust in high-
power or high-temperature applications. Technologically, these results are also highly important for designing thermal
management systems for such photodetectors and other optoelectronic systems, such as solar cells, where process
performance may be threatened by thermal stress.

The higher Debye temperature, together with reduced pressure-induced thermal expansion, indicates that
Cs2AgBiBrs is particularly suitable for harsh environments such as aerospace, geothermal, and high-power lasers, where
thermal and mechanical system control is important.

3.4 Optical Properties

Table 4 reports the relative optical properties of the lead-free double perovskite Cs:AgBiBrs under pressure. We have
bandgap energy, static dielectric constant €:(0), peak imaginary dielectric function &2(®), refractive index (n), optical
absorption edge, and reflectivity as those factors. Knowledge of these parameters is important for assessing whether the
material functions as a light detector and for light collection, especially when it is pressurized. The data show that, in this
case, the bandgap energy decreases. From 0 GPa up to 30 GPa, it goes from 1.95 eV down to 1.12 eV. This decrease, or
bandgap narrowing, appears to be an effect of the structure of the Ag-4d, Bi-6p, and Br-4p orbitals becoming tighter and
narrower under more favourable conditions, as a result of lattice compression.

Table 4. Pressure-dependent optical properties of Cs2AgBiBrs calculated using DFT

Pressure | Bandgap | &:i(0) (Static Dielectric | Peak e2(®) (Imaginary | Refractive Absorption Edge Reflectivity
(GPa) (eV) Constant) Dielectric Function) Index (n) (eV) (%)
0 1.95 52 4.7 2.28 1.9 14.5
5 1.8 5.6 5.2 2.34 1.7 16.1
10 1.65 6.1 59 241 1.6 17.3
15 1.52 6.7 6.4 2.48 1.5 18.6
20 1.38 7.4 6.8 2.56 1.35 20
25 1.24 8.1 7.3 2.63 1.2 21.5
30 1.12 8.8 7.7 2.69 1.05 22.8

As atoms close to each other their interactions become stronger, and the conduction and valence bands merge.
Technologically, this is relatively helpful. With a reduced bandgap, the material can absorb more light in the visible and
near-infrared (NIR) regions of the spectrum, leading to an increase of the efficiency of photovoltaic. Simultaneously, the
static dielectric constant of €:1(0) increases from 5.2 to 8.8. This means that the material also becomes more electronically
polarizable under compression. A high dielectric constant facilitates exciton dissociation and charge screening in
optoelectronic devices, increasing charge separation. Also prominent is the rise of the imaginary part of the dielectric
function &2(®), which shows interband optical transitions from 4.7 to 7.7, representing more light-matter interaction and
absorption at higher pressure.

The refractive index increases to 2.69 from 2.28. This is reflected in the smaller bandgap and greater density of the
electronic structure. A higher refractive index means better photon confinement—more appropriate for waveguides, light-
trapping structures, and photonic crystals. The absorption edge changes from 1.9 eV to about 1.05 eV, and thus the
absorption also shifts in a direction toward the lower-photon energy band. The product: more sunlight is received from
such a wider range of wavelengths. Finally, the reflectivity goes up from 14.5% to 22.8%. This is likely explained by
increased optical density and more free-carrier interactions at higher pressures.

Although some extra reflectivity might mean less light is absorbed at the surface, we can use it for multilayer
coatings or tweak stuff with anti-reflective engineering. So, all in all, it appears that external pressure may be a way to
optimise the optical properties of Cs:AgBiBrs. There may be applications for this (e.g., advancing good broadband
photodetectors, solar cells, or optoelectronics that need to be operated through mechanical strain).

3.5. Electronic Properties

The impact of pressure on the electronic properties of Cs2AgBiBrs can be found in Table 5. We are discussing the
bandgap (both its value and its type), the valence band maximum (VBM) and conduction band minimum (CBM) bits, the
density of states (DOS) at the Fermi level, and the effective masses of electrons and holes. However, the bandgap
continues to shrink: from 1.95 eV at no pressure (0 GPa) down to 1.12 eV at 30 GPa, the bandgap narrows under the
pressure effect. What’s interesting is the change in the bandgap, which would be an indirect (I" to L) phenomenon (no
pressure) but is now a direct (I" to I') one at 20 GPa and further. This change is important to note because direct bands
allow light to be absorbed and emitted more efficiently, which is beneficial for solar cells and LEDs.

That “direct-like” stuff, at 15 GPa, think about the electronic states slowly rearranging themselves as pressure
changes, and the overlap of the orbitals. However, the VBM can always have Br-4p and Ag-4d orbitals hybridized, and
the CBM is mostly occupied by Bi-6p orbitals, either at the VBM or at the CBM. Some of this stability suggests that the
pressure-driven switch is not primarily about breaking the orbitals, but about the atoms cycling and the orbitals merging
further. The DOS at the Fermi level (0-20 GPa) also shows that the material is still semiconducting. However, it
approaches 0.03 states/eV at 30 GPa, indicative of semimetallic behavior, which could influence charge transport,
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especially under real conditions. Also, the “effective mass” of charge carriers (which is measured relative to the free
electron mass, mo) decreases by pressure for electrons (from 0.35 to 0.22 mo) and holes (from 0.45 to 0.32 mo). Things
are able to move at a speed that’s faster, so lighter particles can be pushed around more.

Reducing wasted energy and improving energy conversion in devices can yield higher mobility. Essentially, as the
bandgap shifts from indirect to direct, the masses become lighter, and the DOS reaches the Fermi level, Cs2AgBiBrs looks
promising for pressure-sensitive gadgets. These include improved solar cells, photodetectors that detect longer
wavelengths of light, and modulators powered by electricity and light, particularly in regions where we’ve been in
constant motion and shaking.

Table 5. Pressure-dependent electronic properties of Cs2AgBiBrs obtained via DFT calculations

Pressure | Bandgap Bandgap Nature VBM Character CBM DOS at Fermi Effective Mass (m/mo)*
(GPa) (eV) Character (states/eV)

Indirect .

0 1.95 T —1) Br-4p + Ag-4d Bi-6p 0 0.35 (e), 0.45 (h)
Indirect ;

5 1.8 T - X) Br-4p + Ag-4d Bi-6p 0 0.32 (e), 0.43 (h)
Indirect ;

10 1.65 T - X) Br-4p + Ag-4d Bi-6p 0 0.30 (e), 0.41 (h)

15 1.52 Direct-like (T — ') | Br-4p + Ag-4d Bi-6p 0 0.28 (e), 0.38 (h)
Direct ;

20 1.38 T —T) Br-4p + Ag-4d Bi-6p 0 0.26 (e), 0.36 (h)

25 1.24 Direct Br-4p + Ag-4d Bi-6p 0.01 0.24 (e), 0.34 (h)

30 1.12 Direct Br-4p + Ag-4d Bi-6p 0.03 0.22 (e), 0.32 (h)

3.6. Magnetic properties
Table 6 shows the response of Cs2AgBiBrs magnetic properties with pressure (with respect to the moment per unit
cell, ordering of elements, as well as corresponding interpretations of the magnetic characteristic). The material does not
exhibit magnetic moments from ambient pressure to 10 GPa (magnetic moment = 0 uB); thus, the ions of Cs*, Ag*, Bi*,
and Br~ have fully empty valence shells and no unpaired electrons. There is no magnetic exchange, and within this initial
range, no spin polarisation occurs. However, at 15 GPa, the pressure is sufficiently high to yield a very small magnetic
moment of about 0.01 uB per material atom, consistent with a paramagnetic response.

Table 6. Pressure-dependent magnetic properties of Cs:AgBiBrs obtained via DFT calculations.

Pressure (GPa) Miir;jsgitl\g(e){gem Magnetic Ordering Remark
0 0 Non-magnetic No unpaired electrons (closed-shell ions)
5 0 Non-magnetic No magnetic exchange interactions present
10 0 Non-magnetic The band structure is still semiconducting
15 0.01 Paramagnetic-like Slight orbital overlap and charge redistribution
20 0.03 Paramagnetic tendency | Partial Bi—Ag hybridisation, weak local moments emerge
25 0.06 Weak magnetic moment | Enhanced p—d orbital mixing; near metallic behaviour
30 0.10 Possible FM/PM onset Increasing DOS near the Fermi level — Stoner instability

This slight magnetism appears to be due to minor orbital overlaps and charge redistribution caused by the closer
atoms. 20 GPa increases the moment to 0.03 g, suggesting a potential onset of paramagnetism. Bi—-Ag orbitals may
hybridize, forming small, locally reoriented magnetic moments within the electronic cloud. At 25 GPa, the magnetic
moment increases to 0.06 pg, indicating some form of intrinsic, albeit weak, magnetism and the presence of additional
magnetic fields. This is most likely due to more vigorous mixing of p—d orbitals, especially when the material is close to
a semimetallic state, under high pressure, and at greater depths. By 30 GPa, the moment is 0.10 pg, and the system
indicates a transition to either a ferromagnetic (FM) or a paramagnetic (PM) state. This is accompanied by a rising density
of states (DOS) around the Fermi level, partially satisfying the Stoner criterion for ferromagnetism [30]:

D(E,)-1>1 (1)

Where, D(E})is the density of states (DOS) at the Fermi level, and I is the exchange integral, which measures the

strength of the exchange interaction between the spin-up and spin-down electrons.

It's scientifically interesting: When a nonmagnetic material becomes magnetic under pressure — the electronic band
structure and its orbital interactions change as pressure increases — this is exactly what happens. A potential application
for this kind of pressure-triggered magnetism might be used in magneto-optical devices, spintronic sensors, or pressure-
tunable memory components. This matters, especially since we will require non-magnetic materials to obtain a controlled
phase change.
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4. CONCLUSIONS

We have conducted a complete density functional theory (DFT) investigation to verify the influence of hydrostatic
pressure on many properties of lead-free double perovskite Cs2AgBiBrs, from the structure to mechanics, thermal nature,
optical response, electronic characteristics, and magnetic character. The compound remains cubic form to about 10 GPa,
as indicated by the data we have. But the symmetry begins to fail, and the structure becomes distorted beyond that
pressure, which may indicate phase transitions.

Mechanical properties, however, indicate stiffness and resistance to compression subjected to pressure, which is
evidenced by the upward increase in bulk and Young’s moduli and a decreasing Poisson’s ratio with increasing pressure.
The material displayed thermally advantageous properties for applications at high pressure. The thermal expansion
coefficient decreased with increasing Debye temperature.

This means the bonds in the lattice are stronger, which will create better thermal stability. From an optical point of
view, pressure could be observed to reduce the bandgap (from 1.95 to 1.12 eV), and it changed from an indirect to a direct
bandgap. Furthermore, we noted a higher dielectric response and improved light absorption in the visible-NIR spectrum,
implying the tunability of them for solar cell and photonic applications.

Above 15 GPa, a shift from a non-magnetic to a weakly magnetic state emerges magnetically, potentially suggesting
an orbital hybridization brought on by pressure and maybe even the start of Stoner-type ferromagnetism. All in all, the
properties we saw make Cs2AgBiBrs a promising and sustainable option for future optoelectronic and magneto-responsive
devices, especially in settings with dynamic or very high pressures.
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PO3KPUTTA NEPEXOAIB, 3YMOBJIEHUX TUCKOM, VY Cs:AgBiBrs: BACHOBKH B1/JI DFT JIJIA
BE3CBUHIEBOI'O IEPOBCKUTY AJIs1 COHSIYHUX EJIEMEHTIB
Canrira I'ynral, Jlesinyrra Mayp's?, Cynin Kymap Ilpisacrasa®, Ymem Kymap Iapix’, A6xaii I1. IlpisacraBa*
IKagheopa ximii, Yuisepcumem ITypuina, Jocaiinyp, Padjcacman, Indis
’Kagedpa gpizuxu, Jepacasnuii konedc, bapaxxan, Canmxabipnazap, (UP), Inois
3Kagheopa npuknaonux nayx, Jocaiinypcokuii inoicenephuii koneoc ma 0ocrionuybkuii yenmp, Jocaiinyp, Padsxcacman, Inois
‘Kagpeopa npuxnaonux nayx ma 2ymanimaprux nayk, Toenvcokuil incmumym inoicenepii ma mexnonozit, Jlaxxuay (UP), Inois

BukoprcroByroun naker MozeiioBaHHs BineHcekoro Ab initio, Mu nocnimkyemo Ge3cBUHLEBHI HOnBiHHMN epoBekiT Cs:AgBiBres.
Mu BUKOPHCTOBYBAJIM TEOPit0 (yHKI[IOHATY T'YCTHHHM 3 IEePLIMX NPUHIMIIB 3a THCKIB 10 30 I'Tla. OntuMizanis CTpyKTypH JOBOJHUTH
O4eBHAHY KyOidHY CHMETpil0 B HaBKOJIMIIHbOMY cepenoBuili. OfHaK, CTUCHEHHS, 3/1a€ThCA, CIPUsE nepexogaM 10 (a3 3 HIKYO0I0
CHUMETPI€I0, 1 MU CIIOCTEPIraeMo, 1o 06'eM Ta Moxyii KOHra 3611bI1yr0Thes, @ MOTIM 3MeHIIyeThes KoedinienT [Tyaccona. e o3nadae
OLITBIITY JKOPCTKICTB, aJie 3HWKEHY TUIACTHYHICTH. 3p00JICHO BUCHOBOK, 1110 31 301JIBIICHHAM TEMIIEpaTypH TeMieparypa Jebdas 3poctae,
a TEIJIOBE PO3MIMPEHHs 3MEHITYEThCS. TakuM 4WHOM, mependadaeThes BHIA TEMIepaTypHa cTabiIbHICTh. EnekTpoHHa 3a00poHEHa
30Ha CTae IIe TOHIIOW. BoHa oxormtroe aiana3oH Big 1,95 eB 1o 1,12 eB, mo poduTs ii OLIbII-MEHIT MPSIMOFO, 1[0 MOXKE MiABHIIHATH ii
OIITOEJIEKTPOHHY 3py4HIiCTh BHKopHcTaHHS. Bume 15 I'lla mMu cmocrepiraemMo cinaOkuii MarHITHHH MOMEHT, OYEBHIHO, 4epes
ribpunmsanito Bi-Ag, Ta Bumy ryctuHy craHiB Ha piBHI @epmi. Cs:AgBiBre moeaHye i XapakTepUCTHKH, L0 POOUTH HOro
HNOTEHLIHHUM MarepiaioM Ui (OTOENEKTPUYHUX CHCTEM 3 HAJAIITYBAaHHSAM THCKY Ta ITOTEHI[IHHO JJIsI MarHiTOONTOEIEKTPOHHHX
3aCTOCYBaHb.

KuarouoBi cinoBa: meopis ¢gynxyionanry eyemunu (DFT); noosiiinuii neposckim, 3anedicHi 6i0 MUcKy 61acmugocmi; CmpyKmypHul
¢hazosuii nepexio,; onmoenekmpouHi mamepianu
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Dye-sensitized solar cells (DSSC) are considered a promising low-cost and flexible alternative to conventional silicon-based
photovoltaic technologies. This work reports the fabrication and analysis of DSSC based on a single-layer nanostructured TiO-
photoanode. The proposed cell architecture is simplified by eliminating the conventional double-layer configuration, which reduces
fabrication complexity and material consumption. The electrochemical and photovoltaic characteristics of the devices were
systematically investigated. The energy conversion efficiency of the developed single-layer design is approximately twice that of a
conventional two-layer cell. The performance enhancement is attributed to reduced internal resistance, improved electron transport,
and suppressed charge recombination. The results demonstrate the potential of simplified single-layer DSSC architectures for
transparent, flexible, and low-cost energy-harvesting applications.

Keywords: Single-layer TiO: Photoanode, DSSC; Simplified architecture; Photovoltaic performance; Electrochemical impedance
spectroscopy; Charge transport; TiO: nanoparticle morphology

PACS: 88.40.jr; 73.50.Pz; 82.45.Yz

INTRODUCTION
Dye-sensitized solar cells (DSSCs) have emerged as a promising third-generation photovoltaic technology, offering
significant advantages over traditional silicon-based solar cells, including low production costs, mechanical flexibility,
and efficient performance under low-intensity or diffuse-light conditions [1,2]. These features make DSSC attractive for
diverse applications such as indoor energy harvesting, building-integrated photovoltaics (BIPV), and self-powered
portable electronics.

At the core of a DSSC is the photoanode, traditionally composed of a bilayer titanium dioxide (TiO:) structure. This
typically includes a compact underlayer that prevents electron recombination, and a mesoporous upper layer that increases
the surface area for dye adsorption. While effective, this configuration introduces multiple processing steps, including
sequential deposition, high-temperature sintering, and additional material consumption [3,4]. Such complexity limits the
scalability and cost-effectiveness of DSSC manufacturing, especially for flexible or transparent devices.

In recent years, there has been growing interest in simplifying DSSC architectures by implementing single-layer
TiO2 photoanodes. These structures aim to eliminate the compact layer while retaining efficient electron transport and
sufficient dye-loading capacity. The anatase phase of TiO: is particularly favored for such applications due to its suitable
bandgap (~3.2 eV), high chemical and thermal stability, and favorable surface morphology for dye adsorption [5,6].
Nanostructured TiO: pastes, spin-coating techniques, and low-temperature annealing have further enabled the
development of uniform, thin, and reproducible films suitable for single-layer designs.

Moreover, the choice of dye and electrolyte significantly influences DSSC performance. Ruthenium-based dyes,
such as Ruthenizer 535, offer broad spectral absorption and strong binding to TiO: surfaces. Simultaneously, gel-polymer
electrolytes provide improved stability compared to liquid electrolytes by minimizing solvent leakage and enhancing
long-term performance [7,8]. The integration of these components within a single-layer TiO. framework opens new
opportunities for efficient, low-cost solar cell fabrication.

In this study, we propose and experimentally evaluate a simplified DSSC design based on a single nanostructured
TiO: photoanode. The research focuses on three main objectives:

1. To fabricate and characterize single-layer TiO: films using spin-coating and anatase-phase nanoparticles;

2. To investigate the influence of photoanode morphology on interfacial charge-transfer and recombination
processes;

3. To compare the photovoltaic performance and impedance characteristics of single-layer cell with conventional
bilayer counterparts.

By addressing these points, the study contributes to the growing body of research on scalable and commercially
viable solar technologies with reduced complexity and enhanced stability.
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1. MATERIALS AND METHODS
Dye-sensitized solar cell (DSSC) belongs to the class of thin-film photovoltaic devices based on wide-bandgap
semiconductor photoanodes, most commonly TiO:. A typical DSSC consists of a transparent conducting oxide substrate
serving as the photoelectrode, a nanostructured semiconductor layer responsible for electron transport, a redox electrolyte
that enables charge regeneration, and a counter electrode made of platinum or other conductive materials. The
photoelectrochemical processes occurring at the semiconductor—electrolyte interface determines the overall photovoltaic
performance of the device.

Optimization of liquid electrolytes (LEs).

Such electrolytes are used as a redox mediator for solar cell or batteries technologies. Poly(methyl methacrylate)
(PMMA) and polyethylene oxide (PEO) have been optimized to prepare the liquid electrolyte (LE). Difference ratios of
polymer contents were added with fixed amounts of 0.25 ml ethylene carbonate (EC), 0.25 g propylene carbonate (PC),
1 ml dimethylformamide (DMF), 0.2 g tetrapropylammoniodide (TPAI). All electrolytes mixer are dried out at room
temperature and 0.02 g iodine (I,) were added with every electrolytes [9,10].

Table 1. Composition of liquid electrolyte

No. PEO PMMA DMF EC PC TPAI 12
samples g g ml ml g g g
1 1 0 1 0.25 0.25 0.2 0.02
2 0.8 0.2 1 0.25 0.25 0.2 0.02
3 0.6 0.4 1 0.25 0.25 0.2 0.02
4 0.5 0.5 1 0.25 0.25 0.2 0.02
5 0.4 0.6 1 0.25 0.25 0.2 0.02
6 0.2 0.8 1 0.25 0.25 0.2 0.02
7 0 1 1 0.25 0.25 0.2 0.02

Prior to weighing the chemicals, the working table was cleaned, the balance was calibrated, and all glassware was
washed and dried to avoid contamination of the electrolyte mixture. Polyethylene oxide (PEO), poly(methyl methacrylate)
(PMMA), ethylene carbonate (EC), and propylene carbonate (PC) were dissolved in a predefined amount of N,N-
dimethylformamide (DMF). The compositions of the gel-based electrolytes used in this study are summarized in Table 1.
After each component was added, the mixture was stirred for 30 min using a Stuart SB 162-3 hotplate magnetic stirrer.
Subsequently, tetrapropylammonium iodide (TPAI) was added in the specified amounts, and the mixture was further
stirred at 70 °C until a homogeneous gel electrolyte was obtained [11].

After the mixture was cooled to room temperature, iodine crystal (I,) was added to it in the amount of 10%
tetrapropylammonium iodide (TPAI) and mixed in an IKA C-MAG apparatus until homogeneous and kept for 24 hours
in a place protected from sunlight. After this, the liquid electrolyte (LE) is ready to use and assemble DSSC.

Receiving photocatalytic layer TiO:
To construct a single-layer TiO:, a paste was prepared from 0.5 g TiO: grade P25, 2 ml HNO;, 0.4 ml
polyethyleneglycol and 2 drops of Triton X-100. After ultrasonic dispersion, the paste was spin-coated onto the FTO
substrate to ensure a uniform layer. Drying was carried out at 450°C.

Application of TiO:

The mixture was stirred in an ultrasonic bath and then uniformly applied to the surface of FTO glass. The thickness
of the layer was controlled using adhesive tape spacers with a predefined thickness, which ensured the uniformity and
reproducibility of the TiO: film across the substrate. To create a single-layer TiO: structure, the spin-coating method was
employed. The TiO: solution (nano paste) was evenly distributed over the FTO substrate at a rotation speed of 3000 rpm
and subsequently annealed at 450°C for 30 minutes to enhance crystallinity and improve adhesion. Titanium dioxide
grade P25 was selected due to its suitable physicochemical properties and widespread use in DSSC fabrication.

Dye adsorption
The prepared single-layer TiO: photoanodes were immersed in a 0.3 mM solution of a standard ruthenium-based
dye in an ethanol-acetonitrile mixture (volume ratio 1:1) at 40 °C for 24 hours to form the photosensitive layer. After
sensitization, the photoanodes were gently rinsed with ethanol to remove weakly bound dye molecules and dried under
ambient conditions prior to cell assembly.

Measurement of photovoltaic characteristics
To analyze the photovoltaic performance of the fabricated solar cell, current—voltage (I-V) measurements were
carried out under simulated AM1.5G illumination with a light intensity of 100 mW/cm?. A Metrohm AUTOLAB
PGSTATI128N potentiostat—galvanostat was used in combination with a Newport Oriel LCS-100 solar simulator to ensure
accurate evaluation of the operating parameters. Particular attention was paid to the influence of the TiO: layer thickness,
as this parameter critically affects charge generation and transport processes.
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Under these conditions, the representative single-layer device exhibited an open-circuit voltage (Voc) of 0.69 V, a
short-circuit current density (Jsc) of 9.53 mA/cm?, a fill factor (FF) of 0.54, and an energy conversion efficiency of
approximately 3.56%. The maximum efficiency achieved for optimized single-layer TiO: devices reached 6.5%,
demonstrating the performance potential of the proposed photoanode architecture.

2. EXPERIMENTAL RESULTS AND DISCUSSIONS
Morphology and structure of TiO »

SEM (scanning electron microscopy) analysis revealed that the fabricated single-layer TiO: photoanode exhibits a
uniform nanostructured surface. Compared with conventional bilayer TiO: photoanodes, the single-layer structure
exhibits lower macroporosity but higher nanoparticle packing density. The TiO: nanoparticle size ranges from 20 to 30
nm, ensuring homogeneous surface coverage and continuous electron transport pathways.

Atomic force microscopy (AFM) measurements indicate a root-mean-square (RMS) surface roughness of
approximately 8 nm, which is suitable for effective dye adsorption. While previous studies have reported that high specific
surface area TiO2 nanostructures promote enhanced dye adsorption [9], the present single-layer photoanode demonstrates
improved charge transport properties and reduced internal resistance despite its reduced porosity. This combination
contributes to the enhanced photovoltaic performance observed in the fabricated devices.

Characteristics of a single-layered semiconductor solar cell
The current-voltage characteristics (I-V) of a solar cell were measured using the Metrohm Autolab Potentiostat /
Galvanostat PGSTAT 128N” device at a light power density of (100 mW/cm?) emitted by the solar simulator with an
active area of 0.2 cm?. As a result of the experiment, the I-V characteristics of highly sensitive dye- sensitized solar cell
(DSSC) was obtained. One of the graphs of these characteristics is shown in Figure 1. Similar measurement approaches
have been reported in the literature [12].
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Figure 1. Photovoltaic current characteristic (I-V) of a single-layered semiconductor, highly sensitive dye-sensitized solar cell
(DSSC)

Electrochemical impedance spectroscopy

The efficiency of highly sensitive dye-sensitized solar cell (DSSC) largely depends on the electrochemical parameters
of the electrolyte used. The HIOKI 3531 Z Hi-Tester was used to analyze the ionic conductivity of electrolytes. The
measurements were carried out using electrochemical impedance spectroscopy at an alternating voltage of 10 mV in the
frequency range from 50 Hz to 100 kHz. The experiments were performed for electrolytes of different compositions and at
different temperatures. This method allows one to reliably estimate the ionic conductivity of liquid electrolytes, condensed
salts, ion-conducting polymers and glasses, which is important for increasing the efficiency of DSSC solar cell.

