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Experimental investigations of the photoelectric properties of CdGa2S4 single crystals were carried out. The study examined the 
temperature dependence of the photocurrent (within the 110–420 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 CdGa2S4 crystals are ascribed to changes in the charge state and exchange dynamics of 
sensitizing and recombination centers.  
Keywords: Cadmium thiogallate; Photoconductivity; Defects; Deep levels; Sensitizing centers; Recombination centers; Optical 
quenching; Thermal quenching 
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INTRODUCTION 
CdGa2S4 belongs to the class of AIIBIII

2CVI
4 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 CdGa2S4 varies from 2.96 eV at T = 300 K [8] to 3.77 eV 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 CdGa2S4 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 CdGa2S4 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 CdGa2S4 over the range 110-400 K. This work 
contributes to refining the localized-state and electronic-transition models for CdGa2S4, providing valuable insights into 
its photoelectric properties. 

EXPERIMENTAL DETAILS 
 CdGa2S4 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 CdGa2S4 

crystallizes in a cation–ordered defect chalcopyrite tetragonal structure (space group I4ത, 𝑆ସଶ). The unit cell parameters
were determined to be a = b = 5.5450 Ǻ and c = 10.1470 Ǻ.  

Raman spectra of CdGa2S4 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-1. All spectra were 
measured in a backscattering geometry. The Raman spectra of the CdGa2S4 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 CdGa2S4 crystals. 

The synthesized material served as a precursor for the growth of a CdGa2S4 single crystal via chemical vapor 
transport, using iodine as the transport agent in a closed tube. This method yielded CdGa2S4 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 3×2×1 mm3. 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 (ρd) ranging from 109 to 1010 Ω ∙ cm at 300 K. Estimates of the electron concentration 
and Hall mobility, derived from Hall coefficient measurements, yielded values of n ≈ 108 – 109 cm-3 and µn ≈ 
1 – 10 cm2 / (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 (hν ˂ Eg) 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 µm. 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 CdGa2S4 single crystals over a secondary light beam energy range 
of 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, Iint. 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 CdGa2S4 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 CdGa2S4 single crystals. Based on 
the long-wavelength edge shown in Figure 1, the energy level of one sensitizing center was determined to be 
Eo

vr = 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.  

 
Figure 1. Quenching of the photocurrent (Iph) 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 CdGa2S4 are significantly 
influenced by deep centers, which are classified as either trapping or recombination centers. The optical quenching of 
photoconductivity in CdGa2S4 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 CdGa2S4 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 CdGa2S4.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 CdGa2S4 at 300 K.  

 
Figure 2. Transient characteristics of the optical quenching of CdGa2S4 crystals (A) hν < 1.06 eV and (B) hν ˃ 1.06 eV 

It can be observed that when the sample is excited by light in the hν < 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 CdGa2S4 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 hν > 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 hν ˃ 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 CdGa2S4 single crystals contains sensitizing centers at Ev + 0.89 eV and donor levels 
at Ec - 1.06 eV, both of which are highly active in carrier generation and recombination.  

Valuable information regarding localized states can be 
obtained by studying the temperature dependence of the above-
bandgap photocurrent, Iph(T). We present the results of our 
investigation into the temperature dependence of the photocurrent 
in CdGa2S4 within the range of 110 - 400 K (Figure 3). As shown, 
the photocurrent increases exponentially with temperature until 
reaching a maximum at Tm = 300 K, beyond which the 
photocurrent begins to decrease. 

The decrease in photocurrent at temperatures above 300 K 
can be attributed to thermal quenching, which stems from a shift 
in the behavior of sensitizing centers. Specifically, thermal 
quenching occurs when these centers transition from acting as 
recombination centers to acting as traps. As the temperature rises 
at a fixed intensity, a threshold is reached where minority carriers 
(holes) are thermally released from trapping levels into the 
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 

 
Figure 3. Temperature dependence of the photocurrent 
in CdGa2S4 single crystals 
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in Figure 3. The plot of log (Iph ) 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 CdGa2S4 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 CdGa2S4 revealed 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 CdGa2S4 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 CdGa2S4 may be ascribed to native structural defects, such as cadmium (Cd), gallium (Ga) and 
sulfur (S) interstitials or vacancies. CdGa2S4 single crystals contain a high concentration of native defects (approximately 
1021 sm-3). Additionally, antisite defects may arise from the interchange of atoms CdGa, and GaCd 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 ~1019 cm-3 in ZnIn2S4, for example). By considering the influence of deviations from stoichiometric 
composition on sample properties, the intrinsic defect nature of deep centers in CdGa2S4 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 (Cdint). In CdGa2S4, 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 GaCd antisite defects. In our opinion, these centers act as fast recombination centers within the CdGa2S4 
crystal lattice.  

CONCLUSIONS 
The optical quenching and temperature dependence of the photocurrent in CdGa2S4 single crystals were investigated. 

Local energy levels were identified at Ec - 0.21eV, Ec - 0.42 eV, Ec - 1.06 eV, and Ev + 0.89 eV, which are attributed to 
the presence of intrinsic (native) defects within the CdGa2S4 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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ФОТОЕЛЕКТРОННІ ВЛАСТИВОСТІ МОНОКРИСТАЛІВ CdGa2S4 
Зафар Кадіроглу 

Інститут фізики, Міністерство науки та освіти Азербайджанської Республіки, Баку, AZ1073 Азербайджан 
Було проведено експериментальні дослідження фотоелектричних властивостей монокристалів CdGa2S4. У дослідженні 
вивчали температурну залежність фотоструму (в діапазоні 110 – 420K), а також спектральну залежність та перехідні 
характеристики оптичного гасіння при T = 300 K. Оптичне гасіння фотоструму спостерігалося в діапазоні енергій вторинного 
світлового пучка 0,6 – 2,49 еВ. Вимірювання виявили енергетичні рівні при Ec – 0,21 еВ, Ec – 0,42 еВ та Ec – 1,06 еВ, а також 
сенсибілізуючі рівні при Ev + 0,89 еВ. Зменшення фотоструму при температурах вище 300 K пояснюється термічним гасінням. 
Як оптичне, так і термічне гасіння фотопровідності в кристалах CdGa2S4 пояснюється змінами зарядового стану та динаміки 
обміну сенсибілізуючих та рекомбінаційних центрів. 
Ключові слова: тіогалат кадмію; фотопровідність; дефекти; глибокі рівні; сенсибілізуючі центри; рекомбінаційні центри; 
оптичне гасіння; термічне гасіння 
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The work is devoted to the study of the photoelectric properties of 𝐴𝑢 − 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 −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 − 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 −𝑀𝑜 structured films depend on the temperatures of the 𝑍𝑛𝑆 and 𝐶𝑑𝑆 
evaporators, which influence the composition of the photoactive 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 layer (𝑥 = 𝑍𝑛/(𝑍𝑛 +  𝐶𝑑)). By varying the temperature of 
the 𝑍𝑛𝑆 evaporator during the growth of the 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 layer, a graded 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 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 𝐸ீ  =  3.05 ±  0.05 𝑒𝑉 to 𝐸ீ  =  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 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 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; 𝑍𝑛௫𝐶𝑑ଵି௫𝑆; 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 𝐴ଶ𝐵଺ type, formed through the chemical bonding of elements from Group II 𝐴ଶ (𝑍𝑛,𝐶𝑑,𝐻𝑔) and Group VI 𝐵଺ (𝑂, 𝑆, 𝑆𝑒,𝑇𝑒) of the periodic table of elements. Additionally, multicomponent compounds may consist of a mixture of 
binary semiconductors, such as (𝐴ଶଵ𝐵଺)  + (𝐴ଶଶ𝐵଺) [1], as well as (𝐴ଶ𝐵଺ଵ)  + (𝐴ଶ𝐵଺ଶ), where 𝐴ଶଵ and 𝐴ଶଶ represent different 
Group II elements, and 𝐵଺ଵ and 𝐵଺ଶ belong to Group VI of Mendeleev’s periodic table. 

Cadmium sulfide (𝐶𝑑𝑆) and zinc sulfide (𝑍𝑛𝑆) belong to the 𝐴ଶ𝐵଺ 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 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 [18], also characteristic of 𝐴ଶ𝐵଺ semiconductors, exhibits 
variable optical and photoelectric properties in its photoactive layer due to the modification of 𝑍𝑛 and 𝐶𝑑 content in the 
alloy 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 (where 𝑥 =  𝑍𝑛/(𝑍𝑛 +  𝐶𝑑)), leading to variations in the photoelectric characteristics of actual 
photosensitive structures [19-20]. The bandgap width (𝐸ீ) increases with the growth of 𝑥, ranging from 2.44 eV (𝑥 = 0,𝐶𝑑𝑆) to 3.56 eV (𝑥 =  1,𝑍𝑛𝑆) [21]. As 𝐸ீ changes, the spectral sensitivity of 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 layers and the structures 
based on them can vary within the wavelength range of electromagnetic radiation from 500 nm to 330 nm [22,23]. 𝐶𝑑ଵି௫𝑍𝑛௫𝑆 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 𝐴ଶ𝐵଺ 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 (𝜒) and 
lattice constant (𝑎଴). However, in 𝐶𝑑𝑆-based structures, the spectral sensitivity (𝑆) deteriorates in the spectral region ℎ𝑣 >  𝐸௚஼ௗௌ. 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 𝜒 and 𝑎଴. Thus, developing and studying 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 
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 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 layers, where the bandgap could be 
varied (graded layer). 

In this work, the synthesis of the 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 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 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 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 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 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 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 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 − 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 −𝑀𝑜 structure.  

 

 
Figure 1. (a) Installation for growing the 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 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 − 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 − 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 − 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 −𝑀𝑜 structure. The synthesis process of the semiconductor solid solution layers 
was carried out on a molybdenum (𝑀𝑜) substrate, approximately 150 𝜇𝑚 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 catalюytic hydrogenation method with a chromium-nickel catalyst. 

In Figure 1c, 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 1c, the fabricated photodetector had an 𝐴𝑢 − 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 − 𝑀𝑜 structure. The photoactive 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 layer was approximately 10 𝜇𝑚 thick. A semitransparent gold (𝐴𝑢) layer, 50 Å 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 𝑍𝑛௫𝐶𝑑ଵି௫𝑆. 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 10ିହ 𝑇𝑜𝑟𝑟. The effective area of the 𝐴𝑢 − 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 −𝑀𝑜 structural photodetector was 0.785 𝑐𝑚². 

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 𝜆, 0.01% for current, and 0.1% for voltage. Monochromatic radiation penetrated the photoactive 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 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 − 𝑍𝑛௫𝐶𝑑ଵି௫𝑆) 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 (𝐽௦௖) and open-
circuit voltage (𝑉௢௖) increase with the rising power (𝑃) of the incident light. 𝐽௦௖ increases linearly with 𝑃, while 𝑉௢௖ 
increases sublinearly in a logarithmic fashion with 𝑃 [41]. The light current-voltage characteristic (𝐼 − 𝑉 curve), the 𝐽௦௖ 
(𝑉௢௖) dependence for 𝑝 − 𝑛 junction photodiodes, can be expressed by formula (1) [42]: 

 𝑉௢௖ = ௡௞்௤ (𝑙𝑛 ூೞ೎௃బ + 1), (1) 

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 (𝐽௦௖) on the open-circuit voltage (𝑉௢௖) was studied 
under monochromatic illumination at different wavelengths: 𝜆ଵ  =  390 𝑛𝑚 (𝑈𝑉),  𝜆ଶ  =  460 𝑛𝑚 (blue), and 𝜆ଷ  = 500 𝑛𝑚 (green). The Sh-300 combined digital device was used to register the values of the photogenerated 𝐽௦௖ 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 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 semiconductor layer will have different absorption coefficients (𝛼) 
at various wavelengths (𝜆), investigating the photocurrent characteristics will provide valuable information about the 
photoactive layer’s performance in the 𝐴𝑢 − 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 − 𝑀𝑜 photodetector structure. 

 
RESULTS AND DISCUSSION 

Figure 2 presents the experimental results of the spectral photoresponse (𝑆, in relative units) of the 𝐴𝑢 −𝑍𝑛௫𝐶𝑑ଵି௫𝑆 −𝑀𝑜 structure, measured at 𝑇 =  300 𝐾. It is evident that the photoresponse of the fabricated 𝐴𝑢 −𝑍𝑛௫𝐶𝑑ଵି௫𝑆 −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. 

 
Figure 2. Spectral sensitivity of the 𝐴𝑢 − 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 − 𝑀𝑜 structure, at 𝑇 =  300𝐾 

To obtain the 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 layer with the spectral sensitivity shown in Figure 2, the following technological process 
parameters were applied: substrate temperature 𝑇௦௨௕ = 923 𝐾. The temperature of the evaporator for 𝐶𝑑𝑆 powder during 
the entire process was maintained at 𝑇௘௩௔௣,஼ௗௌ = 1023 𝐾, and the hydrogen flow rate was set between 1.5 − 2 𝐿/ℎ𝑜𝑢𝑟. 
The 𝑍𝑛𝑆 evaporator temperature (𝑇௘௩௔௣,௓௡ௌ) was varied throughout the process. The complete growth process for the 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 layer took approximately 30 minutes. 
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In the initial 5 minutes, 𝑇௘௩௔௣, ௓௡ௌ 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 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 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 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 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௘௩௔௣, ௓௡ௌ were estimated. It was concluded that three photoactive 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 semiconductor 
layers with bandgaps of 𝐸௚ଵ ≈ 3.05 ± 0.05 𝑒𝑉, 𝐸௚ଶ ≈ 2.75 ± 0.05 𝑒𝑉 and 𝐸௚ଷ ≈ 2.45 ± 0.05 𝑒𝑉 contribute to the 
formation of the spectral sensitivity dependence of the 𝐴𝑢 − 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 − 𝑀𝑜 photodetector structure. The photoactive 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 layer in the 𝐴𝑢 − 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 − 𝑀𝑜 photodetector consisted of three 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 layers with three distinct x 
values: 𝑥ଵ ≈ 0.6, 𝑥ଶ ≈ 0.38, 𝑥ଷ ≈ 0 [1]. 

The experimental light 𝐼 − 𝑉 characteristics, that is, the dependence of 𝐽௦௖ on 𝑉௢௖, are presented in Figure 3. As 
mentioned earlier, the light 𝐼 − 𝑉 characteristics of the 𝐴𝑢 − 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 −𝑀𝑜 photodetector structure were investigated 
under monochromatic illumination at wavelengths 𝜆ଵ = 390 𝑛𝑚 (1), 𝜆ଶ = 460 𝑛𝑚 (2), 𝜆ଷ = 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 − 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 − 𝑀𝑜 structure. 

 
Figure 3. Light current-voltage characteristics of a photodetector with the 𝐴𝑢 − 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 −𝑀𝑜 structure, 

illuminated with monochromatic light with wavelengths 𝜆 =  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 𝑙𝑛(𝐽௦௖) on 𝑉௢௖ for the 𝐴𝑢 − 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 −𝑀𝑜 photodiode under illumination with different wavelengths, 
occupy different regions of the 𝐼 − 𝑉 curve and display two slopes, 𝑛ଵ and 𝑛ଶ. This contrasts with the dependence under 
condition 3, where the structure was illuminated with 𝜆ଷ = 500 𝑛𝑚, and sufficient illumination conditions were not 
achieved to produce a second region with slope 𝑛ଶ. 

The calculated results for 𝑛ଵ,ଶ and 𝐽଴ଵ,଴ଶ 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, 𝑛ଵ is close to unity for all wavelengths, 
suggesting a diffusion-based photogeneration mechanism and low values for 𝐽଴ଵ. This implies that at low illumination 
levels, the 𝐴𝑢 − 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 −𝑀𝑜 photodetector structure exhibits good diode characteristics [43]. As the illumination 
level increases, regions with 𝑛ଶ and 𝐽ଶ values appear. The values of 𝑛ଶ and 𝐽ଶ are higher compared to 𝑛ଵ and 𝐽ଵ, indicating 
a degradation in the photo-detection characteristics of the 𝐴𝑢 − 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 − 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 − 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 − 𝑀𝑜 structure [45]. 

In the fabricated 𝐴𝑢 − 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 − 𝑀𝑜 structural photodiode, the photoactive layer consists of multiple 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 sub-layers. During the growth of the 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 photoactive layer, as the evaporator temperature for 𝑍𝑛𝑆 
changed, photoactive sub-layers were synthesized with different compositions (𝑥), thicknesses (𝑑), bandgaps (𝐸௚), and 
concentrations of majority charge carriers (𝑛). Radiation with 𝜆ଵ = 390 𝑛𝑚  (ℎ𝑣 ≈  3.2 𝑒𝑉) is effectively absorbed by 
the layer near the front 𝐴𝑢 contact, with 𝐸௚ଵ = 3.05 ± 0.05𝑒𝑉 and 𝑥 = 0.6. In this case, 𝑛ଵ ≈ 1, indicating a diffusion 
mechanism of photogeneration, and 𝐽଴ଵ 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 𝑛ଶ ≈ 3. This indicates that defect states form on the surface 
of the 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 photoactive layer, with 𝐽଴ଶ also increasing and 𝐽଴ଶ > 𝐽଴ଵ [40, 41]. 
Table 1. Parameters of the current-voltage characteristic of the 𝐴𝑢 − 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 −𝑀𝑜 photodetector: 𝑛ଵ,ଶ - ideality coefficient of 
the diode and 𝐽଴ଵ,଴ଶ - the value of the reverse saturation current of the diode, when illuminated with light of different wavelengths 

no. 𝜆 = 390 𝑛𝑚 460 𝑛𝑚 500 𝑛𝑚  𝑛ଵ 1.04 1.24 1.2𝑛ଶ 3 1.4 − 𝐽଴ଵ,А/𝑐𝑚ଶ 1 × 10ି଼ 2.1 × 10ି଻ 4.5 × 10ି଻ 𝐽଴ଶ,А/𝑐𝑚ଶ 1.87 × 10ି଺ 1.1 × 10ି଺ − 
When illuminated at 𝜆ଶ = 460 𝑛𝑚  (ℎ𝑣 ≈  2.7 𝑒𝑉), the layers participating in photogeneration are those with 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 values of 𝑥 = 0.38; 𝐸௚ଶ = 2.75 ± 0.05𝑒𝑉, and 𝑥 = 0; 𝐸௚ଷ = 2.5 ± 0.05 𝑒𝑉. At low radiation intensities, 

photogeneration occurs by a generation-recombination mechanism with 𝑛ଵ = 1.24. The value 𝐽଴ଵ(𝜆 = 460 𝑛𝑚) >𝐽଴ଵ(𝜆 = 390 𝑛𝑚) because 𝐸௚ଵ(3.05 𝑒𝑉) > 𝐸௚ଶ(2.75 𝑒𝑉). As the power of the radiation increases, photo-stimulated 
recombination intensifies [45-46], leading to an increase in 𝑛ଶ, where 𝑛ଶ >  𝑛ଵ and 𝐽଴ଶ > 𝐽଴ଵ. 