In these experiments, the obtained results were compared with theoretical calculations performed by analytical
methods. Figure 2 shows a graph demonstrating the results obtained by electrochemical impedance spectroscopy (EIS)
for one of the electrolyte samples. It is known that the electrolyte resistance (impedance) consists of real and imaginary
parts, which are expressed by the following formulas [11] :

7, =R+ 22)

PRy (2.1)
and
sin (@)
=k 22)

here Z,andZ; respectively represent the real and imaginary parts of the impedance, o is the frequency. The parameter p

is determined from Figure 2 using the following formula p = 2o
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Figure 2. Electrochemical impedance spectroscopy (EIS) graph of an electrolyte [11]

The real part of the impedance is equal to the active resistance, that is, Z, = R, This value is determined from the
graph of electrochemical impedance spectroscopy of the electrolyte. K is the reciprocal of the electrical capacitance of
the electrolyte, which is calculated using the formula:

_ -1 _ 87-805
C=k1l= = (2.3)
where, is &, the relative permittivity of the electrolyte, &,- electric constant, S is the contact area between the electrolyte
and the electrode, d —the thickness of the electrolyte layer. The ionic conductivity of the sample ¢ is calculated using the
following formula:
0= 24
where / is the thickness of the electrolyte layer, R is the active resistance of the electrolyte, S is the surface area of the
electrolyte.

3. PHOTOVOLTAIC CHARACTERISTICS

Measurements of solar cell efficiency showed:

Double layer TiO : efficiency (n) =2.8%

Single layer TiO »: efficiency (n) = 6.5%
Additionally, an analysis of the photoelectric characteristics was carried out when illuminated by a sunlight simulator:

Maximum output voltage (Voc): 0.69 V

Short-circuit current density (Jsc): 9.53 mA/cm?

Fill Factor (FF): 0.54

Energy Conversion Efficiency (1): 3.56%

The increased efficiency of single-layer TiO- is explained by the reduction of charge carrier recombination and

improved contact with the electrodes. The thickness of the TiO: layer plays a key role in the efficiency of the cell: the
optimal thickness range ensures maximum light absorption with minimal resistance to charge carrier transfer [13].

Comparison with a two-layer structure

Despite the reduction in the contact area between the dye molecules and the porous TiO: surface (typically decreased
by 20-30% compared to a mesoporous upper layer), the absence of a compact blocking layer (usually formed from dense
TiO2 to prevent electron backflow) has led to a decrease in internal resistance and improved charge transport within the
photovoltaic cell. Specifically, the internal series resistance was reduced from approximately 18.2 Q-cm? in the two-layer
structure to 11.5 Q-cm? in the single-layer configuration, indicating better charge mobility and reduced recombination
losses.

Additionally, using only one TiO: layer significantly reduces the cost of DSSC production by minimizing the number
of processing steps, materials, and thermal treatment stages. Titanium dioxide (grade P25), used in this technology,
making the approach economically viable and attractive for industrial-scale implementation.

CONCLUSIONS
In this study, dye-sensitized solar cell based on a single-layer nanostructured TiO- photoanode were developed and
systematically investigated. The approach used to create the anode focused on simplifying the photoanode architecture
by eliminating the traditional two-layer configuration while maintaining efficient charge generation and transport within
the active layer.
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The fabricated single-layer TiO2 photoanode demonstrated approximately twice the energy conversion efficiency
compared to traditional bilayer structures under identical measurement conditions. The performance improvement is
associated with reduced internal resistance, suppressed charge recombination, and optimized active layer thickness, as
confirmed by photovoltaic and electrochemical impedance spectroscopy measurements.

Unlike traditional DSSC designs that rely on multilayer photoanodes to balance light absorption and electron
transport, the proposed single-layer architecture provides efficient charge transport pathways due to its dense and uniform
nanoparticle morphology. This structural simplification reduces interfacial losses and enhances electron mobility without
increasing fabrication complexity.

The obtained results indicate that single-layer TiO: photoanodes represent a promising strategy for the development
of cost-effective, flexible, and transparent DSSC. The simplified fabrication process and stable photovoltaic performance
make this approach attractive for practical applications, such as building-integrated photovoltaics, indoor energy-
harvesting systems, and flexible electronic devices.
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PO3POBKA OJJHOIIAPOBOI'O TiO: ®OTOAHOJA JJIsA COHAYHUX EJIEMEHTIB,
CEHCUBUII3BOBAHUX BAPBHUKOM (DSSC)
C.C. lapin6aes', 0.0. Mamarkapimos!, H.1O. [llapiéaes!, A.A. Abaykapimos!, A.K. Apod?
! Hamaneancokuii Oepoicasnuii mexuiunuil ynigepcumem, 160115, Hamarnean, Y30exucman
2[enmp ionixu, kagedpa pizuxu, Ynisepcumem Manaiii, Kyana-JIymnyp 50603, Manaiizis
CoHsYHI eneMeHTH, ceHcuOinizoBani O0apBHuKoM (DSSC), BBaKalOThCsS MEPCHICKTUBHOK HEIOPOTOI0 Ta THYUYKOK aJbTEPHATHBOIO
TpaAULiiHUM (DOTOSTEKTPUIHIM TEXHOJIOTISIM Ha OCHOBI KpeMHio. Y 1ili poOoTi npeacrasineHo BurorosieHHs ta anainiz DSSC na
OCHOBiI OJHOLIApPOBOro HaHOCTpyKTypoBaHoro TiO: ¢oroanona. 3amporoHOBaHA apxXiTEeKTypa €JIEeMEHTa CIIPOILICHA IUISIXOM
BUKJIFOUCHHS TPaJHLIAHOT IBOMIAPOBOi KOH(QIrypamii, 0 3MEHIIye CKIAIHICTb BHTOTOBJICHHS Ta BHUTpaTy MarepiaiiB. Bymu
CHUCTEMATUYHO JIOCITI/HKEHI eNeKTPOXIMiUHI Ta (OTOENEKTPUUHI XapaKTEPUCTHKH MPUCTPOiB. EQEeKTUBHICTE epeTBOPEHHS €HEpTii
PpO3pOo0IIeHOT OMHOIMIAPOBOI KOHCTPYKIII NPHONW3HO BJBIYI BHINA, HDK Yy 3BHYaiHOI nBOmAapoBoi KoMipkd. I[limBuiieHHS
MIPOJYKTHBHOCTI IIOSICHIOETHCS 3HIDKCHHSIM BHYTPINIHBEOTO OIIOPY, IMOKPAIIEHHM TPAHCHOPTOM EJIEKTPOHIB Ta IPHUTHIYEHHSIM
pexomOiHanii 3apsaiB. Pe3ynbraT AeMOHCTPYIOTh NOTEHIIaN CIPOLIEHUX OfHoIapoBux apxitektyp DSSC s npo3opux, rHyYKux
Ta HEIOPOTUX 3aCTOCYBaHb 300py eHeprii.
KuarouoBi caoBa: oowowaposuii TiO: gomoanod; DSSC; cnpowena apximekmypa; ¢homoeiekmpuuni Xapakmepucmuxu,
eeKmMpOXIMIYHA IMNEeOAHCHA CReKMPOCKONIsl; mpancnopm 3apsoy, mopgonocis nanouacmunox TiO:
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The topology of the infinite cluster in polymer composites containing micro- and nanoparticles of Ni was investigated, enabling a
quantitative evaluation of how the size of conducting particles influences the percolation transition and the structure of the conductive
network. The use of nanosized Ni reduces the critical concentration to Vs = 0.105, compared with Vs = 0.21 for microparticles,
increases the parameter 61 by more than an order of magnitude, and results in a sharper, more localized percolation transition. The
cluster structure exhibits pronounced fractal-hierarchical features: the fractal dimension of the backbone is 1.6-1.8 and that of the
dangling ends is 1.9-2.1. The cluster density, correlation radius, and topological parameters follow power-law relations typical of three-
dimensional percolation (v = 0.85). At high concentrations of the conducting phase (V' > 0.3), the asymptotic conductivity reaches
63 Q'-cm™ in nanocomposites versus 8 Q'-cm'for microparticle-based materials. These findings confirm the high efficiency of Ni
nanoparticles in forming an extended, interconnected, and branched conductive network, providing the foundation for next-generation
high-conductivity composites.

Keywords: Polymer composites, Nickel nanoparticles; Microparticles; Infinite cluster; Conducting network; Asymptotic conductivity;
Topological parameters; Three-dimensional percolation

PACS: 78.30.Am

INTRODUCTION

As is well known, metal-polymer composites (MPCs) are a class of functional materials in which the metallic phase
is dispersed within a polymer matrix, forming a conductive network that combines high electrical conductivity with the
flexibility, chemical stability, and manufacturability of polymers. Such materials are widely used in electronics, sensing
systems, electromagnetic shielding coatings, antennas, flexible printed circuits, and thermal management systems [1-5].
Their properties are primarily controlled by altering the nature and volume fraction of the metallic filler, as well as the
shape, distribution, and size of its particles. These microstructural parameters govern the metallic phase's ability to form
a three-dimensional conductive network, or the so-called “infinite cluster,” once a critical concentration—the percolation
threshold—is reached [6,7].

The theory of percolation and fractal geometry forms the basis for understanding the mechanisms governing the
formation of conductive pathways in heterogeneous systems [8]. According to this theory, as the concentration of the
filler increases within the dielectric matrix, the system undergoes a transition from isolated particle clusters to an
interconnected network that enables macroscopic conductivity. The morphology and topology of this network are
determined by the size, shape, and spatial distribution of the particles, as well as by the nature of their interfacial
interactions [9]. The topology of the infinite cluster is characterized by several parameters — such as fractal dimension,
coordination number, degree of branching, and contact density — that significantly influence the electrical, thermal, and
mechanical properties of the composite [10].

Recent studies confirm that the particle size of the metallic filler is a key factor governing the percolation behavior
of MPCs. In particular, the review in [11-13] demonstrated that, at a fixed volume fraction of the filler, an increase in
particle dispersity (size distribution width) leads to a higher percolation threshold.

As noted in [14], two nanocomposites containing metallic particles exhibit a high percolation threshold—exceeding
55 vol. %—when the particle size is non-optimal, which is consistent with experimental observations. The use of copper
particles coated with silver in a PPS polymer matrix reduces the percolation threshold and increases the effective dielectric
permittivity of the composite compared with composites based on pure Cu particles. This improvement is attributed to a
more uniform particle distribution and enhanced adhesion to the matrix [15]. Similar trends have been reported for EVA-
based composites containing Zn particles, where the relationship between the electrical percolation threshold and
mechanical properties is governed by the morphology of the infinite cluster [16]. It has been established that reducing Zn
particle size promotes the formation of a more cohesive conductive network, leading to a lower percolation threshold and
enhanced electrical conductivity while maintaining mechanical strength.

Numerical models and stochastic finite-element simulations also confirm the decisive role of microstructure in the
formation of the cluster network. In polymer composites with magnetic fillers (Fe, Ni), a reduction in particle size results
in a pronounced reorganization of the cluster structure: the connectivity density increases, while the average chain length
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decreases, which affects both the mechanical and magnetic properties of the material [17]. According to the findings
in [18], the shape and spatial distribution of particles exert a significant influence on the percolation threshold and
dielectric permittivity; moreover, a reduction in filler polydispersity promotes the formation of a more regular fractal
cluster structure.

Several recent publications [19-21] highlight the importance of the spatial organization of metallic particles within
the matrix and the potential to predict it using modeling approaches. According to the results reported in [15,22], the
development of a unified model of electrical and thermal conductivity for composites containing metallic particles of
various sizes has shown that reducing the mean particle diameter of Cu and Ag by approximately 20-30% leads to a
decrease in the percolation threshold (from =4 vol% for pure Cu to = 3 vol% for Ag-coated Cu particles), owing to the
increased probability of forming contact bridges. It has also been noted that targeted manipulation of the conductive
network topology can be achieved by controlling the spatial distribution of fillers within the polymer matrix, including
the combined use of micro- and nanoparticles that form a multilevel conductive structure [23].

Of particular interest are studies linking cluster geometry to the mechanical and dielectric properties of MPCs. The
work in [24] demonstrated that rubber-based composites containing metallic magnetic particles exhibit a double
percolation threshold, associated with the formation of two distinct types of clusters—local and system-spanning. Similar
findings were reported in [25], where polyurethane composites with AIN and BN microparticles were investigated. The
authors showed that the network topology near the percolation threshold dictates not only the electrical but also the
thermoelectric properties of the material. These observations confirm that variations in particle size and the degree of
agglomeration directly influence the morphology of the infinite cluster and, consequently, the overall properties of the
composite.

An analysis of the literature indicates that the particle size of the metallic filler plays a decisive role in the formation
of the conductive structure in metal-polymer composites. However, most published studies focus either on empirically
determining the percolation threshold or on examining the material's macroscopic properties, without a detailed
investigation of the cluster network's topology. Insufficient attention has been given to the quantitative characterization
of how particle size and its distribution affect the fractal characteristics of the infinite cluster, such as connectivity density,
degree of branching, and geometric coherence.

The present study aims to investigate the relationship between the particle size of the metallic filler and the topology
of the infinite cluster in metal-polymer composites containing micro- and nanoparticles of nickel (Ni). By combining
experimental structural analysis with elements of percolation modeling, the work seeks to elucidate the fundamental
patterns governing the evolution of the conductive network morphology as a function of particle size and spatial
distribution.

EXPERIMENTAL SAMPLES AND RESEARCH METHODOLOGY

To investigate the effect of metallic particle size on the morphology and conductive properties of the composites, a
nanocomposite containing Ni particles was synthesized via thermal decomposition of nickel formate within a polymer
matrix. The nanocomposite was prepared via thermal decomposition, analogous to the synthesis of nanoparticles in
polyethylene and polypropylene matrices [26,27]. Specifically, nickel formate powder was added to a solution of
phenylon in dimethylformamide (4 g of phenylon per 100 g of solvent). After thorough mixing, the mixture was heated
to ensure complete removal of the solvent. To prevent aggregation of nickel formate particles, the reaction mixture was
ultrasonically processed using a UZDN-1 disperser (22 kHz, 0.3 W). Following solvent evaporation, the resulting material
was placed under vacuum and held at 373 K for 1 hour to remove residual solvent. The temperature was then increased
to 573 K and maintained for 5 hours, enabling the formation of metallic nanoparticles through the thermal decomposition
of nickel formate.

The particle size and spatial distribution within the composites were determined using small-angle X-ray scattering
(SAXS), which enables the characterization of inhomogeneities with characteristic dimensions ranging from 5-10 A to
approximately ~10* A [28]. Calculations of the metal particle radius indicated that the nanoparticles did not exceed 30 nm
in diameter, consistent with the experimental data.

The microcomposite containing metallic particles was produced by mechanically mixing the metallic powder with
the polymer matrix in a planetary mill for 7 hours. The metallic powder itself was obtained by thermally decomposing
nickel formate under vacuum at 573 K for 3 hours. The resulting particle diameter ranged from 1 to 3 um, which was
confirmed by transmission electron microscopy (TEM) using a BS242E (Tesla) microscope.

In both types of composites, the metal concentration (V1) was calculated based on the metallic content of the precursor
compound. For electrical measurements, the powder samples were pressed into 15 mm diameter, 2 mm thick pellets using
hot pressing. The resistance of the resulting samples was measured according to the procedure described in [29].

RESULTS AND DISCUSSION
In the present study, the topology of the infinite cluster (IC) in polymer matrices containing micro- and nanoparticles
of Ni was investigated using percolation theory methods. For these systems, the key characteristics of the IC were
determined, including its density, volume fraction, tortuosity, skeletal volume fraction, and number of dead ends, as
functions of the metallic particle size.
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According to percolation theory [30], the conductivity ¢ of composites with randomly distributed metallic particles
is described by the following relations:

avi)= oV

aVvi)= oV,

where o1 and o2 are the conductivities of the metallic particles and the dielectric matrix, respectively; V: is the volume
fraction of the metallic filler; V. is the critical concentration at which an infinite cluster is formed; and ¢ and ¢ are the
critical exponents, which for three-dimensional systems take values of approximately 1.6—1.8 and 1, respectively.

Percolation theory provides tools for quantitatively describing the topology of the resistance network, in particular
the density of the infinite cluster P(V), which represents the fraction of sites belonging to the infinite cluster:

P (V]) = V// V], (3)

=V)L V>V, (1)

V.
V)< Vi<V, ()

where V/ is the volume fraction of the infinite cluster. For ¥; < V; one has P(V;) = 0, while with increasing ¥ the value
of P(V1) approaches unity. Near the percolation threshold, the density of the infinite cluster follows a power-law
dependence [31]

P(V)) = D(V-Vy)”, 4

where D = 1 and f is the critical exponent (for three-dimensional systems £ =~ 0.4).
The length of the backbone of the infinite cluster is evaluated using the model proposed by B. I. Shklovskii [31], in
which the IC network is represented as a large, planar fishing net (Fig. 1).

Figure 1. Topology of the Infinite Cluster Backbone

A typical topology of the infinite cluster (IC) backbone in three-dimensional composite systems with conducting
particles is shown in Fig. 1. This model is traditionally considered within the framework of percolation theory [32]. The
backbone is represented as a network of interconnected conductive paths linked by nodes. The diagram illustrates the
primary load-bearing chains that provide a continuous path across the sample and determine the electrical conductivity
of the system for V; > V; near the percolation threshold V; = V; dead ends account for as much as 80-95% of the IC. A
key parameter highlighted in the figure is the correlation radius R (ranging from 10 to 103 m for Ni-based composites),
which characterizes the characteristic linear dimension of the network cells. Near the percolation threshold, it follows a
power-law dependence:

R~WVi=Vy)" ", R=1/v 5)

where v = 0.85+0.05 is the critical exponent of the correlation radius for three-dimensional systems, and / is the lattice
period. Also shown are the tortuous (fractal) conductive trajectories arising from the irregular spatial distribution of
particles. The tortuosity defines the coefficient &, which together with the correlation exponent vinuv determines the
critical conductivity exponent:

1=¢+v, (6

where, for real composites, ¢ typically lies in the range 1.7 <¢<2.3, with £~ 1.2-1.4

As shown in Fig. 1, the backbone of the infinite cluster represents a fractal network of conductive channels through
which the current flows along the longest and most well-connected trajectories. The higher the dispersity of the particles
(nanoparticles — greater tortuosity), the larger the contribution of path length to the critical exponent ttt, which reduces
the efficiency of the conductive network when the filler content only slightly exceeds the percolation threshold [33].

Based on the proposed model, it has been established that when the wire elements forming the BC skeleton exhibit
curvature (Fig. 2, while the distance between their intersection points remains equal to R), the critical exponent of
electrical conductivity ¢ exceeds 1.7.
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Figure 2. Topology of the Infinite Cluster Skeleton with Curved
(Tortuous) Elements

In Figure 2, a representative topological model of the infinite-cluster skeleton formed in composite systems near the
percolation threshold is presented. The cluster geometry consists of a sequence of tortuous conducting branches with local
widenings and narrow constrictions, which together form the primary framework of the transport network. The
characteristic correlation scale R defines the average distance between structurally stable nodes that participate in
transmitting flux or electrical current, whereas the quantity Z denotes the direction of the local gradient propagating along
a skeleton branch. The critical conductivity exponent ¢ is determined by Eq. (6) as the sum of the index &, which accounts
for the tortuosity of the conducting filaments, and the correlation-radius index v. The length of a filament between two
intersection points, Z (Fig. 2), is expressed via § as

Z=1/(V; = Vp)s, (7
and the ratio of Z to R,
L (-, ®)

characterizes how many times the skeleton length exceeds R due to the tortuosity of its branches.

The skeleton structure exhibits fractal properties, which is reflected in the values of the fractal dimension Dy~ 2.4-
2.6 for three-dimensional systems and in the increased tortuosity of the transport trajectories (z =~ 1.5-4). The presence of
local broadenings and nonuniformly distributed nodes leads to variations in the local connectivity density within the
cluster, which in turn affects the effective transport parameters, including electrical conductivity, diffusion, and heat
transfer. Such a configuration is characteristic of systems operating in the regime of critical percolation and determines
the key features of the macroscopic behavior of the material.

The infinite cluster consists of the backbone and dangling ends [31]. A point is considered to belong to the backbone
of the infinite cluster (Fig. 3) if at least two independent paths originate from it, allowing one to reach an infinite distance
(point C).

Figure 3. Fragment of the backbone of the infinite cluster with dangling
ends.

The fragment of the infinite-cluster backbone shown in Fig. 3 illustrates a typical topology of the conducting network
near and above the percolation threshold. The main current-carrying path is formed by the backbone portion of the
cluster—a continuous chain of interconnected conducting elements that ensures the macroscopic connectivity of the
system. Numerous branch-like “dangling ends” are attached to the backbone; although they do not participate in current
transport, they significantly affect the fractal and topological parameters of the infinite cluster. The backbone is
characterized by a linear size on the order of R~10?-10° nm, which corresponds to the scale of the correlation length &
near the percolation threshold V; & V,. The dangling ends have characteristic sizes z ~ 10-100 nm, and their volume
fraction in the immediate vicinity of the conduction threshold substantially exceeds that of the backbone bonds, which is
consistent with the percolation relations V% <« V,/"*[34].
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The fractal morphology of the backbone segment of the infinite cluster is directly reflected in the values of the
critical exponents that govern the conductivity behavior near the percolation threshold. For three-dimensional composite
systems, the following parameters are typical: the critical conductivity exponent lies in the range ¢ = 1.7-2.3, which is
consistent with the universal values for three-dimensional percolation systems. The fractal dimension of the current-
carrying backbone is dy = 1.6-1.8, whereas the fractal dimension of the branches that do not contribute to charge transport
(“dangling ends”) is somewhat higher and lies in the range d,.x~ 1.9-2.1. These values confirm that, near the percolation
threshold, the structure of the infinite cluster is strongly heterogeneous: the conducting backbone exhibits pronounced
tortuosity and reduced dimensionality, while the dangling ends form a more highly branched and spatially dense portion
of the cluster [35]. Such a topology determines the characteristic current-flow pathways in percolating composites and
strongly influences the magnitude of the macroscopic conductivity.

If only a single path extends from a given point to an infinite distance (for example, point D), that point is regarded
as belonging to a dangling end. The total value P(V:) accounts for all nodes of the infinite cluster, including both backbone
nodes and dangling ends. The backbone density Py, (V1), characterizes the fraction of nodes that belong specifically to
the backbone and is defined as

Py (V1) =v//V/, 9
where V;”is the volume fraction of the backbone of the infinite cluster. According to percolation theory, the ratio
Pu(V1)/P(V}) can be expressed as

Psi (V1) -
Bl = D = 1)@, (10)
where D is a numerical coefficient of order unity.
Figure 4 presents a comparison of the experimental data with the theoretical conductivity dependences (V) for
ceramic composites containing nanodispersed (curve 1) and microdispersed (curve 2) nickel.

lgo(Q'*m™)

Figure 4. Experimental and theoretical dependencies of electrical conductivity ¢ on the volume
fraction of Ni for composites containing micro- and nanoparticles

Both dependencies exhibit a characteristic percolation transition, accompanied by an abrupt increase in ¢ by several
orders of magnitude upon reaching the critical volume fraction of the conductive filler. Figure 4 also presents the
theoretical a(V:), curves calculated according to expressions (1) and (2). When applying the boundary conditions V: = 0
and V; = 1 these relations reduce to the following form [36,37]:

avi)= o2y, V>V, (11)

o Vi)= (=29 Vi<V, (12)

where o, and o, are the conductivities of the metallic particles and the dielectric matrix, respectively, Vi is the volume
fraction of the metallic filler, Vc is the percolation threshold, and t and q are the critical exponents characteristic of three-
dimensional percolation systems.

The critical volume fraction Vc of Ni particles for the studied composites were determined by differentiating the
dependence of lg o with respect to Vi (see the inset in Fig. 4). The critical exponent ¢ was evaluated by representing the
experimental data in the coordinates

Igo=fllg[(Vi=V/(1-V})]), (13)

For the composite containing Ni nanoparticles (curve 1), the percolation threshold is observed near V'~ (.10, which
is significantly lower than that of the material with Ni microparticles, where the critical concentration is V' = 0.21. The
earlier formation of the infinite cluster in the nanostructured composite indicates a denser and more efficient particle-to-
particle contact, as well as the emergence of extended, tunnel-connected chains that facilitate the development of a
conductive network at a lower fraction of the conducting phase. The saturation of conductivity at high filler concentrations
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(V' = 0.3) also differs: the nanocomposite exhibits a higher asymptotic value of o, corresponding to an increase in the
parameter o1 by more than an order of magnitude compared to the material containing micron-sized Ni particles. This
reflects the formation of a more highly branched and structurally compact skeleton of the infinite cluster, which ensures
efficient charge transport [38].

The inset in the graph (dlgo/dV:) illustrates differences in the width and amplitude of the derivative maxima,
indicating a sharper and narrower percolation transition in the composite containing nanoparticles and, consequently, a
more homogeneous distribution of conductive pathways. In the case of microparticles (curve 2), the transition is more
extended, which reflects a higher degree of structural disorder and a smaller number of effective interparticle contacts.

Agreement between the experimental and theoretical values (Fig. 4) is observed for both types of composites at
Vi> V. For V; < Vssuch correspondence is maintained only for the composites containing micro-sized Ni particles. The
origin of this discrepancy is discussed within the framework of the spatial-structural hierarchical model proposed
in [39,40] for polymer-based composites. To determine the topology of the infinite cluster, the previously introduced
percolation-theory expressions were employed. By applying the boundary condition at V; = 1, expressions (4), (8), and
(10) can be rewritten in the form:

-V
P (V) =D (14)
Z_ M7Vsyv-g
=l (15)
Psp(V1) _ 1=Vs) 2v-p)
PV D (Vl—VS) o (16)

The results indicate that the use of nanodispersed nickel leads to a significant reduction in the percolation threshold,
a more intensive formation of the conducting network, and a substantial increase in the ultimate conductivity o:. This
confirms the effectiveness of Ni nanoparticles as a highly efficient conductive filler for ceramic composites.

The values of P(V;) calculated from relation (14) approach unity as V; increases (see Tables 1 and 2), indicating the
gradual densification of the infinite cluster due to the attachment of isolated clusters as the system moves away from the
percolation threshold.

Table 1. Dependence of the parameters P(V;) V,'; Z/R ; ¥/’ and V;'" on the filler volume fraction ¥; for composites containing
nanodispersed Ni particles

no. Vi P(V1) A Z/R v/ v/
1 0.12 0.19 0.023 7.7 2.1-10°% 229-102
2 0.13 0.23 0.031 6.0 6.5-10° 3.09-10
3 0.16 0.33 0.052 4.0 4.1-10° 5.19-102
4 0.20 0.41 0.082 3.1 1.8-10° 8.19-10°
5 0.23 0.46 0.106 27 3.7-10° 1.02:10
6 03 0.54 0.163 2.1 1.2:107 1610
7 0.4 0.64 0.257 1.7 3.2:10 2.2-10°!
8 0.45 0.68 0307 1.6 6.0-10 2.4-10°!
9 0.5 0.72 0.360 1.5 8.9-102 2.7-10°!

Table 2. Dependence of the parameters P(V;) V,'; Z/R ; V' and V"’ on the filler volume fraction ¥; for composites containing
microdispersed Ni particles

no. Vi P(V1) v/ Z/R v/ v/
1 0.22 0.17 0.037 1.42 2.2:104 3.7:10?
2 0.25 0.30 0.075 127 4.6:104 7.4-10?
3 0.30 0.42 0.125 1.19 3.0-107 1.2:10°!
4 0.35 0.50 0.175 1.15 9.1-107 1.6:10"!
5 0.40 0.57 0.224 1.12 2.0-102 2.0-10""
6 0.45 0.62 0.279 1.10 3.6-102 2.4-10°"
7 0.5 0.66 0.334 1.08 6.0-102 2.7-10°

The volume fraction of the infinite cluster V7;, calculated using expression (3), represents only a small portion of V.
in the vicinity of the percolation threshold. The values of Z/R, obtained from formula (15) in the threshold region,

indicate a high tortuosity of the infinite cluster; the critical correlation-length exponent v was taken as 0.85, whereas the
tortuosity exponent & was determined from expression (5). Using formula (16) for Py (V) and relation (7), the volume
fractions of the backbone ¥,” and dangling ends V;”/ = V;” - V/ of the infinite cluster were evaluated. As follows from
Tables 1 and 2, the volume fraction of the backbone near the percolation threshold constitutes only a small portion of the
cluster, whereas the majority of nodes belong to the dangling ends.
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Figure 5 shows the logarithmic dependence of the electrical conductivity for composite samples with Ni in the range
Vi<Vi<V,~0.5, containing Ni microparticles (curve 1) and nanoparticles (curve 2). The plot is constructed in the
coordinates of relation (13), which makes it possible to identify the linear region corresponding to the percolation
conduction regime.
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Figure 5. Logarithmic dependence of the electrical conductivity for composites with Ni microparticles
(1) and nanopatrticles (2).

The linear-growth regions are well approximated by the power-law dependence
o=o1(Vi=Vy7, (17)

which is characteristic of three-dimensional composites.

For both materials, a distinct percolation transition is observed: upon reaching the critical concentration V the
electrical conductivity increases abruptly by several orders of magnitude. Linear extrapolation of the dependence to ;=1
made it possible to determine the value of ¢;, which reflects the conductivity of a fully formed infinite cluster. For the
composite filled with nickel nanoparticles, the obtained parameters are V,=0.105, ¢ = 2.2, and o,= 63 Q"-cm™". In the case
of the material containing micro-dispersed Ni particles, the critical concentration is V;=0.210, the critical conductivity
exponent is £ = 1.78, and the conductivity of the formed cluster is o; = 8 Q-cm™’

A comparative analysis of dependencies 1 and 2 shows that the introduction of nano-dispersed nickel results in an
almost twofold reduction of the percolation threshold, as well as in an increase of the parameter 61 by more than an order
of magnitude compared to the composite containing micro-sized Ni particles. This difference is attributed to the higher
degree of interparticle contact among the nanoparticles and the formation of a quasi-continuous tunneling pathway for
charge transport. The nanoscale filler forms a denser and more highly branched backbone of the infinite cluster, which
leads to a significant increase in macroscopic conductivity [41-43]. It is important to note that ¢, is not the conductivity
of individual metallic particles; instead, it characterizes the effective conductivity of the percolation cluster in the range
Vi< Vi<V,=0.5,1.e., the conductivity of a branched fractal network through which the dominant charge transport occurs.
The critical exponent g is taken as 1, which corresponds to three-dimensional percolation systems and agrees with
literature data. Analysis of the logarithmic dependences demonstrates that nano-dispersed Ni is significantly more
effective in forming a conductive network within the polymer matrix, ensuring higher composite conductivity at lower
filler content [44-47].

CONCLUSIONS

The study of the topology of the infinite cluster in polymer composites containing micro- and nanosized Ni particles
enabled quantitative determination of how particle size affects the parameters of the percolation transition and the
configuration of the conductive network. It has been established that the use of nano-dispersed nickel leads to a significant
reduction in the percolation threshold: for nanocomposites, the critical concentration is V. =~ 0.105, whereas for materials
with micro-dispersed Ni it reaches V=~0.21. This reflects more efficient interparticle contact among nanoparticles and
earlier formation of the infinite cluster.

The introduction of Ni nanoparticles enhances the efficiency of conductive network formation, providing an almost
twofold reduction of the percolation threshold, an increase of the parameter 61 by more than an order of magnitude, a
sharper and more localized percolation transition, and the development of an extended, coherent conductive structure at
a lower volume fraction of the metallic phase. The obtained dependences P(V}), &(V;) and Py(V;) demonstrate gradual
densification of the cluster with increasing concentration of the conducting phase, with rapid saturation of connections at
Vi~ 0.4-0.5. The topological parameters (correlation radius R, tortuosity exponent &, and the volume fractions V4 and
Vimk) are consistent with classical fractal percolation theory, and the adopted critical exponent v = 0.85 provides an
accurate description of cluster behavior near the threshold. At identical values of V; the density of the infinite cluster in
nanostructured systems is significantly higher, which accelerates the formation of a conductive network.

The structure of the infinite cluster exhibits pronounced fractal-hierarchical characteristics. The fractal dimension
of the skeletal part ranges from 1.6 to 1.8, whereas for the dead ends it ranges from 1.9 to 2.1, reflecting substantial
structural heterogeneity near the percolation threshold. The volume fraction of the dead ends significantly exceeds that of
the skeletal bonds: for example, at
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V1= 0.12 the skeletal fraction in the nanocomposite is only 0.023, while the fraction of dead ends exceeds 2-1073; for
the microcomposite at V;=0.22 the skeletal fraction is merely 0.037. Such a ratio V«<<V imk limits the transport efficiency
of the system in the immediate vicinity of the threshold.

The density of the infinite cluster, the correlation radius, and other topological parameters follow power-law scaling
characteristic of three-dimensional percolation. The critical conductivity exponents are 2.2 for nano-dispersed Ni and
1.78 for micro-dispersed Ni, which agree with universal values and confirm the influence of branch tortuosity on the
increase of 7 At high filler concentrations (¥ >0.3), nanostructuring leads to a substantial rise in the asymptotic
conductivity. The conductivity parameter of the skeleton reaches 63 Q-cm ™, for the nanocomposite and 8 Q7-cm™ for the
composite containing micro-sized Ni particles, corresponding to an increase by a factor of more than 7-8. This
enhancement is attributed to the formation, in nanocomposites, of a denser, more highly branched, and topologically
saturated structure of the infinite cluster.

The analysis indicates that incorporating Ni nanoparticles substantially enhances the efficiency of conductive
network formation in the composites. Their use leads to an almost twofold reduction in the percolation threshold, an
order-of-magnitude increase in the parameter o1, and the emergence of a sharper and more localized percolation transition.
In addition, Ni nanoparticles promote the development of a more extended and interconnected conductive network at
significantly lower metal filler contents. The results demonstrate the high effectiveness of Ni nanoparticles as a conductive
filler and provide a solid scientific basis for designing next-generation high-conductivity composites.
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TOIIOJIOTTYHI OCOBJIABOCTI ®OPMYBAHHS IMTPOBITHOI MEPEKI B METAJIOITIOJIMEPHHX
KOMITO3UTAX 3 PI3BHUMHU PO3MIPAMHA YACTHHOK HATIOBHIOBAYA
3apapmkon M. Xycanos!, ®axpinain T. Boiimyparos?, Capuop I'. Toiiuies!
!Kibepynieepcumem, Hypagwan, Y3bexucman
> Vuisepcumem Anvppazanyc, Tawxenm, Ysbexucman

Byno mociipKkeHo TOMOJIOT 0 HECKIHUCHHOTO KiacTepa B IMOJIMEPHHX KOMIIO3MTAX, IO MICTATh MIKpO- Ta HaHOYAaCTHHKH Ni, 110
JIO3BOJIMJIO KiJIbKiCHO OI[IHHUTH, SIK PO3MIip MPOBIAHNX YaCTUHOK BILUTHBAE HA MEPKOJIAIIIMHUI TepeXia Ta CTPYKTYpPY IPOBiTHOT MEPEKi.
Buxopucranus HaHOpo3MipHOTO Ni 3HWKYE KPUTHYHY KOHIeHTpawito 10 Vs = 0,105 mopiBasHO 3 Vs = 0,21 11 MIKPOYaCTHHOK,
30ibIIye mapaMeTp o1 OUTBII HIK Ha MOPSATOK Ta HMPH3BOAUTH A0 Pi3KIMIOro, OULIBII JIOKANi30BAaHOTO NMEPKOJLIIHOTO MEepexoxy.
Krnactepna cTpykTypa AEMOHCTpPYE BHpPaKEHI ()pakTanbHO-iepapXidHi O0COONMBOCTI: ()pakTanbHa PO3MIPHICTE OCTOBA CTaHOBHUTH
1,6-1,8, a 3Bucarounx kiHmiB — 1,9-2,1. Il{ineHicTh KJIacTepiB, pajiiyc KOPESIii Ta TOMOIOTIUHI TapaMeTpH BiIOBIAaIOTh CTEIEHEBUM
CIIBBiJJHOLICHHSM, THIIOBUM Ul TpuBuUMipHOi nepkoisiuii (v = 0,85). Ilpu Bucokux KoHneHTpauisx mnpoinHoi dasu (V > 0,3)
ACHMIITOTHYHA IPOBiIHICTH nocsrae 63 Q7':cM™' y HaHOKOMIO3WTaX NOPIBHAHO 3 8 Q7':cM™' mius MarepiayiB Ha OCHOBI
MiKpodacTHHOK. LIi pesysibpTaTd MiATBEPIKYIOTH BHCOKY €()EKTHBHICTE HAHOYACTMHOK HIKeN0 y (OPMyBaHHI MPOTSHKHOL,
B3a€EMOIIOB'3aHOI Ta PO3TATyKEHOI MPOBITHOI Mepexi, 110 3abe3neyye OCHOBY JJIsI BHCOKOMPOBIIHMX KOMITO3HMTIB HACTYITHOTO
MTOKOJTiHHSL.

KutouoBi ci10Ba: nonimepHi KoMno3umu, HAHOYACMUHKY HIKENH, MIKPOYACMUHKY, HECKIHYEHHUl Kiacmep, NpogioHd Mepejcd;
ACUMNMOMUYHA NPOGIOHICMb, MONONIOSIYHI NApaAMempu,; MPUBUMIPHA NEPKOTAYIs
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We present a comprehensive theoretical and numerical investigation of planar and radial Si/GaAs p—n heterojunctions, focusing on the
coupled effects of thermal expansion mismatch and incomplete ionization on their electrostatic and mechanical behavior. The two-
dimensional Poisson equation is solved in Cartesian and cylindrical coordinate systems, incorporating probabilistic dopant activation
to capture low-temperature freeze-out effects. At 100 K, incomplete ionization reduces the built-in potential by up to 40% and increases
the depletion width by over 50%, with radial junctions exhibiting 15-25% higher potential due to curvature-induced field enhancement.
Thermomechanical modeling reveals that at 10 K and 200 MPa, planar structures reach a total strain of —2.8 x 1073 and a stress of *280
MPa, whereas radial designs sustain —3.9 x 1073 strain but lower stress (=234 MPa) due to their reduced elastic modulus. These results
highlight the superior stress relaxation and electrostatic control of radial architectures, enabling improved performance and reliability
of cryogenic photodetectors and optoelectronic devices.

Keywords: Radial p—n junction; Planar p—n junction; Incomplete ionization; Thermal expansion; Cylindrical coordinate system;
Cartesian coordinate system; Low-temperature effects

PACS: 73.40. Lq, 73.61.Cw, 73.61.Ey, 72.20.Jv

INTRODUCTION

The monolithic integration of III-V semiconductors on silicon (Si) substrates has been a focus of intense research
since the 1980s, motivated by the prospect of merging the mature, cost-effective Si platform with the superior electronic
and optoelectronic properties of III-V compounds [1-3]. Gallium arsenide (GaAs) and its alloys, such as Al,Gai—As, are
particularly attractive due to their direct, tunable bandgap, high electron mobility, and excellent optoelectronic
performance, which are essential for high-speed and nanoscale devices [4-7].

Despite decades of progress, achieving defect-free GaAs/Si integration remains challenging. Lattice mismatch,
polar/non-polar interface incompatibility, and differences in thermal expansion induce structural defects, including anti-
phase domains, misfit dislocations, and threading dislocations [8§—13]. Substrate orientation critically influences epitaxial
quality; for instance, Si(111) supports superior layer-by-layer GaAs growth compared to Si(001) or Si(110), significantly
reducing defect density and improving crystallinity [14—18].

Thermal expansion mismatch is another key factor limiting heterojunction reliability. Si exhibits a linear thermal
expansion coefficient of ~2.6x107¢ K™', whereas GaAs shows a higher coefficient of ~5.8x10°¢ K', generating
thermomechanical stresses during thermal cycling that can degrade the performance of planar and radial p—n junctions
[19-23]. Additionally, the temperature dependence of the GaAs and AlyGai-As bandgap, arising from electron—phonon
interactions and lattice thermal expansion, can shift up to 45% at low temperatures due to negative thermal expansion
(NTE) effects [24—27]. Accurate modeling of these phenomena is essential for predicting device performance under
realistic operating conditions.

Recent studies underscore the promise of GaAs/Si heterojunctions in high-performance optoelectronic devices. For
example, Jahromi et al. (2025) reported a CMOS-compatible p-GaAs/p-Si UV phototransistor exhibiting high
responsivity (138 mA/W at 3 V), a linear dynamic range of 220 dBm, near-zero dark current, and an exceptional photo-
to-dark current ratio, highlighting the advantages of staggered heterojunction architectures for low-noise, high-sensitivity
UV detection [28].

In this work, we present a comprehensive theoretical and numerical study of thermal expansion effects in planar and
radial Si/GaAs p—n heterojunctions. We quantify stress distributions, geometry-dependent electro-optical performance,
and the combined contributions of electron—phonon interactions and lattice expansion. The results provide a rigorous
framework for optimizing heterojunction design, enhancing mechanical reliability, and improving device performance
across a broad temperature range, with direct implications for next-generation electronic and photonic systems [29-35].
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METHODS AND MATERIAL

Planar p—n junctions, long the standard in semiconductor devices [37,38], exhibit primarily one-dimensional (1D)
thermal expansion along the device thickness. The conventional planar Si/GaAs heterojunction consists of p-type silicon
(pSi) adjacent to n-type gallium arsenide (nGaAs), with the depletion region extending from —x, in the p-side to x, in the
n-side. Within this region, acceptor ions (¢”) and donor ions (e") are spatially separated, generating a built-in electric field.
However, the mismatch in coefficients of thermal expansion between Si (a0 = 2.6x107¢ K™") and GaAs (a = 5.8x10°K™)
induces non-uniform interfacial stress, promoting defects such as misfit dislocations and anti-phase boundaries,
particularly under thermal cycling. In contrast, advances in nanowire growth and epitaxial techniques over the past two
decades have enabled radial p—n junctions [39-42]. In these cylindrical core—shell structures, pSi forms the inner core and
nGaAs the outer shell, with radial coordinates r,, R, and r, defining the depletion region. Electrons and holes are
distributed radially, creating a circumferential electric field. The ~2D thermal expansion inherent to the radial geometry
allows strain to distribute uniformly around the core, significantly reducing planar-like defects.

This configuration improves carrier collection efficiency by ~20-30% and enhances light absorption due to
increased surface area and radial electric fields, offering notable performance gains for photodetectors and nanowire-
based optoelectronic devices. Thermal expansion: Planar junctions expand linearly (~1D), whereas radial junctions
distribute strain circumferentially (~2D), reducing defect density. Electric field distribution: Planar structures exhibit
uniform potential drop; radial structures concentrate fields near the core. Device efficiency: Radial geometries enhance
carrier collection and light absorption relative to planar junctions, highlighting their potential for high-performance
semiconductor applications. Figure 1 illustrates the contrasting geometries and thermal expansion behaviors of Si/GaAs
p—n heterojunctions: (a) planar and (b) radial.

Figure 1. Schematic 2D representations of the investigated Si/GaAs p—n heterojunction structures:
(a) planar geometry and (b) radial geometry.

Table 1. Material parameters for Si and GaAs used in thermal expansion calculations [17,41]

Parameter Symbol Si GaAs Units
Elastic constant 1 Ci1 165.7 122.1 GPa
Elastic constant 2 Ciy 63.9 56.6 GPa
Elastic constant 3 Cyhy 79.6 60 GPa

Ci1 +2Cy,
Bulk modulus = 3 97.83 78.43 GPa
Griineisen parameter y 0.98 1.2 —
Linear Thermal
Expansion Coefficient L 26107 58x10° VK
Debye temperature 0p 645 360 K
Atomic volume Vi 2.0x10% 4.5 %10 m?

Table 1 lists key mechanical and thermal parameters of Si and GaAs used for thermal expansion analysis. Si is stiffer
(Cii =166 GPa, B = 98 GPa) with lower thermal expansion (ar = 2.6x107° K™') and higher Debye temperature (Op = 636
K) than GaAs (Cu = 122 GPa, B = 78 GPa, ar = 5.8x10°¢ K™, ®p = 204 K). The larger lattice softness and thermal
mismatch in GaAs highlight the advantage of radial junctions (~2D strain distribution) for reduced defects and improved
device performance. The linear thermal expansion along one direction is related to the Griineisen parameter y, specific
heat Cy,, and bulk modulus B:
rC(7) ey

D=3y

m

where: Cy, (T)~= Debye specific heat, V,,= atomic volume.

At high temperatures (T >> @p), C;y = 3kzN, giving approximate oy, values consistent with Table 1. Si has a higher
bulk modulus (97.8 GPa) than GaAs (78.4 GPa), meaning it is stiffer, less compressible, and expands less under heat.
GaAs, with lower B, is more prone to thermal strain and mismatch at the interface. Linear thermal expansion coefficients:
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(&), (0, ) - Temperature change: (AT =T -T,.). Young’s modulus (E) and Poisson’s ratio (V) for each material.
Thermal mismatch (linear strain): £, = (¢;,,5 — ;) AT .

1) Planar heterojunction — thin film on thick substrate. If a thin film of GaAs is elastically constrained by a thick
Si substrate (no in-plane displacement of substrate), the film experiences a plane (biaxial) stress approximately [40].

E

E
—_ GaAs — Gads
O.GaAS - : gm e (aGaA: - aSi) AT (2)

1- VGaas 1- VGass

2) Radial heterojunction — axisymmetric core—shell (cylindrical) geometry. Geometry: coaxial core radius aand
outer shell outer radius b. Materials: core (index c), shell (index s). Solve in cylindrical coordinates (r,8,z)for
axisymmetric thermoelastic loading. For each homogeneous cylindrical region (core or shell), in absence of body forces
and under axisymmetric conditions, the radial and hoop stresses have the classical Lame form (3) [42].

o (N=A-2 o, =a+5 3
r r

The constants Aand B differ for the core and shell regions and are determined from the appropriate boundary
conditions. Thermal expansion effects are introduced through constitutive relations. In Si/GaAs heterojunctions, planar
structures exhibit minimal thermal expansion but experience significant in-plane stress (approximately 120 MPa) due to
substrate constraints. In contrast, radial (core—shell) architectures permit greater free expansion (0.17 % for GaAs versus
0.078 % for Si), effectively reducing stress and promoting strain relaxation. This structural advantage enhances
mechanical tolerance, suppresses defect formation, and improves thermal reliability. The temperature-dependent bandgap
evolution is most accurately described by the Varshni [17] and Péssler [41] models, enabling precise prediction of thermal
effects on overall device performance.

o-T?

Eg(T)=Eg(O)—T+IB

“4)

The Pidssler model provides a more physically accurate description, particularly at low temperatures, by
incorporating phonon spectral functions and thermal expansion effects (5).

1/p
-0 21’
Table 2. Typical parameters of Varshni and Passler bandgap models for GaAs and Si [17,41].

Temperature Bandgap
Material Model E4(0)(eV) a(eV/K) B/ 6(K) P ra: e (K) shrinkage
& (0-300 K)
GaAs Varshni 1.519 5.405 x 107 204 - 100-500 =~ 90 meV
GaAs Péssler 1.519 58 x 107 240 2.5 50-500 ~ 90 meV
Si Varshni 1.17 473 x107* 636 - 100-500 =~ 110 meV

Si Péssler 1.17 49x107* 700 2.8 50-500

The temperature dependence of the bandgap energy E, (T)is commonly described using either the Varshni or Pissler
model. Table 2 illustrates a comparative analysis of these two models for GaAs and Si. Both approaches effectively
capture the temperature-induced bandgap narrowing, yet they differ in their physical foundation and applicability range.

In the Varshni model, the temperature dependence is governed by two key parameters: a— the Varshni coefficient
(eV/K), which represents the high-temperature slope of the bandgap reduction, and f— the Varshni parameter (K),
associated with the strength of phonon interactions. The Péssler model provides a more detailed physical description
through: a— high-temperature limiting slope (eV/K), ®— average phonon temperature (K), and p— phonon spectral
shape parameter (typically 2—4), which accounts for the phonon spectrum and thermal expansion effects.

For GaAs, both models predict a bandgap reduction of approximately 90 meV between 0 K and 300 K, primarily
driven by electron—phonon coupling and lattice dilation. The Varshni model provides excellent accuracy in the 100-500
K range, making it a standard choice for device-level simulations. In contrast, the Pdssler model delivers superior
predictive accuracy at cryogenic temperatures due to its stronger physical basis.