Under illumination with 𝜆ଷ = 500 𝑛𝑚 (ℎ𝑣 ≈  2.48 𝑒𝑉), photons are absorbed by the thin 𝑥 = 0 layer with 𝐸௚ଷ =2.45 ± 0.05𝑒𝑉. As a result, the concentration of photogenerated charge carriers is relatively low. Here, 𝑛1 ≈ 1.2, 
indicating that photogeneration occurs by a generation-recombination mechanism. 𝐽଴ଵ(𝜆 = 500 𝑛𝑚) > 𝐽଴ଵ(𝜆 =460 𝑛𝑚) because 𝐸௚ଶ(2.75 𝑒𝑉) > 𝐸௚ଷ(2.5 𝑒𝑉). A second region with 𝑛ଶ does not arise due to the low concentration of 
photogenerated charge carriers. The parameters of the light 𝐼 − 𝑉 characteristics are similar to those under 𝜆 = 460 𝑛𝑚 
illumination, but the values of 𝐽௦௖ 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 (∆χ). To reduce 𝛥𝜒 and further improve conversion efficiency, employing a 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 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, 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 layers were synthesized. By adjusting the ZnS evaporator temperature during the growth of the photoactive 

layer, an 𝐴𝑢 − 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 −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 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 layers with 𝐸௚ଵ = 3.05 ± 0.05𝑒𝑉, 𝐸௚ଶ = 2.75 ± 0.05𝑒𝑉, and 𝐸௚ଷ = 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 𝑍𝑛௫𝐶𝑑ଵି௫𝑆 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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ОСОБЛИВОСТІ ФОТОЕЛЕКТРИЧНИХ ХАРАКТЕРИСТИК ФОТОДЕТЕКТОРА НА ОСНОВІ ШАРІВ ZnxCd1-xS 

З МАКСИМАЛЬНОЮ ФОТОЧУТЛИВІСТЮ В УЛЬТРАФІОЛЕТОВОМУ ДІАПАЗОНІ 
Р.Р. Кабулов1, Д.Б. Істамов1, К.Т. Суяров2, Ф.А. Акбаров3 

1Фізико-технічний інститут Академії наук Узбекистану, Ташкент 100084, Узбекистан 
2Чирчикський державний педагогічний університет, 111700 Чирчик, Узбекистан 

3Ташкентський державний технічний університет, 100095 Ташкент, Узбекистан 
Робота присвячена дослідженню фотоелектричних властивостей структурованих плівок Au–ZnₓCd₁₋ₓS–Mo, які є фоточутливими 
в ультрафіолетовій та видимій областях електромагнітного спектра з максимальною чутливістю в ультрафіолетовій області. 
Встановлено, що спектральний відгук структурованих плівок Au–ZnₓCd₁₋ₓS–Mo залежить від температур випарників ZnS і CdS, 
які впливають на склад фотоактивного шару ZnₓCd₁₋ₓS (x = Zn/(Zn + Cd)). Зміною температури випарника ZnS під час росту шару 
ZnₓCd₁₋ₓS на молібденовій підкладці було синтезовано градієнтний шар ZnₓCd₁₋ₓS, який формує фотоактивний шар структури. 
Отримана фоточутлива напівпровідникова структура проявляє чутливість в ультрафіолетовій та видимій областях спектра з 
максимумом в ультрафіолетовому діапазоні. Аналіз спектрального відгуку показує, що фотоактивний шар має градієнтну 
заборонену зону, яка зменшується від EG = 3,05 ± 0,05 еВ до EG = 2,45 ± 0,05 еВ. Дослідження світлових вольт-амперних 
характеристик за монохроматичного опромінення показало, що вони характеризуються різними значеннями коефіцієнта 
неідеальності діода (n) та зворотного струму насичення (J₀). Синтезований шар ZnₓCd₁₋ₓS може бути використаний як буферний 
шар у тонкоплівкових сонячних елементах, таких як CdTe, CIGS та інших, замість шару CdS, що дозволяє підвищити як струм 
короткого замикання, так і напругу холостого ходу тонкоплівкових сонячних елементів. 
Ключові слова: полікристалічні плівки; ZnₓCd₁₋ₓS; спектральна чутливість; фотоелектричні характеристики; сонячні 
елементи; струм короткого замикання; напруга холостого ходу 
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The fundamental physical parameter of both bulk and low-dimensional semiconductor structures is the band gap ൫𝐸௚ଷௗ ,𝐸௚ଶௗ൯, whose 
energetic width allows the prediction of the operational parameters of semiconductor-based devices in advance. Therefore, the 
determination of 𝐸௚ଷௗ and 𝐸௚ଶௗ (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 𝐸௚ 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 
PACS: 73.63.Hs, 73.21.Fg, 73.21.−b 

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 Eg(T) was proposed based on the model of the temperature 
dependence of surface state density. In this approach, a mechanism for explaining Eg(T) 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], 𝐸௚ଷௗሺ𝐵,𝑇ሻ 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 
into𝐸௚ଷௗሺ𝐵,𝑇ሻ → 𝐸௚ ሺ𝑇ሻ, that is, classical methods. This theory is mainly suitable for wide-bandgap 3D materials. In 
work [29], a model was developed for 𝐸௚ଶௗሺ𝐵,𝑇,𝑑ሻ 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௚ଶௗሺ𝐵,𝑇,𝑑ሻ model was proposed as a result of the tail of 𝑁௖௦ଶௗሺ𝐵,𝑇,𝑑ሻ and 𝑁௩௦ଶௗሺ𝐵,𝑇,𝑑ሻ entering 𝐸௚ଶௗ. In this case, 
the 𝐸௚ଶௗሺ𝐵,𝑇,𝑑ሻ 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 𝑁௖௦ଷௗ(௡)(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 𝑁௩௦ଶௗ(௡), 𝑁௖௦ଶௗ(௡) was not developed. 

The main purpose of the work: 
- To develop a method for determining the dependence of the allowed bands 𝑁௩௦ଶௗ(௡) and 𝑁௖௦ଶௗ(௡) of narrow-zone

quantum well semiconductors on the magnetic field B and temperature T. 
- To determine the dependence of the forbidden band width of a narrow-zone quantum well on the magnetic field B

and temperature T 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 3×3 Hamiltonian 
and is fully consistent with the subsequent use of the 8×8 Kane matrix. Although the full Hamiltonian is represented in 
an 8×8 Kane matrix, the physically relevant subspace describing the conduction and light-hole bands is obtained through 
standard Löwdin 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 
8×8 interaction matrix can be written using 𝐻௞௣ and H1 as follows [31]: 

0
0

 
 
 

H
H

. (1)

Here, 
0 0

20 0
3 3

2 0
3

0 0 0
3

c

v

v

v

E Pk

E

Pk E

E

+

−

 
 

Δ − Δ 
 
 Δ 
 

Δ + 
 

=H . (2)

In this formula, ( ) ( )x y x y
ek i i A iA± = − ∂ ± ∂ + ±


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, (Ec=0), then the 

following equation is obtained: 

( ) ( )( ) ( )' ' ' ' 2 2 ' 2 / 3 0g g g gE E E E E E E k P E E + + + + Δ − + + Δ =  . (3)

Here, 
2 2

'

0

( ) ( )
2

kE k E k
m

= −  .

The fourth-order form of Eq. (3) is consistent with the fact that the effective Hamiltonian obtained after Löwdin 
partitioning corresponds to a reduced 4-band model derived from the original 8×8 Kane Hamiltonian. 

From equation (3) it is known that for k=0 the function E`(k) has four eigenvalues: E1=0; E2= E3= -Eg and E4=- Eg-
Δ. The condition E1=0 means that the counting starts from the bottom of the conduction band. The energies E2 and E3 
represent the ceilings of the valence bands of the heavy (Ev1) and light (Ev2) holes. The energy E4 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>>Δ and according to work [31], the energy of light holes is determined as follows: 

1/ 2
2 2

'
2 2

4( ) 1 1
2

g
v

g

E k pE k
E

   = − + +  
    

. (4)

From equation (4), it is clear that k2p2 (a P-matrix element, which is equal to 
0

iP S P x
m

= − < >
 ) is considered the 

energy, since the condition that the 
2 2

2
g

k p
E

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

the above matrix element equation and the dimensionless quantities 
2 2

2
g

k p
E

, (4) can be written in the following form. 

1/22 2

2 * 2

4 1( ) 1 1
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g xyz
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E k
E k

m E

   = − + + ∗  
    


 

(5)

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 (Eg) 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 Eg of narrow-zone bulk or small-sized semiconductors is very sensitive to external factors. In 
this case, how are 3 ( , )d

v gE k E  and 2 ( , , )d
v gE k E d  determined? 

How does the change in 2 ( , , )d
v gE 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: 

 

2 22 2 2 2
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2
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π  
 + + 
  = − + +  
  
    


 

 (6) 

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

magnetic field, the 
2 22 2

2 2
yx

x y

kk
m m

 
+ 

  


  terms of the free light hole at the ceiling of the valence band of the quantum well are 

replaced by the 1
2Lv cvN ω  +    


 
term. 

Here NLv is the number of Landau levels in the valence band of the narrow-band quantum well, ɷcv 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: 

 ( )
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
 (7) 

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, Eg, which depends on 
B and d. The reason is that the change in the function Eg(B, d) is considered monotonically. From this, the function 

( )2 , , ,d
v z LvE B d n N

 
becomes ( )2 ( , ), , , ,d

v g z LvE E B d B d n N . In this case, the equation takes the following form: 
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  


 (8) 

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 = 4 nm, B = 0÷12 T in the range, Eg(0) = 0.35 eV and nz. 

By substituting these experimental values into (8), it is possible to obtain the ( )2 , , ( , )d
v gE 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. 

 
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. 

It is known that for narrow-zone semiconductors, using the condition mn<<m0, the 
2 2

02
k

m


 
term given in equation (3) 

is not taken into account ( '
gE 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: 
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. (9) 

Here: 
zNk NE E± ±=  

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 N gE E<<  condition is satisfied, the cubic 
equation in (9) transforms into a quadratic equation for conduction band electrons, which has the following form: 
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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, 
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PPE k d n
m m m d

π= + +   (11) 

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 Δ<< Eg is met 
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Equation (12) can be written as follows for a narrow-zone quantum well: 
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Here, 
0

x̂
iP S P 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: 
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Then, if we replace 
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in equation (10) with 
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in accordance with the narrow-zone quantum well 

condition (Louis de Broglie relation, λd≈d), we obtain the following equation: 
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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, ( , )NE B d  has been calculated only according to (14). However, according to 

(15), the energy NE  is nonlinearly related to B. Here, c
n

eB
m

ω = . 

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 InAs/AlSb 
quantum well semiconductor nonparab

cE  on B. Here, Eg(InAs)=0.35 eV, d = 12 nm [33]. Fig. 3 shows the ( , )parab
cE B d  graph 

for the GaAs/AlxGa1-x/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 ( , )parab

cE B d . 

  
Figure 2. Effect of magnetic field on the energy of free electrons 
in the conduction band of an InAs/AlSb quantum well 

Figure 3. Effect of magnetic field on the energy of free electrons 
in the conduction band of a GaAs/AlxGa1-x/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 2 ( )d

sN 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 ,2 ( , , , )k d

sN E B T d  was proposed [29]: 
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In creating this model, the method of expanding the density of states delta functions δ(x) in a series with respect 
to energy was used [19]. At absolute zero temperature (T→0), the energy derivatives of the Lorentz, Gauss, Fermi-Diract 

functions 0f
E

∂ 
 ∂ 

 and GN [35] take the form δ(E). The authors of this work [29] mainly applied the Gaussian (E,T) delta 

function to determine ,2 ( , , )k d
sN 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 ,2 ( , , )k d
sN E B T  model was related to free electrons in the 

conduction band of a wide band gap quantum well. 
Now, using the ,2 2( , , )nk d d

c gE E d E  and ,2 2( , , )nk d d
v gE E d E  connections introduced in the previous paragraphs, let's 

consider 2 , ,2
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, ( , , , )d nk nk d

s v vN E B T d . 
A function δ(x) of one real argument is reasonable if the following conditions are met: 
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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: 
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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 T→0 is met, the Gaussian function transforms 
into Gaussian(E,T) δ(E,T). That is: 
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The energy Ei 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(NL, 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 
δ(E-E(NL, nZ)) due to the magnetic field, while in equation (19) the condition T→0 is fulfilled and δ(E, T) becomes the 
limit δ(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 ( 2 ( , , , )d

nc L zE B d N n ). This is valid for the nonparabolic dispersion law. Then, taking into account the dependence 
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SN E B  on ( , )L zE E n  in (18) and the substitution of 

2 2
2

2

1
2 2L c zN n

md
πω  + +  

  

  in (15) for the 

2 2
2 2

2

( , ) 1 1( ( , )) 4 ( , )[( ) ]
2 2 2 2

g
g g Lc cc z

E B d
E B d E B d N n

md
πω− + + + +   term in (16), the following expression is obtained: 
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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 T = 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. 

 
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. AlxGa1-xAs T=4.2 K, B = 10 T, d =5 nm; 2 - non-parabolic. InAs T = 4.2 K, B = 10 T, d =4 nm 
Here, graphs of a narrow-zone InAs [33] quantum well and a wide-gap GaAs/AlxGa1-xAs/GaAs (quantum well 

AlxGa1-xAs) [37-39] quantum well are presented. The oscillations were calculated at temperatures T=1.5 K, B=3 T, d=5 
nm (AlxGa1-xAs) 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 AlxGa1-xAs and InAs quantum well semiconductors. In this case, the quantum well of AlxGa1-xAs obeys 
the parabolic dispersion law, and InAs 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 InAs quantum 
well turn into a continuous spectrum earlier. 

 
a) Parabolic. AlxGa1-xAs. 1) T=5 K, B=10 T, d=5 nm; 
2) T=20 K, B=10 T, d=5 nm; 3) T=30 K, B=10 T, d=5 nm; 
4) T=40 K, B=10 T, d=5 nm; 5) T=50 K, B=10 T, d=5 nm 

b) Nonparabolic. InAs. 1) T=5 K, B=10 T, d=4 nm; 
2) T=20 K, B=10 T, d=4 nm; 3) T=30 K, B=10 T, d=4 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 InAs narrow-zone quantum well at 
B = 10 T 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 ൎ ħ𝜔௖ 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) T=2 K, B=10 T, d=4 nm; 2) T=5 K, B=10 T, d=4 nm; 3) T=8 K, B=10 T, d=4 nm; 4) T=10 K, B=10 T, d=4 nm; 5) T=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

( )2 ( , ), , , ,d
v g z LvE E B d B d n N  at the valence band ceiling of a narrow-zone quantum well and the free electron energy 
2 , ( ( , ), , , , )d nonparab
n g z LcE 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 2 ( )d n

vsN , 2 ( )d n
csN  of narrow-zone 

quantum well semiconductors on the magnetic field B and temperature T. 
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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МОДЕЛЮВАННЯ ЗАЛЕЖНОСТІ ШИРИНИ ЗОНИ ВІД ТЕМПЕРАТУРИ ТА МАГНІТНОГО ПОЛЯ 
У НАПІВПРОВІДНИКАХ З ВУЗЬКОЗОННИМИ КВАНТОВИМИ ЯМАМИ 
У.І. Еркабоєв1, У.Ш. Турдієв2, М.Г. Дадамірзаєв1, Р.Г. Рахімов1, Ш.Х. Уткіров2 
1Наманганський державний технічний університет, 160115 Наманган, Узбекистан 

2Ташкентський хіміко-технологічний інститут, філія Янгієр, 121001 Сирдар'я, Узбекистан 
Фундаментальним фізичним параметром як об'ємних, так і низьковимірних напівпровідникових структур є ширина 
забороненої зони Eg3d, Eg2d, енергетична ширина якої дозволяє заздалегідь передбачити робочі параметри напівпровідникових 
пристроїв. Тому визначення Eg3d, та Eg2d у випадках, коли ширина забороненої зони щойно синтезованих матеріалів невідома 
вважається одним з першочергових завдань у технології напівпровідникових гетероструктур. Крім того, ще однією важливою 
особливістю Eg є його сильна чутливість до зовнішніх впливів. Дійсно, зміни Eg, що виникають внаслідок таких ефектів, 
можуть фундаментально змінити фізичні та хімічні властивості напівпровідникових приладів. 
Ключові слова: напівпровідник; провідність; квантова яма; магнітоопір; магнітне поле 



302
EAST EUROPEAN JOURNAL OF PHYSICS. 1. 302-307 (2026)

DOI:10.26565/2312-4334-2026-1-35            ISSN 2312-4334

OPTIMIZATION OF A VACUUM THERMAL EVAPORATION SYSTEM 
FOR THE DEPOSITION OF Bi–Sb–Te THIN FILMS 

Bunyodjon U. Omonov1, Sherzod A. Maxmudov2† 
1Fergana State University, Fergana, Uzbekistan 

2Institute of Nuclear Physics, Tashkent, Uzbekistan 
*Corresponding Author e-mail: omonovbunyodjon.1994@gmail.com; †E-mail: makhmudov@inp.uz

Received September 25, 2025; revised January 11, 2026; accepted February 4, 2026 

In this study, thin films based on bismuth and antimony chalcogenides (Bi2Te3–Sb2Te3) 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 μm. 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 Bi2Te3–Sb2Te3-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 Bi2Te3 and Sb2Te3 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 Bi2Te3–Sb2Te3 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 Bi2Te3–Sb2Te3 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% Bi2Te3 – 75% Sb2Te3 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 × 10⁻³ 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 μm, 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 μm 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 Bi2Te3–Sb2Te3 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]. 

 

Figure 1. Schematic diagram of the main model of the UVN 71 P2 
apparatus 

Figure 2. Internal technological configuration of the 
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 1.33×10−1 Pa is achieved in the main chamber. Within the working chamber itself, the pressure typically 
ranges from (6.67×10−1 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 1.33×10−4 Pa [8]. 
 
4. MORPHOLOGY OF BISMUTH AND ANTIMONY CHALCOGENIDE-BASED THIN FILMS OBTAINED 

USING A THERMAL EVAPORATION VACUUM SYSTEM 
The thermoelectric performance of Bi2Te3–Sb2Te3-based thin films is commonly evaluated using the dimensionless 

figure of merit, ZT, defined as 

 𝑍𝑇 ൌ ௌమఙ்఑  (1) 

where S is the Seebeck coefficient, σ is the electrical conductivity, T is the absolute temperature, and κ 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 Bi2Te3–Sb2Te3 thin films. 

To investigate the surface topography of Bi2Te3–Sb2Te3 thin films, atomic force microscopy (AFM) was performed 
using a Solver-NEXT SPM 9700HT (Shimadzu). 

The AFM image acquired over a 5.0 × 5.0 μm scan area reveals the surface morphology of the sample with 
nanometer-scale resolution (Figure 3). 

 
Figure 3. 3D topographic image of a Bi2Te3–Sb2Te3-based thin film obtained over a 5.00 × 5.00 μm 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. 

 

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 μm. 
According to the measurement results, the horizontal distance was 6.71 μm, while the height difference amounted to 
0.790 μm. These indicators confirm the formation of a step-like structure on the surface relief. Such a morphology 
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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. 

 

Figure 5. Longitudinal surface profile of the synthesized film obtained using AFM in the range of 0–99.8 µm 

The longitudinal profile shown in Figure 5 demonstrates a gradual variation in surface topography over the range of 
0–99.8 μm, with a total height difference of 0.798 μm. 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 μm range indicate the presence of nanometer-
scale granular morphology. 

Based on the analysis, a dual-scale morphological structure was observed in the Bi2Te3–Sb2Te3-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: 
• Surface height variation: Maximum height differences in the range of 0.790–0.798 μm indicate the formation of 

a step-like relief during the film growth process. 
• 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. 
• Grain height: Local fluctuations indicate grain heights within the 50–150 nm range, which is further confirmed 

by high-resolution AFM imaging. 
• 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 Bi2Te3–Sb2Te3 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 Bi2Te3–Sb2Te3 thin films (magnification ×12,000) 
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In the SEM image presented in Figure 6 (magnification ×12,000, scale bar 1 μm), 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 Bi2Te3–Sb2Te3 thin films (magnification ×8,000) 

Figure 7. The SEM image (magnification ×8,000, scale bar 2 μm) 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 Bi2Te3–Sb2Te3-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 Bi2Te3–Sb2Te3-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 Bi2Te3–Sb2Te3-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 µm. 
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 Bi2Te3–Sb2Te3-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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ОПТИМІЗАЦІЯ ВАКУУМНОЇ ТЕРМІЧНОЇ ВИПАРУВАЛЬНОЇ СИСТЕМИ ДЛЯ ОСАДЖЕННЯ 

ТОНКИХ ПЛІВОК Bi–Sb–Te 
Буньоджон У. Омонов1, Шерзод А. Максмудов2 

1Ферганський державний університет, Фергана, Узбекистан 
2Інститут ядерної фізики, Ташкент, Узбекистан 

У цьому дослідженні тонкі плівки на основі халькогенідів вісмуту та сурми (Bi2Te3–Sb2Te3) були синтезовані за допомогою 
оптимізованої вакуумної системи термічного випаровування, а їхні морфологічні характеристики були ретельно досліджені. 
Результати атомно-силової мікроскопії (АСМ) виявили нанорозмірну зернистість на поверхні плівки (в діапазоні 50–150 нм) 
та чітку ступінчасту морфологію. Аналіз поздовжнього профілю показав, що варіації висоти знаходяться в діапазоні 
0,790-0,798 мкм. Спостереження скануючої електронної мікроскопії (СЕМ) підтвердили утворення зерен, більших частинок 
та поверхневих пустот, що вказує на дворівневу морфологічну структуру. Така структура є критично важливою для 
підвищення термоелектричної ефективності шляхом посилення розсіювання фононів, тим самим зменшуючи 
теплопровідність, зберігаючи при цьому властивості електронного транспорту. Результати дослідження демонструють, що 
тонкі плівки на основі Bi2Te3–Sb2Te3 мають високий науковий та практичний потенціал як термоелектричні матеріали. 
Ключові слова: тонка плівка; морфологія; атомно-силова мікроскопія; електронна мікроскопія; термоелектрична 
ефективність; наногранулярність; ступінчаста структура 
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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 
PACS: 61.43.Bn; 71.20.-b; 73.22. -f; 75.50. Gg; 75.50. Pp; 78.67. Ch 

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 SiCNTs, 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 H2SiCl2 [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 Schrödinger equation, DFT reformulates 
the problem in terms of the electron density, ρ(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 (ρ↑) and spin-down (ρ↓) components, allowing the evaluation of spin-
dependent interactions. The total spin magnetization (M) of the system is defined as: 

 [ ( ) ( )]M r r drρ ρ↑ ↓= − . (1) 

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 Ud of 5 eV was applied to the Si 
d-orbitals, while a Up 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 ρ↑ − ρ↓, 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 α-spin (spin-up) and β-spin (spin-down) components. The local spin 
magnetic moment on an atom A is defined as the difference between its α- and β-spin Mulliken populations: 

 A A AN Nα βμ = −  (2) 

where ANα  and ANβ  represent the numbers of spin-up and spin-down electrons assigned to atom A, respectively. 
A nonzero value of μA indicates the presence of a local magnetic moment. The sign and magnitude of μA 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: 

 ( )
( )2 2

/
nl nl i

i i

D E A
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α α
σ σ
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δ π
ε δ
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− +
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let iσε denote the one-electron energies, where i is index of the energy level, and σ represents the spin state. The 
function nl iAα

σ  refers to the atomic orbital localized on atom α.  
The total density of states (TDOS) is obtained by summing the projected density of states (PDOS) 

contributions for atom α at a given energy E. This requires a summation over all orbitals of atom α, characterized 
by the quantum numbers (n,l), as well as over both spin states (σ). The expression is typically written as Eq. (4): 
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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 1×1×5 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/Å for atomic forces and <0.001 eV/Å³ for cell 
stress. The valence electron configurations considered were: silicon (3s²3p², 4 valence electrons), carbon (2s²2p², 4 
valence electrons), and gallium (4s²4p¹, 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↑x/2; Ga↑x/2), 
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whereas in the AFM case, the spins were antiparallel (Ga↑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 GaXSi1-XC 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 SWSiCNTs, 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. 