For Si, the bandgap shrinkage is slightly larger, approximately 110 meV, reflecting more pronounced phonon
interactions and lattice anharmonicity. The Varshni model offers analytical simplicity and broad applicability, whereas the
Péassler model provides enhanced physical realism and a wider temperature validity range, making it particularly suitable
for high-precision semiconductor modeling.
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RESULTS AND DISCUSSION

The temperature dependence of the bandgap energy for silicon (Si) and gallium arsenide (GaAs) was analyzed in
the temperature range from 0 K to 300 K using both the Varshni and Péssler models. The results clearly show that both
materials exhibit a monotonic decrease of bandgap energy with increasing temperature, but the magnitude of this decrease
and the shape of the curve differ between the two models and the two materials. At 0 K, the calculated bandgap energy of
GaAsis Eg(0) = 1.519¢V for both Varshni and Péssler models, whereas for Si the value is E;(0) = 1.170eV. This gives
an initial bandgap difference AE, = E;(GaAs) — E,(Si)of 0.349 eV at absolute zero. As the temperature increases to 300
K, this difference decreases due to stronger thermal bandgap narrowing in GaAs and Si. Using the Varshni model, the
bandgap of GaAs drops from 1.519 eV at 0 K to 1.4225 eV at 300 K, corresponding to a reduction of approximately
0.0965 eV, which is about 6.35 % of its initial value. For Si, the Varshni model gives a decrease from 1.170 eV to 1.1245
eV at 300 K, corresponding to a smaller absolute change of 0.0455 eV (about 3.9 %). As a result, the bandgap difference
between GaAs and Si decreases from 0.349 eV to 0.298 eV, meaning the gap difference shrinks by approximately 0.051
eV between 0 K and 300 K.

a) b)
1.519eV 035_ 0.319_3.\_" !1)_1_()___‘-
1.51 0.349°%
E 0.34 ~.
o 144 N
LL.Im —— Si— Varsh % 0.33 - g
= ——— Si_ Ppiissler = 0325 eV (300&1-
E L3 GaAs — Varsh %
oS ——- GaAs — Pissler W 0.327
o <
=)
< 127 fiev 0311
2|
------ - —— AE (Varsh) = Eg_GaAs - Eg_Si
~_L125eV
L1 Sile 0.301 ——- AE (Piissler) = Ez_GaAs - Eg Si
; : ‘ 1082V ; ; _0.298¢V(300K)
0 100 200 300 0 100 200 300
Temperature (K) Temperature (K)

Figure 2. Temperature dependence of bandgap energy E, (T)for Si and GaAs using Varshni and Péssler models.
(a) Egdecreases from 1.519 eV (GaAs) and 1.170 eV (Si) at 0 K to 1.4225 eV and 1.1245 €V (Varshni), and 1.4078 eV and 1.0823
eV (Pissler) at 300 K. (b) Bandgap difference AE decreases from 0.349 eV to 0.298 eV (Varshni) and 0.325 eV (Pissler), showing
stronger thermal narrowing in Si.

The Pissler model predicts slightly larger temperature-induced narrowing for both materials. For GaAs, the bandgap
decreases from 1.519 eV to 1.4078 eV at 300 K, a change of 0.1112 eV (around 7.3 % reduction). For Si, it decreases
from 1.170 eV to 1.0823 eV, resulting in a larger absolute decrease of 0.0877 eV (about 7.5 %). At 300 K, the bandgap
difference between GaAs and Si becomes 0.325 eV, which is about 0.024 eV lower than at 0 K. This comparison reveals
that the Péssler model gives a stronger temperature dependence for both materials compared to Varshni. The difference
between the two models at 300 K is about 0.0147 eV for GaAs and 0.042 eV for Si, indicating that Péssler’s formulation
has a greater impact on materials with more complex phonon interactions such as silicon. Physically, this behavior is
linked to lattice expansion and electron—phonon interactions, which reduce the bandgap energy as the temperature rises.
Since GaAs is a direct bandgap semiconductor, its bandgap reduction is larger in absolute energy compared to Si
(approximately 0.11 eV vs. 0.088 eV using Péssler), but Si shows a larger percentage change relative to its initial gap.
This indicates that the relative sensitivity of the band structure to temperature is slightly higher in Si. The shape of the
curves also differs between the two models. The Varshni model produces a nearly parabolic decrease with temperature,
resulting in a smoother, more gradual decline. In contrast, the Péssler model yields a slightly steeper slope at intermediate
and high temperatures, particularly above 200 K, due to the inclusion of a multi-phonon interaction term that provides a
more physically accurate description of bandgap shrinkage. Even at high temperature (300 K), GaAs retains a significantly
larger bandgap than Si, with 1.4225 eV (Varshni) and 1.4078 eV (Péssler) compared to 1.1245 eV (Varshni) and 1.0823
eV (Pissler) for silicon. This consistent gap difference of roughly 0.30-0.33 eV across the temperature range is crucial in
applications such as heterojunction solar cells, photodetectors, and LEDs, where band alignment plays a key role in device
performance. Both Si and GaAs show clear bandgap narrowing with temperature. Péssler’s model predicts stronger
narrowing than Varshni, especially for Si. The bandgap difference decreases from 0.349 eV at 0 K to 0.298 eV (Varshni)
and 0.325 eV (Pissler) at 300 K. GaAs maintains a higher bandgap than Si at all temperatures, with the difference
remaining around 0.30 eV near room temperature. Pdssler’s model is more suitable for precise high-temperature modeling,
whereas Varshni provides a good approximation for simpler calculations. These quantitative results highlight the
importance of model selection in semiconductor device simulations, particularly in temperature-dependent performance
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analysis of Si/GaAs heterostructures and optoelectronic components. The 3D surface plots clearly demonstrate the
nonlinear interaction between temperature and pressure effects. At low pressures (below 50 MPa), thermal expansion
mismatch dominates the total strain behavior, resulting in a smooth, nearly linear temperature dependence. As pressure
increases, the strain becomes increasingly pressure-driven, with a steeper slope along the pressure axis. This effect is
more pronounced in the radial structure because of its lower elastic stiffness, which allows greater deformation under the
same applied stress. From a mechanical standpoint, the radial geometry exhibits approximately 60—70 % higher strain
levels than the planar geometry at low temperatures. However, this higher compliance also implies better stress
accommodation and lower risk of interfacial cracking or delamination. In planar structures, the higher modulus (100 GPa)
leads to lower strain but higher stress, which can result in significant in-plane stress accumulation—often exceeding 100
MPa in practical Si/GaAs epitaxial systems.

(b) Radial Si/GaAs Heterojunction

(a) Planar Si/GaAs Heterojunction
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Figure 3. Temperature and pressure dependence of total strain in Si/GaAs heterojunctions. (a) Planar structure: total strain increases
with temperature and decreases under applied pressure due to the high in-plane stiffness (E = 100 GPa). (b) Radial structure: lower
modulus (E = 60 GPa) allows greater thermal expansion and enhanced strain relaxation. Radial configuration exhibits larger total
strain at elevated temperatures but lower stress buildup compared to planar geometry.

Figure 3 illustrates the combined effects of temperature and pressure on the total strain in planar and radial Si/GaAs
heterojunction structures. The strain arises from two competing factors: differential thermal expansion between GaAs and
Si, and mechanical compression under external pressure. A temperature range from 10 K to 300 K and pressure range
from 0 to 200 MPa was considered. At room temperature (300 K), the thermal strain is defined to be zero since this is the
reference point. As temperature decreases below 300 K, the thermal expansion mismatch between GaAs (a =
5.8 x 107¢ K 1)and Si (@ = 2.6 x 107 K~1)induces tensile strain in the structure. At 100 K with no external pressure,
the planar structure reaches a total strain of approximately —2.2 X 10™#, while the radial structure exhibits a larger strain
of around —3.8 X 10~*due to its enhanced thermal expansion freedom. At the lowest temperature examined (10 K), the
planar strain is about —2.8 X 10™*, whereas the radial strain reaches nearly —4.6 X 10™*. Application of external pressure
counteracts this tensile strain. For the planar configuration with an effective Young’s modulus of E = 100 GPa, a pressure
of 200 MPa generates a compressive strain of about —2 X 1073, dominating over the thermal contribution. This results
in a net strain around —2.3 X 1073at 10 K. In contrast, the radial configuration, which is more compliant with E =
60 GPa, exhibits a larger pressure-induced strain of —3.3 X 10~ 3under the same conditions, leading to a net strain
magnitude of approximately —3.8 x 10~3at low temperature. Importantly, strain relaxation in radial structures contributes
to improved mechanical stability at cryogenic temperatures and under pressure loading. Such behavior is advantageous
for high-performance heterostructure devices, including photodetectors, LEDs, and high-efficiency solar cells, where
thermomechanical mismatch is a critical reliability factor. The results quantitatively confirm that radial heterojunctions
allow more effective thermal expansion, reducing internal stress while tolerating larger strain amplitudes.

Table 3. Thermal and pressure-induced strain—stress response in planar and radial structures

Structure AT (K) P (MPa) Thermal strain (x107%) Pres(sxulr gjgram To(t:ll SEE)HH Stress (MPa)
Planar 290 0 —0.80 0 —0.80 80
Planar 290 200 —0.80 —2.00 —2.80 280
Radial 290 0 —0.53 0 —0.53 32
Radial 290 200 —0.53 -3.33 -3.86 234

At low temperatures, strain accumulation exhibits a strong geometry dependence. At T = 100 K and P = 0 MPa, the
total strain is approximately —2.2x107* for planar structures and —3.8x107* for radial structures. Under P = 200 MPa at
T =10K, the total strain increases to —2.3x1073 (planar) and —3.8%1073 (radial), indicating that radial strain is ~1.7xhigher
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than planar at low temperature. This clearly shows that pressure-induced strain dominates over thermal effects at
P> 100 MPa. For planar geometries, the thermal expansion mismatch between GaAs (o = 5.8x107¢ K™) and Si (a =
2.6x107¢ K™) results in significant in-plane thermal stress. At T =300 K (reference), the strain is ~0, whereas at T= 10 K
and P = 0 MPa, the total thermal strain reaches € =~ (5.8 — 2.6)x107°x(10 — 300) = —8.0x107*. When pressure is increased
to P =200 MPa, the total strain exceeds —2.8x1073, producing high compressive stress that can drive crack formation or
dislocation generation at the heterointerface. Surface plot contours reveal a strong nonlinear dependence of total strain on
both temperature and pressure. In contrast, radial structures exhibit reduced effective thermal expansion due to radial
compliance and a lower elastic modulus (E = 60 GPa). At T = 10 K and P = 0 MPa, the thermal strain is ¢ = —5.3x107%,
while at P = 200 MPa, the total strain reaches —3.9%1073. Although the magnitude of total strain is larger in radial
structures, the resulting mechanical stress remains lower because of the smaller elastic modulus: g4, =
60 GPa X 3.9 x 1073 =~ 234 MPa, Oplanar & 100 GPa X 2.8 X 1073 ~ 280 MPa. This confirms that radial designs
accommodate strain more efficiently, reducing stress concentrations and enhancing interface stability. Thermal strain
amplitude: Planar = 8.0x10* Radial = 5.3x10* Pressure strain amplitude (200 MPa): Planar = 2.0x1073;
Radial = 3.33x1073. Maximum stress: Planar ~ 280 MPa; Radial = 234 MPa. Thermal mismatch strain reduction in radial
design: = 34 %. These results demonstrate that radial heterojunction architectures provide superior strain accommodation
and stress relaxation, significantly mitigating the risks of delamination, interface cracking, and performance degradation.
This mechanical advantage is particularly valuable for high-power optoelectronic and photovoltaic devices, where long-
term structural integrity under thermal-mechanical loading is critical.

CONCLUSIONS

This work provides a comprehensive analysis of thermal, electronic, and mechanical effects in planar and radial
Si/GaAs p—n junctions under varying temperature (10-300 K) and pressure (0—200 MPa). The results demonstrate that
radial heterojunctions, with ~2D strain distribution, allow greater thermal expansion freedom (0.17 % for GaAs vs.
0.078 % for Si), leading to a 34 % reduction in thermal mismatch strain and a stress drop from 280 MPa (planar) to
234 MPa (radial). Thermal bandgap narrowing was accurately modeled using Varshni and Péssler relations, showing that
Eg(GaAs) decreases from 1.519 eV (0 K) to 1.4078 eV (300 K) and Eg(Si) from 1.170 eV to 1.0823 eV. The bandgap
difference shrinks from 0.349 ¢V at 0 K to 0.298 eV (Varshni) and 0.325 eV (Péssler) at 300 K. These temperature effects
are critical for heterostructure band alignment and optoelectronic device efficiency. Mechanically, radial architectures
accommodate 1.7x higher strain at cryogenic temperatures but generate lower stress levels due to reduced stiffness (E =
60 GPa), suppressing defect formation such as misfit dislocations. This structural advantage enables enhanced reliability
and performance of photodetectors, LEDs, and solar cells under extreme thermal-mechanical loading. Overall, this study
confirms that radial p—n junctions outperform planar designs, offering improved thermal stability, mechanical tolerance,
and electronic performance making them a promising platform for next-generation optoelectronic and energy devices.

ORCID
Jonibek Sh. Abdullayev, https://orcid.org/0000-0001-8950-2135
Madinabonu Sh. Ibragimova, https://orcid.org/0009-0004-7867-7086
Jo‘shqin Sh. Abdullayev, https://orcid.org/0000-0001-6110-6616
Ibrokhim B. Sapaev, https://orcid.org/0000-0003-2365-1554

REFERENCES

[1] K.XK.D.Nigam, P. Yadav, ef al., “Numerical Investigation of RbGel3-Based Lead-Free Perovskite Solar Cell with Various Cu-Based
Hole Transport Layers Using SCAPS-1D,” J. Electron. Mater. 54, 2747-2765 (2025). https://doi.org/10.1007/s11664-025-11740-x

[2] G.S. Sahoo, C. Harini, N. Mahadevi, P.S. Nethra, A. Tripathy, M. Verma, and G.P. Mishra, “CuO film as recombination blocking
layer in Si solar cells,” Silicon, 15, 4039-4048 (2023). https://doi.org/10.1007/s12633-023-02701-x

[3] Lepkowski, D. L., Garassman, T. J., Boyer, J. T., Chmielewski, D. J., Yi, C., Juhl, M. K., Ringel, S. A. (2021). 23.4% monolithic
epitaxial ~GaAsP/Si tandem solar cell. Solar Energy Materials and Solar Cells, 230, 111299.
https://doi.org/10.1016/j.solmat.2021.111299

[4] S. Fan, ZJ. Yu, Y. Sun, W. Weigand, P. Dhingra, M. Kim, et al., “20%-efficient epitaxial GaAsP/Si tandem solar cells,” Solar
Energy Materials and Solar Cells, 202, 110144 (2019). https://doi.org/10.1016/j.s0lmat.2019.110144

[5] A.Qu,Z. Xie, Y. Wang, et al. “Effect of Acceptor-Type Traps in GaN Buffer Layer on Current Collapse of £-Ga203/GaN HEMTs,”
J. Electron. Mater. 54, 3086—3096 (2025). https://doi.org/10.1007/s11664-025-11823-9

[6] J.Sh. Abdullayev, I.B. Sapaev, J.Sh. Abdullayev, D.A. Juraev, M.J. Jalalov, E.E. Elsayed, “Mathematical modeling of incomplete
ionization in radial p-Si/n-GaAs heterojunctions: temperature and doping effects”, Journal of Electronic Materials, 54,
10484-10492 (2025). https://doi.org/10.1007/s11664-025-12391-8

[7] Li, D., Luo, C., Wang, H., Ling, F., and Yao, J. (2021). Active control of plasmon-induced transparency based on a GaAs/Si
heterojunction in the terahertz range. Optical Materials, 114, 111609. https://doi.org/10.1016/j.optmat.2021.111609

[8] J.S. Abdullayev, D.A. Qalandarova, M.S. Ibragimova, et al. “Experimental and Simulation-Based Investigation of p-Si/n-CdS
Heterojunctions: From Cryogenic Freeze-Out to Room Temperature Operation,” Journal of Electronic Materials, 55, 2229-2239
(2026).https://doi.org/10.1007/s11664-025-12642-8

[9] Hasan, M.N., Zheng, Y., Lai, J., Swinnich, E., Licata, O.G., Baboli, M.A., Mazumder, B., Mohseni, PK., and Seo, J.-H.
“Influences of native oxide on the properties of ultrathin Al.Os-interfaced Si/GaAs heterojunctions,” Advanced Materials
Interfaces, 9(13), 2101531 (2022). https://doi.org/10.1002/admi.202101531



394

EEJP. 1 (2026) Jonibek Sh. Abdullayev, et al.

[10]

(1]

[21]

(22]

(23]

(24]

(23]

I.B. Sapaev, J.I. Razzokov, J.S. Abdullayev, D.A. Qalandarova, and M.S. Ibragimova, “Bandgap-Engineered pSi/n-CdySi—
Heterojunctions: Effect of Composition on Optoelectronic Behavior,” East European Journal of Physics, (4), 442-448
(2025).https://doi.org/10.26565/2312-4334-2025-4-44

Jurisch, M., Borner, F., Biinger, T., Eichler, S., Flade, T., Kretzer, U., Kohler, A., Stenzenberger, J., and Weinert, B. (2005). LEC-
and VGF-growth of SI GaAs single crystals—Recent developments and current issues. Journal of Crystal Growth, 275(1-2),
283-291. https://doi.org/10.1016/j.jcrysgro.2004.10.092

Abdullayev, J. Sh., Sapaev, 1. B., and Juraev, Kh. N. (2025). Theoretical analysis of incomplete ionization on the electrical
behavior of radial p-n junction structures. Low Temperature Physics, 51, 60—64. https://doi.org/10.1063/10.0034646

Garg, P. Design and Optimization of a Metamaterial Absorber Using Machine Learning Models. J. Electron. Mater. 55, 790-799
(2026). https://doi.org/10.1007/s11664-025-12516-z

Abdullayev, J. Sh., and Sapaev, 1. B. (2024). Factors influencing the ideality factor of semiconductor p-n and p-i-n junction
structures at cryogenic temperatures. East European Journal of Physics, 4, 329—333. https://doi.org/10.26565/2312-4334-2024-4-
37

Thurmond, C. D. (1975). The standard thermodynamic functions for the formation of electrons and holes in Ge, Si, GaAs, and
GaP. Journal of The Electrochemical Society, 122(8), 1133. https://doi.org/10.1149/1.2134410

Herfort, J., Schonherr, H.-P., and Ploog, K. H. (2003). Epitaxial growth of hybrid structures. Applied Physics Letters, 83(18),
3912-3914. https://doi.org/10.1063/1.1625426

Bharti, Mittal, P. Core—Shell Incorporated Analytical Modeling of a Dual-Material Gate Junctionless Nanowire: Extraction of
Subthreshold Characteristics. J. Electron. Mater. 54, 3046—3059 (2025). https://doi.org/10.1007/s11664-025-11737-6

Bhardwaj, A., Das, A., Garg, P. et al. Material-Driven Performance Analysis of a Vertical Nanowire Tunnel FET for Analog
Applications. J. Electron. Mater. 55, 1099—1110 (2026). https://doi.org/10.1007/s11664-025-12438-w

Abdullayev, J. Sh. (2025). Influence of linear doping profiles on the electrophysical features of p-n junctions. East European
Journal of Physics, 1, 245-249. https://doi.org/10.26565/2312-4334-2025-1-26

Heun, S., Sugiyama, M., Maeyama, S., Watanabe, Y., Wada, K., and Oshima, M. (1996). Growth of Si on different GaAs surfaces:
A comparative study. Physical Review B, 53, 13534—-13541. https://doi.org/10.1103/PhysRevB.53.13534

Saxena, P. K., Srivastava, P., and Srivastava, A. (2024). Defect analysis of MBE reactor-grown HgCdTe on Si, GaAs, GaSb, and
CZT substrates through the TNL-Epigrow simulator. Journal of Electronic Materials, 53, 5803-5812.
https://doi.org/10.1007/s11664-024-11082-0

Bardhan Roy, A., Rasulji Valiji, N. H., Mohammad, R., Giridhar, P., and Mondal, P. (2024). Performance enhancement of Si/GaAs
based heterojunction solar cells by opto-electronics modeling and optimization. In 2024 International Conference on Recent
Advances in Electrical, Electronics, Ubiquitous Communication, and Computational Intelligence (RAEEUCCI) (pp. 1-6). IEEE.
https://doi.org/10.1109/RAEEUCCI61380.2024.10547792

Abdullayev, J. Sh., and Sapaev, 1. B. (2025). Analytic analysis of the features of GaAs/Si radial heterojunctions: Influence of
temperature and concentration. East European Journal of Physics, 1, 204-210. https://doi.org/10.26565/2312-4334-2025-1-21
Piriyev, M., Loget, G., Léger, Y., Chen, L., Létoublon, A., Rohel, T., Levallois, C., Le Pouliquen, J., Fabre, B., Bertru, N., and
Cornet, C. (2023). Dual bandgap operation of a GaAs/Si photoelectrode. Solar Energy Materials and Solar Cells, 251, 112138.
https://doi.org/10.1016/j.s0lmat.2022.112138

Alanis, J., Gutiérrez-Ojeda, S. J., Méndez-Camacho, R., and Cruz-Hernandez, E. (2024). Theoretical investigation of the growth
of GaAs on Si(001), Si(110), Si(111), Si(113), and Si(331). Surfaces and Interfaces, 44, 103792.
https://doi.org/10.1016/j.surfin.2023.103792

Cao, S.D., Sai, D.C., Ngac, A.B. et al. Studies on the Impact of the Core-Shell Structures on the Optical Characteristics of
Au@Cu20 Nanoparticles. J. Electron. Mater. (2026). https://doi.org/10.1007/s11664-026-12690-8

B. Abdullaev, and D. Qalandarova, “The classes of (A)shm and (B)shm functions,” Annales Polonici Mathematici, 132, 101-108
(2024).https://doi.org/10.4064/ap230727-30-11

Huang, R., Wang, Q., Guo, Y., and Wang, Z. (2023). Comparative study on GaAs/Si heterojunction fabricated by nitrogen and
oxygen plasma activated bonding. Vacuum, 208, 111735. https://doi.org/10.1016/j.vacuum.2022.111735

Yamaguchi, M., Takamoto, T., Juso, H., Nakamura, K., Ozaki, R., and Kojima, N. (2024). 33.7% efficiency Si tandem solar cell
modules. In Proceedings of the 2024 IEEE 52nd Photovoltaic Specialist Conference (PVSC). IEEE.
https://doi.org/10.1109/PVSC57443.2024.10749502

Sagatova, A., Novék, A., Kovacova, E., Riabukhin, O., Kotorov4, S., and Zatko, B. (2023). Radiation-degraded Si GaAs detectors
and their metallization. AIP Conference Proceedings, 2778, 060009. https://doi.org/10.1063/5.0137383

Liang, J., Chai, L., Nishida, S., Morimoto, M., and Shigekawa, N. (2015). Investigation on the interface resistance of Si/GaAs
heterojunctions fabricated by surface-activated bonding. Japanese Journal of Applied Physics, 54(3), 030211.
https://doi.org/10.7567/JJAP.54.030211

Prasad, R.K., Singh, D.K. Melamine-Based Graphitic C3Na4/p-Silicon Heterostructure Photodetector: Effect of g-CsN4 Growth
Time on Performance. J. Electron. Mater. 54, 3014-3023 (2025). https://doi.org/10.1007/s11664-025-11782-1

Haris, M., Loan, S. A., and Mainuddin. (2019). Si/GaAs hetero junction tunnel FET: Design and investigation. Journal of
Nanoelectronics and Optoelectronics, 14(10), 1434—1444. https://doi.org/10.1166/jn0.2019.2575

Liang, J., Miyazaki, T., Morimoto, M., Nishida, S., Watanabe, N., and Shigekawa, N. (2013). Electrical properties of p-Si/n-GaAs
heterojunctions by using surface-activated bonding. Applied Physics Express, 6(2), 021801.
https://doi.org/10.7567/APEX.6.021801

Strzelecka, S., Pawlowska, M., Hruban, A., Gladysz, M., Wegner, E., Gladki, A., and Orlowski, W. (1997). Investigation of As-
precipitates in SI GaAs. In J. Zmija, A. Majchrowski, J. Rutkowski, and J. Zielinski (Eds.), Solid State Crystals: Growth and
Characterization (Vol. 3178, pp. 238-241). SPIE. https://doi.org/10.1117/12.280741

Yu, T., Zhang, H., Li, D., and Lu, Y. (2021). Electronic and optical properties of silicene on GaAs(111) with hydrogen
intercalation: A first-principles study. RSC Advances, 11, 16040—16050. https://doi.org/10.1039/D1RA01959G



395
Thermal Expansion Characteristics of Planar and Radial Si/GaAs p—n Heterojunctions EEJP. 1 (2026)

[37] Sushkov, A. A., Pavlov, D. A., Andrianov, A. L., Shengurov, V. G., Denisov, S. A., Chalkov, V. Y., Kriukov, R. N., Baidus, N. V.,
Yurasov, D. V., and Rykov, A. V. (2022). Comparison of II[-V heterostructures grown on Ge/Si, Ge/SOI, and GaAs.
Semiconductors, 56, 122—133. https://doi.org/10.1134/S106378262201012X

[38] Huang, R., Wang, Z., Wu, K., Xu, H., Wang, Q., and Guo, Y. (2024). Hybrid bonding of GaAs and Si wafers at low temperature
by Ar plasma activation. Journal of Semiconductors, 45(4), 042701. https://doi.org/10.1088/1674-4926/45/4/042701

[39] Lourengo, S. A., Dias, L. F. L., Duarte, J. L., Laureto, E., Pogas, L. C., Toginho Filho, D. O., and Leite, J. R. (2004). Thermal
expansion contribution to the temperature dependence of excitonic transitions in GaAs and AlGaAs. Brazilian Journal of Physics,
34(2a). https://doi.org/10.1590/S0103-9733200400030003 1

[40] Péssler, R. (2001). Basic model relations for temperature dependencies of fundamental energy gaps in semiconductors. Physica
Status Solidi (b), 200(1), 155-172. https://doi.org/10.1002/1521-3951(199703)200:1<155::AID-PSSB155>3.0.CO;2-3

[41] Jahromi, H. D., Zeiri, N., and Lotfiani, A. (2025). CMOS-integrated UV phototransistor utilizing a novel p-GaAs/p-Si staggered
heterojunction. Journal of Science: Advanced Materials and Devices, 10(3), 100891. https://doi.org/10.1016/j.jsamd.2025.100891

[42] Mishra, P.K., Maity, G. Impact of Oxygen Vacancies on Photodetection Performance of Ga203: A Comprehensive Review. J.
Electron. Mater. 54, 2533-2545 (2025). https://doi.org/10.1007/s11664-025-11746-5

XAPAKTEPUCTHUKHU TEIJIOBOI'O PO3IINPEHHS IIJIOCKUX TA PAJIAJIBHUX
T'ETEPOIIEPEXO/IB p—n Si/GaAs
Jixonibex II1. Adnysiaes!, Maginadony III. Ioparivmosal, zkomkin L. A6aysiace?, Iopoxiv b. Canaeg?3+5
! Vpeenucoruii deporcasnuii ynisepcumem, eyauysa Xamioa Onimoocona, 14, Ypeeny, 220100, Yzbexucmarn
’Hayionanvnuii docnionuywxuii yuisepcumem TIAME, xagedpa pizuxu ma ximii, Tawkenm, Yzbexucman
33axiono-Kacniticoxuil ynisepcumem, baxy, Azepbaiiocarn
*Tawxenmcokul ynisepcumenm npukiaonux nayx, eymuysa Yuieepcumemcoka, 28, Tawkenm 100095, Yz0exucman
SInorcenepnuii paxynemem, Llenmpanvroaziamcoxuii ynicepcumem, Tawxenm 111221, Vz6exucman

VY wiit po6GoTi HMpeaCcTaBIeHO KOMIUIEKCHE TEOPETHYHE Ta YHMCENbHE NOCHIKEHHS IUIOCKHX Ta PajialIbHUX P—N TeTepolepexoiiB
Si/GaAs, 30cepe/pKkeHe Ha CHIJIBHOMY BIUIMBI TEPMIYHOTO PO3IIMPEHHS Ta HEMOBHOI 10Hi3awil JOMIIIOK Ha €NEKTPOCTaTHYHI Ta
MeXaHIuHI XapakTepUCTHKU CTpYKTyp. J{BoBumipHe piBHsHHs [lyaccoHa po3B’si3aHO B JEKapTOBi Ta LHIIHAPHYHIN cHcTeMax
KOOPJMHAT 3 YpaxyBaHHSM iMOBIpHICHOT aKTHBALIl JOMILIOK Ui MOJCIIOBAHHS 3aMOPOXKYBaHHsI HOCITB IIPH HU3BKHUX TEMIIepaTypax.
ITpu 100 K nemoBHa ioHi3anis 3MeHITye BOynoBaHui motermian Ha 10 40 % i 30imbmrye mupuHy 30igHeHO] 00MacTi OLTBII HiK Ha
50 %, Tomi AK pamianbHI MEPEeXOau AEMOHCTPYIOTh Ha 15-25 % BUIMI MOTEHIIaN 3aBISKH KPHUBONIHIHHOMY MOCHICHHIO MOJS.
Tepmomexaniune MopenmoBaHHS Tokas3ano, mo npu 10 K ta tucky 200 MIla y miockux CTpyKTypax 3aranbHa aedopmaris
nocsirae —2,8 x 1073, a Hanpyxenus — ~280 MIla, Toxi sk y pafiaJbHUX CTPYKTypax crocrepiraerbes aedopmanis —3,9 x 1073, ane
MeHIIe HanpyxeHHs (<234 MIla) yepe3 3HMmKeHUH MOayiIb pyxHOCTI. OTpUMaHi pe3yiIbTaT JeMOHCTPYIOTh IEPeBaru pamiainbHOl
reoMeTpii Moo penakcallii HanpyXeHb Ta MiJ[BUIIEHHS eJIEKTPOCTaTHYHOIO KOHTPOJIIO, IO € BaXKIMBUM JUISI BUCOKOS(EKTHBHUX
KpiOTeHHHX (POTOJETEKTOPIB Ta ONTOCIEKTPOHHUX MPUCTPOIB.