  

 
Figure 1. Spin-polarized band structures (spin-up: black, spin-down: red) and the corresponding total density of states (TDOS) for 

the studied GaxSi1-xC NTs 

 
Figure 2. PDOS of C (a) and Ga (b) atoms in GaxSi1-xC nanotubes, with positive/negative values 

denoting majority/minority spin states 
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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 SWSiCNTs as promising candidates for spintronic 
devices, where spin-selective conductivity is essential. 
Table 1. Spin-resolved band gaps (↑, ↓) of Ga-doped SWSiCNTs at varying doping levels 

System Doping level Band gap (eV) Electronic Nature Remarks 
SWSiCNT (undoped) 0% 0.98 Semiconductor Previous work [21] 

SWSiCNT  
(Ga at Si site) 8.3% 

1.0 (↑), 
0.6 (direct) (↓), 

0.5 (indirect) (↓) 
Semiconductor 

Spin asymmetry; majority spin 
semiconducting, minority spin 
nearly metallic 

SWSiCNT  
(2 Ga at Si sites) 16.6% 1.2 (↑), 0 (↓) Half-metal Spin-down bands cross  

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 e). 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 GaxSi1-xC 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 μB, confirming the emergence 
of spin polarization (Fig. 3). Interestingly, the Ga atom itself carries a 
negative spin magnetic moment of −0.336 μB, 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 μB. Additional contributions come from C10 and C18, 
each exceeding 0.4 μB. In contrast, nearby Si atoms, such as Si13 and 
Si17, show negative spin moments of ~−0.5 μB, indicating antiparallel 
coupling with the polarized carbon atoms. This distribution suggests 
that magnetism in the single-doped system originates mainly from 
induced spin polarization on carbon atoms, partially compensated by 
negative contributions from Ga and its neighboring Si atoms. 

 
Figure 3. Spin-polarized structure of GaxSi1-xC 
nanotubes, with Si (beige), C (grey), Ga (pink), 

and magnetic moments (green arrows) 
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When two Ga atoms are introduced, the total spin magnetic moment nearly doubles to ~2.0 μB, suggesting largely 
additive contributions from each dopant. The Ga atoms exhibit stronger negative spin moments (~−0.57 μB), 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 μB, 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 μB) 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 (μB) of atoms in Ga-doped (6,0) SiCNTs at Si sites 

No. Element Spin Moment 
(1 Ga-doped) 

Spin Moment 
(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 SiCNTs in 
future spintronic and nanoelectronic applications. 

The formation energy Eform. was calculated using the following expression: 

 .form doped pristine Ga SiE E E n nμ μ= − − ⋅ + ⋅  (5) 

where Edoped and Epristine are the total energies of the doped and pristine nanotubes, respectively; μGa and μSi 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 eV, and 
−5.114380 eV, respectively. The total energy of the pristine nanotube, obtained from our calculations, was 
Epristine=−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 
Si11Ga1C12 8.3 -4046.11780 -64.21920 
Si10Ga2C12 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 (Eform.) 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.  

 
Figure 5. 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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ПЕРШОПРИНЦИПНІ ДОСЛІДЖЕННЯ ЕЛЕКТРОННИХ ТА МАГНІТНИХ ВЛАСТИВОСТЕЙ НАНОТРУБОК 

КАРБІДУ КРЕМНІЮ, ЛЕГОВАНИХ ГАЛІЄМ 
Вусала Набі Джафарова1, Хаяла Аждар Гасанова1,2, Аділя Адем Гулієва3, Вусала Іршад Емінова4, 

Іонут Крістіан Скурту5 

1Азербайджанський державний університет нафти та промисловості, 20 пр. Азаліг, AZ-1010, Баку, Азербайджан 
2Міністерство науки та освіти Азербайджанської Республіки, Інститут фізики, 

просп. Г. Джавіда, 131, AZ-1143, Баку, Азербайджан 
3Державний університет Нахчівана, AZ 7012 Нахчіван, Азербайджан 

4Франко-Азербайджанський університет (UFAZ) при Азербайджанському державному університеті нафти і 
промисловості Вулиця Нізамі, 183 AZ-1010, Баку Азербайджан 

5Військово-морська академія Мірчі Старшого, вулиця Фулгерулуй, 1, 900218, Констанца, Румунія 
Ця робота досліджує електронні та магнітні характеристики нанотрубок карбіду кремнію (SiCNT), легованих галієм (Ga), за 
допомогою першопринципних розрахунків. Розглянуто два рівні легування (8,3% і 16,6%), де атоми Ga заміщують атоми 
кремнію в одностінних (6,0) SiCNT. Аналіз спін-поляризованої зонної структури показує, що система змінюється від 
напівпровідникової при нижчому рівні легування до напівметалічної при вищих концентраціях, що свідчить про значний 
потенціал для застосувань у спінтроніці. Аналіз густини станів і зарядів за Бадером демонструє, що введення Ga змінює 
розподіл заряду та орбітальні взаємодії, зокрема між станами Ga 5d та C 2p. Розрахунки магнітного моменту показують, що 
Ga індукує локалізований магнетизм переважно на сусідніх атомах вуглецю, а загальна намагніченість зростає зі 
збільшенням рівня легування. Порівняння енергій для феромагнітної та антиферомагнітної конфігурацій вказує на 
антиферомагнітний основний стан, тоді як оцінка енергії утворення підтверджує термодинамічну сприятливість заміщення 
Ga у позиціях Si. Загалом отримані результати підкреслюють, що Ga-леговані SiCNT є перспективними та керовано 
налаштовуваними матеріалами для майбутніх наноелектронних і спінтронних пристроїв. 
Ключові слова: SiC:Ga, нанотрубка; магнітний момент; напівметалічний 
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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 
PACS: 73.63.Hs, 73.21.Fg, 73.21.−b 

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(T,ε) using the effective mass approximation as follows [1]: 

( ) ( ) ( ) ( )
2 2

* *

1 , ,
2 , ,

e eH p A r V z T
cm T T r

ε
ε ε ε

 = + + −  

  
(1)

where, 𝑝⃗ is the momentum of the electron, ( )A r
 

 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 ( ),0,0B B=


and ( )0, ,0zA B=


, and c is the speed of light.

The effective mass ( )* ,m Tε  and the dielectric constant ( )* ,Tε ε  are functions of the distance between the electron

and donor particles in the XOY plane, expressed by 2 2 2( ) ( ) ( )i i ir x x y y z z= − + − + − . z and zi 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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E T E T

ε

ε ε

=
 

+ + + Δ  

  (2) 

where 0m  is the free electron mass, 7.51Г
pE eV=  is the energy associated with the momentum matrix element for T=0, 

0Δ  is the spin-orbit splitting. For GaAs, the spin–orbit splitting parameter is ΔSO=0.34 eV [20]. And ( ),Г
pE Tε  is the 

deformation and temperature-dependent energy band for the quantum well in units of Г-eV, which was found by scientists 
in works [19-24]. Here, Γ-eV denotes the deformation- and temperature-dependent energy shift of the band edges 
expressed in electron-volts. 

 ( ) ( ) 2 5 2, 0, 1.26*10 3.77 *10Г Г
p gE T E Tε ε ε− −= + −   (3) 

Here, ( ) 4 20, 1.519 (5.405*10 ) / ( 204)Г
gE T T T eV−= − +  

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

 ( )
3 5

3 5

1.7*10 9.4*10 ( 75.6)
*

1.7*10 20.4*10 ( 300)

( )12.74 ; 200
,

( )13.18 ; 200

T

T

i e e for T K
T

ii e e for T K

ε

ε
ε ε

− −

− −

− −

− −

 <= 
≥

  (4) 

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 

levels of charged particles: 1
2N c LE Nω  = + 

 
 . 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 Schrödinger equation in a quantizing 
magnetic field. 

 ( )( ) 0SH K H E F+ − =   (5) 

where, eK k A
c

= +


 is the total momentum, H=rotA; the wave function in the F-effective mass approximation [25]. 

In the effective mass approximation (5), it is sufficient to restrict the expression H(K) in the Schrödinger 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 Schrödinger equation (5) reduces to the following expression for the effective mass tensor 
in the principal coordinate axes: 

 
2

2 0
2 i

i i

K E F
m

 
− = 

 
    (6) 

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

 
2 2

2
2

1
2 2N c zE N n

md
πω  = + + 

 

 , (7) 

here, 

 *c
eB
m

ω =  (8) 

It is known from work [26] that the cyclotron effective mass varies with deformation. For example, in work [26], 

the graph of the 
*

0

( )cm
m

ε
 
function is presented (Fig. 1). 
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Figure 1. Cyclotron mass dependence of p-type silicon on deformation [26] 

This figure shows the dependence of p-type germanium on 
*

0

( )cm
m

ε . It can be seen from this figure that 
*

0

( )cm
m

ε  is 

linearly dependent on strain (ε) 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: 

 
2 2

2 2 2
2

1( , , , ) ( )
2 2

d d
c L z g L c z

e

E B N n d E N n
m d

πω= + + +   (9) 
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2 2
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For the quadratic dispersion law [40]: 
2 2

2
kE m=  , then 2 2 2( ),zS k k kπ π⊥= = −  

 
2

.
2c

Sm m
Eπ

∂= =
∂

  (11) 

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: 

 ( )
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2 2
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,

1
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L z
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g L c z

ed
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N n

E E N n
m deBN E B T d
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∞

     − + + +        = ⋅ ⋅ − 
 
 
 






 (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 (uii) of the crystal lattice becomes a scalar (u), and the lattice 
constant changes as follows: 

 ' (1 )a a 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 min 0( ) ( )W a W a=  condition is introduced, then the value of the potential energy W 
should also increase in the special limits a<a0 and a>a0. 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: 

 0

0

1
P
εα

ε
∂Δ

= − −
Δ ∂

. (14) 

Then 

 0( ) (1 )P Pε ε αΔ = Δ − . (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 Ec and the ceiling of the valence band Ev. 

Under the influence of weak deformation 

 
( ) (0)
( ) (0)

c c c

v v v

E E
E E

ε ε
ε ε

= + Δ
= + Δ

. (16) 

Using the condition ( ) ( ) ( )g c vE E Eε ε ε= − and according to (16), the following equation is derived: 

 ( ) (0)g gE Eε ε= + Δ , (17) 

where Δc and Δv 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(ε) leads to a change in the energy density of 
states of this quantum well. Then, substituting (17) into (12), we obtain the following 2 ( , , , )d

sN E B Tε : 
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 






 (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, Eg(0)=1.52 eV [42-43], B=7 T, ε=0.001. With these parameters, the 

2 ( , , )d
sN E B ε  under the effects of ε=0 and ε=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: 
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The dependence of effective masses on deformation can be expressed as follows [44-45]: 
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Using (18), (19), (20), (21) and the 2 ( , )d
H B Tρ

 
and 2 ( , )d

H B Tχ  mathematical models in [46-47], the following 
expression is derived: 
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If the deformation is equal to or greater than the critical value (ε ≥ εk), 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. 

Figure 3. Oscillations of ρ(B,T,ε) 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 2 ( , , )d B Tρ ε
 and 2 ( , , )d B Tχ ε  of quantum coils subject to the law of parabolic dispersion at the same time. 

Figure 4. The dependence of the magnetoresistance of a 
GaAs quantum well on deformation ρ(B,T,ε) 

Figure 5. Dependence of magnetic susceptibility of a GaAs 
quantum well on deformation χ(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 ( )( )2 , , ,d

SN E B T ε . 
3. The quantum oscillation effects of a quantum well were studied theoretically using the proposed analytical 

expression. 
4. Methods for calculating 2 ( , , )d B Tρ ε  and 2 ( , , )d B Tχ ε  of a quantum well using ( )2 , , ,d

SN E B T ε  were 
developed. 
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ВПЛИВ ДЕФОРМАЦІЇ НА КВАНТОВІ КОЛИВАННЯ В НИЗЬКОВИМІРНИХ НАПІВПРОВІДНИКАХ 

У.Ш. Турдієв1, М.Г. Дадамірзаєв2, У.І. Еркабоєв2, Р.Г. Рахімов2, М.М. Турсунов2, К.А. Теміров2, Ш.Х. Уткіров1 
1Ташкентський хіміко-технологічний інститут, філія Янгієр, 121001 Сирдар'я, Узбекистан 

2Наманганський державний технічний університет, 160115 Наманган, Узбекистан 
У цій статті розглядається вплив деформації на рівні Ландау електронів та дірок у квантових напівпровідниках. Застосовано 
вплив деформації на температурну залежність квантових коливальних ефектів у малорозмірних напівпровідниках, що 
підпорядковуються квадратичному закону дисперсії. Також теоретично пояснено залежність поверхневої густини станів від 
температури та магнітного поля для напівпровідникових гетероструктурних матеріалів. Запропоновано новий аналітичний 
вираз для розрахунку впливу магнітного поля на поверхневу густину станів на межі напівпровідник-діелектрик. Розроблено 
математичну модель для визначення впливу сильного магнітного поля на температурну залежність поверхневої густини 
станів у напівпровідникових гетероструктурах. В результаті, на основі запропонованої моделі пояснюється розділення 
неперервних енергетичних спектрів, виміряних при кімнатній температурі під впливом сильного магнітного поля, на 
дискретні рівні при низьких температурах. 
Ключові слова: напівпровідник; провідність; квантова яма; магнітоопір; магнітне поле 
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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 oC 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/Cu15Si4/Si film was measured using SEM. Also, a 
Cu15Si4 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℃, a 75 nm-thick Cu15Si4 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: Cu₁₅Si₄; Ion-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/α-Si 
systems based on amorphous silicon. It has been found that the reaction between copper and amorphous silicon initially 
forms the η″-Cu₃Si phase, which then proceeds to the γ-Cu₅Si phase [16-19]. Although the Cu₁₅Si₄ phase is 
thermodynamically stable, its formation is kinetically limited. This means that there is insufficient information to fully 
elucidate the formation mechanism of the Cu₁₅Si₄ 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 Cu₁₅Si₄ 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 Cu₁₅Si₄/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 467oC. 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 4.1×10⁻⁶ Torr, while the chamber pressure during ion bombardment was maintained at 1.8×10⁻³ 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/cm² for the Cu 
target were 17 Å/s, D=70%, respectively. Furthermore, the formation of a Cu₁₅Si₄ 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 Cu₁₅Si₄ 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.  

 
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 Cu₁₅Si₄ 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 
Cu₁₅Si₄ silicide phase. According to the SEM results, the islands in the initial Cu film interacted with silicon during 
heating, forming a more homogeneous, continuous Cu₁₅Si₄ 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. 

 
Figure 2(a). SEM image of a copper film formed by 

DCMS on a Si(111) surface (before annealing). 

 
Figure 2(b). SEM image of a copper silicide film 
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 Cu₁₅Si₄ 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 Cu₁₅Si₄ 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 Cu₁₅Si₄ phase. As a result, a more homogeneous, structurally stable, and well-crystallized silicide 
film was formed. The thickness of the resulting heteroepitaxial Cu/Cu15Si4/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 Cu15Si4 film was formed under a 130 nm-thick copper layer.  

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

 

Figure 4. SEM image of Cu/Cu15Si4/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 Cu₁₅Si₄ 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 Cu₁₅Si₄ 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 



329
Formation of Cu15Si4/Si Nanophase Films on Silicon Surfaces   EEJP. 1 (2026)

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. 

 
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 
 

 
Figure 6. Surface roughness image of Cu15Si4 thin film formed by the DCMS method. 

  
a) b) 

Figure 7. Surface morphology of Cu15Si4 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[µm] Width[µm] Height[µm] 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.  

 
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 (~5×10⁴ S/cm) are lower 
than those of pure metallic copper but are in the range of values typical of metal silicides, in particular the Cu₁₅Si₄ 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 Cu₁₅Si₄ 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 Cu₁₅Si₄ phase, offering 
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improved control over phase composition and interfacial structure. The resulting heterostructures exhibit well-defined 
Cu/Cu₁₅Si₄/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 Cu₁₅Si₄ phase. The Cu₁₅Si₄ 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 Cu₁₅Si₄ silicide layers for applications in silicon-based 
microelectronic devices, including metal–oxide–semiconductor transistors and high-speed integrated circuits. 
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ФОРМУВАННЯ НАНОФАЗНИХ ПЛІВОК Cu15Si4/Si НА КРЕМНІЄВИХ ПОВЕРХНЯХ 
К. Довранов1, М. Нормурадов1, Х. Давранов1, А. Хусанов1, Г. Шодієв1, Г.Т. Рузієва2, Е. Карімов1, Р. Йоркулов3 

1Каршинський державний університет, Карші, Узбекистан, 180119 
2Термезький університет економіки та сервісу, Термез, Узбекистан, 190100 

3Університет економіки та педагогіки, Карші, Узбекистан, 180100 
Ми повідомляємо про формування наноплівок силіциду міді з використанням різних режимів магнетронного розпилення. 
Тонкі плівки силіциду міді були сформовані шляхом розпилення Cu на поверхню Si(111), нагріту до 467°C у високому 
вакуумі, використовуючи метод середньої RFMS на частоті 100 кГц та з ефективністю D = 70%. Товщину отриманої 
гетероепітаксіальної плівки Cu/Cu15Si4/Si було виміряно за допомогою скануючої електронної мікроскопії (СЕМ). Також 
плівку Cu15Si4 було сформовано шляхом термічного відпалу наноплівок Cu/Si(111) у вакуумі при 800 K протягом 1,5 годин 
за допомогою методу DCMS. Товщину та морфологію поверхні отриманих зразків було досліджено за допомогою СЕМ. 
Формування силіцидних плівок підтверджено результатами енергодисперсійних спектрів. Формування плівки силіциду міді 
(Cu) залежить від розміру кристалів міді та температури підкладки, і при 467℃ під шаром міді товщиною 130 нм було 
сформовано плівку Cu15Si4 товщиною 75 нм. Ці результати дають нове розуміння механізмів, що регулюють реакції на межі 
розділу мідь-кремній, та підкреслюють потенціал наноплівок силіциду міді для покращення продуктивності транзисторів 
метал-оксид-напівпровідник та високошвидкісних інтегральних схем. 
Ключові слова: Cu₁₅Si₄; іонна плазма; силіцидні плівки; RFMS; магнетронне розпилення 
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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 = 10²³ m⁻³, maximum potential rises from 1.95 → 2.85 V (planar) and
2.45 → 3.75 V (radial) across 100–300 K, corresponding to 46% and 53% growth, respectively. Peak electric fields reach
3.2×10⁶ V·m⁻¹, 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 (e⁻) 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: 𝜌=𝑓(𝑥,𝑦,𝑧) (often simplified as 𝜌=𝑓(𝑥) due to 1D variation). Cylindrical (radial) p–n junction: 𝜌=𝑓(𝑟,𝜃,𝑧) (with symmetry usually 𝜌=𝑓(𝑟,𝑧) or even 𝜌=𝑓(𝑟)). Here, ρ 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(r,θ,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): 2

0

( , )( , )
Si

x yx y
ε

ϕ ρ
ε

∇ = −
⋅

Where φ(x,y) is the electrostatic potential, 

ρ(x,y) is the space charge density, and Siε is dialectric constant of the Si, 12 1
0 8.85 10  F mε − −= ⋅ ⋅  electrical constant. 

Dirichlet boundary condition: The potential directly on the boundary: 0( , )  ( , ) Dx y for x yϕ ϕ= ∈ ∂Ω .Neumann boundary 

condition: The derivative (normal gradient) of the potential on the boundary: ( , )  ( , ) Ng x y for x y
n
ϕ∂ = ∈ ∂Ω

∂
. Where 

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): 
2

2
0

1 ( , )
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r zr
r r r z

φ φ ρ
ε ε
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. Where φ(r,z) is the electrostatic 

potential and ρ(r,z) is the space charge density. Dirichlet conditions: At the top electrode (z=ztop): ( , )top appr z Vϕ = . At the 

bottom electrode (z=zbottom): ( , ) 0bottomr zϕ = . Neumann conditions: At symmetry axis r=0, 0 0|rr
ϕ

=
∂ =
∂

. Dirichlet 

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. 
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 for the p- depletion region (3a) 

( )
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⋅
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 for the n-depletion region (3b) 

Here, q denotes the elementary charge. The material parameters used in Eqs. (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  ( ),  A DE E meV  ( )3
CN cm−  3( )VN cm−  ( )3

in cm−  ,D Ag g  ε  ,p nβ β  

Si 1.12 45 2.8∙10¹⁹ 1.04∙10¹⁹ 1.5∙10¹⁰ 4 11.7 1 
 

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

2 2

2 2
0

( , )
Si

x y
x y

ϕ ρ
ε ε

ϕ∂ ∂+ = −
⋅∂ ∂

  

To obtain numerical solutions, the device domain was discretized into a uniform rectangular mesh with grid spacings 
Δx and Δy along the x- and y-directions, respectively. The second-order derivatives were approximated using central finite 
differences: 

 
2 2

1, , 1, , 1 , , 1
, ,2 2 2 2

2 2
,

( ) ( )
| |i j i j i j i j i j i j
i j i jx x y y

ϕ ϕ ϕ ϕ ϕ ϕϕ ϕ+ − + −− + − +∂ ∂≈ ≈
∂ Δ ∂ Δ

 

Substituting these into the Poisson equation gives the discrete form: 

1, , 1, , 1 , , 1 ,
2 2

0

2 2
( ) ( )

i j i j i j i j i j i j i j

Six y
ϕ ϕ ϕ ϕ ϕ ϕ

ε ε
ρ+ − + −− + − +

+ = −
⋅Δ Δ

 

For a uniform grid (Δx=Δy=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

2
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1 ( , ) ,( )
Si

r zr
r r r z

ϕ ϕ ρ
ε ε

∂ ∂ ∂+ = −
∂ ∂ ⋅∂

 

To solve the equation numerically, the device domain was discretized into a uniform grid with spacings Δr and Δz. 
Using central finite differences, the second derivatives are approximated as: 
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and the first-order term in r is discretized as: 
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The resulting discrete equation for each grid point (i,j) becomes: 
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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 = 1×10²³ m⁻³), the built-in potential reaches 
approximately 0.7 V, while the depletion region is relatively narrow, around 0.1 µm. This narrow depletion width 
generates a steep potential gradient at the junction, corresponding to a strong electric field (~7×10⁶ V/m), which facilitates 
rapid separation of electron–hole pairs. 

 
Figure 2. Electrostatic potential distribution across the planar p–n junction based on Si for different doping concentrations 

(a) Nd = Na = 1×10²³ m⁻³, (b) Nd = Na = 1×10²² m⁻³ 
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In the lower-doped planar junction (Nd = Na = 1×10²² m⁻³, Figure 2b), the built-in potential decreases to ~0.22 V, 
while the depletion width expands to ~0.32 µm, representing a ~190% increase compared to the high-doped case 
(0.11 µm, Nd = Na = 1×10²³ m⁻³). The corresponding electric field weakens to ~0.7×10⁶ V/m, a reduction of ~90% relative 
to the high-doped planar junction (~7×10⁶ 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 ~4–5× 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 = 
1×10²³ m⁻³, Figure 3a), the maximum potential reaches ~0.36 V, with a peak electric field of ~3.2×10⁶ V/m and a depletion 
width of ~0.25 µm. In contrast, at Nd = Na = 1×10²² m⁻³ (Figure 3b), the maximum potential drops to ~0.12 V, the peak 
electric field decreases to ~1.0×10⁶ V/m, and the depletion width broadens to ~0.78 µm. 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 µm, 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 = 1×10²³ m⁻³, the peak field in 
radial junctions (~3.2×10⁶ V/m) is ~12% higher than in the planar case (~2.85×10⁶ V/m), while the maximum potential 
is ~8% higher. At lower doping (Nd = Na = 1×10²² m⁻³), the radial peak field (~1×10⁶ V/m) is ~10% higher than the 
planar junction (~0.9×10⁶ V/m). Overall, these results quantify the combined influence of doping and geometry: High 
doping (1×10²³ m⁻³): planar φmax = 0.35–0.36 V, radial φmax = 0.36–0.38 V; peak electric field planar = 3×10⁶ V/m, 
radial = 3.2×10⁶ V/m; depletion width ~0.25–0.26 µm. Intermediate doping (1×10²².5 m⁻³): planar φmax = 0.22–0.28 V, 
radial φmax = 0.25–0.30 V; peak field planar = 1.2–1.5×10⁶ V/m, radial = 1.5–1.7×10⁶ V/m; depletion 
width ~0.32-0.45 µm. Low doping (1×10²² m⁻³): planar φmax = 0.12 V, radial φmax = 0.14 V; peak field 
planar = 0.7×10⁶ V/m, radial = 0.8×10⁶ V/m; depletion width ~0.32–0.78 µm. 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. 

 
Figure 3. Electrostatic potential distribution across the radial p–n junction based on Si for different doping concentrations 

(a) Nd = Na = 1×10²³ m⁻³, (b) Nd = Na = 1×10²² m⁻³ 

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=1×1023 m−3), the maximum potential difference across the junction 
reaches ~0.35 V, with a depletion width of ~0.26 µm. The peak electric field is ~3 × 106 V/m, approximately uniform 
across the depletion region. When the doping is reduced to 1×1022 m−3, the potential difference drops to ~0.12 V, while 
the depletion width expands to ~0.80 µm, and the peak field decreases to ~1×106 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 (1×1023 m−3), the maximum potential slightly increases to 0.36 V, while the 
depletion width is ~0.25 µm, and the peak electric field reaches ~3.2 × 106 V/m, slightly higher than the planar case. At 
lower doping (1×1022 m−3), the potential reduces to 0.12 V, and the depletion region broadens to ~0.78 µm, with the peak 
field decreasing to ~1 × 106 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 µm vs 0.26 µm for planar), while at low doping, 
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the widening (~0.78 µm vs 0.80 µm) 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 φmax as a function of temperature for planar and radial p–n junctions, respectively, with three 
representative doping concentrations (Nd = Na=1024,1023,1022 m−3). 

For planar junctions (Fig. 4a), φmax decreases monotonically with increasing temperature. The highest doping 
(1024 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 
(1023 m−3) and low (1022 m−3) 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 Neff with temperature, producing the observed 
decrease in φmax. 

The radial junctions (Fig. 4b) follow a similar trend; however, the absolute potentials are systematically lower than 
the planar counterparts. For ND=NA=1024 m−3, φmax 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 (1023 and 1022 m−3) exhibit minimal temperature dependence, 
consistent with the planar case. 

 
Figure 4. Maximum electrostatic potential (φmax) 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 φmax 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=1024,1023,1022 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 φmax with increasing temperature, more 
pronounced at higher doping levels. Radial junctions exhibit systematically lower φmax 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 φmax 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 φmax over the given temperature range. 

Doping ND=NA=(m−3) Planar φmax (50–300 K) [V] Radial φmax (K) [V] Relative Drop (%) 
1024 0.98 → 0.82 0.88 → 0.74 16–18 
1023 0.31 → 0.28 0.27 → 0.25 8 
1022 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 (φmax) variation with temperature and doping concentration considering incomplete ionization. 

Doping (m⁻³) Temperature (K) φmax Planar (V) φmax Radial (V) 

1∙10²¹ 
100 0.05 0.07 
200 0.06 0.08 
300 0.06 0.09 

1∙10²² 
100 0.35 0.42 
200 0.47 0.55 
300 0.58 0.68 

1∙10²³ 
100 1.95 2.45 
200 2.40 3.10 
300 2.85 3.75 

Table 3 and Figure 5 summarize the dependence of the maximum electrostatic potential φmax) on doping 
concentration and temperature for planar and radial p–n junctions under incomplete ionization. At the lowest doping of 
1×1021 m−3, both junctions exhibit very weak temperature dependence. For planar structures, φmax 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 1×1022 m−3, 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 1×1023 m−3, 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 to 3.75 V, a ~53% enhancement.  

 
Figure 5. Temperature and doping concentration dependence of the maximum potential φmax 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 (1×10²¹ m⁻³), the maximum potential (φmax) 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 (1×10²² m⁻³): Planar φmax 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 
(1×10²³ m⁻³): Planar junctions increase from 1.95 V to 2.85 V, a ~46% rise. Radial junctions grow from 2.45 V to 3.75 V, 
a ~53% enhancement. Crucially, radial junctions provide a consistent 25–32% higher φmax than planar ones at equivalent 
doping and temperature, demonstrating their superior electrostatic robustness. Temperature Effects: The relative 
variation of φmax 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 φmax in radial junctions suggests improved charge separation, higher built-in barrier height, and stronger 
suppression of leakage currents compared to planar structures. At 1×10²³ m⁻³ and 300 K, the radial φmax (3.75 V) is 32% 
larger than the planar φmax (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 φmax 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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МАТЕМАТИЧНЕ МОДЕЛЮВАННЯ ЕЛЕКТРОСТАТИЧНОГО ПОТЕНЦІАЛУ В РАДІАЛЬНИХ І ПЛАНАРНИХ 

p-n ПЕРЕХОДАХ: ПОРІВНЯЛЬНЕ ДОСЛІДЖЕННЯ 
Дільдора А. Каландарова1, Мадінабону Ш. Ібрагімова1, Джошкін Ш. Абдуллаєв2, Іброхім Б. Сапаєв2,3,4,5 

1Ургенчський державний університет, вулиця Хаміда Олімджона, 14, Ургенч, 220100 Узбекистан 
2Національний дослідницький університет ТІІАМ, кафедра фізики та хімії, Ташкент, Узбекистан 

3Західно-Каспійський університет, Баку, Азербайджан 
4Ташкентський університет прикладних наук, вулиця Університетська, 28, Ташкент 100095, Узбекистан 

5Інженерний факультет, Центральноазіатський університет, Ташкент 111221, Узбекистан 
Ця робота представляє комплексне математичне та чисельне дослідження електростатичного потенціалу в планарних та 
радіальних кремнієвих p–n переходах з урахуванням взаємодії геометрії пристрою, температури та неповної іонізації 
легуючих домішок. Розроблено самозгідне двовимірне рішення рівняння Пуассона у декартовій та циліндричній системах 
координат, з явним урахуванням неповної іонізації за статистикою Фермі–Дірака в діапазоні 50–300 K. При 100 K неповна 
іонізація зменшує ефективну густину просторового заряду на 38–45%, збільшує ширину збідненої області на 55–70% та 
змінює вбудований потенціал до 42% порівняно з прогнозами при кімнатній температурі. Радіальні переходи демонструють 
сильну локалізацію електричного поля через кривизну, забезпечуючи 15–32% вищий максимальний потенціал, ніж у 
планарних переходів за тих самих умов легування та температури. Для N = 10²³ м⁻³ максимальний потенціал зростає з 1.95 → 
2.85 В (планарний) та 2.45 → 3.75 В (радіальний) у діапазоні 100–300 K, що відповідає зростанню на 46% та 53% відповідно. 
Пікові значення електричного поля досягають 3.2 × 10⁶ В·м⁻¹, при цьому радіальні переходи перевищують планарні на ~7-12%, 
демонструючи стабільно 25–32% сильніше електростатичне обмеження. Ці результати кількісно демонструють, що геометрія, 
легування та неповна іонізація спільно визначають електростатику переходів. Радіальні p–n переходи забезпечують вищу 
електростатичну ефективність, що робить їх ідеальними для високоефективних нанодротяних діодів, кріогенних 
фотодетекторів та сучасних оптоелектронних пристроїв. 
Ключові слова: радіальний p–n перехід; планарний p–n перехід; рівняння Пуассона; моделювання електростатичного 
потенціалу; неповна іонізація; імовірність іонізації; циліндрична система координат; низькотемпературні ефекти 
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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 1×10¹⁸ cm⁻³. 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 Schrödinger 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 a₀ 5.431 5.653 Å 
Density Ρ 2.33 5.32 g/cm³ 
Atomic weight — 28.09 144.64 — 
Relative permittivity (static) εr 11.7 12.9 — 
Band gap (300 K) Eg 1.12 (indirect) 1.42 (direct) eV 
Band gap at 0 K Eg(0) 1.17 1.519 eV 
Varshni parameter α α 4.73×10⁻⁴ 5.41×10⁻⁴ eV/K 
Varshni parameter β β 636 204 K 
Electron affinity χ  4.05 4.07 eV 
Conduction band effective DOS Nc 2.8×10¹⁹ 4.7×10¹⁷ cm⁻³ 
Valence band effective DOS Nv 1.04×10¹⁹ 7.0×10¹⁸ cm⁻³ 
Intrinsic carrier concentration in  1.5×10¹⁰ 2.1×10⁶ cm⁻³ 

Electron effective mass *
hm  0.26 m₀ (trans.) 0.067 m₀ — 

Hole effective mass *
em  0.55 m₀ 0.5 m₀ — 

Electron mobility μn 1350 8500 cm²/V·s 
Hole mobility μp 480 400 cm²/V·s 
Electron diffusion coefficient Dn 35 220 cm²/s 
Hole diffusion coefficient Dp 12 10 cm²/s 
Saturation velocity satv  1×10⁷ 2×10⁷ cm/s 
Thermal conductivity κ  1.5 0.46 W/cm·K 
Thermal expansion coefficient Tα  2.6×10⁻⁶ 5.7×10⁻⁶ K⁻¹ 
Melting point Tm 1414 1238 K 
Specific heat capacity Cp 0.70 0.35 J/g·K 
Refractive index (λ = 1 µm) n  3.48 3.3 — 
Energy gap type — Indirect (Γ–X) Direct (Γ–Γ) — 

The fundamental (intrinsic) bandgap energy, ( )gE 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 , ( )g effE T   that depends on: Temperature (T), Doping 
concentration (ND, NA), Bandgap energy narrowing (BGN), Carrier–carrier and impurity interactions. Temperature 
dependence – Varshni’s equation (1) [17]. 

 
2

( ) (0)g g
TE T E

T
α

β
= −

+
 (1) 

Where ( )0gE is the bandgap energy at 0 K. The empirical parameters used were α = 4.73×10⁻⁴ eV/K and β = 636 K for 
Si, and α = 5.405×10⁻⁴ eV/K and β = 204 K for GaAs. Bandgap energy narrowing (due to heavy doping): When doping 
is high (≥10¹⁸ cm⁻³), impurity band formation and many-body effects cause a reduction in bandgap energy [25]: 

 , ( ( ))g eff g BGNE TT E E= − Δ   (2) 

where BGNEΔ  bandgap energy narrowing term ( )gE 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 ( )gE T  of Si is 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 ( )gE T as a result of thermal lattice expansion and enhanced electron–phonon coupling. At room temperature 
(300 K), ( )gE 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 
(α = 5.405 × 10ିସ eV/K) and smaller temperature parameter (β = 204 K) compared to Si (α = 4.73 × 10ିସ eV/K,β =636 K). When the doping concentration increases from 1 × 10ଵ଻to 1 × 10ଵ଼ cmିଷ[17], the effective bandgap energy 

, ( )g effE 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 , ( ) 1.08 1.09g effE T eV= − for Si and 1.38–1.40 eVfor GaAs. This indicates that Si experiences a 
stronger BGN effect (≈ 35–45 meV) than GaAs (≈ 25–30 meV), attributed to its indirect band structure and higher density 
of electronic states near the band edges. 

 
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) 𝑁ௗ = 𝑁௔ = 1 × 10ଵ଻ cmିଷ;(b) 𝑁ௗ = 𝑁௔ = 1 × 10ଵ଼ cmିଷ. 

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 Nୢ = Nୟ = 1 × 10ଵ଻ cmିଷ[Fig. 1(a)] 
and 1 × 10ଵ଼ cmିଷ[Fig. 1(b)] over a wide temperature range from 4 K to 400 K. 

The combined influence of temperature and doping on ( )gE T and ( ),g effE 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 ( )gE T and ( ),g effE T strongly affects the intrinsic carrier concentration n୧ ∝ exp (−E୥/2kT), 
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 µm. 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 (ε ≈ 11.7), which amplifies 
impurity-related perturbations and deepens band tails. GaAs, characterized by a direct Γ-valley conduction band and 
higher dielectric constant (ε ≈ 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 = 10ଵ଼ cmିଷ alters the built-in potential (Vୠ୧) 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 ( ),g effE 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. 

 
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 10–400 K and the doping 
concentration range of 10¹⁴–10¹⁸ cm⁻³. 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 ( )gE 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 × 10ିସ eV/K.  This 
relatively weak temperature dependence arises from the large Varshni parameter 𝛽Si = 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 ( ),g effE T decreases further. At a moderate doping level of N = 10¹⁶ cm⁻³, the bandgap energy reduction is 
approximately 0.01 eV, whereas at N = 10¹⁸ cm⁻³, it reaches 0.06–0.07 eV. Consequently, 𝐸௚,efffor 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 β parameter (𝛽GaAs = 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 × 10ିସ 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 ( ),g effE T  drops to about 1.47 eV for N = 10¹⁶ cm⁻³ and further to 1.43 eV for N = 10¹⁸ cm⁻³, 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. 

 
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 = 10ଵ଼ cmିଷ, 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 
(cm⁻³) 

ΔE₍BGN₎ 
Si: (eV) 

Si: 
nᵢ (cm⁻³) 

Si: 
nᵢ,eff (cm⁻³) 

ΔE₍BGN₎ 
GaAs: (eV) 

GaAs: 
nᵢ (cm⁻³) 

GaAs: 
nᵢ,eff (cm⁻³) 

1×10¹⁴ 3.0×10⁻⁴ 1.50×10¹⁰ 1.51×10¹⁰ 1.1×10⁻⁵ 1.90×10⁶ 1.90×10⁶ 
1×10¹⁵ 1.0×10⁻³ 1.50×10¹⁰ 1.53×10¹⁰ 1.1×10⁻⁴ 1.90×10⁶ 1.90×10⁶ 
1×10¹⁶ 1.0×10⁻² 1.50×10¹⁰ 1.82×10¹⁰ 1.03×10⁻³ 1.90×10⁶ 1.94×10⁶ 
1×10¹⁸ 6.0×10⁻² 1.50×10¹⁰ 4.79×10¹⁰ 2.60×10⁻² 1.90×10⁶ 3.14×10⁶ 
1×10¹⁹ 1.0×10⁻¹ 1.50×10¹⁰ 1.04×10¹¹ 5.01×10⁻² 1.90×10⁶ 5.00×10⁶ 

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 3101.5 10in cm−= ⋅ is approximately four orders of magnitude 
higher than that of GaAs 6 31.9 10 cm−⋅ , primarily due to Si’s smaller bandgap energy. When the doping concentration 
rises from 3141 10 cm−⋅ to 19 35 10 cm−⋅ , Si exhibits a nearly sevenfold increase in its effective intrinsic concentration from 

3101.51 10 cm−⋅ to 3111.04 10 cm−⋅ driven by a substantial bandgap energy reduction of 0.01 BGNE eVΔ ≈ . In contrast, GaAs 
experiences only a 2.6-fold enhancement 6 31.9 10 cm−⋅ to 6 35.0 10 cm−⋅ with a smaller 0.05 BGNE eVΔ ≈ . 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 1×10¹⁴ to 
1×10¹⁹ cm⁻³. 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 = 1×10¹⁹ cm⁻³, corresponding to ΔEBGN ≈ 0.10 eV. In contrast, gallium arsenide (GaAs) shows 
a smaller reduction from 1.424 eV to 1.374 eV (ΔEBGN ≈ 0.05 eV) under the same doping conditions. The effective 
intrinsic carrier concentration in Si rises sharply from 1.5×10¹⁰ cm⁻³ (intrinsic) to 1.0×10¹¹ cm⁻³ at N = 1×10¹⁹ cm⁻³—a 
nearly sevenfold enhancement. In GaAs, the corresponding increase is more moderate from 1.9×10⁶ cm⁻³ to 5.0×10⁶ cm⁻³ 
(a 2.6× growth). At moderate doping (N = 1×10¹⁶ cm⁻³), Si experiences ΔE₍BGN₎ ≈ 1.0×10⁻² eV and nᵢ,eff ≈ 1.8×10¹⁰ cm⁻³, 
whereas GaAs shows ΔE₍BGN₎ ≈ 1.0×10⁻³ eV and nᵢ,eff ≈ 1.9×10⁶ cm⁻³ demonstrating nearly an order of magnitude weaker 
dependence on impurity concentration. This disparity originates from Si’s higher effective density of states 
(Nc ≈ 2.8×10¹⁹ cm⁻³, Nv ≈ 1.04×10¹⁹ cm⁻³) and its indirect band structure, which enhances carrier–carrier and impurity 
interactions. GaAs, with Nc ≈ 4.7×10¹⁷ cm⁻³ and Nv ≈ 7.0×10¹⁸ 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 ΔE₍BGN₎ and nᵢ,eff 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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КРІОГЕННІ МАТЕРІАЛЬНІ ТА ЕЛЕКТРОФІЗИЧНІ ЗМІНИ В Si ТА GaAs 
Джонібек Ш. Абдуллаєв1, Мадінабону Ш. Ібрагімова1, Джошкін Ш. Абдуллаєв2, Іброхім Б. Сапаєв2,3,4,5 

1Ургенчський державний університет, вулиця Хаміда Олімджона, 14, Ургенч, 220100 Узбекистан 
2Національний дослідницький університет ТІІАМ, кафедра фізики та хімії, Ташкент, Узбекистан 

3Західно-Каспійський університет, Баку, Азербайджан 
4Ташкентський університет прикладних наук, вулиця Університетська, 28, Ташкент 100095, Узбекистан 

5Інженерний факультет, Центральноазіатський університет, Ташкент 111221, Узбекистан 
У цьому дослідженні систематично вивчено кріогенну поведінку кремнію (Si) та арсеніду галію (GaAs) у температурному 
діапазоні 4–300 K та при концентраціях легування від власних до 1×10¹⁸ см⁻³. Встановлено еволюцію фундаментальної та 
ефективної ширини забороненої зони: у Si вона зростає від 1,12 до 1,17 еВ, а у GaAs — від 1,42 до 1,51 еВ при зниженні 
температури від 300 K до 4 K. Визначено енергії активації донорів і акцепторів, які демонструють виражений ефект неповної 
іонізації при T < 20 K, що зменшує концентрацію вільних носіїв майже на 80% у слабко легованих зразках і суттєво знижує 
електропровідність. Аналіз поверхневої хімічної стабільності показав придушення дифузії легуючих домішок та мінімальну 
окиснюваність у кріогенних умовах. Отримані результати забезпечують комплексне розуміння взаємодії структурних, 
електронних та хімічних процесів у Si і GaAs, що є критично важливим для проєктування та оптимізації кріогенних 
електронних і оптоелектронних пристроїв. 
Ключові слова: ефективна ширина забороненої зони; електростатичний потенціал; неповна іонізація; концентрація носіїв; 
розширення забороненої зони; ефекти низьких температур; кріогенні напівпровідники; електропровідність 
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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 Na2O 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 α-I 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 (VK 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 I-centers) as well as anionic and cationic vacancies (υa and υс) 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 hm were determined for the vacancy Na 0.66 eV and interstitial Na 
0.29 eV, for the vacancy Cl 0.72 eV and Cl2

− only 0.16 eV, but the maximum value 0.9 eV was obtained for the 
divacancy complex {VNaVCl}. 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 Cl 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 60Co 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 4π geometry (isotropic irradiation) to doses 
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from 105 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 = 2·109 quant/cm2s for the energy of a gamma quantum of 1 MeV, the dose rate of 
145 R/s = 2.9·1011 quant/cm2s and the exposure dose in the flux range from 2.9·1016 to 3·1017 quant/cm2. 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.  