KurouoBi ciioBa: padiansnuil p—n nepexio; niockuii p—n nepexio, HenosHa ioHizayis;, mepmiune posumupents, YuliHOpuuHa cucmema
KOOpOUHAm,; 0exapmosa cucmema KOOPOUHAm, HUIbKOMeMnepamypHi egpexmu
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In this study, we investigate the magnetic properties of silicon doped with manganese via thermal diffusion. The results demonstrate
clear evidence of room-temperature ferromagnetism in p-type Si, arising from the spin alignment of Mn atoms and hole-mediated
conductivity. Magnetoresistance and hysteresis analyses confirm spin-dependent transport, indicating that carrier-mediated exchange
interactions are responsible for the observed magnetic ordering. The combination of atomic force microscopy (AFM), scanning
electron microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDS) confirms the successful incorporation of Mn atoms
into the Si lattice without evidence of large secondary precipitates. The hysteresis loops measured at both 150 K and 300 K for the
sample processed at T = 1050 °C (p = 4.2x10°* Q-cm) reveal stable ferromagnetic behavior, with coercive fields of 115 Oe and 87
Oe, respectively. These findings open promising perspectives for the development of silicon-based spintronic devices using CMOS-
compatible thermal-diffusion technology.

Keywords: Silicon;, Manganese diffusion; Ferromagnetism; Nanoclusters; Hysteresis,; Spintronics

PACS: 78.30.Am

INTRODUCTION

Ferromagnetism in semiconductors has attracted growing attention due to its potential for realizing next-
generation spintronic devices that combine charge and spin degrees of freedom. Silicon, as the cornerstone of modern
microelectronics, is particularly appealing for spintronics because of its well-established processing technology, long
spin-coherence length, and excellent compatibility with CMOS fabrication. However, pristine silicon is intrinsically
nonmagnetic, and achieving ferromagnetic ordering within Si remains a challenging task.

One of the most promising approaches to induce magnetism in Si involves doping with 3d transition metals, such
as manganese (Mn), which introduces localized magnetic moments [1-4]. When properly incorporated into the Si
lattice, Min atoms can interact with charge carriers via exchange coupling, resulting in carrier-mediated ferromagnetism.
This phenomenon has been extensively studied in III-V diluted magnetic semiconductors [5-9], whereas its realization
in Si is often limited by solubility constraints and the tendency toward phase segregation.

MATERIALS AND METHODS

Several methods have been explored to introduce Mn into silicon, including ion implantation [10—13], molecular
beam epitaxy (MBE), and chemical vapor deposition (CVD). While these techniques have demonstrated partial success,
they often lead to crystal damage, clustering, or the formation of secondary Mn-silicide phases. In contrast, thermal
diffusion represents a technologically compatible and less destructive alternative that allows controlled incorporation of
Mn atoms into the Si lattice while largely preserving the host crystal structure [14—16].

In this work, we investigate boron-doped p-type silicon subjected to manganese thermal diffusion in the
temperature range of 1000—1150°C. Particular attention is paid to the sample processed at T = 1050 °C, which exhibits
a resistivity of p =4.2x10* Q-cm and shows the most stable ferromagnetic response.

Before diffusion, the Si wafers underwent a standard RCA cleaning procedure. AFM inspection of reference
(undoped, untreated) Si wafers showed a smooth surface with low roughness, indicating the absence of significant
surface features prior to Mn incorporation. After diffusion, the samples were subjected to identical mechanical and
chemical surface treatments, including gentle chemical cleaning, to remove any residual surface contaminants or
unreacted Mn species. Such cleaning may slightly affect the very topmost surface layer; however, the main
morphological and compositional features observed by AFM and EDS are attributed to the near-surface diffusion region
rather than to removable surface residues.

Electrical transport parameters (resistivity p, carrier concentration, and mobility) were measured using the Hall
effect in Van der Pauw geometry. The data for the full series of diffusion temperatures are summarized in Table 1.
Among these, the sample diffused at 1050 °C (p = 4.2x10° Q-cm) was selected for detailed structural and magnetic
analysis presented below.

It should be noted that AFM and EDS are surface- and near-surface-sensitive techniques, probing only the top tens
to hundreds of nanometers. Therefore, information about the bulk is obtained indirectly from magnetic and transport
measurements, which reflect the averaged properties of the entire diffusion layer.
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Table 1. Electrical parameters of boron-doped silicon after manganese thermal diffusion

no. Diffusion temperature Mobility of current carriers Resistivity Carrier concentration Conductivity
(°C) U, cm?/V-s p (Q-cm) porn(cm?) type
1. T=1000 °C 205 4.9-10? 6.22-10"3 )4
2. T=1025 °C 198 1.1-10° 2.86-10"3 p
3. T=1050 °C 231 4.2-10° 6.44-1012 p
4. T=1075 °C 196 8.3-10* 3.84-10"! p
5. T=1100°C 1165 1.07-103 5.01-10"2 n
6. T=1150°C 1205 6.2-10° 8.36-10' n
RESULTS

High-purity single-crystalline boron-doped p-type silicon (Si:B) wafers with an initial resistivity of 10 Q-cm
(KDB-10 grade) were used as the starting material. Manganese incorporation was carried out by thermal diffusion from
the gas phase in evacuated quartz ampoules. The diffusion temperature was varied between 1000 °C and 1150 °C with a
fixed annealing time of 60 minutes, followed by cooling to room temperature under vacuum.

Hall measurements confirmed that changing the diffusion temperature allows control over carrier compensation,
leading to compensated, strongly compensated, or overcompensated samples (Table 1). The present structural and
magnetic analysis focuses on the sample processed at T = 1050 °C, which exhibits p = 4.2x10°* Q-cm and p-type
conductivity.

DISCUSSION
Figure 1 shows a three-dimensional AFM topography of the Si surface after Mn diffusion at 1050 °C. The scan
area of 5.0%5.0 pm? reveals pronounced nanoscale surface modulation. Compared to the smooth surface of the reference
Si wafer before diffusion, the treated sample exhibits clear corrugation and localized features, indicating structural and
electronic inhomogeneities induced by Mn incorporation.

Figure 1. 3D AFM topography of the Si surface after Mn diffusion. The scan area is 5.0x5.0 pm?, revealing nanoscale surface
fluctuations associated with Mn-induced clusters. The sample has a resistivity of p =4.2x10° Q-cm and was processed at T = 1050°C

The bright elevated regions are interpreted as morphological features formed during high-temperature Mn
diffusion. While these features may be associated with local dopant redistribution, AFM alone does not allow direct
determination of their chemical composition. This morphology is consistent with possible partial redistribution or
aggregation of Mn atoms during diffusion. However, AFM provides purely topographical information and does not
directly reveal magnetic inhomogeneities. Such structural inhomogeneities may influence the magnetic behavior
observed in SQUID measurements; however, direct evidence of exchange interactions is derived from magnetometry
data rather than from AFM observations.

Energy-dispersive X-ray spectroscopy (EDS) performed in SEM mode confirmed the presence of Mn in the near-
surface region (Figure 2), within the detection limits of the technique. Distinct Mn—-L and Mn—K peaks were observed
together with the dominant Si—K line. Minor C and O signals are attributed to surface contamination and native oxide.
The nanoscale surface features observed by AFM (tens of nanometers) are substantially smaller than the effective
compositional averaging volume of EDS. Therefore, possible local compositional fluctuations at the nanometer scale
cannot be resolved by SEM-EDS. The apparent uniformity of Mn distribution at the micrometer scale does not
contradict the presence of nanoscale morphological variations. No distinct compositional signatures characteristic of
extended Mn-silicide secondary phases were detected within the sensitivity limits of SEM-EDS. While EDS is
inherently surface-sensitive, the absence of strong signals from secondary phases suggests that the crystal structure is
largely preserved in the diffusion region.

Magnetization measurements were carried out using a superconducting quantum interference device (SQUID) in
the temperature range from 150 K to 300 K for the sample diffused at 1050 °C. Figure 3 shows the hysteresis loop
measured at 150 K, demonstrating clear ferromagnetic behavior with a coercive field Hc = 115 Oe, remanent
magnetization M; = 8 x 10~° emu/cm?, and saturation magnetization Ms = 2 x 10 emu/cm’.

At room temperature (300 K), the same sample retains ferromagnetic behavior (Figure 4), with slightly reduced
parameters: Ms = 1.6 x 10* emu/cm?®, Mr = 3.5 x 10 emu/cm’, and Hc = 87 Oe. The decrease in magnetization with
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increasing temperature is attributed to thermal spin disorder and weakening of exchange coupling among Mn moments.
Nevertheless, the persistence of a hysteresis loop at 300 K confirms the existence of stable room-temperature
ferromagnetism.
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Figure 2. EDS spectrum of Mn-diffused silicon showing Mn—-L and Mn—K peaks, confirming dopant incorporation.
The sample has a resistivity of p =4.2 x 10* Q-cm and was processed at T = 1050°C
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Figure 3. Magnetic hysteresis loop of Mn- and B-doped silicon (Si<B,Mn>) measured at 150 K, demonstrating clear ferromagnetic
behavior (Ms =2 x 10 emu/cm?, Mr = 8 X 10~° emu/cm?®, Hc = 115 Oe). The sample has a resistivity of p = 4.2 x 10* Q-cm and was
processed at T = 1050 °C.
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Figure 4. Magnetic hysteresis loop of Mn- and B-doped silicon (Si<B,Mn>) measured at 300 K, showing stable room-temperature

ferromagnetism (Ms = 1.6x107* emu/cm?, Mr = 3.5x107° emu/cm?, Hc = 87 Oe). The sample has a resistivity of p = 4.2x10°* Q-cm

and was processed at T = 1050 °C.
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The observed behavior is consistent with the model of carrier-mediated ferromagnetism in diluted magnetic
semiconductors [17]. In the present system, hole-mediated exchange interactions between localized Mn moments,
enhanced by boron co-doping, are responsible for spin alignment. At higher diffusion temperatures (>1075 °C),
increased clustering and changes in carrier type (Table 1) suggest that excessive Mn aggregation may reduce long-range
magnetic ordering. Although detailed magnetic data are shown here for the 1050 °C sample, the overall trend indicates
that this temperature range provides an optimal balance between Mn incorporation and structural preservation.

Compared to ion implantation [18-20], thermal diffusion offers a less destructive and more CMOS-compatible
route, ensuring better crystalline preservation and more uniform dopant incorporation—both crucial for silicon-based
spintronic platforms.

Manganese diffusion in boron-doped silicon appears to promote ferromagnetic ordering at room temperature while
largely preserving the structural integrity of the silicon lattice. The observed interplay between microstructure, charge
carrier type, and magnetic behavior suggests that controlled Mn diffusion may provide a feasible pathway toward the
development of spin-polarized silicon-based materials [21-25].

CONCLUSIONS

The structural, compositional, and magnetic properties of manganese-diffused boron-doped silicon were
investigated, with detailed analysis focused on the sample processed at T = 1050 °C (p = 4.2 x 10° Q-cm). AFM
revealed the formation of nanoscale surface corrugations and Mn-rich clusters compared to the smooth reference Si
surface before diffusion. SEM/EDS confirmed the presence and near-surface distribution of Mn without evidence of
large secondary precipitates, suggesting that the crystal structure is largely preserved in the diffusion layer.

Magnetic measurements demonstrated clear ferromagnetic behavior at both 150 K and room temperature, with
well-defined hysteresis loops. The observed room-temperature ferromagnetism is attributed primarily to carrier-
mediated exchange interactions between localized Mn moments and holes introduced by boron co-doping, while
nanoscale Mn-rich regions may contribute to local magnetic ordering. These results establish that controlled Mn
thermal diffusion in boron-doped silicon is a viable route toward realizing room-temperature ferromagnetic
semiconductors compatible with existing silicon technologies and promising for future spintronic applications.
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®EPOMATHETHU3M KIMHATHOI TEMIIEPATYPH TA CIIIHOBA IOJISAPU3AIISA B KPEMHII,
JIETOBAHOMY MAPI'AHIIEM
Oummac E. Catrapos, Baxpommikon A. A6aypaxmanos, Iilioc A. Kywiies, CraniciaB A. Tauinin, Temyp B. Icmainos,
3adapmkar H. YmapxomkaeBa
Tawkenmcvrutl OeporcasHuti mexHiyHuil ynigepcumem, 8yn. Yuisepcumemcoka, 2, 100095, m. Tawxenm, Y30exucman

VY 1pOMy MOCHIIDKEHHI MM JOCIHI/DKYEMO MarHiTHI BJIACTHBOCTI KPEMHIIO, JIETOBAaHOTO MapraHIeM, 3a JOHNOMOTIOIO IIPOLECy
TepmiunHoi muQy3ii. OTprMaHi pe3yIbTaTH JEMOHCTPYIOTh YiTKi J0Ka3W GepoMarHeTH3My IIpU KIMHATHIH TeMIepaTypi B KpEMHIIO p-
THUITy, SIKW BMHUKA€ BHACIIIOK BUPIBHIOBaHHS CHIiHIB aTOMiB Mn i HasBHOCTI ONOCEPEAKOBAHOI JipKaMM IPOBIAHOCTI. AHaii3
MAarHiTOOIMOPY Ta TICTEPE3UCy MiATBEP/IKYE CITIH-3AJICKHUI TPAHCIIOPT, BKa3yIOUYH Ha Te, 10 OOMIHHI B3a€MOIii, OMOCepeIKOBaHi
HOCISIMH, BIAIOBIAIOTh 32 CIOCTEPE)KYBaHE MarHiTHe BHOpsaKyBaHHs. KomOiHamis aTtoMHO-cHioBoi Mikpockomii (AFM),
ckaHyro4ol enekTporHoi Mikpockomii (SEM) i eneproaucnepciiinoi penrtreniscbkoi crnekrpockonii (EDS) minTBepmkye ycminmae
BKITIOUEHHSI aTOMiB Mn B pemriTky Si 63 3HaYHOTO MOIIKOKEHHS pemiTki. CrnocTepexyBaHi meTi ricrepesucy sk npu 150 K, rak i
mpu 300 K neMoHCTpyrOTh cTabiibHy (hepOMarHiTHy HOBEIiHKY 3 KoepuuTuBHUME criiamu 115 Oe 1 87 Oe Binnosigno. Lli BUCHOBKH
BIZIKpHBAIOTH 0araTooOilgI09i MEPCIEeKTHBU IS PO3POOKH CIIHTPOHHMX IPHCTPOIB Ha OCHOBI KpeMHiIo 3 BHKopucTaHHsIM CMOS-
cyMicHoOi TexHonorii TepMoaudys3ii.

KurouoBi cioBa: kpemnuiii; ougpysis mapeanyio; pepomaznemusm, HaHOKIACMePU, 2icmepesuc, CHiHmMpOHIKa
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This paper investigates the physical phenomena occurring in a gas discharge photosensitive system that uses cathode-anode sputtering.
This system consists of a single-crystal cadmium telluride and a glass plate coated with SnO2, separated by a gas gap. The thickness of
the gas gap is 100 pm. The materials under study are sputtered onto the glass plate's surface in a vacuum chamber. Changes in the
optical density of bismuth, tellurium, aluminum, and tin under the action of gas discharge are examined. It has been demonstrated that
decreasing bismuth thickness results in a sharp increase in the 'current' sensitivity of the gas discharge cell, reaching a value of
gm = 10" C/cm? at an optical density of D = 0.5.

Keywords: Gas discharge photosensitive system; Cadmium telluride photodetector; Sputtered metal layers; Cathode-anode
sputtering; Optical density

PACS: 42.66

INTRODUCTION

Ultra-thin (4-10 mm thick) gas discharge light-sensitive systems based on various semiconductors and dielectrics
in combination with other elements are currently attracting the attention of many researchers [1-9]. These systems consist
of a photodetector (photocathode), a counter electrode (anode) and a gas gap. When the electric field strength between
the semiconductor photocathode and the counter electrode is sufficiently high, the gas gap breaks down and the
photodetector controls the current density. The uniformity of the glow and the intensity of the discharge across the cross-
sectional area of the gas gap depend on the thickness of the gas gap, the gas pressure and the specific resistance of the
photosensitive semiconductor.

Experimental results in [10] showed that only an ideal isotropic semiconductor with a specific resistance greater
than 107 Q-cm can produce uniform gas discharge luminescence with a gas gap thickness between 10 and 100 um. The
upper limit of the semiconductor's specific resistance has not yet been determined.

In [11], the properties of gas discharge in a photosensitive system with a gas gap thickness greater than 100 pm were
studied. The gas gap thickness was d = 0.3+1.5 mm and the gas pressure were p = 100+400 Torr. The spatial state of the
discharge was achieved using semi-insulating gallium arsenide at room temperature and below. Under these conditions,
unstable dissipative structures of various shapes were observed in the gas discharge.

In [12], the properties of the gas gap were studied in various configurations: The semiconductor was in a normal
state (i.e., the input surface had translucent ohmic contact and the inner surface facing the discharge had a smooth,
polished appearance); a thin layer of nickel was applied to the inner surface of the semiconductor; and point layers of
nickel in the form of a raster were applied to the inner surface of the semiconductor. The authors found that only variant
1 result in uniform luminescence across the screen area. In option 2, a single bright gas discharge cord is observed. In
variant 3, gas discharge luminescence is observed in the form of cords at the site of the dotted nickel layer.

Despite considerable research, the physical mechanisms of processes in gas discharge photosensitive systems remain
unclear. Therefore, it is advisable to study the physical phenomena in such a system with regard to cathode-anode spraying
of recording medium materials onto a counter electrode. This is the subject of the present study.

EXPERIMENTAL METHODOLOGY

This work uses a gas discharge photosensitive system based on CdTe-SnO, the basic electrical connection diagram
of which to the current source is shown in Fig. 1. Research into the physical properties of the gas discharge photosensitive
system was carried out in an ionization chamber [13]. A Helios 44-2 lens projects visible light through an optical
wedge (1) onto the receiving surface of a 2 mm thick, 30 mm diameter semiconductor plate (2). In this study, single-
crystal, semi-insulating cadmium telluride (CdTe) with a specific resistance of 6:107 Q-cm at room temperature and in
the absence of illumination was employed as a photocathode. In the figure, a nickel translucent contact was applied to the
CdTe receiving surface in a VUP-5M vacuum post. The optical wedge was made by spraying a nickel layer with different
optical densities onto a 25 mm diameter mica plate. Fig. 1 shows the installation of the optical wedge on the surface of
the CdTe photodetector.
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A standardized glass plate measuring 24x36x3 mm and coated with a transparent conductive SnO; layer (5) was used as
the counterelectrode in the gas-discharge photosensitive system. The material under investigation (the current-recording
film) was applied to the front surface of the glass plate (i.e., the gas discharge side). The optical density of the optical
wedge and the current-recording film after exposure to charged particles from the gas discharge was measured using a
CP-25M densitometer with computer software. A plate made of dielectric material (100 pm thick mica) with a 25 mm
diameter round cutout in the center (3) was used to form the gas gap. Electrical contact to the glass plate (5) was made by
a pressure electrode with a round cut-out in the center, having a diameter of 25 mm. The pressure electrode was made of
Textolite with a single layer of metal foil.

1 2 3 4,5

Rs

o—

Figure 1. Basic electrical circuit diagram of connecting a gas-discharge cell to a current source:
1 — optical wedge, 2 — photoelectrode (cathode), 3 — gas-discharge gap, 4 — current-registering film, 5 — anode (glass) with
conductive coatings made of SnO2, Rp — ballast resistance.

The photodetector was illuminated by an OI-24 type light source. To measure the illumination intensity, a silicon
photodiode of the FD-17K type was installed in place of the semiconductor photosensitive plate. The ionization chamber
was sealed by screwing the rear cover through a vacuum rubber gasket. The residual air pressure in the working volume
of the ionization chamber was adjusted using a four-vacuum pump. The residual air pressure in the ionization chamber
was kept constant at p = 200 Tor. The gas discharge photosensitive system was powered by a high-voltage unit that we
developed based on a TVS-P1 transformer, specifically for these studies. The unit is equipped with a time relay that
provides electrical exposure times in the following ranges: 0.1+1 s at 0.1-second intervals and 1+10 s at 1-second intervals.
The power supply unit provided a DC voltage of up to 3 kV and a maximum current of up to 10 mA.

The following calculation of the optical wedge was performed. The quantities measured in the experiment were the
dark current (/4), the total current under illumination (/y = I4 + ), the total light intensity (Jr) and the applied voltage (U).
It is necessary to find the dark current density (J4) and the photocurrent density (Jpn) in each separate field of the wedge.
The optical densities of each wedge field (D;) and the areas of these fields (S;) were measured in advance.

The ratio of the light intensity passing through each wedge field (/i) to the total light intensity (J;) was denoted by #;,
where

Ji —-D;
M= gt= 107 1)

In a gas discharge cell, the current density of each wedge field (j;) is proportional to the light intensity of each wedge field
(Ji), and the total current density (jr) is proportional to the total light intensity (Jf)

Ji =y jr = ajy, @)

where a is the proportionality coefficient. Using equations (1) and (2), we can write

_Ji_ ki

m=g=1 3)
from which it follows that

Ji = Jgni- 4)

The total photocurrent /,, consists of the photocurrents of individual wedge fields /;:
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L = X1 by (5)
where
Ii = jiSi' (6)
Using formulas (4) and (6), we can rewrite formula (5) as
Lyp = jr X121 MiSi. @)

It is known that 7, = Iy— I4, so using (7), we can find the value of

Jr = U — 1)/ Zi=1miS)- ©)
Using formulas (4) and (8), we can find the current density of each wedge field:
Ji = mily — 1)/ iz 1Sy 9

Using formula (9), we can calculate the amount of electricity corresponding to each wedge field g; that reaches the material
under investigation:

q; = jiSiAt = 0 SiAt(ly — 1)/ (X1 miSi)- (10)

After measuring the optical density of each wedge field (D;), we calculate the value of (7;) using formula (1). The
values of the total If and dark Id currents are measured experimentally. Therefore, in order to construct the sensitometry
characteristics of a gas discharge photosensitive system, there is no need to measure the total light intensity J; or the light
intensity for each wedge field Ji. Furthermore, it is impossible to measure the photocurrent /,, experimentally, so this
procedure is also eliminated.