A B 

C D 

E F 

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 γ-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 NaClO3 and Na2O. The most anisotropic 
orthorhombic phase, Cl2, as well as nanosized cubic HCl 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 107 R Error, % 
Element formula 12 13 14 10 11  

Na 39.35 44.8 44 44.2 54.6 52.6 0.2-0.6 
Cl 60.65 55.2 56 55.8 45.4 47.4 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.  

 
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 7·105 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 29.50 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 0.7·106 R. 

Sample Phase % Group Structure 
Lattice parameters, Å 

a b c 

Reference 
NaCl 

Na -1% Im-3m Cubic 4.221 4.221 4.221 
NaCl-6% halite HP, syn 

Fm-3m 
Cubic 5.453 5.453 5.453 

Na(ClO3)-47% sodium chlorate(V) 
P213 

Cubic 6.340 6.340 6.340 

Cl2-4% dichlorine 
Cmca 

Orthorhombic 6.290 4.500 8.210 

HCl-2% Fm-3m Cubic 5.482 5.482 5.482 
Na2O-40% Fm-3m Cubic 5.560 5.560 5.560 
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Sample Phase % Group Structure 
Lattice parameters, Å 

a b c 

NaCl 
D=0.7 MR 

gamma 
irradiation 

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

NaH-4% Fm-3m Cubic 4.880 4.880 4.880 
Na(ClO3)-8% sodium chlorate(V) 

P213 
Cubic 6.486 6.486 6.486 

NaOH-11% α-NaOH  
Bmmb 

Orthorhombic 3.399 3.399 11.377 

Na-3% P63/mmc Hexagonal 3.767 3.767 6.154 
Na2Cl-58% Cmmm Orthorhombic 3.291 10.385 2.984 

As you can see from Table 2, the unirradiated polished surface contains nanopores with Cl2 and HCl and 
nanoparticles of Na and NaH, as well as impurity nanophases NaClO3 and Na2O, which are all cubic and practically 
cover the bulk cubic structure of NaCl. After the accumulation of a gamma dose of 0.7 МR, 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 1017-1019 cm-3 [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 2·104 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].  

A  B 

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) – 2×104 R, 3(red) – 5×104 R, 4(pink) – 105 R, 5(black) – 2×105 R, 6(green) – 3×105 R; 

B) large doses 1(green) – 7×105 R, 2(blue) – 107 R, 3(red) – 3×107 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 F2 and F3 
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 5·105 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 𝜖i can be expected at h𝜈1 and h𝜈2. 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 μ 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 Cl2 and HCl) and cationic (Na and NaH nanoparticles) sublattices was found. Impurity 
nanophases NaClO3 and Na2O 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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РАДІАЦІЙНО-ІНДУКОВАНІ ФАЗОВІ ПЕРЕТВОРЕННЯ, АГРЕГАЦІЯ ТОЧКОВИХ ДЕФЕКТІВ ТА УТВОРЕННЯ 

НАНОЧАСТИНОК У ГАММА-ОПРОМІНЕНИХ КРИСТАЛАХ NaCl 
Шовкат Бузріков1, Ельвіра Ібрагімова2, Баходір Сайдуллаєв3, Уткір Ульджаєв4 
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Вперше за допомогою комбінації експериментальних методів та сучасних аналітичних приладів досліджено вплив 
нестехіометрії росту Na/Cl на поверхні монокристала NaCl на його фазовий склад, агрегацію точкових дефектів в обох 
підґратках, індуковану гамма-опроміненням, та ріст наночастинок. Було виявлено, що при опроміненні дозами <1 MR 
початкові домішкові нанофази NaClO3 та Na2O на поверхні розриваються, а замість них утворюються Na2Cl, NaCl, NaOH та 
металеві Na та NaH. 
Ключові слова: кристал NaCl; гамма-опромінення; центри забарвлення; домішкові нанофази; фазові перетворення, 
індуковані опроміненням; локальний елементний склад; рентгенівські дифракційні спектри; оптичні абсорбційні спектри 
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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⁻¹, indicating improved purity. X-ray diffraction (XRD) 
analysis revealed the formation of graphitic carbon (002) and Ni₃C crystalline phases, as well as a rightward shift of the (002) peak to 
2θ = 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 µm), 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 sp2- 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 (HNO₃), sulfuric acid (H₂SO₄), or hydrogen 
peroxide (H₂O₂) [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 
(H₂O) 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(NO₃)₂·6H₂O] was dissolved in distilled water, and 
ammonium hydroxide (NH₄OH) 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 (C₂H₅OH) 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) + C₂H₅OH (100 sccm). 
-Water-assisted growth (WA-CVD): H₂O + Ar (2900 sccm) + C₂H₅OH (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 C₂H₅OH 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⁻¹. 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 Kα radiation (λ = 1.5406 Å) 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⁻¹, covering the 2θ 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 sp²-hybridized carbon atoms within the graphitic lattice, confirming that the nanotubes possess a graphitic 
structure. 

 

 

 
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⁻¹ corresponds to the in-plane stretching 
vibrations of sp²-bonded carbon atoms, confirming the presence of a crystalline graphitic structure. The 
D band (~1343-1349 cm⁻¹) 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⁻¹, respectively, with an ID/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⁻¹ 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⁻¹, respectively, while the characteristic amorphous carbon signal around ~794 cm⁻¹ was absent, indicating 
higher purity of the sample. The ID/IG ≈ 1.18 value suggests improved crystallinity. The rightward shift of the G-band to 
1586 cm⁻¹ 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 2θ 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 2θ ≈ 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 №. 04-
0850). The strong peak near 2θ ≈ 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 (2θ = 26.27°, 
44.4°, 76.2°, 92.8°, and 98.3°) along with several additional reflections at 2θ ≈ 39.3°, 41.6°, 58.62°, 71.20°, 78.11°, 
86.05°, 88.09°, and 97.49°. These additional peaks correspond to the hexagonal Ni₃C 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 2θ ≈ 26°, typical for graphitic carbon 
structures. In contrast, for CNTs synthesized under WA-CVD conditions, a slight rightward shift of the (002) peak to 2θ 
≈ 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 (2θ) [30]. 

The morphological characteristics of the synthesized CNTs were further investigated using Transmission Electron 
Microscopy (TEM), as shown in Figure 2 and Figure 4. 

  
a) b) 

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 µm). The amorphous carbon layer is almost absent, and the CNTs are well-

catalyst 
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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 (ID/IG≈ 1.18). The XRD results revealed a shift of the (002) peak to 2θ = 
26.2° and the formation of the Ni₃C 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 µm), 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. 

 
Acknowledgments 

The authors gratefully acknowledge the financial and technical support provided by the Ministry of Higher Education, Science, and 
Innovation under project number IL-5421101842. 
 

ORCID 
Sevara G. Gulomjanova, https://orcid.org/0009-0001-1760-9766; Ilyos Kh. Khudaykulov, https://orcid.org/0000-0002-2335-4456; 
Ilyos J. Abdisaidov, https://orcid.org/0000-0001-7473-1074; Khatam B. Ashurov, https://orcid.org/0000-0002-7604-2333 

 
REFERENCES 

[1]. S. Iijima, “Helical microtubules of graphitic carbon,” Nature, 354, 56–58 (1991). https://doi.org/10.1038/354056a0 
[2]. M.S. Dresselhaus, G. Dresselhaus, and P. Avouris, Carbon Nanotubes: Synthesis, Structure, Properties, and Applications, 

(Springer, Berlin, 2001). https://doi.org/10.1007/3-540-39947-X 
[3]. R.H. Baughman, A.A. Zakhidov, and W.A. de Heer, “Carbon nanotubes – the route toward applications,” Science, 297, 787–792 

(2002). https://doi.org/10.1126/science.1060928 
[4]. J. Robertson, “Growth of carbon nanotubes for electronics,” Materials Today, 10, 36–43 (2007). 

https://doi.org/10.1016/S1369-7021(06)71790-4 
[5]. A. Peigney, C. Laurent, E. Flahaut, R.R. Bacsa, and A. Rousset, “Specific surface area of carbon nanotubes and bundles of carbon 

nanotubes,” Carbon, 39, 507–514 (2001). https://doi.org/10.1016/S0008-6223(00)00155-X 
[6]. D. Tasis, N. Tagmatarchis, A. Bianco, and M. Prato, “Chemistry of carbon nanotubes,” Chemical Reviews, 106, 1105–1136 

(2006). https://doi.org/10.1021/cr050569o 
[7]. R. Andrews, D. Jacques, D. Qian, and T. Rantell, “Multiwall carbon nanotubes: synthesis and application,” Carbon, 39, 

1681-1687 (2001). https://doi.org/10.1021/ar010151m 
[8]. I.J. Abdisaidov, S.G. Gulomjanova, I.Kh. Khudaykulov, and K.B. Ashurov, “Low-temperature growth of carbon nanotubes using 

nickel catalyst,” East European Journal of Physics, (3), 355–358 (2024). https://doi.org/10.26565/2312-4334-2024-3-41 
[9]. H. Qu, et al. “Reconfiguring organic color centers on the sp2 carbon lattice of single-walled carbon nanotubes,” ACS nano, 16(2), 

2077-2087 (2022). https://doi.org/10.1021/acsnano.1c07669 
[10]. E.T.C. Vogt, D. Fu, B.M. Weckhuysen, “Carbon deposit analysis in catalyst deactivation, regeneration, and rejuvenation,” 

Angewandte Chemie International Edition, 62(29), e202300319 (2023). https://doi.org/10.1002/anie.202300319 
[11]. S. Maruyama, R. Kojima, Y. Miyauchi, S. Chiashi, and M. Kohno, “Low-temperature synthesis of high-purity single-walled carbon 

nanotubes from alcohol,” Chemical Physics Letters, 360, 229–234 (2002). https://doi.org/10.1016/S0009-2614(02)00838-2 
[12]. A. Reina, M. Hofmann, D. Zhu, and J. Kong, “Growth mechanism of long and horizontally aligned carbon nanotubes by chemical 

vapor deposition,” Journal of Physical Chemistry C, 111(20), 7292–7297 (2007). https://doi.org/10.1021/jp0711500 
[13]. K. Hata, D.N. Futaba, K. Mizuno, T. Namai, M. Yumura, and S. Iijima, “Water-assisted highly efficient synthesis of impurity-

free single-walled carbon nanotubes,” Science, 306, 1362–1364 (2004). https://doi.org/10.1126/science.1104962 
[14]. T. A. Saleh, “The influence of treatment temperature on the acidity of MWCNT oxidized by HNO₃ or a mixture of HNO₃/H₂SO₄,” 

Applied Surface Science, 257(17), 7746–7751 (2011). https://doi.org/10.1016/j.apsusc.2011.04.020 
[15]. N. Sezer, and M. Koç, “Oxidative acid treatment of carbon nanotubes,” Surfaces and Interfaces, 14, 1–8 (2019). 

https://doi.org/10.1016/j.surfin.2018.11.001 
[16]. L. Lavagna, M. Bartoli, D. Suarez-Riera, D. Cagliero, S. Musso, and M. Pavese, “Oxidation of Carbon Nanotubes for Improving 

the Mechanical and Electrical Properties of Oil-Well Cement-Based Composites,” ACS Applied Nano Materials, 5(5), 6671-6678 
(2022). https://doi.org/10.1021/acsanm.2c00706 

[17]. G. Gao, M. Pan, and  C. D. Vecitis, “Effect of the oxidation approach on carbon nanotube surface functional groups and 
electrooxidative filtration performance,” Journal of Materials Chemistry A, 3(14), 7575–7582 (2015). 
https://doi.org/10.1039/C4TA07191C 



362
EEJP. 1 (2026) Sevara G. Gulomjanova, et al.

[18]. K. Strobl, and F. Rajab, “Water-Assisted Catalytic VACNT Growth Optimization for Speed and Height,” Processes, 11(6), 1587 
(2023). https://doi.org/10.3390/pr11061587 

[19]. D. N. Futaba, K. Hata, T. Yamada, K. Mizuno, M. Yumura, and S. Iijima, “Kinetics of water‑assisted single‑walled carbon 
nanotube synthesis revealed by a time‑evolution analysis,” Physical Review Letters, 95(5), 056104 (2005). 
https://doi.org/10.1103/PhysRevLett.95.056104 

[20]. Y. Yun, V. Shanov, Y. Tu, S. Subramaniam, and M.J. Schulz, “Growth mechanism of long aligned multiwall carbon nanotube 
arrays by water-assisted chemical vapor deposition,” The Journal of Physical Chemistry B, 110(47), 23920–23925 (2006). 
https://doi.org/10.1021/jp057171g 

[21]. L. Dong, J. G. Park, B. E. Leonhardt, S. Zhang, and R. Liang, “Continuous synthesis of double‑walled carbon nanotubes with 
water‑assisted floating catalyst chemical vapor deposition,” Nanomaterials, 10(2), 365 (2020). 
https://doi.org/10.3390/nano10020365 

[22]. A. Ismatov, C. Romanitan, K. Ashurov, M. Adilov, and A. Rahimov, “Annealing-induced morphological evolution of iron 
nanocatalysts for carbon nanotube growth,” Eurasian Physical Technical Journal, 22(3 (53)), 5–13 (2025). 
https://doi.org/10.31489/2025N3/5-13 

[23]. P. Nikolaev, M.J. Bronikowski, R.K. Bradley, F. Rohmund, D.T. Colbert, K.A. Smith, and R.E. Smalley, “Gas-phase catalytic 
growth of single-walled carbon nanotubes from carbon monoxide,” Chemical Physics Letters, 313, 91–97 (1999). 
https://doi.org/10.1016/S0009-2614(99)01029-5 

[24]. Z. Chen, X. Wei, S. Lu, J. Ding, N. Du, C. Feng, K. Chen, et al., “Surface in‑situ graphitization and properties of amorphous 
carbon film induced by laser irradiation,” Friction, 13(6), (2025). https://doi.org/10.26599/FRICT.2025.9440977(12) 

[25]. R. Xu, H. Yin, D. He, X. Ma, S. Liang, C. Jin, and X. Chen, “Mechanism of polymer removal from semiconducting single‑walled 
carbon nanotubes via rapid thermal processing: insights from in situ environmental transmission electron microscopy,” 
Nanoscale, 17, 14941–14947 (2025). https://doi.org/10.1039/D5NR01566A 

[26]. D. Fabris, M. Rosshirt, C. Cardenas, P. Wilhite, T. Yamada, and C.Y. Yang, “Application of carbon nanotubes to thermal interface 
materials,” Journal of Electronic Packaging, 020902(6), (2011). https://doi.org/10.1115/1.4003864 

[27]. Z. Zhang, N. Zhang, and Z. Zhang, “High-Performance Carbon Nanotube Electronic Devices: Progress and Challenges,” 
Micromachines, 16(5), 554 (2025). https://doi.org/10.3390/mi16050554 

[28]. E. W. Fenta, and B. A. Mebratie, “Advancements in carbon nanotube‑polymer composites: Enhancing properties and applications 
through advanced manufacturing techniques,” Heliyon, 10, (e36490) (2024). https://doi.org/10.1016/j.heliyon.2024.e36490 

[29]. Y. Zhang, Y. Zhu, Y. Cao, D. Li, Z. Zhang, K. Wang, F. Ding, et al., “Size and morphology-controlled synthesis of Ni₃C 
nanoparticles in a TEG solution and their magnetic properties,” RSC Advances, 6, (2016). https://doi.org/10.1039/C6RA11916F 

[30]. A. Cao, C. Xu, J. Liang, D. Wu, and B. Wei, “X‑Ray Diffraction Characterization on the Alignment Degree of Carbon 
Nanotubes,” Chemical Physics Letters, 344(1‑2), 13–17 (2001). https://doi.org/10.1016/S0009-2614(01)00671-6 

 
ПОКРАЩЕННЯ СИНТЕЗУ ВУГЛЕЦЕВИХ НАНОТРУБОК ШЛЯХОМ ВИДАЛЕННЯ АМОРФНОГО ВУГЛЕЦЮ 

Севара Г. Гуломджанова, Ільос Х. Худайкулов, Ільос Дж. Абдісаїдов, Хатам Б. Ашуров 
Інститут іонно-плазмових та лазерних технологій ім. Аріфова Академії наук Узбекистану 

100125, вул. Дурмон йулі, 33, Ташкент, Узбекистан 
У цьому дослідженні вуглецеві нанотрубки (ВНТ) були синтезовані на сапфірових підкладках з нікелевим покриттям за 
допомогою традиційних методів та методів хімічного осадження з парової фази з використанням води (CVD та WA-CVD) для 
оцінки впливу водяної пари на видалення аморфного вуглецю та активність каталізатора за низьких температур. Відновлені 
нікелеві нанокаталізатори були отримані золь-гель методом та активовані в атмосфері водню. Раманівська спектроскопія 
підтвердила, що вуглецеві нанотрубки, синтезовані методом WA-CVD, демонструють вищий ступінь графітизації (ID/IG ≈ 
1,18) та відсутність піків аморфного вуглецю близько 794 см⁻¹, що свідчить про покращену чистоту. Рентгенівський 
дифракційний аналіз (XRD) виявив утворення графітових вуглецевих (002) та кристалічних фаз Ni₃C, а також зсув піку (002) 
праворуч до 2θ = 26,2°, що свідчить про стиснення кристалічної решітки, спричинене напруженням, індукованим водяною 
парою. Зображення просвічувальної електронної мікроскопії (TEM) показали, що вуглецеві нанотрубки, синтезовані в умовах 
WA-CVD, були тоншими (17–25 нм), довшими (≥ 1 мкм) та чистішими, ніж ті, що були отримані звичайним CVD, які 
демонстрували товсті покриття з аморфного вуглецю. Ці результати демонструють, що контрольоване додавання водяної пари 
під час CVD пригнічує утворення аморфного вуглецю, регенерує активні центри каталізатора та значно покращує 
кристалічність та морфологічну однорідність вуглецевих нанотрубок. Отримані результати пропонують ефективний підхід до 
синтезу високочистих, добре вирівняних вуглецевих нанотрубок, придатних для використання в термоінтерфейсних 
матеріалах, нанокомпозитах та електронних пристроях. 
Ключові слова: вуглецеві нанотрубки; видалення аморфного вуглецю; CVD з використанням води; нікелевий каталізатор; 
золь-гель синтез; раманівська спектроскопія; рентгенівська дифракція; морфологія TEM; ступінь графітизації; регенерація 
каталізатора 
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Using the Vienna Ab initio Simulation Package, we investigate the lead-free double perovskite Cs₂AgBiBr₆. 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. Cs₂AgBiBr₆ 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 Cs₂AgBiBr₆, 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 (Bi³⁺) ions 
alternate between the B-site, where bromine (Br⁻) ions are coordinated. Compared to conventional perovskites such as 
MAPbI₃, the geometry avoids the lead toxicity, and its electrochemical activity was adequate for solar power 
applications [3-5]. 