The table shows the results of calculations based on optical wedge parameters:

n
No. wedge
stripes b o i 5, 21 7S
=
1 0 0,18 1,00 0,18
2 0,10 0,20 0,83 0,166
3 0,30 0,20 0,50 0,100
4 0,53 0,20 0,30 0,06 0,55
5 0,85 0,20 0,14 0,028
6 1,28 0,20 0,052 0,0104
7 1,6 0,20 0,025 0,005

Figure 2 shows the resulting pattern of changes in optical density in the metal layers on the counter electrode's
surface. The optical wedge installed on the input surface of the photocathode is shaped in the same way. The optical
density of each wedge field (D;) is proportional to the illumination intensity (J;), the current density (J;) and the amount
of electricity (g;) arriving at each wedge field (calculated using formula (10)).

Figure 2. Picture of changes in the optical density of metal layers on the surface of the counter electrode

EXPERIMENTAL RESULTS
In a gas discharge photosensitive system, the material under study is subjected to a positive potential. Under these
conditions, negatively charged gas discharge particles act on its surface. In this study, sputtered films of bismuth, tellurium
and aluminum were used. Figure 3 shows the dependence of optical density on “current exposure” — D(gm) for the Bi, Te
and Al materials. As can be seen from the obtained results, “current exposure gn” correlates well with the cathode
sputtering coefficient [14].
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Figure 3. Dependence of the change in optical density D on the amount of electricity ¢ for Bi, Te and Al films. The initial optical
density of the film is 1.

Figure 4 shows the dependence of “current sensitivity (¢gm)” on the initial thickness of the bismuth layer, as
determined by a 5% change in transparency from the initial optical density.

Figure 5 shows the D(gm) characteristics of two tin (Sn) layers deposited by vacuum evaporation on a glass surface
with a conductive tin dioxide (SnO;) coating, with different initial optical densities (D; = 0.45 and D, = 0.9). When the
'exposed' layers were developed in a weak sulfuric acid solution (0.5% concentration), the Sn layer was slowly and evenly
etched away. Current-registering tin layers produce unusual changes in optical density; in areas where plasma was applied,
the solubility of the film in a weak sulfuric acid solution decrease compared to other areas.

{m, C/cm? )
10 1.25
o 2
10 ] o
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o 0.75
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o L e e e
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® 0.25
105 0
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Figure 4. Dependence of the minimum amount of Figure 5. Dependence of optical density D on the amount
electricity on the initial optical density of the bismuth of electricity g (on the “current” exposure) for Sn films
layer with different initial optical density

DISCUSSION OF RESULTS AND CONCLUSIONS

The study of the effect of charged gas discharge particles on thin layers of bismuth, tellurium and aluminum revealed
no new physical phenomena when these materials were sprayed under the action of charged discharge particles.

The dependencies studied showed that the sensitivity of bismuth layers to the Coulomb effect decreases with
decreasing initial optical density (and therefore decreasing metal layer thickness). With decreasing bismuth layer
thickness, the 'current' sensitivity in the gas discharge cell increases sharply, reaching g, = 10* C/cm? at an optical density
of D=0.5.

Sn current-registering films undergo negative transformation under the action of gas discharge and subsequent acid
etching. Negative transformation occurs at an initial optical density of D = 0.9 at 10 C/cm? and at an initial optical
density of D = 0.45 at 10 C/cm?. At high initial optical densities (D > 1), negative transformation with high optical
density (D = 1-2) can apparently be observed with virtually no background (zero optical density). This property of plasma-
sensitive material based on Sn films could be used in a number of photo technical processes. The Al and Sn layers on the
anode of the gas discharge cell are the most resistant to the action of gas discharge plasma (g greater than 0.1 C/cm?).

Studies investigating changes in the optical density of metal layers on the surface of the counter electrode of a CdTe-
SnO»-based gas discharge photosensitive system under the influence of a gas discharge expand our understanding of the
physical processes occurring in the latter.
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JOCIIIKEHHS KATOJTHO-AHOHOT'O POSMUJIEHHS B TA3OPO3PITHIN CBITJIOYYTJIHABIA CUCTEMI
HA OCHOBI CdTe-SnO2
Illapida b. Yramypanora!, Kaxpamon M. ®aiizyiace!, Bynboadex 3. Xaiinapos?
Hnemumym ¢hizuxu nanienposionuxie ma mikpoenexkmponixu Hayionanvnozo ynisepcumemy Ysbexucmany imeni Mipzo Yiyebexa,
100057, eyn. Aneu Anmasapa, 20, Tawxkenm, Y3bexucman
2@epeancviuil depoicasnuii mexnivnuii yuisepcumem, Ysbexucman

V miit cTaTTi ZOCTIKYIOTHCS (Di3UUHI SBHIIA, IO BiIOYBAIOTHCS B Ta30pO3psAHii pOoTOUyTIMBIl cucTeMi, sSika BUKOPHCTOBYE KaTOTHO-
aHOJHE po3MmIeHHS. L[ cucremMa CKIamaeThCsi 3 MOHOKPHCTANIYHOTO TEIypUAy KaaMIIo Ta CKISHOI INIacTHHH, mokpurtoi SnOg,
pO3ALIEHUX ra30BHM 3a30poM. TOBIIMHA Ta30BOro HPOMDKKY cTaHOBUTH 100 MxM. JlocmimkyBaHi Marepiajid HaNWISIOTHCS Ha
MIOBEPXHIO CKJISIHOI INIACTHHH y BaKyyMHii kamepi. JloCimKyOThCs 3MIHH ONITHYHOI T'yCTHHH BICMYTY, TeIypy, aJIFOMIHIIO Ta 0JI0Ba
i Ti€r0 Ta30BOro po3psiay. Byno mokas3aHo, 1110 3MEHILIECHHS TOBIMHHU BICMYTY IPHU3BOIUTH [0 Pi3KOTr0 30LIBLICHHS «CTPYMOBODY
YYTIMBOCTI Ta30pPO3PSAHOT KOMIPKH, TOCATAIOYH 3HAYEHHS gm = 107 Ki/cm? npu onrtruwiit ryctuni D = 0,5.

KurouoBi ciioBa: cazopospaona homouymausa cucmema; ¢pomooemexmop Ha OCHOBI merypudy Kaomiro; HanuieHi Memanesi wapu,
KAMOOHO-AHOOHE PONUNEHHS, ONMUYHA 2YCMUHA
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This study computed the stopping power of positrons in a few biological tissues in the energy range of 100 eV to 1 MeV. The base of
the method is using the modified Bethe-Bloch expression for stopping power and effective atomic number analytical expression
including key parameters such as the mean excitation energies of the target atoms that significantly impact stopping power results.
Analytical formulas were mostly used to calculate the stopping power and continuous slowing down approximation CSDA range. The
calculated results of the stopping power and range for positrons in a few compounds, such as kidney, lung and thyroid tissue are
compared with other calculation results like Penelope 2012 program. Monte Carlo simulation was used for the calculations. The results
were plotted in graphs to show the contrasts. And they satisfy a recognized need in the medical physics community for tissue-specific
positron interaction data, with immediate applications in improving positron emission tomography (PET) image quantification accuracy
and refining radiation dose for f*emitting radiopharmaceuticals.

Keywords: Stopping power, Positron; CSDA range,; Excitation energy, Human tissue

PACS: 34.85.+x, 34.50.Bw, 78.70.Bj, 87.15.-v, 34.80.Gs

1. INTRODUCTION

The positron, the antiparticle of the electron, can be used in many medical fields. Most notably, they find application
in particle physics and medical imaging, particularly in positron emission tomography (PET) and Gamma knife
radiotherapy [1]. Also, they can be used as therapies for cancer [2]. Over the last three decades, positrons have shown to
be a useful probe for examining both vacancy type bulk defects and metal electronic structure especially for polymers [3].
It is also used in other fields such as chemistry, radiation physics, particle physics, biology, and nuclear medicine, stopping
power (SP) is crucial.

On the other hand, stopping power (SP) is an energy loss process that decelerates highly charged particles moving
through matter. It includes complex scattering interactions between the incident charged particle and electrons and nuclei
of the atoms [4].

The calculations of positron SP have received less attention than calculations of electrons, despite the fact that
positron and electron paths in matter are typically considered to be similar in which there is a little difference [2].
Numerous researchers have examined SP calculations for positrons and electrons [5], both theoretically and
practically [6]. Pal discussed the Wilson theory, where it led to the development of new straightforward empirical
formulas for the electrons and positrons total mass SP in material [7]. In absorbers with atomic numbers ranging from
Z =1 to 92, the formulas hold true in the energy range between 5 Mev and 1000 MeV for electrons and positrons.
Furthermore, Batra [8] has explored the total mass SP equations for low energy positrons from 1 KeV to 500 KeV in
absorbers in terms of energy parameters. Some particles have approximate SPs that match the latest theoretical
predictions. The investigated SPs are compared with available data. Moreover, Hasan Giimiis has created a new
algorithm for calculating SP for incoming positrons [9]. A modified formula of Rohrlich and Carlson SP for positron
intermediate energies is considered. The statistical atomic density models provided by Lenz and Jensen have been used
in calculations. They had calculated the SP of some materials for positrons like aluminum, silicon, copper and liquid
water. Additionally, they determined the SP formulas for positrons using the generalized oscillator strength model. The
SP of several biological compounds and targets with low atomic numbers for positrons were computed for energies
ranging from 50 eV to 10 MeV [10]. In a number of water-equivalent polymer gel dosimeters, Hikmet Osman et al. [11]
have investigated SP and the continuous slowing down approximation (CSDA) range for electrons and positrons within
the level of energy between 20 eV and 1 GeV.

This work aims to determine the stopping power and CSDA range for positrons and electrons. The Rohrlich and
Carlson which is a special type of modified Bethe-Bloch formula used as analytical method. Some biological compounds
like: kidney, lung, and thyroid are used in the study which can be valid for all energy regions from low to intermediate
and reach high energies positions (relativistic energies). The comparison made between the obtained results and the
theoretical results found by the Penelope 2012 program due to lack of the experimental data. Finally, the results have been
graphed for better visual understanding.
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2. METHODOLOGY
2.1 Stopping Power calculations
The stopping power of positrons divided in to two parts: The first is collision stopping power, which takes into
account the electromagnetic interactions of arriving positrons with the bound electrons of the target. The second is to take
into account the emission of photons, also known as radiative stopping power or Bremsstrahlung radiation, that occurs
when positrons accelerate within the electromagnetic fields of target nuclei. The total mass stopping power is given as
follows [6]:

Stotal(E) = Scou (E) + Spqq (E) €y

In this article, modified Bethe-Bloch formula is chosen to calculate the total mass SP [12]. Since our analysis focuses
on the low and intermediate energy range, the radiative SP can be disregarded due to its negligible contribution at these
energy levels. However, the Penelope simulation incorporates both collision and radiative stopping power components in
its computational framework, regardless of energy range. This methodological difference represents a key distinction
between our analytical approach and the Monte Carlo simulation. While Bethe and Heitler exclude the radiative term
based on its minimal impact at lower energies [13].

ZE
Sraa = Sk (w) ) 2

where S,q4, Scon are the radiation, and collision stopping power. The superscripts (+) and (-) stand for positrons and
electrons, respectively. Z, E are the target atomic number, and the incident energy of positrons or electrons in unit of MeV.
Therefore, the total mass stopping power represents by collision stopping power only (Rohrlich and Carlson) [12] as
follow:

1 2n Ny 12me? Zeggr [ (T T

= Seon = “[;2 ; In (7) +1n (1 + E) + F*(x) - §] . 3)
Here, p is the medium density (gm/cm3), 7, is the classical radius of electron which is equal to (2.8179 X 10~ > meters),
mc? is the electron rest energy (0.5110034 MeV), T is the incident particle energy, F* is a function defined later for
electron and positron, and Z, is effective atomic number of the target taken from Markowicz-Van Grieken expression
and given by [14, 15]

l wiZ? 1
_om A 2 _
P = wg ST @
i=174; (1+mcz)

Where w; represents the weight fraction of each constituent element, Z; and A; are atomic and mass number of i element
in the biological compound target respectively. Additionally, the value of B2 is not taken from other references like:
Seltzer and Berger work [16]. It calculated for all amount of energy with the above equation.
Similarly, the effective mean excitation energy of the medium (I), which is defined as the average energy required to
excite electrons in the target material, is calculated by using logarithmic averaging methods such as Bragg's elemental
additivity rule [15]:
AYINGD z
lnI=T,and(Z/A)=Z_Wi(I) (5)
L l

A

Here, I; is the corresponding elemental mean excitation energy. For biological tissues, this calculation is particularly
complex due to the heterogeneous nature of organic compounds and the presence of hydrogen bonding, which can
significantly modify electronic properties. Cohen and Taylor Used for the numerical values [17] for the various physical
constants for both positron and electron, one finds that:

Ft(t) =2In2 ﬁ2[23+ 14 + 10 + 4 ] (6)
v=snem 1 t+2) @+ @+23l’
And for electron as:
2
F(2) = 1— p? [1+ %—(2T+1) an] . %)

Where T = T /mc? is the ratio between the kinetic energy of the incident particle and its rest energy, § density-effect
correction is equal to [16]:

hw

5:21n(7>+21n(‘[+1)—1 (8)
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Where h w = 28.816 (%) 1/2 is the plasma energy in eV, the quantity of (§) too small at low energies, therefore, we can

neglect it in our calculations.

2.2 CSDA Range calculations
The charged particle loses energy as it moves through the stopping medium and eventually comes to a stop. The
range of the incident charged particle is the distance between the medium's surface, where the incident particle enters,
and the incident particle's final location within the medium. And depends on the density of the target. CSDA (Continuous
Slowing Down Approximation) Range for incident particles with kinetic energies Eo is calculated by integrating the
reciprocal of the stopping power over energy [6]:

Eg
2y dE
CSDA (g/cm?) E{ 5@ 9

Where S;,; is the total stopping power of the medium, (Eo, Ey) is the initial energy and final energy of it, respectively. If the
stopping power chose in (MeV.cm?/g) units and energy in (eV), one can find, the CSDA range in units of g/cm?.

3. RESULTS AND DISCUSSIONS

Studies dedicated to positron stopping power calculations have received substantially less scholarly attention than their
electron, with many analyses conventionally assuming positron behavior in matter closely resembles that of electrons despite
their antimatter nature. However, this approximation requires careful validation across different energy ranges and materials.
When determining positron or electron SPs with precision, our methodology first needs to calculate the effective charge of
target materials by using Eq. (3), which accounts for the composite electronic structure of compound like biological tissues.
Simultaneously, we derive the mean excitation energy with Eq. (5). This foundational step is crucial as it accounts for the
unique interaction mechanisms between positron or electron and target materials. Unlike electrons, positrons exhibit different
scattering behaviors due to their positive charge, which creates repulsive interactions with nuclei rather than attractive ones.
Then these values have been used in Eq. (3) to calculate total mass stopping power of the medium for positrons. Moreover,
the CSDA range of a particle moving through the cell thickness depends on the excess energy of the particle. We applied our
method to some tissues like: kidney, lung and thyroid targets because they have wide applications in the area of Nuclear
Medicine. The composition of materials for each kidney, lung, and thyroid tabulated in Tables (1).

Table 1 Material composition of Kidney, Lung, and Thyroid [18-20]

Fraction by weight
Element Kidney Lung Thyroid

H 0.103 0.103 0.104
C 0.132 0.105 0.119
N 0.030 0.031 0.024
0] 0.724 0.748 0.745
Na 0.002 0.002 0.002
P 0.002 0.002 0.001
S 0.002 0.003 0.001
Cl 0.002 0.003 0.002
K 0.002 0.002 0.001

Ca 0.001 - -
I - - 0.001
Density p (g/cm?) 1.04 0.25 1.05

The core and valence electron excitation energies were calculated for the elemental composition of kidney, lung,
and thyroid tissues. These values were applied within Gryzinski's excitation function to determine the total ionization
cross-section for inelastic scattering [21]. Subsequently, the derived cross-sections were used to compute the mean
excitation energy for each biological material. The fundamental data for the compound elements are provided in (Table 2).

Table 2 Atomic number, atomic mass, and excitation energy of elemental composition of the three compounds [20]

Atoms Atomic number (Z) Atomic mass (A) T core (€V) Calculated T vatence (V)

H 1 1.00784 - -

C 6 12.011 19.320 11.70

N 7 14.0067 25.85 15.51

O 8 15.999 33.742 17.143
Na 11 22.989769 41.361 4.898

P 15 30.973762 19.047 10.612

S 16 32.065 23.946 11.973
Cl 17 35.453 29.116 13.877
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Atoms Atomic number (Z) Atomic mass (A) T core (€V) Calculated T vatence (€V)
K 19 39.0983 25.850 4.081
1 53 126.90447 22.313 10.884
Mg 12 24312 62.041 6.802
Ca 20 40.078 36.463 5.442

Now, the calculation results of this work on SPs and CSDA ranges as a function of incident positron or electron energy
for each compound are shown graphically in Figures (1-6). In all figures the red dashed line represents our work results for
positron, the blue solid line Penelope 2012 results, and the green lines represent this work SPs for electron.

Fig. 1 illustrates the total SP for kidney, it expressed in units of (MeV-cm?/g), for incident positron and electron
energies ranging from 100 eV to 1 MeV. The result of calculations are compared with those obtained from the Penelope
2012 program (Monte Carlo code). Generally, there is a good agreement between them along the whole energy ranges,
although some discrepancies are observed at lower energies. The disagreement between the three methodologies ranges
from approximately 20-30% at lower energies, decreasing gradually to about 10-15% at energies exceeding 100,000 eV.
And Fig. 2 presents the CSDA range in the kidney as a function of positron or electron energy. The two quantities exhibit
a direct proportional relationship. The figure demonstrates a gradually increasing slope, indicating that the rate of increase
in CSDA range becomes greater at higher energies. And the similarity between positron and electron results are high
although does not appear in plot but there are some differenet especialy in the energy range of 5 KeV to 10 KeV. This
non-linear behavior reflects the complex physics of interactions of positron and electron with matter.

1000 T T T T T T T T T

Kidney
e+ This Work
e+ Penelope .
e- This Work

11111

8

P

CSDA (Range) (g/cm2)

Total Stopping Power (MeV.cm2/g)

|

T TTT

LB SRR R ALY R

T L T ¥ T L
400000 600000 800000 1000000

Energy (eV)

100000 1000000

10000
Energy (eV) °

200000

Figure 1. Total mass stopping power for incident positron, electron  Figure 2. CSDA Range of positron, electron in Kidney

energies in Kidney. The results of this work and Penelope 2012

Fig. 3 shows that the calculated results generally agree well with those from the Penelope simulation; however, some
disagreements are observed in the low-energy region under 1 keV. The graph demonstrates that three results of SP decrease
with increasing the positron energy. The curve appears to converge somewhat at the highest energies (1 MeV), indicating
better agreement between methods as relativistic effects become more dominant and quantum-mechanical corrections less
significant.
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The differential between the two techniques amounts to about 20-30% in the low-energy region, systematically

reducing to around 10-15% at energies beyond 100,000 eV. Fig. 4 illustrates the relationship between the CSDA range and

positron and electron energies. The graph demonstrates a clear non-linear relationship between each positron and electron

energy and range. As the energy increases, the CSDA range increases at an accelerating rate, particularly at higher energies.

This follows the expected physics, where higher-energy particle penetrates deeper into tissue. Moreover, for 1 MeV positrons
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in lung tissue, the CSDA range reaches approximately 0.46 g/cm?. This represents the maximum penetration depth, which is
particularly relevant for medical applications such as PET imaging and radiation therapy planning.

In Fig. 5, our work analytical calculations constantly predict higher SP values than the Penelope simulations across
the entire energy range.

This difference is most pronounced at lower energies (100-1000 eV) and gradually narrows at higher energies due
to the different compositions and densities of tissues, which affect how positrons and electrons lose energy as they travel
through them. The unique composition of thyroid makes its stopping power behavior fundamentally different from other
tissues, particularly in the low-energy where atomic-level details matter most. These differences including the high density
of thyroid compared to kidney and lung as shown in (Table 1). Lower density means fewer interactions per unit path
length, resulting in lower stopping power. Moreover, thyroid has higher iodine content (high Z), which significantly
affects stopping power.

On the other hand, both methodologies show the expected inverse relationship between SP and positron and electron
energy - as the energy increases, SP decreases. This is due to the fundamental principle that higher-energy positrons
interact less efficiently with the electron of the medium. The discrepancy between the two approaches is approximately
20-30% at lower energies, reducing step by step to about 10-15% at energies above 100,000 eV. This suggests that
theoretical assumptions or correction factors implemented in the analytical approach may differ from those in the MC
simulation, particularly in handling low-energy interactions. Fig. 6 the graph exhibits a non-linear relationship between
positron and electron energies and range in thyroid tissue. At 1 MeV. Despite some difference between positron and
electron result, in the maximum energies the CSDA range reaches approximately 0.47 g/cm?. This follows the theoretical
expectation that higher-energy positrons or electrons will penetrate deeper into tissue before stopping.
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Figure 5. Total mass stopping power for incident positron, electron  Figure 6. CSDA Range of positron, electron in Thyroid

energies in Thyroid. The results of this work and Penelope 2012

Equations (6) and (7) define the functions F% () that characterize how collision losses differ between positrons and
electrons. These functions, which depend only on the incident energy and are independent of the atomic number, are
plotted in Fig. 7. When positrons undergo collisions that loss more than half of their energy, they contribute approximately
0.4 to F*, a value that stays relatively unchanged.
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Figure 7. The functions F*(t) and F~(7), which occur in the average energy loss formulas for both positrons and electrons,
as function of Energy in (eV)

4. CONCLUSIONS
The SP have been studied for several biological compounds like: Kidney, Lung, and thyroid. Positron and electron
are used as a projectile particle with a range of energy between (100 eV to 1.0 MeV). The model that used in this work is
the modified Bethe Bloch formula. The methodology employed in this study offers significant computational advantages
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through analytical approach to SP determination. By including targeted parameter adjustments that account for
compound-specific characteristics, we transform complex SP calculations into a straightforward mathematical framework
accessible without extensive computational resources. The relationship between SP and positron and electron energies
demonstrate an inverse correlation as energy increases, SP correspondingly decreases.

Additionally, this analytical framework extends naturally to Continuous Slowing Down Approximation (CSDA) range
calculations, enabling rapid determination of positron and electron penetration depths in various biological media. Only our
analytical calculations are presented for relation between CSDA range and positron and electron energy without comparison
to other methodologies or experimental data because there are no any previous work and references. This makes it difficult
to assess the accuracy of these specific calculations. We denote that, the curves appear remarkably similar in shape and
magnitude. Despite the different tissue compositions and densities between kidney, lung and thyroid. Although the results of
both positron and electron are appeared to be exactly the same but in the energy range between 5 KeV to 10 KeV they have
differences as shown in zoomed plot. Finally, our future work should focus on experimental approve to confirm these
calculations and extension to additional biological tissues and composite materials of medical significance.
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TAJIBMIBHA 3JATHICTH TA JIAITA3OH CSDA JIs1 IIO3UTPOHIB TA EJIEKTPOHIB B OPTAHAX HUPOK,
JIETEHD TA IIATOBUIHOI 3AJI03H JIOAWHA
Xagap M. Jimman!, Txxaman M. Pamua?
! Vuieepcumem Cynetimani, konedac oceimu, kageopa izuxu, Cynetimania 46001, Pezion Kypoucman, Ipax

2Vuisepcumem Cynetimani, Koneosic npupooHusux Hayxk, kageopa gisuxu, eynuys Knacan, Cynetimania 46001, Pecion Kypoucman, Ipax
VY 1poMy JOCIHIKEHHI PO3PAaXOBaHO rajbMiBHY 3/1aTHICTh IMO3UTPOHIB y KiJIbKOX OiOJMIOTiYHMX TKaHHHAX B Jiama3oHi eHeprii Bif
100 eB 1o 1 MeB. OcHoBoto MeTony € BUKOpucTaHHs MoauikoBaHoro Bupa3sy bere-bioxa st raibMiBHOT 31aTHOCTI Ta aHATITHIHOTO
BHpa3y U ¢()EKTHBHOTO aTOMHOTO HOMEpa, BKIIIOYAIOUH KIIIOYOBI ITapaMeTpH, Taki K CepelHi eHeprii 30yMKeHHS aTOMIB-MiIlIeHEeH,
SKI CyTTEBO BIUIMBAlOTh HA PE3YJIbTaTH TaJbMIBHOI 3JaTHOCTI. AHANITH4HI (OpPMYyNTH 3A€0UTBIIOTO BHKOPHCTOBYBAIHCS LIS
pO3paxyHKy rajibMiBHOI 31aTHOCTI Ta mianasoHy CSDA 3 HaOnwkeHHsM Ge3lepepBHOrO YHOBIIbHEHHS. Po3paxoBaHi pesynbraTi
rajbMiBHOI 3[]aTHOCTI Ta Aiana3oHy Ui MO3UTPOHIB y KiJIbKOX CIOJYKaX, TAKHX SK TKAHWHU HUPOK, JICTCHb Ta [IUTOBHIHOI 3aJI03H,
MOPIBHIOIOTHCS 3 PE3yNIbTaTaMM IHIIMX PO3PaxXyHKiB, TakuMmu sk mporpama Penelope 2012. Jlnst po3paxyHKiB OyJ0 BHKOPHUCTaHO
MoyeNoBaHHs MeToioM Monte-Kapio. Pesynsrari Oynu npencraeieni y BUDIai rpadikiB st AeMOHCTpanii KOHTpacTiB. Bonu
3a/I0BOJIBHAIOTH BH3HAHY NMOTPeOy MeIM4HOI (i3MYHOI CHIIBHOTH B JAHMX NPO TKAHWHHO-CIIEUU(IYHY B3a€EMOJIIO IIO3UTPOHIB, 110
MalOTh HerailHe 3aCTOCYBaHHsI [UIsl MOKPAIICHHSI TOYHOCTI KiJIbKICHOTO BHU3HAYCHHs 300pakeHb IMO3UTPOHHO-eMiciiiHOT TomMorpadii
(ITET) Ta yTO4HEHHS HO3U OMPOMIHEHHS IS paaiopapMareBTHYHIX MPENnapaTiB, 10 BUNPOMIHIOIOTE [3-IIPOMEHI.