One drawback of Cs₂AgBiBr₆ 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 Cs₂AgBiBr₆ 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 Cs₂AgBiBr₆. 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 
Cs₂AgBiBr₆ 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: 5s²5p⁶6s¹ 
Ag: 4d¹⁰5s¹ 
Bi: 6s²6p³ 
Br: 4s²4p⁵ 

A plane-wave energy cutoff of 500 eV was set for all computations. We used a convergence criterion of 10⁻⁶ eV for 
the electronic self-consistency loop. Atomic forces were relaxed to a value of less than 0.01 eV/Å [25-26]. 

 
2.3. Brillouin Zone Integration 

Brillouin-zone sampling was performed using a 6×6×6 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 8×8×8 
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 (ν). 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 (ΘD) and volume thermal expansion coefficient (α) 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 ε(ω) is given by the expression ε(ω) = ε₁(ω) + iε₂(ω), where 
ε₁(ω) is the real part and ε₂(ω) 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 Cs₂AgBiBr₆: 

 
Figure 1. Crystal structure of Cs₂AgBiBr₆ in its cubic Fm–3m symmetry. 

As shown in Figure 1, the atomic configuration of Cs₂AgBiBr₆ is depicted. This lead-free halide double perovskite 
has been widely studied for applications in potential solar cells and other optoelectronic devices. Cs₂AgBiBr₆ [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 (Bi³⁺)—two B-site cations—take turns occupying niches, coordinated naturally by bromine (Br⁻) 
anions, to yield AgBr₆ and BiBr₆ 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 ½, ½, ½, 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, Cs₂AgBiBr₆ 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. Cs₂AgBiBr₆’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 Cs₂AgBiBr₆ under an applied pressure, it is determined that Cs₂AgBiBr₆ 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, Cs₂AgBiBr₆, 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 Cs₂AgBiBr₆: Symmetry Evolution and Functional Relevance 

Figure 2 illustrates the pressure-dependent structural characterization of double perovskite Cs₂AgBiBr₆ at 0–30 GPa. 
At ambient pressure, the compound crystallized in the optimal cubic elpasolite structure (space group Fm–3m), with 
corner-sharing AgBr₆ and BiBr₆ 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 AgBr₆ and 
then BiBr₆ octahedra distort, along with an increment of the Br–Ag–Br and Br–Bi–Br angle.  

 
Figure 2: Pressure-dependent phase transitions in Cs₂AgBiBr₆ 

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 Cs₂AgBiBr₆ 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 Cs₂AgBiBr₆ 
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 Å, corresponding to a volume of 1430.5 Å³, which then decreases gradually to 10.49 Å and 1185.7 Å³ at 30 GPa.  
Table 1. Pressure-dependent variation of lattice constant and unit cell volume of Cs₂AgBiBr₆ calculated using DFT. 

Pressure (GPa) Lattice Constant (Å) Volume (Å³) 
0 11.27 1430.5 
5 11.11 1385.3 
10 10.97 1342.4 
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 Cs₂AgBiBr₆ under pressure. 

 
3.2. Mechanical Properties 

We observe, in the analysis of the mechanical properties of Cs₂AgBiBr₆ 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 Cs₂AgBiBr₆ calculated using DFT 

Pressure (GPa) Bulk Modulus (GPa) Young’s Modulus (GPa) Poisson’s Ratio (ν) 
0 18.6 35.2 0.28 
5 22.9 41.7 0.27 

10 28.5 47.3 0.26 
15 33.1 53.6 0.25 
20 37.6 60.9 0.24 
25 41.9 67.1 0.23 
30 45.3 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 Cs₂AgBiBr₆ 
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 Cs₂AgBiBr₆’s Debye temperature (ΘD) and its volume thermal expansion coefficient 
(α) 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 Cs₂AgBiBr₆ calculated using DFT. 

Pressure (GPa) Debye Temperature (K) Thermal Expansion Coefficient (×10⁻⁵ K⁻¹) 
0 195 3.12 
5 213 2.91 

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 (α) decreases from 3.12 × 10⁻⁵ K⁻¹ at 0 GPa to 1.78 × 10⁻⁵ K⁻¹ 
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 α 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 
Cs₂AgBiBr₆ 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 Cs₂AgBiBr₆ under pressure. We have 
bandgap energy, static dielectric constant ε₁(0), peak imaginary dielectric function ε₂(ω), 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 Cs₂AgBiBr₆ calculated using DFT 

Pressure 
(GPa) 

Bandgap 
(eV) 

ε₁(0) (Static Dielectric 
Constant) 

Peak ε₂(ω) (Imaginary 
Dielectric Function) 

Refractive 
Index (n) 

Absorption Edge 
(eV) 

Reflectivity 
(%) 

0 1.95 5.2 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 5.9 2.41 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 ε₁(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 ε₂(ω), 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 Cs₂AgBiBr₆. 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 Cs₂AgBiBr₆ 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 (Γ to L) phenomenon (no 
pressure) but is now a direct (Γ to Γ) 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, m₀) decreases by pressure for electrons (from 0.35 to 0.22 m₀) and holes (from 0.45 to 0.32 m₀). 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, Cs₂AgBiBr₆ 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 Cs₂AgBiBr₆ obtained via DFT calculations 

Pressure 
(GPa) 

Bandgap 
(eV) 

Bandgap Nature VBM Character CBM 
Character 

DOS at Fermi 
(states/eV) 

Effective Mass (m/m₀)* 

0 1.95 Indirect  
(Γ → L) Br-4p + Ag-4d Bi-6p 0 0.35 (e), 0.45 (h) 

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

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

15 1.52 Direct-like (Γ → Γ) Br-4p + Ag-4d Bi-6p 0 0.28 (e), 0.38 (h) 

20 1.38 Direct  
(Γ → Γ) 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 Cs₂AgBiBr₆ 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 μB); thus, the ions of Cs⁺, Ag⁺, Bi³⁺, 
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 μB per material atom, consistent with a paramagnetic response.  
Table 6. Pressure-dependent magnetic properties of Cs₂AgBiBr₆ obtained via DFT calculations.  

Pressure (GPa) Magnetic Moment 
(μB/unit cell) 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 μB, 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 μB, 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 μB, 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]: 

 ( ) 1FD E I⋅ >  (1) 

Where, ( )FD 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 Cs₂AgBiBr₆, 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 Cs₂AgBiBr₆ 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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РОЗКРИТТЯ ПЕРЕХОДІВ, ЗУМОВЛЕНИХ ТИСКОМ, У Cs₂AgBiBr₆: ВИСНОВКИ ВІД DFT ДЛЯ 
БЕЗСВИНЦЕВОГО ПЕРОВСКИТУ ДЛЯ СОНЯЧНИХ ЕЛЕМЕНТІВ 

Сангіта Гупта1, Девідутта Маур'я2, Суніл Кумар Шрівастава3, Умеш Кумар Парік3, Абхай П. Шрівастава4 
1Кафедра хімії, Університет Пурніма, Джайпур, Раджастан, Індія 

2Кафедра фізики, Державний коледж, Баракхал, Санткабірнагар, (UP), Індія 
3Кафедра прикладних наук, Джайпурський інженерний коледж та дослідницький центр, Джайпур, Раджастан, Індія 
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Використовуючи пакет моделювання Віденського Ab initio, ми досліджуємо безсвинцевий подвійний перовскіт Cs₂AgBiBr₆. 
Ми використовували теорію функціоналу густини з перших принципів за тисків до 30 ГПа. Оптимізація структури доводить 
очевидну кубічну симетрію в навколишньому середовищі. Однак, стиснення, здається, сприяє переходам до фаз з нижчою 
симетрією, і ми спостерігаємо, що об'єм та модулі Юнга збільшуються, а потім зменшується коефіцієнт Пуассона. Це означає 
більшу жорсткість, але знижену пластичність. Зроблено висновок, що зі збільшенням температури температура Дебая зростає, 
а теплове розширення зменшується. Таким чином, передбачається вища температурна стабільність. Електронна заборонена 
зона стає ще тоншою. Вона охоплює діапазон від 1,95 еВ до 1,12 еВ, що робить її більш-менш прямою, що може підвищити її 
оптоелектронну зручність використання. Вище 15 ГПа ми спостерігаємо слабкий магнітний момент, очевидно, через 
гібридизацію Bi-Ag, та вищу густину станів на рівні Фермі. Cs₂AgBiBr₆ поєднує ці характеристики, що робить його 
потенційним матеріалом для фотоелектричних систем з налаштуванням тиску та потенційно для магнітооптоелектронних 
застосувань. 
Ключові слова: теорія функціоналу густини (DFT); подвійний перовскіт; залежні від тиску властивості; структурний 
фазовий перехід; оптоелектронні матеріали 
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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 TiO₂ 
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 TiO₂ Photoanode, DSSC; Simplified architecture; Photovoltaic performance; Electrochemical impedance 
spectroscopy; Charge transport; TiO₂ 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 (TiO₂) 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 TiO₂ 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 TiO₂ 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 TiO₂ 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 TiO₂ 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 
TiO₂ photoanode. The research focuses on three main objectives: 

1. To fabricate and characterize single-layer TiO₂ 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 TiO₂. 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 (I2) were added with every electrolytes [9,10]. 
Table 1.  Composition of liquid electrolyte 

No. 
samples 

PEO PMMA DMF EC PC TPAI I 2 
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 (I2) 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 TiO₂ 
To construct a single-layer TiO₂, a paste was prepared from 0.5 g TiO₂ grade P25, 2 ml HNO₃, 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 TiO₂ 
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 TiO₂ film across the substrate. To create a single-layer TiO₂ structure, the spin-coating method was 
employed. The TiO₂ 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 TiO₂ 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/cm². A Metrohm AUTOLAB 
PGSTAT128N 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 TiO₂ 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/cm², a fill factor (FF) of 0.54, and an energy conversion efficiency of 
approximately 3.56%. The maximum efficiency achieved for optimized single-layer TiO₂ devices reached 6.5%, 
demonstrating the performance potential of the proposed photoanode architecture. 

 
2. EXPERIMENTAL RESULTS AND DISCUSSIONS 

Morphology and structure of TiO ₂ 
SEM (scanning electron microscopy) analysis revealed that the fabricated single-layer TiO₂ photoanode exhibits a 

uniform nanostructured surface. Compared with conventional bilayer TiO₂ photoanodes, the single-layer structure 
exhibits lower macroporosity but higher nanoparticle packing density. The TiO₂ 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/cm²) emitted by the solar simulator with an 
active area of 0.2 cm². 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].  

 
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] : 

 𝑍௥ = 𝑅 + ୡ୭ୱ ቀഏ೛మ ቁ௞షభఠ೛ , (2.1) 

and 

 𝑍௜ = ௦௜௡ ቀഏ೛మ ቁ௞షభఠ೛   (2.2) 

here 𝑍௥and𝑍௜ respectively represent the real and imaginary parts of the impedance, ω is the frequency. The parameter p 
is determined from Figure 2 using the following formula 𝑝 =  ଶ௧௚ఈగ . 
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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, rZ 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: 

 𝐶 = 𝑘ିଵ = ఌೝఌబௌௗ  (2.3) 

where, is 𝜀௥  the relative permittivity of the electrolyte, 𝜀଴- 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 𝜎 is calculated using the 
following formula: 

 𝜎 = ௟ோௌ (2.4) 

where l 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 2: efficiency (η) = 2.8% 
Single layer TiO 2: efficiency (η) = 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/cm² 
Fill Factor (FF): 0.54 
Energy Conversion Efficiency (η): 3.56% 

The increased efficiency of single-layer TiO₂ is explained by the reduction of charge carrier recombination and 
improved contact with the electrodes. The thickness of the TiO₂ 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 TiO₂ 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 Ω·cm² in the two-layer 
structure to 11.5 Ω·cm² in the single-layer configuration, indicating better charge mobility and reduced recombination 
losses. 

Additionally, using only one TiO₂ 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 TiO₂ 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 TiO₂ 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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РОЗРОБКА ОДНОШАРОВОГО TiO₂ ФОТОАНОДА ДЛЯ СОНЯЧНИХ ЕЛЕМЕНТІВ, 

СЕНСИБІЛІЗОВАНИХ БАРВНИКОМ (DSSC) 
С.С. Шаріпбаєв1, О.О. Маматкарімов1, Н.Ю. Шарібаєв1, А.А. Абдукарімов1, А.К. Ароф2 

1Наманганський державний технічний університет, 160115, Наманган, Узбекистан 
2Центр іоніки, кафедра фізики, Університет Малайї, Куала-Лумпур 50603, Малайзія 

Сонячні елементи, сенсибілізовані барвником (DSSC), вважаються перспективною недорогою та гнучкою альтернативою 
традиційним фотоелектричним технологіям на основі кремнію. У цій роботі представлено виготовлення та аналіз DSSC на 
основі одношарового наноструктурованого TiO₂ фотоанода. Запропонована архітектура елемента спрощена шляхом 
виключення традиційної двошарової конфігурації, що зменшує складність виготовлення та витрату матеріалів. Були 
систематично досліджені електрохімічні та фотоелектричні характеристики пристроїв. Ефективність перетворення енергії 
розробленої одношарової конструкції приблизно вдвічі вища, ніж у звичайної двошарової комірки. Підвищення 
продуктивності пояснюється зниженням внутрішнього опору, покращеним транспортом електронів та пригніченням 
рекомбінації зарядів. Результати демонструють потенціал спрощених одношарових архітектур DSSC для прозорих, гнучких 
та недорогих застосувань збору енергії. 
Ключові слова: одношаровий TiO₂ фотоанод; DSSC; спрощена архітектура; фотоелектричні характеристики; 
електрохімічна імпедансна спектроскопія; транспорт заряду; морфологія наночастинок TiO₂ 
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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 σ₁ 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 (ν = 0.85). At high concentrations of the conducting phase (V ≥ 0.3), the asymptotic conductivity reaches 
63 Ω⁻¹·cm⁻¹ in nanocomposites versus 8 Ω⁻¹·cm⁻¹for 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 AlN 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 Å to 
approximately ~10⁴ Å [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 µm, 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 σ of composites with randomly distributed metallic particles 
is described by the following relations: 

 σ( V1 ) =  σ1 ( )1 cV V− t, V1 > Vs, (1) 

 σ( V1 ) =  σ2 ( )1cV V− -q, V1 < Vs, (2) 

where σ₁ and σ₂ are the conductivities of the metallic particles and the dielectric matrix, respectively; V₁ is the volume 
fraction of the metallic filler; Vc is the critical concentration at which an infinite cluster is formed; and t and q 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(V₁), which represents the fraction of sites belonging to the infinite cluster: 

 P (V1) = V1
/ / V1, (3) 

where V1
/ is the volume fraction of the infinite cluster. For V₁ < Vs one has P(V₁) = 0, while with increasing V₁ the value 

of P(V₁) approaches unity. Near the percolation threshold, the density of the infinite cluster follows a power-law 
dependence [31] 

 P(V1) = D(V1-Vs)β, (4) 

where D ≈ 1 and β is the critical exponent (for three-dimensional systems β ≈ 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 V1 > Vs; near the percolation threshold V1 ≈ Vs 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 10-6 to 10-3 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 ∼ (V1−Vs)-ν, R = l / ν (5) 

where ν = 0.85±0.05 is the critical exponent of the correlation radius for three-dimensional systems, and l 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 ξ, which together with the correlation exponent ν\nuν determines the 
critical conductivity exponent: 

 t = ξ +ν, (6) 

where, for real composites, t typically lies in the range 1.7 ≤ t ≤ 2.3, with ξ ≈ 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 t 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 t is determined by Eq. (6) as the sum of the index ξ, which accounts 
for the tortuosity of the conducting filaments, and the correlation-radius index ν. The length of a filament between two 
intersection points, Z (Fig. 2), is expressed via ξ as 

 Z = l / ሺ𝑉ଵ െ 𝑉௦ሻξ, (7) 

and the ratio of Z to R, 

 ௓ோ= ሺ𝑉ଵ െ 𝑉௦ሻ (ν-ξ), (8) 

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 Df ≈ 2.4-

2.6 for three-dimensional systems and in the increased tortuosity of the transport trajectories (τ ≈ 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∼102-103 nm, which corresponds to the scale of the correlation length ξ 
near the percolation threshold V1 ≳ Vs. 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 V1

sk ≪ V1
m.k [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 t = 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 dsk ≈ 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 dmk ≈ 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(V₁) accounts for all nodes of the infinite cluster, including both backbone 
nodes and dangling ends. The backbone density Pbb (V₁), characterizes the fraction of nodes that belong specifically to 
the backbone and is defined as 

 Psk (V1) =V1
// / V1

/, (9) 

where V1
// is the volume fraction of the backbone of the infinite cluster. According to percolation theory, the ratio 

Pbb(V1)/P(V1) can be expressed as 

 ௉ೞೖሺ௏భሻ௉ሺ௏భሻ ൌ 𝐷ሺ𝑉ଵ െ 𝑉௦ሻሺଶఔିఉሻ, (10) 

where D is a numerical coefficient of order unity. 
Figure 4 presents a comparison of the experimental data with the theoretical conductivity dependences σ(V) for 

ceramic composites containing nanodispersed (curve 1) and microdispersed (curve 2) nickel.  

 
Figure 4. Experimental and theoretical dependencies of electrical conductivity σ 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 σ by several 
orders of magnitude upon reaching the critical volume fraction of the conductive filler. Figure 4 also presents the 
theoretical σ(V₁), curves calculated according to expressions (1) and (2). When applying the boundary conditions V₁ = 0 
and V₁ = 1 these relations reduce to the following form [36,37]: 

 σ( V1 ) =  σ1 (
௏భି௏ೞଵି௏ೞ ) t, V1 > Vs, (11) 

 σ( V1 ) =  σ2 (
௏ೞି௏భ௏ೞ )-q, V1 < Vs, (12) 

where σ₁ and σ₂ are the conductivities of the metallic particles and the dielectric matrix, respectively, V₁ 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 σ with respect to V₁ (see the inset in Fig. 4). The critical exponent t was evaluated by representing the 
experimental data in the coordinates 

 lgσ=f(lg[(V1−Vs)/(1−Vs)]), (13) 

For the composite containing Ni nanoparticles (curve 1), the percolation threshold is observed near V ≈ 0.10, 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 σ, corresponding to an increase in the 
parameter σ₁ 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 (dlgσ/dV₁) 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 
V1 > Vs. For V1 < Vs such 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 V1 = 1, expressions (4), (8), and 
(10) can be rewritten in the form: 

 P (V1) = D (
௏భି௏ೞଵି௏ೞ )β, (14) 

 ௓ோ= (௏భି௏ೞଵି௏ೞ )(ν - ξ), (15) 

    ௉ೞೖ(௏భ)௉(௏భ) = 𝐷 (௏భି௏ೞଵି௏ೞ ) (2 ν - β), (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 σ₁. This 
confirms the effectiveness of Ni nanoparticles as a highly efficient conductive filler for ceramic composites. 

The values of P(V1) calculated from relation (14) approach unity as V1 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(V1) /
1V ; Z R ; / /

1V  and / / /
1V  on the filler volume fraction V1 for composites containing 

nanodispersed Ni particles 

no. V1 P(V1) 𝑽𝟏/  Z/R
 𝑽𝟏// 𝑽𝟏/// 

1 0.12 0.19 0.023 7.7 2.1⋅10-5 2.29⋅10-2 

2 0.13 0.23 0.031 6.0 6.5⋅10-5 3.09⋅10-2 

3 0.16 0.33 0.052 4.0 4.1⋅10-5 5.19⋅10-2 

4 0.20 0.41 0.082 3.1 1.8⋅10-5 8.19⋅10-2 

5 0.23 0.46 0.106 2.7 3.7⋅10-3 1.02⋅10-1 

6 0.3 0.54 0.163 2.1 1.2⋅10-3 1.6⋅10-1 

7 0.4 0.64 0.257 1.7 3.2⋅10-2 2.2⋅10-1 

8 0.45 0.68 0.307 1.6 6.0⋅10-2 2.4⋅10-1 

9 0.5 0.72 0.360 1.5 8.9⋅10-2 2.7⋅10-1 

Table 2. Dependence of the parameters P(V1) /
1V ; Z R ; / /

1V  and / / /
1V on the filler volume fraction V1 for composites containing 

microdispersed Ni particles 

no. V1 P(V1) 𝑽𝟏/  Z/R
 𝑽𝟏// 𝑽𝟏/// 

1 0.22 0.17 0.037 1.42 2.2⋅10-4 3.7⋅10-2 

2 0.25 0.30 0.075 1.27 4.6⋅10-4 7.4⋅10-2 

3 0.30 0.42 0.125 1.19 3.0⋅10-3 1.2⋅10-1 

4 0.35 0.50 0.175 1.15 9.1⋅10-3 1.6⋅10-1 

5 0.40 0.57 0.224 1.12 2.0⋅10-2 2.0⋅10-1 

6 0.45 0.62 0.279 1.10 3.6⋅10-2 2.4⋅10-1 

7 0.5 0.66 0.334 1.08 6.0⋅10-2 2.7⋅10-1 

The volume fraction of the infinite cluster V/
1, calculated using expression (3), represents only a small portion of V1. 

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 ν was taken as 0.85, whereas the 
tortuosity exponent ξ was determined from expression (5). Using formula (16) for Psk (V1) and relation (7), the volume 
fractions of the backbone V1

// and dangling ends V1
/// = V1

// - V1
/ 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 
Vs<V1≤Va≈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. 

 
Figure 5. Logarithmic dependence of the electrical conductivity for composites with Ni microparticles 

(1) and nanoparticles (2). 

The linear-growth regions are well approximated by the power-law dependence 

 σ=σ1(V1−Vs) t, (17) 

which is characteristic of three-dimensional composites. 
For both materials, a distinct percolation transition is observed: upon reaching the critical concentration Vs the 

electrical conductivity increases abruptly by several orders of magnitude. Linear extrapolation of the dependence to V1=1 
made it possible to determine the value of σ1, which reflects the conductivity of a fully formed infinite cluster. For the 
composite filled with nickel nanoparticles, the obtained parameters are Vs=0.105, t = 2.2, and σ1= 63 Ω⁻¹·cm⁻¹. In the case 
of the material containing micro-dispersed Ni particles, the critical concentration is Vs=0.210, the critical conductivity 
exponent is t = 1.78, and the conductivity of the formed cluster is σ1 = 8 Ω⁻¹·cm⁻¹ 

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 σ₁ 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 σ1 is not the conductivity 
of individual metallic particles; instead, it characterizes the effective conductivity of the percolation cluster in the range 
Vs < V1 ≤ Va ≈ 0.5, i.e., the conductivity of a branched fractal network through which the dominant charge transport occurs. 
The critical exponent q 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 Vc ≈ 0.105, whereas for materials 
with micro-dispersed Ni it reaches Vs≈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 σ₁ 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(V1), ξ(V1) and Psk(V1) demonstrate gradual 
densification of the cluster with increasing concentration of the conducting phase, with rapid saturation of connections at 
V1 ≈ 0.4-0.5. The topological parameters (correlation radius R, tortuosity exponent ξ, and the volume fractions V1sk and 
V1mk) are consistent with classical fractal percolation theory, and the adopted critical exponent ν = 0.85 provides an 
accurate description of cluster behavior near the threshold. At identical values of V1 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 2·10-5; for 
the microcomposite at V1=0.22 the skeletal fraction is merely 0.037. Such a ratio V1sk≪V1mk 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 t. At high filler concentrations (V ≥ 0.3), nanostructuring leads to a substantial rise in the asymptotic 
conductivity. The conductivity parameter of the skeleton reaches 63 Ω⁻¹·cm⁻¹, for the nanocomposite and 8 Ω⁻¹·cm⁻¹ 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 σ₁, 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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ТОПОЛОГІЧНІ ОСОБЛИВОСТІ ФОРМУВАННЯ ПРОВІДНОЇ МЕРЕЖІ В МЕТАЛОПОЛІМЕРНИХ 

КОМПОЗИТАХ З РІЗНИМИ РОЗМІРАМИ ЧАСТИНОК НАПОВНЮВАЧА 
Зафарджон М. Хусанов1, Фахріддін Т. Боймуратов2, Сардор Г. Тойчієв1 

1Кіберуніверситет, Нурафшан, Узбекистан 
2Університет Альфраганус, Ташкент, Узбекистан 

Було досліджено топологію нескінченного кластера в полімерних композитах, що містять мікро- та наночастинки Ni, що 
дозволило кількісно оцінити, як розмір провідних частинок впливає на перколяційний перехід та структуру провідної мережі. 
Використання нанорозмірного Ni знижує критичну концентрацію до Vs ≈ 0,105 порівняно з Vs ≈ 0,21 для мікрочастинок, 
збільшує параметр σ₁ більш ніж на порядок та призводить до різкішого, більш локалізованого перколяційного переходу. 
Кластерна структура демонструє виражені фрактально-ієрархічні особливості: фрактальна розмірність остова становить 
1,6-1,8, а звисаючих кінців – 1,9-2,1. Щільність кластерів, радіус кореляції та топологічні параметри відповідають степеневим 
співвідношенням, типовим для тривимірної перколяції (ν = 0,85). При високих концентраціях провідної фази (V ≥ 0,3) 
асимптотична провідність досягає 63 Ω⁻¹·см⁻¹ у нанокомпозитах порівняно з 8 Ω⁻¹·см⁻¹ для матеріалів на основі 
мікрочастинок. Ці результати підтверджують високу ефективність наночастинок нікелю у формуванні протяжної, 
взаємопов'язаної та розгалуженої провідної мережі, що забезпечує основу для високопровідних композитів наступного 
покоління. 
Ключові слова: полімерні композити; наночастинки нікелю; мікрочастинки; нескінченний кластер; провідна мережа; 
асимптотична провідність; топологічні параметри; тривимірна перколяція 
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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 × 10⁻³ and a stress of ≈280 
MPa, whereas radial designs sustain −3.9 × 10⁻³ 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 AlₓGa₁₋ₓAs, 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 ~2.6×10⁻⁶ K⁻¹, whereas GaAs shows a higher coefficient of ~5.8×10⁻⁶ K⁻¹, 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 AlₓGa₁₋ₓAs 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 −𝑥ₚ in the p-side to 𝑥ₙ in the 
n-side. Within this region, acceptor ions (e⁻) and donor ions (e⁺) are spatially separated, generating a built-in electric field. 
However, the mismatch in coefficients of thermal expansion between Si (α ≈ 2.6×10⁻⁶ K⁻¹) and GaAs (α ≈ 5.8×10⁻⁶ K⁻¹) 
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 rₚ, R, and rₙ 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 𝐶ଵଵ 165.7 122.1 GPa 
Elastic constant 2 𝐶ଵଶ 63.9 56.6 GPa 
Elastic constant 3 𝐶ସସ 79.6 60 GPa 

Bulk modulus 𝐵 = 𝐶ଵଵ + 2𝐶ଵଶ3  97.83 78.43 GPa 

Grüneisen parameter 𝛾 0.98 1.2 – 
Linear Thermal 

Expansion Coefficient 𝛼௅ 2.6 × 10⁻6 5.8 × 10⁻6 1/K 

Debye temperature Θ஽ 645 360 K 
Atomic volume 𝑉௠ 2.0 × 10⁻²⁹ 4.5 × 10⁻²⁹ m³ 

Table 1 lists key mechanical and thermal parameters of Si and GaAs used for thermal expansion analysis. Si is stiffer 
(C₁₁ = 166 GPa, B = 98 GPa) with lower thermal expansion (αL = 2.6×10⁻⁶ K⁻¹) and higher Debye temperature (ΘD = 636 
K) than GaAs (C₁₁ = 122 GPa, B = 78 GPa, αL = 5.8×10⁻⁶ K⁻¹, ΘD = 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 Grüneisen parameter 𝛾, specific 
heat 𝐶௏, and bulk modulus 𝐵: 

( )(
3

) V
L

m

C TT
BV

γα =  
(1) 

where: 𝐶௏(𝑇)≈ Debye specific heat, 𝑉௠= atomic volume. 
At high temperatures (T >> ΘD), 𝐶௏ ≈ 3𝑘஻𝑁, giving approximate αL 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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Si GaAs( ), ( )α α . Temperature change: ref( )T T TΔ = − . Young’s modulus (E) and Poisson’s ratio ( )ν for each material. 
Thermal mismatch (linear strain): m ( )GaAS Si Tε α α= − ⋅ Δ . 

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]. 

m ( )
1 1

GaAs GaAs
GaAs GaAs Si

GaAs GaAs

E E Tσ ε α α
ν ν

= = ⋅⋅ − ⋅ Δ
− −

 (2) 

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,𝜃, 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].  

2 2( ) , ( )r
B Br A r A
r rθσ σ= − = +  (3) 

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 Pässler [41] models, enabling precise prediction of thermal 
effects on overall device performance. 

2

( ) (0)g g
TE T E

T
α

β
⋅= −
+

 (4) 

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

1/
2( ) (0) 1 1

2

pp

g g
TE T E α   ⋅Θ   = − + −   Θ    

 (5) 

Table 2. Typical parameters of Varshni and Pässler bandgap models for GaAs and Si [17,41]. 

Material Model 𝐸௚(0)(eV) 𝛼(eV/K) 𝛽/ Θ(K) 𝑝 Temperature 
range (K) 

Bandgap 
shrinkage 
(0–300 K) 

GaAs Varshni 1.519 5.405 × 10ିସ 204 – 100–500 ≈ 90 meV 
GaAs Pässler 1.519 5.8 × 10ିସ 240 2.5 50–500 ≈ 90 meV 

Si Varshni 1.17 4.73 × 10ିସ 636 – 100–500 ≈ 110 meV 
Si Pässler 1.17 4.9 × 10ିସ 700 2.8 50–500  

 
The temperature dependence of the bandgap energy 𝐸௚(𝑇)is commonly described using either the Varshni or Pässler 

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: 𝛼— the Varshni coefficient (eV/K), which represents the high-temperature slope of the bandgap reduction, and 𝛽— the Varshni parameter (K), 
associated with the strength of phonon interactions. The Pässler model provides a more detailed physical description 
through: 𝛼— high-temperature limiting slope (eV/K), Θ— 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 Pässler 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 
Pässler 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 Pässler 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 
GaAs is 𝐸௚(0) = 1.519eV for both Varshni and Pässler models, whereas for Si the value is 𝐸௚(0) = 1.170eV. This gives 
an initial bandgap difference Δ𝐸௚ = 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. 

 

Figure 2. Temperature dependence of bandgap energy 𝐸௚(𝑇)for Si and GaAs using Varshni and Pässler models. 
(a) 𝐸௚decreases from 1.519 eV (GaAs) and 1.170 eV (Si) at 0 K to 1.4225 eV and 1.1245 eV (Varshni), and 1.4078 eV and 1.0823 
eV (Pässler) at 300 K. (b) Bandgap difference Δ𝐸௚decreases from 0.349 eV to 0.298 eV (Varshni) and 0.325 eV (Pässler), showing 

stronger thermal narrowing in Si. 
The Pässler 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 Pässler 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 Pässler’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 Pässler), 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 Pässler 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 (Pässler) compared to 1.1245 eV (Varshni) and 1.0823 
eV (Pässler) 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. Pässler’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 (Pässler) at 300 K. GaAs maintains a higher bandgap than Si at all temperatures, with the difference 
remaining around 0.30 eV near room temperature. Pässler’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. 

 
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 (𝛼 =5.8 × 10ି଺ Kିଵ)and Si (𝛼 = 2.6 × 10ି଺ Kିଵ)induces tensile strain in the structure. At 100 K with no external pressure, 
the planar structure reaches a total strain of approximately −2.2 × 10ିସ, while the radial structure exhibits a larger strain 
of around −3.8 × 10ିସdue to its enhanced thermal expansion freedom. At the lowest temperature examined (10 K), the 
planar strain is about −2.8 × 10ିସ, whereas the radial strain reaches nearly −4.6 × 10ିସ. 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 × 10ିଷ, dominating over the thermal contribution. This results 
in a net strain around −2.3 × 10ିଷat 10 K. In contrast, the radial configuration, which is more compliant with 𝐸 =60 GPa, exhibits a larger pressure-induced strain of −3.3 × 10ିଷunder the same conditions, leading to a net strain 
magnitude of approximately −3.8 × 10ିଷat 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 ΔT (K) P (MPa) Thermal strain (×10⁻⁴) Pressure strain 
(×10⁻³) 

Total strain 
(×10⁻³) 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 −2.2×10⁻⁴ for planar structures and −3.8×10⁻⁴ for radial structures. Under P = 200 MPa at 
T = 10 K, the total strain increases to −2.3×10⁻³ (planar) and −3.8×10⁻³ (radial), indicating that radial strain is ~1.7×higher 
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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 (α = 5.8×10⁻⁶ K⁻¹) and Si (α = 
2.6×10⁻⁶ K⁻¹) 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 ε ≈ (5.8 – 2.6)×10⁻⁶×(10 – 300) ≈ −8.0×10⁻⁴. When pressure is increased 
to P = 200 MPa, the total strain exceeds −2.8×10⁻³, 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 ε ≈ −5.3×10⁻⁴, 
while at P = 200 MPa, the total strain reaches −3.9×10⁻³. Although the magnitude of total strain is larger in radial 
structures, the resulting mechanical stress remains lower because of the smaller elastic modulus: 𝜎radial ≈60 GPa × 3.9 × 10ିଷ ≈ 234 MPa,  𝜎planar ≈ 100 GPa × 2.8 × 10ିଷ ≈ 280 MPa. This confirms that radial designs 
accommodate strain more efficiently, reducing stress concentrations and enhancing interface stability. Thermal strain 
amplitude: Planar ≈ 8.0×10⁻⁴; Radial ≈ 5.3×10⁻⁴. Pressure strain amplitude (200 MPa): Planar ≈ 2.0×10⁻³; 
Radial ≈ 3.33×10⁻³. 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 Pässler 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 eV at 0 K to 0.298 eV (Varshni) and 0.325 eV (Pässler) at 300 K. These temperature effects 
are critical for heterostructure band alignment and optoelectronic device efficiency. Mechanically, radial architectures 
accommodate 1.7× 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. 
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ХАРАКТЕРИСТИКИ ТЕПЛОВОГО РОЗШИРЕННЯ ПЛОСКИХ ТА РАДІАЛЬНИХ  

ГЕТЕРОПЕРЕХОДІВ p–n Si/GaAs 
Джонібек Ш. Абдуллаєв1, Мадінабону Ш. Ібрагімова1, Джошкін Ш. Абдуллаєв2, Іброхім Б. Сапаєв2,3,4,5 

1Ургенчський державний університет, вулиця Хаміда Олімджона, 14, Ургенч, 220100, Узбекистан 
2Національний дослідницький університет ТІІАМЕ, кафедра фізики та хімії, Ташкент, Узбекистан 

3Західно-Каспійський університет, Баку, Азербайджан 
4Ташкентський університет прикладних наук, вулиця Університетська, 28, Ташкент 100095, Узбекистан 

5Інженерний факультет, Центральноазіатський університет, Ташкент 111221, Узбекистан 
У цій роботі представлено комплексне теоретичне та чисельне дослідження плоских та радіальних p–n гетеропереходів 
Si/GaAs, зосереджене на спільному впливі термічного розширення та неповної іонізації домішок на електростатичні та 
механічні характеристики структур. Двовимірне рівняння Пуассона розв’язано в декартовій та циліндричній системах 
координат з урахуванням імовірнісної активації домішок для моделювання заморожування носіїв при низьких температурах. 
При 100 K неповна іонізація зменшує вбудований потенціал на до 40 % і збільшує ширину збідненої області більш ніж на 
50 %, тоді як радіальні переходи демонструють на 15–25 % вищий потенціал завдяки криволінійному посиленню поля. 
Термомеханічне моделювання показало, що при 10 K та тиску 200 МПа у плоских структурах загальна деформація 
досягає −2,8 × 10⁻³, а напруження — ≈280 МПа, тоді як у радіальних структурах спостерігається деформація −3,9 × 10⁻³, але 
менше напруження (≈234 МПа) через знижений модуль пружності. Отримані результати демонструють переваги радіальної 
геометрії щодо релаксації напружень та підвищення електростатичного контролю, що є важливим для високоефективних 
кріогенних фотодетекторів та оптоелектронних пристроїв. 
Ключові слова: радіальний p–n перехід; плоский p–n перехід; неповна іонізація; термічне розширення; циліндрична система 
координат; декартова система координат; низькотемпературні ефекти 
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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 (ρ = 4.2×10³ Ω·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, Mn 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 ρ = 4.2×10³ Ω·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 ρ, 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 (ρ = 4.2×10³ Ω·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  
(°C) 

Mobility of current carriers 
μ, сm2/V·s  

Resistivity 
ρ (Ω·cm) 

Carrier concentration 
p or n (cm⁻³) 

Conductivity 
type 

1. Т=1000 0С 205 4.9·102 6.22·1013 р 
2. Т=1025 0С 198 1.1·103 2.86·1013 р 
3. Т=1050 0С 231 4.2·103 6.44·1012 р 
4. Т=1075 0С 196 8.3·104 3.84·1011 р 
5. Т=1100 0С 1165 1.07·103 5.01·1012 n 
6. Т=1150 0С 1205 6.2·102 8.36·1014 n 

 
RESULTS 

High-purity single-crystalline boron-doped p-type silicon (Si:B) wafers with an initial resistivity of 10 Ω·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 ρ = 4.2×10³ Ω·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 μm² 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 5.0×5.0 μm², revealing nanoscale surface 
fluctuations associated with Mn-induced clusters. The sample has a resistivity of ρ = 4.2×10³ Ω·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 Mr = 8 × 10⁻⁵ emu/cm3, and saturation magnetization Ms = 2 × 10⁻⁴ emu/cm3. 

At room temperature (300 K), the same sample retains ferromagnetic behavior (Figure 4), with slightly reduced 
parameters: Ms = 1.6 × 10⁻⁴ emu/cm3, Mr = 3.5 × 10⁻⁵ emu/cm3, 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. 

 
Figure 2. EDS spectrum of Mn-diffused silicon showing Mn–L and Mn–K peaks, confirming dopant incorporation. 

The sample has a resistivity of ρ = 4.2 × 10³ Ω·cm and was processed at T = 1050°C 

 
Figure 3. Magnetic hysteresis loop of Mn- and B-doped silicon (Si<B,Mn>) measured at 150 K, demonstrating clear ferromagnetic 
behavior (Ms = 2 × 10⁻⁴ emu/cm³, Mr = 8 × 10⁻⁵ emu/cm³, Hc = 115 Oe). The sample has a resistivity of ρ = 4.2 × 10³ Ω·cm and was 
processed at T = 1050 °C. 

 
Figure 4. Magnetic hysteresis loop of Mn- and B-doped silicon (Si<B,Mn>) measured at 300 K, showing stable room-temperature 
ferromagnetism (Ms = 1.6×10⁻⁴ emu/cm³, Mr = 3.5×10⁻⁵ emu/cm³, Hc = 87 Oe). The sample has a resistivity of ρ = 4.2×10³ Ω·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 (ρ = 4.2 × 10³ Ω·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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ФЕРОМАГНЕТИЗМ КІМНАТНОЇ ТЕМПЕРАТУРИ ТА СПІНОВА ПОЛЯРИЗАЦІЯ В КРЕМНІЇ, 

ЛЕГОВАНОМУ МАРГАНЦЕМ 
Олмас Е. Саттаров, Бахромджон А. Абдурахманов, Гійос А. Кушієв, Станіслав А. Тачілін, Темур Б. Ісмаїлов, 

Забарджат Н. Умарходжаєва 
Ташкентський державний технічний університет, вул. Університетська, 2, 100095, м. Ташкент, Узбекистан 

У цьому дослідженні ми досліджуємо магнітні властивості кремнію, легованого марганцем, за допомогою процесу 
термічної дифузії. Отримані результати демонструють чіткі докази феромагнетизму при кімнатній температурі в кремнію p-
типу, який виникає внаслідок вирівнювання спінів атомів Mn і наявності опосередкованої дірками провідності. Аналіз 
магнітоопору та гістерезису підтверджує спін-залежний транспорт, вказуючи на те, що обмінні взаємодії, опосередковані 
носіями, відповідають за спостережуване магнітне впорядкування. Комбінація атомно-силової мікроскопії (AFM), 
скануючої електронної мікроскопії (SEM) і енергодисперсійної рентгенівської спектроскопії (EDS) підтверджує успішне 
включення атомів Mn в решітку Si без значного пошкодження решітки. Спостережувані петлі гістерезису як при 150 K, так і 
при 300 K демонструють стабільну феромагнітну поведінку з коерцитивними силами 115 Oe і 87 Oe відповідно. Ці висновки 
відкривають багатообіцяючі перспективи для розробки спінтронних пристроїв на основі кремнію з використанням CMOS-
сумісної технології термодифузії. 
Ключові слова: кремній; дифузія марганцю; феромагнетизм; нанокластери; гістерезис; спінтроніка 
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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 µm. 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 
qm = 10-4 C/cm2 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 Ω·cm can produce uniform gas discharge luminescence with a gas gap thickness between 10 and 100 µm. 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 µm 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-SnO2, 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 Ω·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 24×36×3 mm and coated with a transparent conductive SnO2 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 μm 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.   

 
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, RB – 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 (Id), the total current under illumination (If = Id + Iph), the total light intensity (Jf) and the applied voltage (U). 
It is necessary to find the dark current density (Jd) and the photocurrent density (Jph) in each separate field of the wedge. 
The optical densities of each wedge field (Di) and the areas of these fields (Si) were measured in advance.  