KurouoBi ciioBa: canvyigna soamuicms, nosumpon, dianason CSDA, enepeis 36y00icents, MKAHUHU TIOOUHU



413

EAsT EUROPEAN JOURNAL OF PHYSICS. 1. 413-427 (2026)
DOI:10.26565/2312-4334-2026-1-50 ISSN 2312-4334

DEEP LEARNING-BASED MRI DENOISING USING NOISE STATISTICS DERIVED FROM
PHYSICAL PHANTOM MEASUREMENTS

D.G. Sliusarenko'**, ®A.V. Netreba'
Faculty of Radiophysics, Electronics and Computer Systems, National Taras Shevchenko University of Kyiv, 64/13, Volodymyrska
Street, Kyiv, Ukraine, 01601
’National Cancer Institute of Ukraine, Yulii Zdanovskoi Street, 33/43, Kyiv, Ukraine, 03022

*Corresponding Author email: d.fulhem@gmail.com
Received December 21, 2025; revised February 18, 2026; accepted February 20, 2026

High-quality MRI images are essential for accurate definition of target volumes and organs at risk, as well as for correct registration with
CT scans when planning radiotherapy. The aim of this work is to develop a robust denoising method that improves visualization of brain
structures and preserves anatomical details. A model based on a modified U-Net architecture with residual blocks, attention modules
(CBAM) and spatial pyramidal pooling is proposed. The approach is characterized by the integration of statistical noise characteristics
obtained from phantom measurements and modeling of degradations in pseudo-k-space (including Gaussian and Rayleigh noise
distributions). The validation was performed on 1000 anonymized clinical DICOM images with variable noise levels. The proposed model
provided an increase in PSNR by 8-10 dB and an increase in SSIM from 0.72 to 0.97. The edge preservation index (EPI), which reached
values of 8.0 on noisy images due to artifacts, stabilized at 1.0 after processing, indicating effective removal of pseudo-contours without
blurring true anatomical boundaries. In addition, an average SNR improvement of 7% and a CV reduction of 4-7% were observed on real
images, confirming the stability of the method. The combination of physically based noise modeling in the frequency domain and modern
deep learning architectures allows for effective noise removal while preserving critical anatomical boundaries. The method has high
potential for clinical implementation in radiotherapy planning procedures, in particular to improve the accuracy of MRI/CT fusion.
Keywords: MRI denoising; k-space noise modeling; Deep learning; Adaptive noise scaling; Fourier domain simulation; Medical
image reconstruction, CNN

PACS: 87.57.N-, 07.05.Mh, 87.61.Tg, 02.50.-r

1. INTRODUCTION

The quality of medical images directly affects the accuracy of diagnosis, the effectiveness of treatment planning and
the ability to track the results of therapy. Magnetic resonance imaging (MRI) today occupies an important place among
imaging methods due to its high contrast of soft tissues, the absence of ionizing radiation and flexibility in choosing signal
weighting modes. Due to these properties, MRI is widely used in neuroimaging, orthopedics, oncology and cardiology [1,2].
In global clinical practice, magnetic resonance imaging machines with a field induction of 1.5 T remain the most common
and affordable. They are used as the main imaging standard due to the optimal ratio of image quality, examination time and
economic feasibility. Despite the lower signal-to-noise ratio compared to 3T systems, it is 1.5 T devices that are used in the
vast majority of clinical cases, including oncological, cardiological and neurological studies. However, despite its high
informative value, MRI remains very sensitive to noise and artifacts. These can arise both from hardware limitations (scanner
characteristics, multichannel coils, excitation and reconstruction parameters) and from physiological factors, including
involuntary patient movements, breathing, or magnetic field inhomogeneities [3,4]. Such factors directly affect the signal-
to-noise ratio (SNR) and, in the case of insufficient image quality, can make diagnosis difficult or even impossible. This
makes it relevant to conduct research on methods for increasing information content and reducing the impact of noise
specifically for 1.5 T MRI, since the results obtained will have the greatest practical value and wide application.

To reduce these negative effects, denoising methods are being actively developed. Classical algorithms are based
mainly on synthetic noise models, primarily Gaussian or Rician [5,6]. Their popularity is due to their mathematical
simplicity and the possibility of rapid implementation. At the same time, they do not reflect the complex statistical nature
of real noise in MRI. For example, Rician noise has been shown to be SNR-dependent and has properties that significantly
change the intensity distribution, especially in low-signal areas [7]. Ignoring these effects results in methods that work
well on artificially noisy images showing lower performance in clinical settings. The current trend in MRI denoising is
to use methods that can reproduce the characteristics of real noise and take into account the physics of signal formation.
Considerable attention is paid to deep learning, which has radically changed the approach to medical image processing in
the last decade [8,9]. In particular, self-supervised and unsupervised methods are actively developing, which allow
training models without ideal "reference" data, which is often unavailable in medicine [10,11]. Another direction is to
model noise directly in k-space, i.e. in the original data before reconstruction. This allows you to create artifacts that are
as close to real ones as possible and thus form more reliable training samples [12].

A special place is occupied by research using physical phantoms [13]. Although the study was conducted in the
context of radiography, it clearly demonstrates the general methodological approach and the importance of phantom
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studies for clinical verification of image processing algorithms. They provide controlled experimental conditions, allow
for statistical description of noise distribution, and test algorithms in repeatable scenarios [14]. Recent work demonstrates
that combining phantom data and k-space noise modeling can increase SNR, reduce artifacts, and bring reconstruction
results closer to clinically relevant ones [15,16]. This confirms the importance of moving from purely synthetic models
to more realistic ones based on physical experiments. At the same time, with the development of modeling methods, the
architectures of neural networks used in medical imaging are also being actively improved. The use of attention
mechanisms such as CBAM (Convolutional Block Attention Module) or channel-wise attention [9], as well as integrating
multilevel noise statistics into the model [15], allow to increase the accuracy of reconstruction of small structures and
better preserve diagnostically important information. This approach opens up the prospect of creating more universal
denoising systems capable of working on both phantom and clinical data. The aim of this study is to develop a method
for denoising MRI images that combines statistically sound modeling of signal degradations based on phantom
experiments with an improved neural network architecture that integrates attention mechanisms and takes into account
noise characteristics at deep levels of the model. The proposed approach is aimed at improving the clarity of reconstructed
images and preserving diagnostically significant information when working with standard clinical data.

2. Materials and methods
2.1. Phantoms and their characteristics

The study used specially prepared phantoms designed to simulate different types of biological tissues and analyze
the impact of noise on the quality of magnetic resonance images. The use of phantoms provides controlled experimental
conditions, which allows for a systematic study of noise characteristics in a reproduced environment and comparison of
the results with literature data [17,18]. We used three types of Siemens phantoms (Table 1), which allow for the simulation
of different tissue-like environments and the analysis of the effect of noise on magnetic resonance images. The first of
them is a cylindrical phantom with a volume of 5300 ml, filled with a solution containing 3.75g NiSO4-6H20 and 5 g
NaCl per 1000 g of distilled water. This combination reproduces the electrical conductivity of soft tissues and allows you
to control the electromagnetic properties during measurements. The second object was a spherical phantom D165 with a
diameter of 165mm and a volume of 2570ml, in which a solution of 1.25 g of NiSO4-6H20 per 1000 g distilled water.
Due to its high homogeneity and stability, this phantom was intended to reproduce conditions with controlled SNR, which
provides an assessment of the basic noise characteristics and parameter calibration. The third phantom was a spherical
D240 with a diameter of 240 mm and a volume of 7300 ml, filled with Marcol oil with the addition of 0.011g of Macrolex
blue dye per 1000ml. It was used to simulate adipose tissue and model inhomogeneities, which allows assessing the
appearance of artifacts and the robustness of denoising algorithms to differences in tissue structure. Phantom data were
acquired on a 3-Tesla MR scanner (Siemens MAGNETOM Vida). The dataset included two different 3D T1-weighted
sequences with high isotropic resolution (1x1x1 mm). The first sequence was a 3D gradient echo (MPRAGE/TFL) with
inversion-recovery (TR=2300 ms, TE=2.96 ms, TI=900 ms, 9° Flip angle). The second was a 3D fast spin echo (SPACE)
(TR=700 ms, TE=22 ms, 120° Flip angle).

Table 1. Names and characteristics of phantoms used for analyzing the statistical characteristics of superimposed noise.

PHANTOM SIZE / VOLUME SOLUTION COMPOSITION PURPOSE
s Height = standard, 3.75 g NiSO4+:6H-0 + 5 g NaCl Simulation of homogeneous soft tissues,
Cylindrical (5300 ml) Volume: 5300 ml per 1000 g dist. H-0 conductivity regulation
. Diameter: 165 mm; 1.25 g NiSO4-6H20 Assessment of homogenelty and basic
Spherical D165 Volume: 2570 ml er 1000 g dist. H:0 nowe
) p & 2 characteristics, SNR calibration
Spherical D240 Diameter: 240 mm; Marcol oil +0.011 g inhsolgcl)l liiiﬁiﬁ afﬁt‘f?ﬁi zlsaillles?;lind
P Volume: 7300 ml Macrollex Blue per 1000 ml g > Y

algorithm robustness

Phantoms are widely used in medical imaging for quality control, standardization of experiments, and improvement
of algorithms [17], and can also serve as a proxy metric for scan quality to increase research reproducibility [19].

2.2. Frequency domain noise modeling
In magnetic resonance imaging, the signal is formed in the frequency domain (k-space) as complex samples. The
image is reconstructed in coordinate space by means of the inverse Fourier transform [20]:

1(x,y) = F 1K (ky, ky ), (1)

where K (ky, k,) - complex k-space data, and I(x, y) - reconstructed MRI image.

This study uses standard clinical DICOM images, which retain only the magnitude of the reconstructed signal and
do not contain phase information or the original complex-valued k-space data. Therefore, any k-space obtained by inverse
Fourier transform of magnitude images is a pseudo-k-space, which is not a physical representation of the frequency data
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acquired by the scanner. In this regard, this work does not claim to directly denoise true k-space, but uses the frequency
representation solely as a mathematical tool for modeling and analyzing image degradation. It is known that noise in raw
MRI data arises as additive complex Gaussian noise in k-space, due to thermal fluctuations of the receiving system
(effective resistance of the receiving coil and the specimen) [21]. Since the original complex data is not available, this
noise cannot be accurately reproduced or removed in a physically rigorous sense. In this paper, complex Gaussian noise
is considered as a reference physical model that explains the origin of non-Gaussian effects in image space, but is not
used to directly model the true k-space of the scanner. After reconstruction and calculation of the magnitude of the
complex signal:

M(x,y) = JI2(x,y) + IZ(x, y), )

in the presence of complex Gaussian noise, a ray-like distribution of intensities naturally arises, especially in regions with
a low signal-to-noise ratio [22]. In this work, these effects are not artificially introduced, but are considered as a
consequence of the standard reconstruction process. In addition to noise, real MRI images may contain degradations
associated with patient motion, reconstruction instability, or further processing. Such effects are not interpreted as
physical k-space noise and are applied only at the image level as part of a training strategy to increase the robustness of
the neural network. Therefore, the presented approach is not a direct denoising of physical k-space, but is aimed at
improving the quality of reconstructed MRI images obtained from standard DICOM data. The frequency representation
is used as a convenient mathematical tool, while all assumptions about the nature of MRI noise are consistent with the
limitations of the available data.

2.3. Statistical analysis of noise

To quantify the impact of different types of noise on MRI phantom images, three key statistical characteristics were
measured: mean, skewness, and kurtosis, as a function of noise intensity. The use of histogram parameters such as
skewness and kurtosis is a validated approach for analyzing image heterogeneity and shape distribution [23]. In particular,
the mathematical representation of excess kurtosis and statistical significance through sample moments allows us to
clearly quantify how much noise deviates from a normal distribution [24]. To quantitatively characterize the impact of
scanning artifacts on the quality of MR images, a series of experiments using phantoms was conducted. One group of
phantoms was scanned under optimal conditions (“clean” phantoms), the other group was scanned under conditions of
light artifacts: metal (iron) impurities, accelerated gradient echo (GRE) sequences, minimal noise amplification, or
magnetic field instability. Figure 1 shows an example of a pair of clean and noisy images in the case of noise damage to
a metal artifact The statistical values are given for this specific pair of images.

Clean (full)

Damaged {full)

mean: 0.803926
std: 0.028528
skewness: 0.035883
kurtosis: 0.282731

local contrast: 0.014193
blur metric: 0.002233
edge density: 0.272400
local entropy: 4.147227

Clean ROI Damaged ROI

Figure 1. Examples of phantom images and obtaining statistical characteristics.

In each case, the following statistical indicators of pixel intensities were calculated within the specified ROIs
(regions of interest):

mean = 0.77, std = 0.033, skewness = 0.27, kurtosis = 0.51.
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The mean intensity value reflects the generalized signal level in the ROI and allows for the assessment of possible
baseline level bias caused by scanning artifacts. Standard deviation (o) characterizes the variability of intensities, i.e.
internal signal fluctuations and noise-like effects caused by magnetic field inhomogeneity or metallic inclusions.
Distribution asymmetry (skewness, y;) determines the degree of shift of the intensity histogram: a positive value (0.27)
indicates a predominance of pixels with higher intensity, reflecting local amplifications or slight signal saturation.
Kurtosis (kurtosis, y,) describes the peakedness of the distribution - a value of 0.51 indicates a moderate concentration
of intensities around the mean and the presence of slight “tails” due to scanning artifacts.

The obtained values demonstrate that even without intentionally synthesized noise, real scanning conditions
(artifacts) change the signal statistics - increase the dispersion (std), create asymmetry (positive skewness) and slight
“sharpness” (kurtosis). Such behavior confirms the feasibility of using these statistical indicators as input features for the
StatsProjection module in the network, allowing to adapt the filtering depending on the nature of the artifacts. Phantoms
were scanned three times in each mode; the resulting images were pre-normalized to [0,1] and scaled to 512*512 pixels.
ROIs were placed in the central region of the phantom (homogeneous zone), excluding borders and large artifacts. Mean,
std, skewness, and kurtosis were calculated for each series and then averaged. The resulting values are shown above. This
statistical evaluation confirms the presence of stable artifact-induced signal fluctuations that are not labeled as pure noise
but affect image quality at the histogram level. Therefore, integrating these statistics into network training allows for
better adaptation of the model to real scanning conditions and increases its generalizability.

These values were integrated into the preprocessing block, which generates noise patterns with statistical properties
as close as possible to real ones. This approach allows the model to take into account not only the average noise level, but
also its asymmetry and the shape of the distribution, which is important for reproducing realistic noise artifacts during
training.

2.4. Improved neural network architecture

The proposed model is designed to denoise MRI images of size 512*512 pixels (1 channel, grayscale) taking into
account the physical characteristics of the noise measured on phantoms and statistical parameters integrated into the
training process. The architecture combines the advantages of U-Net [25] with residual connections, attention
mechanisms, multiscale processing (ASPP) [26] and statistical integration module (StatsProjection) [27]. This
combination allows for effective noise suppression while preserving contours, texture, and diagnostically significant
image details. Residual blocks with SpatialDropout (Regularization Method for CNNs) [28] and LeakyReLU (Leaky
Rectified Linear Unit) [29] are used to avoid information loss during convolutions due to residual connections, improve
the generalization ability of the model through spatial dropout, and prevent the disappearance of the gradient by using
LeakyReLU activation.

The model implements a residual approach to denoising: it does not directly reconstruct a clean image, but learns to
reproduce the noise map Ry (I,,;5y) after which the reconstructed image is defined as:

I= Inoisy - RB(Inoisy), 3)

where I,,;5, - noisy input image, Rg(-) - function approximating the noise structure, I- de-noised image. The real
(reference) image is marked as I, and is used as a reference when calculating the loss function. This approach accelerates
convergence and stabilizes learning, since the network operates with less dynamic values (the amplitude of the noise is
smaller than that of the signal). The architecture is based on U-Net with a symmetric encoder and decoder connected by

skip connections. Each level consists of the following elements:
Residual blocks (ResBlock):

y =F(x, W) + x, “)

where F (x, W;) - sequence of convolution, normalization and activation operations of LeakyReLU.

Adding input signal x prevents information loss in deep convolutions and reduces the risk of gradient vanishing.
Using SpatialDropout2D preserves spatial consistency by suppressing random overcorrelations between filters. CBAM
is essentially an attention mechanism operating in two dimensions [30]:

- Channel Attention amplifies the most informative channels:

M=o (WZ (5 (Wi (6aP()) + Wl(GMP(x))>>, )

where GAPi1 GMP - global averaging and maximum operations, ¢ - sigmoid, § - ReLU.
- Spatial Attention focuses on local areas of the image:

M; = o(f77 ([AvgPool(x); MaxPool (x)])). 6)

Final gain:
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x'=M; O M, O x). @)

ASPP is used in the "neck" of the network for multi-scale analysis, providing sensitivity to different spatial
frequencies of noise. It uses convolutions with extensions d = [1,6,12,18], after which the results are combined:

d;
Yaspp = Z_Convéx?,)(x). ®)
L

Channelwise Attention (CA) takes into account the global interaction between channels by calculating weights via
a normalized softmax vector [31]:

gi
i = - g,,W i = il
w, here g; = GAP(x;) 9)
5
J

This improves the balance between high-frequency and low-frequency features, especially in areas with
heterogeneous SNR.

The StatsProjection module implements the idea of physically based feature adaptation, where parameters obtained
from statistical noise analysis directly influence the process of normalizing activations in a neural network [32]. Unlike
standard normalization mechanisms which calculate scaling and shifting parameters directly from the data in the current
layer, this module uses external experimentally measured noise characteristics - the average p, standard deviation o,
asymmetry skewness and kurtosis obtained from phantom studies. The input to the module is a four-dimensional vector
of statistical parameters:

s = [u, 0, skewness, kurtosis],

which describes the statistical “profile” of noise for a particular image or its fragment. This vector is fed to a fully
connected layer (Dense) with linear activation, which performs the projection of statistical parameters into the feature
scale space:

vg = Wy -5 + b, (10)

where W; and b, - parameters of the training layer. The resulting vector v has the same number of components as the
number of channels in the current feature tensor x, and therefore can be used to modulate normalization. After this, the
normalized activations are corrected, where the vector vy acts as a scaling modifier:

y = Norm(x) © (1 + v,), (11)

where Norm(+) - Layer Normalization, which provides zero mean and unit variance within the layer, © - per-channel
multiplication. Thus, StatsProjection adds a physically meaningful scaling to the standard normalization process, which
aligns the network with the real noise statistics inherent in a particular data type.

Intuitively, this approach resembles the Feature-wise Linear Modulation (FiLM) method, but with the difference
that the modulating parameters are not trained directly from the data, but are derived from experimentally measured noise
statistics. This provides better consistency of the network with the physical characteristics of the MRI signal, allows it to
respond adaptively to different types of artifacts, and stabilizes training when working with heterogeneous data sets.

The loss function combines several components:

Leotat = M Luss + Az (1= SSIM(L, 1)) + A Lopy. (12)

where:

Lysg - minimizes the energy difference between [ and Ly
SSIM - structural similarity controlling local contours;
Lepr - gradient loss that prevents blurring of boundaries;
A; - weighting factors (0.5, 0.3, 0.2 respectively).

During training, the model receives a pair(lpoisy, Ige ), Where Lo, - images with physically motivated degradations
obtained by frequency perturbations of reconstructed magnitude images, and I, - phantom or clinical image with high
signal-to-noise ratio. Thus, the network is trained on degradations consistent with the physical properties of MRI, rather
than on arbitrary synthetic noise [33-35].

All convolutional layers of the model use 3*3 kernels with “same” padding and HeNormal weight initialization.
[36], which ensures stable variation of activations even in deep layers. The use of residual connections between the
encoder and decoder allows to transfer not only contextual, but also textural information, which is critically important for
MRI images, where soft tissue contrast often has a fine gradation. The combination of CBAM, ASPP and Residual-blocks
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creates a balance between global contextuality and local detail, ensuring the preservation of anatomical structures with

effective noise suppression. The final view of the model is presented in Figure 2.
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Figure 2. Structural diagram of the model used for processing, reconstruction and denoising of noisy images

2.6. Model training

To ensure the reliability and reproducibility of the training results, the model was trained on structured subsets of MRI
images formed according to the principles of sample independence. The main data set consisted of normalized 16-bit MRI
images of 512x512 pixels in grayscale. Each subset contained unique samples, which excluded any overlap between the data
for training, validation, and testing. To control the generalization ability of the model, training was carried out on the training
sample (60%) with periodic checking on the validation subset (20%). The final efficiency was assessed on an independent
test set (20%), which was not used at any stage of training. Thus, the obtained results characterize the real ability of the
model to generalize data that were not encountered during parameter optimization. Overtraining control was provided by
mechanisms that automatically adjusted the learning rate and fixed the best model weights with minimal validation error.
During the simulation, various types of physically based noise were implemented: Rician, Gaussian, Poisson and salt-and-
pepper, each of which was generated with random intensity parameters according to the amplitude characteristics of the
output signal in k-space. After the inverse Fourier transform, images with specified statistical properties of the noise were
obtained, which formed training pairs. Both types of input data were used in the training process: noisy images and vectors
of statistical noise parameters (mean, standard deviation, skewness, kurtosis), which were fed into the StatsProjection Module
for adaptive modification of normalization. Training was performed using the AdamW optimizer (learning rate = 1 X 1074,
Bi = 0.9, B, = 0.999) and dynamic adjustment of the learning rate according to the scheme. Mixed-precision training and
Batch Renormalization in deep layers were used to stabilize convergence.

The criterion for completing training was the achievement of stabilization (plateau) of the validation error, i.e. the
moment when subsequent epochs did not lead to an improvement in the results on the validation data. For this, an early
stopping mechanism was used, which automatically stops optimization after 10 epochs without improving the quality of
the model and restores the weights fixed at the best stage. Additionally, an adaptive learning rate adjustment algorithm
was used, which reduces it by 5 times (factor 0.2) after 5 epochs without improving the results, but not below the minimum
value 1 X 1076, This combination of methods prevents overfitting, stabilizes convergence, and allows the model to
gradually approach the global minimum of the loss function without losing generalization ability. Training was performed
with a batch size of 16, for 50-100 epochs, depending on the experiment, on an NVIDIA RTX 5070 Ti graphics
accelerator.

2.7. Methods for quantifying image quality
To quantify the effectiveness of the proposed denoising model, both reference and non-reference metrics were used,
which allow us to assess the quality of signal recovery, preservation of structural similarity, local contrasts, and signal
homogeneity within regions of interest. This approach allows us to comprehensively characterize both the intensities and
structural reliability of the results obtained, combining analytical accuracy with clinical relevance.
The Peak Signal-to-Noise Ratio (PSNR) metric is defined as [37]:

2 ~
PSNR = 10 - logy, (M“‘X’),MSE =y -1, (13)

MSE

where MAX, - maximum intensity value, I; and I;- pixel values in the reference and reconstructed images, respectively.
PSNR is a classical metric for assessing the degree of signal distortion and is based on the energy distance between the
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input and reconstructed images. High PSNR values indicate minimal signal loss, but this metric does not take into account
the perceptual aspects of the image [38].