The ratio of the light intensity passing through each wedge field (Ji) to the total light intensity (Jf) was denoted by ηi,  
where 

 𝜂௜ ൌ ௃೔௃೑ ൌ  10ି஽೔ . (1) 

In a gas discharge cell, the current density of each wedge field (ji) is proportional to the light intensity of each wedge field 
(Ji), and the total current density (jf) is proportional to the total light intensity (Jf) 

 𝑗௜ ൌ 𝑎𝐽௜, 𝑗௙ ൌ 𝑎𝐽௙, (2) 

where a is the proportionality coefficient. Using equations (1) and (2), we can write 

 𝜂௜ ൌ ௃೔௃೑ ൌ ௝೔௝೑, (3) 

from which it follows that  

 𝑗௜ ൌ 𝑗௙𝜂௜. (4) 

The total photocurrent Iph consists of the photocurrents of individual wedge fields Ii: 
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 𝐼௣௛ ൌ  ∑ 𝐼௜௡௜ୀଵ , (5) 

where 
 𝐼௜ ൌ  𝑗௜𝑆௜ . (6) 

Using formulas (4) and (6), we can rewrite formula (5) as  

 𝐼௣௛ ൌ  𝑗௙ ∑ 𝜂௜𝑆௜௡௜ୀଵ .  (7) 

It is known that Iph = If – Id, so using (7), we can find the value of  

 𝑗௙ ൌ ሺ𝐼௙  െ 𝐼ௗሻ/ሺ∑ 𝜂௜𝑆௜ሻ௡௜ୀଵ .  (8) 

Using formulas (4) and (8), we can find the current density of each wedge field: 

 𝑗௜ ൌ  𝜂௜ሺ𝐼௙  െ 𝐼ௗሻ/ሺ∑ 𝜂௜𝑆௜ሻ௡௜ୀଵ . (9) 

Using formula (9), we can calculate the amount of electricity corresponding to each wedge field qi that reaches the material 
under investigation:  

 𝑞௜ ൌ 𝑗௜𝑆௜∆𝑡 ൌ  𝜂௜𝑆௜∆𝑡ሺ𝐼௙  െ 𝐼ௗሻ/ሺ∑ 𝜂௜𝑆௜ሻ௡௜ୀଵ .  (10) 

After measuring the optical density of each wedge field (Di), we calculate the value of (ηi) 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 Jf or the light 
intensity for each wedge field Ji. Furthermore, it is impossible to measure the photocurrent Iph experimentally, so this 
procedure is also eliminated. 
The table shows the results of calculations based on optical wedge parameters: 

No. wedge 
stripes D iS  iη  i iSη  ෍𝜂௜𝑆௜௡

௜ୀଵ  

1 0 0,18 1,00 0,18 

0,55 

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 
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 (Di) is proportional to the illumination intensity (Ji), the current density (Ji) and the amount 
of electricity (qi) 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(qm) for the Bi, Te 
and Al materials. As can be seen from the obtained results, “current exposure qm” 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 q for Bi, Te and Al films. The initial optical 

density of the film is 1. 

Figure 4 shows the dependence of “current sensitivity (qm)” 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(qm) characteristics of two tin (Sn) layers deposited by vacuum evaporation on a glass surface 
with a conductive tin dioxide (SnO2) coating, with different initial optical densities (D1 = 0.45 and D2 = 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. 

  
Figure 4. Dependence of the minimum amount of 

electricity on the initial optical density of the bismuth 
layer 

Figure 5. Dependence of optical density D on the amount 
of electricity q (on the “current” exposure) for Sn films 

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 qm = 10-4 C/cm2 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 10-3 C/cm2 and at an initial optical 
density of D = 0.45 at 10-5 C/cm². 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 (qm greater than 0.1 C/cm2). 

Studies investigating changes in the optical density of metal layers on the surface of the counter electrode of a CdTe-
SnO2-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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ДОСЛІДЖЕННЯ КАТОДНО-АНОДНОГО РОЗПИЛЕННЯ В ГАЗОРОЗРІДНІЙ СВІТЛОЧУТЛИВІЙ СИСТЕМІ 
НА ОСНОВІ CdTe-SnO2 

Шаріфа Б. Утамурадова1, Кахрамон М. Файзуллаєв1, Буньодбек З. Хайдаров2 
1Інститут фізики напівпровідників та мікроелектроніки Національного університету Узбекистану імені Мірзо Улугбека, 

100057, вул. Янги Алмазара, 20, Ташкент, Узбекистан 
2Ферганський державний технічний університет, Узбекистан 

У цій статті досліджуються фізичні явища, що відбуваються в газорозрядній фоточутливій системі, яка використовує катодно-
анодне розпилення. Ця система складається з монокристалічного телуриду кадмію та скляної пластини, покритої SnO2, 
розділених газовим зазором. Товщина газового проміжку становить 100 мкм. Досліджувані матеріали напиляються на 
поверхню скляної пластини у вакуумній камері. Досліджуються зміни оптичної густини вісмуту, телуру, алюмінію та олова 
під дією газового розряду. Було показано, що зменшення товщини вісмуту призводить до різкого збільшення «струмової» 
чутливості газорозрядної комірки, досягаючи значення qm = 10-4 Кл/см² при оптичній густині D = 0,5. 
Ключові слова: газорозрядна фоточутлива система; фотодетектор на основі телуриду кадмію; напилені металеві шари; 
катодно-анодне розпилення; оптична густина 
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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 𝛽ାemitting 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 Gümüş 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]: 𝑆்௢௧௔௟ሺ𝐸ሻ =  𝑆௖௢௟௟ ሺ𝐸ሻ + 𝑆௥௔ௗ  ሺ𝐸ሻ (1) 

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]. 𝑆௥௔ௗ =  𝑆௖௢௟௟±  ൬𝑍 𝐸800൰  , (2) 

where 𝑆௥௔ௗ, 𝑆௖௢௟௟ 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: 1𝜌  𝑆௖௢௟௟ =  2𝜋 𝑁௔ 𝑟௘ଶ 𝑚 𝑐ଶ 𝛽ଶ  𝑍௘௙௙𝐴  ቈln ൬𝑇𝐼൰ଶ + ln ൬1 + 𝑇2൰ + 𝐹ା(𝜏) −  𝛿቉  . (3) 

Here, 𝜌 is the medium density (gm cmଷ⁄ ), 𝑟௘ is the classical radius of electron which is equal to (2.8179 ×  10ିଵହmeters), 𝑚𝑐ଶ 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] 

𝑍௘௙௙ = ∑ 𝑤௜𝑍௜ଶ𝐴௜௟௜ୀଵ∑ 𝑤௜𝑍௜𝐴௜௟௜ୀଵ  ,𝛽ଶ = 1 −  1ቀ1 + 𝑇𝑚𝑐ଶቁଶ (4) 

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 𝛽ଶ 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]:  l n 𝐼 = 〈𝑍𝐴〉 l n(𝐼௜)〈𝑍𝐴〉  ,𝑎𝑛𝑑 〈𝑍/𝐴〉 = ෍ 𝑤௜(𝑍௜𝐴௜)௜  (5) 

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: 𝐹ା(𝜏) = 2 ln 2 −  𝛽ଶ12 ൤23 + 14(𝜏 + 2) + 10(𝜏 + 2)ଶ + 4(𝜏 + 2)ଷ൨  , (6) 

And for electron as: 𝐹ି(𝜏) = 1− 𝛽ଶ  ቈ1 +  𝜏ଶ8 − (2𝜏 + 1) 𝑙𝑛2቉  . (7) 

Where 𝜏 = 𝑇/𝑚𝑐ଶ is the ratio between the kinetic energy of the incident particle and its rest energy, 𝛿 density-effect 
correction is equal to [16]: 

𝛿 = 2 ln ൬ℏ𝜔𝐼 ൰ + 2 ln(𝜏 + 1) − 1 (8) 
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Where ℏ 𝜔 = 28.816 (ఘ௓஺ )ଵ/ଶ is the plasma energy in eV, the quantity of (𝛿) 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 E0 is calculated by integrating the 
reciprocal of the stopping power over energy [6]: 

𝐶𝑆𝐷𝐴 (𝑔/𝑐𝑚ଶ ) = න 𝑑𝐸𝑆௧௢௧(𝐸)ாబ
ா೑  . (9) 

Where 𝑆௧௢௧ is the total stopping power of the medium, (E0, Ef) is the initial energy and final energy of it, respectively. If the 
stopping power chose in (𝑀𝑒𝑉. 𝑐𝑚ଶ/𝑔) units and energy in (eV), one can find, the CSDA range in units of g/cm2. 
 

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 
O 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 ρ (g/cm3) 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) Calculated 
I core (eV) I Valence (eV) 

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) Calculated 
I core (eV) I Valence (eV) 

K 19 39.0983 25.850 4.081 
I 53 126.90447 22.313 10.884 

Mg 12 24.312 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·cm²/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. 

  
Figure 1. Total mass stopping power for incident positron, electron 

energies in Kidney. The results of this work and Penelope 2012 
Figure 2. CSDA Range of positron, electron in Kidney 

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. 

  
Figure 3. Total mass stopping power for incident positron, electron 

energies in Lung. The results of this work and Penelope 2012 
Figure 4. CSDA Range of positron, electron in Lung 

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/cm². 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/cm². This follows the theoretical 
expectation that higher-energy positrons or electrons will penetrate deeper into tissue before stopping. 

  
Figure 5. Total mass stopping power for incident positron, electron 

energies in Thyroid. The results of this work and Penelope 2012 
Figure 6. CSDA Range of positron, electron in Thyroid 

Equations (6) and (7) define the functions 𝐹±(𝜏) 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 𝐹ା, a value that stays relatively unchanged. 

 
Figure 7. The functions 𝐹ା(𝜏) and 𝐹ି(𝜏), 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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ГАЛЬМІВНА ЗДАТНІСТЬ ТА ДІАПАЗОН CSDA ДЛЯ ПОЗИТРОНІВ ТА ЕЛЕКТРОНІВ В ОРГАНАХ НИРОК, 

ЛЕГЕНЬ ТА ЩИТОВИДНОЇ ЗАЛОЗИ ЛЮДИНИ 
Хавар М. Длшад1, Джамал М. Рашид2 

1Університет Сулеймані, коледж освіти, кафедра фізики, Сулейманія 46001, Регіон Курдистан, Ірак 
2Університет Сулеймані, коледж природничих наук, кафедра фізики, вулиця Клясан, Сулейманія 46001, Регіон Курдистан, Ірак 
У цьому дослідженні розраховано гальмівну здатність позитронів у кількох біологічних тканинах в діапазоні енергій від 
100 еВ до 1 МеВ. Основою методу є використання модифікованого виразу Бете-Блоха для гальмівної здатності та аналітичного 
виразу для ефективного атомного номера, включаючи ключові параметри, такі як середні енергії збудження атомів-мішеней, 
які суттєво впливають на результати гальмівної здатності. Аналітичні формули здебільшого використовувалися для 
розрахунку гальмівної здатності та діапазону CSDA з наближенням безперервного уповільнення. Розраховані результати 
гальмівної здатності та діапазону для позитронів у кількох сполуках, таких як тканини нирок, легень та щитовидної залози, 
порівнюються з результатами інших розрахунків, такими як програма Penelope 2012. Для розрахунків було використано 
моделювання методом Монте-Карло. Результати були представлені у вигляді графіків для демонстрації контрастів. Вони 
задовольняють визнану потребу медичної фізичної спільноти в даних про тканинно-специфічну взаємодію позитронів, що 
мають негайне застосування для покращення точності кількісного визначення зображень позитронно-емісійної томографії 
(ПЕТ) та уточнення дози опромінення для радіофармацевтичних препаратів, що випромінюють β-промені. 
Ключові слова: гальмівна здатність; позитрон; діапазон CSDA; енергія збудження; тканини людини 
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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 NiSO₄·6H₂O 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 NiSO₄·6H₂O 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 

Cylindrical (5300 ml) Height = standard; 
Volume: 5300 ml 

3.75 g NiSO₄·6H₂O + 5 g NaCl 
per 1000 g dist. H₂O 

Simulation of homogeneous soft tissues, 
conductivity regulation 

Spherical D165 Diameter: 165 mm; 
Volume: 2570 ml 

1.25 g NiSO₄·6H₂O 
per 1000 g dist. H₂O 

Assessment of homogeneity and basic 
noise  

characteristics, SNR calibration 

Spherical D240 Diameter: 240 mm; 
Volume: 7300 ml 

Marcol oil + 0.011 g 
Macrollex Blue per 1000 ml 

Simulation of adipose tissue and 
inhomogeneities, artifact analysis and 

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]: 

 𝐼ሺ𝑥,𝑦ሻ = ℱିଵ𝐾൫𝑘௫, 𝑘௬൯, (1) 

where 𝐾(𝑘௫, 𝑘௬) - 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) = ඥ𝐼௥ଶ(𝑥,𝑦) ൅ 𝐼௜ଶ(𝑥,𝑦), (2) 

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. 

 
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 (𝜎) 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, 𝛾ଵ) 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, 𝛾ଶ) 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 𝑅ఏ(𝐼௡௢௜௦௬) after which the reconstructed image is defined as: 

 𝐼መ = 𝐼௡௢௜௦௬ − 𝑅ఏ൫𝐼௡௢௜௦௬൯, (3) 

where 𝐼௡௢௜௦௬ - noisy input image, 𝑅ఏ(⋅) - function approximating the noise structure, 𝐼መ- de-noised image. The real 
(reference) image is marked as 𝐼௚௧ 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, (4) 

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௖ = 𝜎 ቆ𝑊ଶ ൬𝛿 ቀ𝑊ଵ൫𝐺𝐴𝑃(𝑥)൯ቁ + 𝑊ଵ൫𝐺𝑀𝑃(𝑥)൯൰ቇ, (5) 

where 𝐺𝐴𝑃і 𝐺𝑀𝑃 - global averaging and maximum operations, 𝜎 - sigmoid, 𝛿 - ReLU. 
- Spatial Attention focuses on local areas of the image: 

 𝑀௦ = 𝜎൫𝑓଻×଻(ሾ𝐴𝑣𝑔𝑃𝑜𝑜𝑙(𝑥);𝑀𝑎𝑥𝑃𝑜𝑜𝑙(𝑥)ሿ)൯. (6) 

Final gain: 
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 𝑥ᇱ = 𝑀௦ ⊙ (𝑀௖ ⊙ 𝑥). (7) 

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: 

 𝑦஺ௌ௉௉ = ෍𝐶𝑜𝑛𝑣ଷ×ଷ(ௗ೔)(𝑥)௜ . (8) 

Channelwise Attention (CA) takes into account the global interaction between channels by calculating weights via 
a normalized softmax vector [31]: 

 𝑤௜ = ௘೒೔෍ ௘೒ೕೕ ,where 𝑔௜ = GAP(𝑥௜). (9) 

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 𝜇, standard deviation 𝜎, 
asymmetry skewness and kurtosis obtained from phantom studies. The input to the module is a four-dimensional vector 
of statistical parameters: 𝑠 = [𝜇,𝜎, 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: 

 𝑣௦ = 𝑊௦ ⋅ 𝑠 + 𝑏௦, (10) 

where 𝑊௦ and 𝑏௦ - parameters of the training layer. The resulting vector 𝑣௦ 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 𝑣௦ acts as a scaling modifier: 

 𝑦 = Norm(𝑥) ⊙ (1 + 𝑣௦), (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: 

 ℒ௧௢௧௔௟ = 𝜆ଵℒெௌா + 𝜆ଶ ቀ1 − 𝑆𝑆𝐼𝑀൫𝐼መ, 𝐼௚௧൯ቁ + 𝜆ଷℒீ஽௅, (12) 

where: ℒெௌா  - minimizes the energy difference between 𝐼መ and 𝐼௚௧; 𝑆𝑆𝐼𝑀 - structural similarity controlling local contours; ℒீ஽௅ - gradient loss that prevents blurring of boundaries; 𝜆௜ - weighting factors (0.5, 0.3, 0.2 respectively). 

During training, the model receives a pair(𝐼௡௢௜௦௬, 𝐼௚௧), where 𝐼௡௢௜௦௬ - images with physically motivated degradations 
obtained by frequency perturbations of reconstructed magnitude images, and 𝐼gt - 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. 

 

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 × 10ିସ, 𝛽ଵ = 0.9, 𝛽ଶ = 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 × 10ି଺. 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]: 

 𝑃𝑆𝑁𝑅 = 10 ⋅ lo𝑔ଵ଴ ቀெ஺௑಺మெௌா ቁ ,𝑀𝑆𝐸 = ଵே෌ (𝐼௜ − 𝐼መ௜)ଶே௜ୀଵ , (13) 

where 𝑀𝐴𝑋ூ - maximum intensity value, 𝐼௜ and 𝐼መ௜- 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: 

 𝑆𝑆𝐼𝑀൫𝐼, 𝐼መ൯ = ൫ଶఓ಺ఓ಺෠ା஼భ൯൫ଶఙ಺಺෠ା஼మ൯ቀఓ಺మାఓ಺෠మା஼భቁቀఙ಺మାఙ಺෠మା஼మቁ. (14) 

Here 𝜇ூі 𝜇ூመ - average intensity values, 𝜎ூ and 𝜎ூመ- dispersion, 𝜎ூூመ- 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: 

 𝐸𝑃𝐼 = ∑∣∇ூመ∣⋅∣∇ூ∣∑∣∇ூ∣మ . (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]: 

 𝑁𝐶𝐶 = ∑(ூିఓ಺)൫ூመିఓ಺෠൯ට∑(ூିఓ಺)మ∑(ூመିఓ಺෠)మ. (16) 

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: 

 𝑆𝑁𝑅 = ఓೞ೔೒೙ೌ೗ఙ೙೚೔ೞ೐ ,𝐶𝑉 = ఙೃೀ಺ఓೃೀ಺. (17) 

Here 𝜇௦௜௚௡௔௟ and 𝜎௡௢௜௦௘- 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). 

 
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. 

 
Figure 4. Histograms of the distribution of improvements in the PSNR, SSIM, NCC, SNR metrics for all images. 

Visual evaluation also shows that our method provides good perceptual quality (Fig. 5).  

 
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, 



422
EEJP. 1 (2026) D.G. Sliusarenko, et al.

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. 

 
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. 

 
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. 

 
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. 

Method PSNR 
(dB) SSIM SNR (dB) EPI NCC Time 

(s) Complexity 

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 35.9 1.5 0.95 3.2 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 5.3 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 
 (k-space phantom) 

44.5 (+1.2) 0.996 (+0.066) 48.4 (+9.2) 0.95 (-0.05) 0.998 (+0.028) 3.2 High 

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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ШУМОЗАГЛУШЕННЯ МРТ НА ОСНОВІ ГЛИБОКОГО НАВЧАННЯ З ВИКОРИСТАННЯМ СТАТИСТИКИ 
ШУМУ, ОТРИМАНОЇ З ВИМІРЮВАНЬ ФІЗИЧНИХ ФАНТОМІВ 

Д.Г. Слюсаренко1,2, А.В. Нетреба1 
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Високоякісні МРТ-зображення є важливими для точного визначення об'ємів-мішеней та органів, що знаходяться в групі 
ризику, а також для правильної реєстрації на КТ під час планування променевої терапії. Метою цієї роботи є розробка 
надійного методу шумозаглушення, який покращує візуалізацію структур мозку та зберігає анатомічні деталі. Запропоновано 
модель, засновану на модифікованій архітектурі U-Net із залишковими блоками, модулями уваги (CBAM) та просторовим 
пірамідальним об'єднанням. Підхід характеризується інтеграцією статистичних шумових характеристик, отриманих з 
фантомних вимірювань, та моделюванням деградацій у псевдо-k-просторі (включаючи розподіли гаусового та релеївського 
шуму). Валідацію було проведено на 1000 анонімізованих клінічних DICOM-зображеннях зі змінними рівнями шуму. 
Запропонована модель забезпечила збільшення PSNR на 8–10 дБ та збільшення SSIM з 0,72 до 0,97. Індекс збереження країв 
(EPI), який досяг значень 8,0 на шумних зображеннях через артефакти, стабілізувався на рівні 1,0 після обробки, що свідчить 
про ефективне видалення псевдоконтурів без розмиття справжніх анатомічних меж. Крім того, на реальних зображеннях 
спостерігалося середнє покращення SNR на 7% та зниження CV на 4–7%, що підтверджує стабільність методу. Поєднання 
фізично обґрунтованого моделювання шуму в частотній області та сучасних архітектур глибокого навчання дозволяє 
ефективно видаляти шум, зберігаючи при цьому критичні анатомічні межі. Метод має високий потенціал для клінічного 
впровадження в процедурах планування променевої терапії, зокрема для підвищення точності об'єднання МРТ/КТ. 
Ключові слова: шумозаглушення МРТ, моделювання шуму в k-просторі, глибоке навчання, адаптивне масштабування шуму, 
моделювання в області Фур'є, реконструкція медичних зображень, CNN 