To eliminate this drawback, the Structural Similarity Index is used [37,39], which describes the structural similarity
between two images, taking into account brightness, contrast, and texture:

(2upg+¢1)(203+C7)
(#12 +u72+61)(0'12+072+62)'

SSIM(1,1) = (14)

Here p;i u; - average intensity values, o; and - dispersion, g;j- covariance between images. SSIM evaluates not
only numerical similarity, but also the degree of preservation of textural and spatial relationships, which makes it more
consistent with human perception of quality. Since for medical images it is important not only to preserve the average
signal level, but also to avoid loss of contours, the Edge Preservation Index (EPI) is used:

SIVIl|VI|
sz - (15)

This indicator is based on comparing image gradients and reflects the degree of edge preservation after denoising
[40,41]. A high EPI value indicates that the model does not blur the structure and adequately restores local intensity
transitions, which is critical for diagnosing gray-white matter boundaries or tumor contours. Another fully reference
metric is the Normalized Cross-Correlation (NCC) [42]:

EPI =

SU-u)(I-pz) . (16)
[S-r)2Ed-up?

It determines the degree of linear relationship between two images regardless of scale variations. NCC is particularly
useful for assessing the stability of reconstructions, where it is important to maintain spatial correlation even if the absolute
values of the intensities change. For real clinical MRI images, where there is no “gold standard”, non-reference indicators
Signal-to-Noise Ratio were additionally used [43] and Coefficient of Variation (CV) [44,45], which are calculated within
ROIs (regions of interest). They have the form:

NCC =

SNR = &signal ey — IROL (17)
Onoise HROI

Here pgigna and 0p4;5.- mean and standard deviation of signal and noise, respectively, while CV characterizes the
relative intensity heterogeneity within the selected region. An increase in SNR after denoising reflects a real improvement
in tissue contrast, and a decrease in CV indicates a decrease in local fluctuations and stabilization of signal homogeneity.
Such indicators are closer to the clinical perception of quality, since they characterize not only the technical accuracy of
the reconstruction, but also the diagnostic readability of the image. In general, the combination of reference (PSNR, SSIM,
EPI, NCC) and non-reference (SNR, CV) metrics provides a comprehensive assessment of image quality, covering both
structural reliability and practical suitability for clinical analysis [36,46,47]. This approach is consistent with current
recommendations for medical imaging tasks, where there is no single standard for a true image, and quality assessment

should take into account both physical and perceptual aspects.

2.8. DICOM medical images used
To train and test the model, 5000 anonymized DICOM (Digital Imaging and Communication in Medicine) brain
MRI images obtained from 200 patients were used. All images were previously anonymized, which guaranteed patient
confidentiality. The dataset consisted of T1-weighted images, which are necessary for clear visualization of the anatomical
structure of the brain and differentiation of gray and white matter. A heterogeneous set of T1-weighted brain MRI images
obtained on 1.5 T scanners from different manufacturers (Siemens Symphony and GE Optima MR450w) was used for
the study. The 2D sequences included conventional spin echo (SE) from Siemens (TR/TE 394/17 ms; slice thickness
5 mm) and fast spin echo (FSE) from GE (TR/TE 623/7.776 ms; slice thickness 5 mm). To simulate real-world scenarios
of image degradation, noise of various ranges and characteristics was artificially added to the original data. In addition,
artifacts associated with k-space truncation (Gibbs bell) and motion were simulated. This variety of noise allowed the
model to be trained to work effectively in conditions as close as possible to clinical practice, where the quality of the
original data can vary significantly. Particular attention was paid to the uniformity of brightness and contrast between
image series, as these parameters affect the stability and accuracy of the algorithms. To this end, subsets of images with
high SNR levels were generated, which were used as reference examples (ground truth) to evaluate the effectiveness of
noise reduction. A separate and comprehensive validation set was also created to ensure an adequate reflection of the

variety of clinical cases that the model may encounter in practical application.

3. Results and discussion
3.1. Quantitative assessment
Three key metrics were used to evaluate the effectiveness of the proposed denoising method: PSNR, SSIM, and EPI.
PSNR and SSIM metrics are widely used in modern MRI denoising work, including studies of score-based self-learning
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MRI denoising, systematic analysis of wavelet-based approaches for brain MRI images, and recent work on self-learning
diffusion MRI denoising [4]. Their effectiveness is also confirmed in a comprehensive review of medical image quality
assessment systems, which highlights the critical importance of accurate metrics for diagnosis and clinical outcomes [48].
EPI allows for the addition of an important dimension of local edge and contour preservation -critical for medical
diagnostics-and has already been proven to be an objective and reliable metric in MR image restoration tasks compared
to subjective assessment [49]. Additionally, the use of PSNR, MSE, and SSIM as "image quality metrics" when comparing
denoising algorithms is supported by studies of quality assessment of full-reference methods for medical images, which
demonstrate a correlation between objective metrics and subjective quality [50,51]. Overall, the results for all three
metrics confirm that the use of statistically sound noise parameters in k-space allows for a significant improvement in
image quality (Fig. 3).
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Figure 3. Graphs of the obtained PSNR, SSIM and EPI results for 300 real images after adding noise of different intensity gradations
to simulate real scanning conditions.

PSNR is a basic numerical criterion of reconstruction quality, reflecting the ratio between the maximum possible
signal intensity and the root mean square error. It is important to note that the calculation was performed based on the
dynamic range of 16-bit DICOM data, which results in higher absolute values compared to standard 8-bit formats. In the
presented experiments, noisy images had PSNR values in the range of 28-41 dB, which indicates signal degradation. In
contrast, after denoising, improvement of up to 40-54 dB was observed. It is important to note the stable difference of
approximately 8-10 dB between the processed and unprocessed images, which indicates the consistency of the algorithm
regardless of variations in the source data.

Since PSNR does not take into account perceptual aspects, for a more adequate assessment, the SSIM metric, which
reflects the similarity of structural characteristics between the original and the reconstructed image, was also used. For
noisy data, the SSIM varied in a wide range of 0.5-0.95, demonstrating instability and loss of structural information. After
applying the denoising algorithm, the SSIM values stabilized at 0.95-1.0, which confirms the ability of the model to
preserve small structural elements and image topology even at different noise levels. Special attention was paid to the EPI
metric, which assesses the quality of contour and fine detail restoration. In noisy images, EPI ranged from 1.0 to 8.0, with
sporadic peaks reflecting local artifacts caused by noise. After denoising, EPI values stabilized around 1.0, indicating a
high level of edge preservation and no additional blurring or structural loss during processing.

The proposed approach provides not only an increase in the signal-to-noise ratio, but also the restoration of structural
similarity and the correct preservation of fine details, which is critically important for clinical diagnostics. Additionally,
histograms of the distribution of metric improvements were constructed for all images for quantitative analysis. The
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distribution graph for PSNR improvements shows a clear shift to the right with an average increase of 7.85 dB, which
confirms a stable noise reduction in most images. A similar trend is observed for SNR improvements, where the average
increase is also 7.85 dB, indicating an increase in the signal-to-noise ratio and improved visibility of structural details.
For SSIM improvements, the average increase is 0.217, which reflects improvement in the structural similarity of denoised
images to the original “clean” data. This is particularly important because SSIM better accounts for human perception of
local details and textures than PSNR. In the case of NCC improvements, a more compressed distribution is observed with
an average gain of 0.046. Although this value is small compared to other metrics, even a small improvement in NCC
indicates a higher stability of the correlation between the denoised and reference images. Thus, all four histograms
demonstrate that the improvement is systematic and covers most of the data, rather than being limited to isolated cases
(Fig. 4). This confirms the consistency of the model's performance across samples and highlights its suitability for
practical use.
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Figure 4. Histograms of the distribution of improvements in the PSNR, SSIM, NCC, SNR metrics for all images.

Figure 5. Subjective comparison of several DICOM T1 images before adding strong artificial noise (left), with noise (center) and
after processing with the developed model (right)

Our method consistently preserves fine anatomical details, especially in areas of complex tissue boundaries, without
characteristic smoothing artifacts. In white matter regions, our method demonstrates exceptional preservation of subtle
intensity variations critical for detecting pathological changes. The gray matter-cerebrospinal fluid interface is one of the
most challenging areas to denoise due to abrupt intensity transitions. Our method excellently preserves sharp boundaries,
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avoiding the characteristic discretization artifacts of deep networks. CNN (Convolutional Neural Network) methods
introduce subtle geometric distortions near these boundaries, which can affect morphometric analysis. For T1 images,
where hyperintensities are clinically relevant, our method demonstrates optimal preservation of pathological lesion
contrast while effectively suppressing background noise. For visual evaluation, randomly selected images are presented,
to which strong noise was added, simulating difficult acquisition conditions, to demonstrate the effectiveness of the
proposed model even in cases of significant deterioration in the quality of the original data.

To test the generalization ability of the model and its practical applicability, an evaluation of its effectiveness was
carried out on real clinical MRI images of the brain obtained on a Siemens MAGNETOM Aera tomograph (1.5T). Unlike
the test set with artificially simulated noise, these images did not have standards, so the analysis was carried out using
ROI-based metrics that do not require a “clean” reference sample. For each image, regions of interest were automatically
formed: the central zone of homogeneous signal, the peripheral background area and the edge area between contrasting
tissues. Based on these areas, the main quantitative characteristics were calculated - SNR, coefficient of variation and
edge sharpness, which reflect the physical quality of the reconstructed signal. The general principle of obtaining the
difference between the noise in the original and denoised image is shown in the Figure 6.

Real Denoised

Noise map (ROl scaled)

Figure 6. One slice from the evaluation set of clinical MRI T1 images and the noise map of the difference between images

200 images from different series of T1-weighted scans were selected for the study. The results showed a increase in
the signal-to-noise ratio after applying the model, indicating a reduction in noise while maintaining contrast between
tissues. Quantification of 200 clinical T1 slices demonstrated consistent but modest improvements in ROI-based SNR
(+6-8%) and reductions in coefficient of variation (-4-7%) (Fig. 7). Importantly, the model preserves anatomical detail,
as reflected by the nearly overlapping profiles of the “before” and “after” curves. Thus, the reconstructed images are
characterized by higher stability of intensities with minimal loss of spatial details.
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Figure 7. SNR and CV graph of 200 selected real clinical images of brain T1 images

Visual analysis confirms the obtained numerical results. After processing, there is a reduction in high-frequency
fluctuations and inhomogeneities, preservation of fine structures of the cerebral cortex, white matter and contours of
intertissue boundaries. Signals in homogeneous areas become more uniform, and intensity histograms demonstrate a
narrowing of the distribution around the mean, which is a characteristic sign of noise reduction without loss of contrast.
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To evaluate the quality of real clinical image processing in specific areas of interest, the Axial T1-weighted FSE (Fast
Spin Echo) sequence was chosen. This scan is a standard 2D high-resolution anatomical sequence that is widely used in
routine diagnostics. It provides excellent soft tissue contrast and clear anatomical detail due to optimized spin-lattice
relaxation time. Based on a gradient echo complex, FSE is less sensitive to magnetic field inhomogeneities, making it a
reliable reference for evaluating the effectiveness of noise suppression in realistic clinical scenarios. The results are shown
in Figure 8.
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Figure 8. Histogram of the distribution of SNR and CV values of Axial T1-weighted Fast Spin Echo sequences after processing by
the model

The results obtained show that the model trained on phantom and synthetically noisy data successfully generalizes
its knowledge to real clinical images. We obtained an increase in the signal-to-noise ratio by an average of 11% and a
decrease in noise by 3%. Since the selected scans already have quite good image quality in the original case, this confirms
the correctness of the integration of phantom noise statistics through the StatsProjection module, which provides a
physically justified adaptation of feature normalization to a specific noise level. As a result, the model not only improves
the visual perception of MRI images, but also increases the metric reliability of the signal, which is of direct importance
for clinical applications, in particular for the accurate alignment of MRI and CT during radiotherapy planning. Thus, the
evaluation on real data confirms the effectiveness and robustness of the proposed method, which can be integrated into
standard clinical protocols as a stage of pre-processing of medical images.

3.2. Comparison with existing methods

The performance of the proposed neural network-based denoising approach considering k-space noise statistics was
evaluated against established denoising methodologies to demonstrate its advantages in improving the quality of MRI
images (Table 2). Quantitative analysis revealed significant improvements in all evaluated metrics compared to traditional
and state-of-the-art methods.

Recent advances in deep learning have revolutionized MRI denoising, and several notable architectures have
achieved impressive results. The DnCNN (Denoising Convolutional Neural Network) architecture [52] — one of the
pioneering deep learning approaches for image denoising -typically achieving PSNR improvements from 36-38 dB to
42-44 dB in MRI applications. However, these methods typically operate in the spatial domain of the image and do not
model the data acquisition process in k-space.

RED-CNN approach (Residual Encoder—Decoder Convolutional Neural Network) [53] specifically designed for
medical imaging, demonstrates comparable performance with PSNR values of 39-45 dB, but lacks the physical
justification characteristic of our approach.

Unsupervised learning methods such as Noise2Noise (Learning to Denoise from Corrupted Images) and Noise2Void
(Learning Denoising without Clean Data) have attracted attention due to their ability to work without paired sets of
“clean” images. According to a review by Wang et al. (2020) [54], Noise2Void provides effective noise reduction in low-
field MRI applications, although PSNR improvements (3—6 dB) remain lower than those of supervised models.

The use of MRI phantoms for noise characterization has been investigated in various contexts, however, current
evaluations tend to focus on SSIM and PSNR metrics, rarely considering k-space noise statistics. Recent work such as
Muckley et al. (2021) [55], demonstrated the effectiveness of k-space processing for the reconstruction of accelerated
MRI scans, but did not consider the denoising problem.

Cold Diffusion Models are an innovative direction in image reconstruction, but their main goal is reconstruction
from incomplete samples, rather than noise reduction in complete data. Our method, in contrast, is distinguished by the
explicit modeling of noise statistics in k-space based on experimental data from phantoms, which provides a physically
reliable basis for the denoising process.

Both classical and modern denoising algorithms were used for comparison. Among the traditional methods,
Gaussian and Wiener filters were used, which provide basic noise smoothing, but do not take into account the spatial-
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correlation structure of the signal. Non-Local Means (NLM) demonstrate higher efficiency [56] and BM3D (Block-
Matching and 3D Filtering) [57], which remain the benchmark among classical approaches.

In the field of deep learning, DnCNN is most commonly used [38], FFDNet (Flexible and Fast Denoising CNN)
[58]and RED-CNN [53], which achieve high results due to residual connections and flexible adaptation to different noise
levels. Another representative of this class is RCAN (Residual Channel Attention Network), which implements channel
attention to improve the recovery of small details [59].

Recent advances in image restoration are related to the use of transformer architectures, in particular SwinIR (Swin
Transformer for Image Restoration). [60] and Restormer (Efficient Transformer for High-Resolution Image Restoration)
[61], which combine local attention mechanisms with global contextual processing. For MRI signal recovery tasks,
NAFNet (Nonlinear Activation Free Network) and recurrent neural approaches for analyzing incomplete FID (Fréchet
Inception Distance) signals in MR spectroscopy are also promising [62].

In the context of MRI reconstruction, the VarNet (Variational Network for MRI Reconstruction) model [63] is an
example of integrating the physics of signal formation into the reconstruction process, which is consistent with the concept
used in our work.

Table 2. Comparison of the proposed method with a number of classical and modern approaches to image denoising.

Classical Methods
Gaussian Filter 28.5 0.65 22.1 3.2 0.82 0.1 Low
Wiener Filter 31.2 0.72 25.8 2.8 0.85 0.2 Low
Non-Local Means 34.1 0.78 28.5 2.1 0.88 15.2 Medium
BM3D 36.8 0.82 31.2 1.9 0.91 8.7 Medium
Deep Learning Methods
DnCNN 38.2 0.86 32.8 1.7 0.93 2.1 High
FFDNet 41.3 0.9 359 1.5 0.95 32 High
RED-CNN 39.5 0.88 34.1 1.5 0.94 1.8 High
RCAN 41.1 0.91 36.8 1.6 0.96 4.8 High
State-of-the-Art Methods
SwinIR 41.2 0.92 39.2 1 0.97 6.1 Very High
Restormer 42.8 0.93 39.9 1.2 0.97 53 Very High
NAFNet 43 .4 0.94 40.5 1 0.98 7.4 Very High
VarNet 43.5 0.94 40.8 0.8 0.98 7.2 Very High
Proposed 44,5 (+1.2) = 0.996 (+0.066) = 48.4 (+9.2) = 0.95(-0.05)  0.998 (+0.028) 32 High

(k-space phantom)

The results show that the proposed model outperforms existing solutions not only in numerical metrics, but also in
terms of consistency with the physics of MR signal formation. While classical methods (NLM, BM3D) provide limited
contrast improvement, and modern CNN- and Transformer-based approaches (DnCNN, SwinIR, Restormer) focus on
statistical texture restoration, the proposed model combines both approaches - physically based noise modeling in k-space
and adaptive neural network training, which makes it more versatile for real clinical applications. The model demonstrates
the best ratio between noise reduction and anatomical structure preservation, confirming the prospects of physically based
architectures in MRI image denoising tasks.

3.3. Limitations and prospects

Despite the achieved results, the proposed approach has some natural, technical and physical limitations inherent in
all modern methods of deep denoising of MRI images. At the same time, most of them do not reduce the efficiency of the
developed system, but rather outline the directions for its further improvement.

First of all, the current architecture is focused on compensation of stationary noise components, the parameters of
which are relatively stable within the slice or series. This is quite justified for most clinical protocols, however, in cases
of non-stationary disturbances - for example, artifacts of respiratory or cardiac movements, inter-slice shifts or weak
phase decoherence - the efficiency decreases due to a change in the local noise structure. In the future, it is advisable to
expand the model by kinematic regularization or motion-aware attention blocks, which will be able to take into account
the temporal and spatial correlation between frames, ensuring stability in multiphase or dynamic studies.

An important stage of further verification is testing the model on a wider range of contrasts and different MR
systems. This will allow quantitatively confirming the generalizability of the approach. The available results, based on a
combination of reference metrics (PSNR, SSIM, NCC, EPI) and ROI-based indicators (SNR, CV), already demonstrate
a high correlation between the mathematical quality assessment and the visual reliability of the reconstructed structures,
which confirms the practical stability of the model even on data without standards. However, future experiments provide
an even deeper assessment of these metrics in the context of quantitative MRI diagnostics, where even minimal deviations
in signal levels can affect the biophysical parameters of tissues.
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The use of experimentally measured phantom noise statistics requires special attention. This approach ensures the
physical reliability of training, since the parameters have a real physical origin. However, these statistics may vary
depending on the magnetic field intensity, temperature, coil type, or reconstruction method. Further development in this
direction involves distilling statistics directly from clinical images, for example, through Bayesian noise parameter
estimation or adaptive learning using pre-trained generative models.

Another promising direction is the integration of the proposed architecture with variational and generative-
adversarial models. Such a combination will allow creating more versatile reconstruction systems that are capable not
only of suppressing noise, but also of restoring undermeasured or artifactual data, which is especially important for
accelerated and undersampled sequences.

Finally, it is planned to evaluate the impact of the model not only on image quality, but also on quantitative MR
parameter maps (T1/T2-mapping, ADC, perfusion maps). This will allow us to establish to what extent the improvement
in SNR and the reduction in CV after processing translate into an increase in the reliability of the calculated biophysical
quantities. Thus, the proposed approach is physically justified, consistent with modern trends in MR analysis, and has the
potential for further development in the direction of fully interpretable, statistically adaptive denoising of medical images.

CONCLUSIONS

This paper presents an improved method for denoising MRI images based on modeling noise directly in the
frequency domain using statistical characteristics obtained from physical phantoms. This approach provides a more
realistic reproduction of the signal generation process and allows to reconcile synthetically generated noise with real
clinical imaging conditions. The proposed neural network architecture, which combines residual blocks, CBAM attention
mechanisms, ASPP and integration of noise statistics at deep levels, demonstrated improvements in key metrics. In
particular, a stable increase in PSNR by 8-10 dB, SSIM close to 1.0, a decrease in MAE and high-quality preservation of
fine structural details were observed. All tested images showed consistency of results, which confirms the reproducibility
of the algorithm. Comparative results show that our proposed method outperforms both classical approaches and modern
deep learning and transform models, providing a stable increase in PSNR by 2-7 dB (Table 2) and almost ideal SSIM/NCC
values compared to the best existing solutions.

The evaluation of the model's effectiveness on real clinical MRI images without standards showed that the proposed
approach provides a stable improvement in local quality metrics. In particular, the SNR and CV calculated within the
ROI demonstrate an average increase in SNR by 6-8% and a decrease in CV within 4-7%, which indicates a reduction
in heterogeneity and improved signal uniformity in tissues.

The practical value of the obtained results lies in the possibility of improving the quality of MRI in scenarios where
high noise limits diagnostic informativeness. Preservation of structural details and clarity of boundaries can contribute to
increasing the accuracy of contouring and treatment planning, as well as reducing the need for repeated scans. This makes
the method promising for application in clinical tasks related to diagnostics, therapy planning and patient monitoring.

Further development directions include expanding the phantom database, modeling motion artifacts in k-space,
testing on clinical data obtained using multi-scanner systems, and integrating uncertainty assessment methods. All this
will make the model even more adaptive and flexible for different imaging scenarios. An additional vector is the use of
generative approaches and expanding the training samples with different noise scenarios to increase the generalizability
and reliability of the model in practical conditions.
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IIYMO3AITYIIEHHSI MPT HA OCHOBI T/IHBOKOI'O HABYAHHS 3 BUKOPUCTAHHSM CTATUCTHKHA
IyYMY, OTPUMAHOI 3 BAMIPIOBAHb ®I3MUHNX ®AHTOMIB
I.T. Cuiocapenxo'?, A.B. Herpeoa'
! Daxynomem padioghisuxu, enekmponixu ma komn'tomeprux cucmem, Kuiscokuii nayionanshuii ynieepcumem imeni Tapaca
Llleguenka, syn. Bonooumupcoka, 64/13, Kuis, Yxpaina, 01601
’Hayionanenuii incmumym paxy Ypainu, eyn. FOnis 30anoscvkozo, 33/43, Kuie, Yxpaina, 03022

Bucoxkosikicni MPT-300pakeHHs] € BaXXJIMBUMHU ISl TOYHOTO BH3HAYCHHS 00'eMiB-MillieHe#l Ta OpraHiB, 10 3HaXOAAThCS B IPyImi
PHU3HUKY, a TakoX Ui mpaBmibHOI peectpanii Ha KT min yac mimanyBaHHS MpoMeHEBOi Teparii. MeToro miei pobotu € po3poOka
HAJIHHOTO METO/TY IITyMO3ariIyIeHHs, SKAH MOKPAIye Bi3yalli3allifo CTPYKTYp MO3KY Ta 30epirae aHaTOMi4Hi JeTai. 3anpornoHOBaHO
MOJIeJb, 3aCHOBaHy Ha MoaudikoBaiii apxitektypi U-Net i3 3amumkoBuMu 6imokamu, Moxyisimu yBaru (CBAM) ta nmpoctopoBrM
nipamiganbHuM o0'eqHaHHsAM. Ilinxin XapakTepU3yeThCS IHTETpamiclo CTATHCTHYHUX IIYMOBHX XapaKTEPHCTHK, OTPUMAHHX 3
(haHTOMHUX BHUMIpIOBaHb, Ta MOJICIIOBAHHSAM JCTPajalliil y MCeBa0-k-MPOCTOpi (BKIHOUAIOUM PO3MOIITN TayCOBOr0O Ta PENeIBCHKOr0O
mymy). Bamimamito Oyno mpoBexeHo Ha 1000 anonimizoBanux kiniHiuHHX DICOM-300pa)keHHSX 31 3MIHHHUMH DPIiBHSAMH IIyMY.
3anporoHoBana Moesb 3abe3neunna 30inbmenHs PSNR Ha 8-10 1b ta 36insmenss SSIM 3 0,72 no 0,97. Inaekc 36epexeHHs KpaiB
(EPI), sixmii mocsir 3Hadens 8,0 Ha IIyMHHX 300pakeHHsX depe3 apTedakTy, cTabiaizyBaBcs Ha piBHi 1,0 micis 00poOKH, 110 CBIAINUTD
mpo eQeKTUBHE BUIAJICHHS MCEBIOKOHTYPIB 0€3 pOSMUTTS CIPaBXHIX aHATOMIUYHHX Mex. KpiM Toro, Ha peanbHHX 300pa)KeHHIX
crioctepiranocs cepenne nmokpamieHHas SNR Ha 7% Ta 3amkennst CV Ha 4-7%, 1m0 miaTBepIKye cTabinbHICTE MeToay. [loenHanHs
¢Gi3MYHO OOTPYHTOBAHOTO MOJETIOBAHHS LIYMy B YaCTOTHIM 00JacTi Ta Cy4acHHMX apXiTeKTyp INIMOOKOro HaBYaHHS JO3BOJISIE
e(eKTHBHO BUJAIATH IIyM, 30epiraroun Impu IbOMY KPUTHYHI aHATOMIidHI Mexi. MeTox Mae BUCOKHMII ITOTEHIial JUIsl KIiHITHOTO
BIPOBA/UKEHHS B IPOLEypax IIaHyBaHH: MPOMEHEBO]I Tepartii, 30KkpeMa JUs IiABULIeHHs TouHoCcTi 00'eqnanns MPT/KT.

KurouoBi ciioBa: wiymoszaenywenns MPT, mooentosanns wiymy 6 k-npocmopi, enuboke HaguanHs, a0anmueHe MacumabyeanHs wymy,
Mmooenrosannsa 8 oonacmi Pyp'e, pexoncmpyxyia meouunux 3o0opasicenb, CNN





