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The substructure of freshly prepared photosensitive 𝐶𝑑𝑆𝑒 and doped 𝐶𝑑𝑆𝑒:𝐶𝑑,𝐶𝑙 thin films were investigated with respect to the 
influence of substrate temperature Tₛ and heat-treatment time in air in the presence of 𝐶𝑑𝐶𝑙₂ vapor. The results of electron diffraction 
and electron microscopy studies for films prepared under different technological conditions are also presented. It was established that 
the texture axis of the as-prepared 𝐶𝑑𝑆𝑒 films is perpendicular to the substrate plane. As Tₛ increases from 250 to 400°C, the texture-
axis dispersion angle, the fraction of the hexagonal phase, the crystallite size, and the coherent X-ray scattering region size 𝐷௖௦௥ 
increase. After annealing in air in the presence of 𝐶𝑑𝐶𝑙₂ vapor at 300°C, films prepared at Tₛ =250°C exhibit reorientation of crystallites 
from the ሺ111ሻ௖ + ሺ0002ሻ௛ plane, which is parallel to the substrate plane, to the ൫1013൯ orientation through the ሺ311ሻ௖ + ൫1112൯௛
planes. This reorientation is accompanied by an increase in crystallite size and 𝐷௖௦௥, and by a decrease in the lattice parameter and the 
minimum dislocation density. 
Keywords: Photosensitive film; CdSe; CdSe:Cd,Cl; Longitudinal photoconductivity; Polycrystal; Texture; Substrate temperature; 
Heat treatment; Sensitization kinetics; Coherent X-ray scattering size 
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INTRODUCTION 
Polycrystalline cadmium selenide (𝐶𝑑𝑆𝑒) thin films have attracted sustained research interest due to their wide 

applications in microelectronics and photonics, including photoconductors, light-emitting devices, visible and gamma-
ray detectors, and memory elements [1–5]. The efficiency of 𝐶𝑑𝑆𝑒-based photovoltaic devices is determined by key 
electrophysical and photoelectric parameters, such as charge carrier mobility and lifetime, defect types and concentrations, 
and photosensitivity. The structural, optical, and electrical properties of 𝐶𝑑𝑆𝑒 thin films have also been widely discussed 
in the literature for different preparation methods and application fields [6]. Numerous studies have shown that these 
parameters are highly sensitive to the microstructural state of the films, including grain size, porosity, crystallographic 
texture, and phase composition, which are significantly dependent on additional thermal treatment. In addition, the 
structural, optical, and electrical properties of CdSe thin films are influenced by film thickness [7]. In particular, process 
conditions greatly influence the crystal structure of grains and significantly affect charge transport processes. Depending 
on the fabrication conditions, polycrystalline 𝐶𝑑𝑆𝑒 thin films can crystallize in cubic (sphalerite) or hexagonal (wurtzite) 
forms, or exhibit the coexistence of mixed phases [3, 10-12]. The presence and evolution of these structural modifications 
play a decisive role in the formation of the crystallographic texture and substructure, thereby determining the 
microstructural development and functional characteristics of 𝐶𝑑𝑆𝑒-based films.  

Despite extensive investigations of the electrical and optical properties of 𝐶𝑑𝑆𝑒 thin films, quantitative studies of 
their substructure parameters performed using a combined set of complementary structural techniques remain relatively 
limited. In particular, a systematic correlation between substrate temperature, post-deposition thermal treatment 
conditions, and the evolution of substructure characteristics has not yet been sufficiently clarified. This limitation is 
mainly associated with the complexity of linking volume-sensitive X-ray diffraction data with surface-sensitive electron-
microscopic observations, especially in textured and polyphase films. 

In this context, the aim of the present work is to comprehensively investigate the substructure of photosensitive 𝐶𝑑𝑆𝑒 and 𝐶𝑑𝑆𝑒:𝐶𝑑,𝐶𝑙 thin films as a function of substrate temperature and annealing time in air in the presence of 𝐶𝑑𝐶𝑙₂ 
vapor. The study is based on a combined application of X-ray diffraction, electron diffraction, and electron microscopy, 
enabling a correlated analysis of crystallographic texture, phase composition, coherent scattering region size, lattice 
parameters, and defect-related characteristics. 

The novelty of this work lies in revealing the systematic correlation of substructure parameters with key physico-
technological factors over a wide range of deposition and annealing conditions. Special attention is paid to the evolution 
of crystallographic texture, phase transformations between cubic and hexagonal modifications, and the mechanisms of 
crystallite reorientation during thermal treatment. The obtained results provide deeper insight into the structural perfection 
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of 𝐶𝑑𝑆𝑒-based thin films and establish a reliable structural basis for optimizing their photoelectric and electrophysical 
properties. 

 
TECHNOLOGY AND MEASUREMENT METHODS  

Thin 𝐶𝑑𝑆𝑒 and 𝐶𝑑𝑆𝑒:𝐶𝑑,𝐶𝑙 films with an area of 5×15 mm² were produced by vacuum thermal evaporation on 
standard glass substrates with a predeposited transparent 𝑆𝑛𝑂₂ conductive layer. Deposition was performed at a residual 
gas pressure of approximately 10⁻³ Pa. To study the effect of substrate temperature on the structural properties of the 
films, the substrate temperature (Tₛ) during deposition was varied from 250°C to 400°C. The films were deposited for a 
time sufficient to achieve the desired thickness. The deposition time and substrate temperature were carefully controlled 
to achieve the desired crystal structure and phase composition. 

Once the films were deposited, they underwent a post-deposition thermal treatment process in air, where 𝐶𝑑𝐶𝑙₂ 
vapor was introduced. The annealing temperature was set to 300°C, and the annealing time was varied to evaluate the 
effects of thermal treatment on the microstructure and the phase composition of the films. The 𝐶𝑑𝐶𝑙₂ vapor was used to 
promote the formation of the desired crystalline phases and improve the structural quality of the films. This treatment 
plays a crucial role in the enhancement of film crystallinity and the reduction of defects. 

For structural characterization, X-ray diffraction (XRD) was utilized to analyze the crystallographic texture and 
phase composition of the films. The XRD measurements were conducted at room temperature, with diffraction angles 
(2𝜃) ranging from 20° to 80°. The XRD technique enabled the identification of the crystalline phases present in the films, 
as well as the determination of the crystalline quality. Electron diffraction (ED) was also used to further investigate the 
crystallographic texture and coherence of the films. 

To examine the surface morphology and grain structure of the films, scanning electron microscopy (SEM) was 
employed. SEM images were taken to assess the surface features and to measure the average grain size. The grain 
orientation and distribution were analyzed based on SEM micrographs. The grain size was calculated using the Scherrer 
equation, which is based on the full width at half maximum (FWHM) of the XRD peaks. This allowed for the estimation 
of the average crystallite size in the films. 

Additionally, the texture coefficients were calculated to evaluate the preferred orientation of the grains in the films. 
The texture coefficients provide insights into the crystallographic alignment and orientation of the grains relative to the 
substrate. The SEM and XRD data were used in combination to obtain a comprehensive understanding of the films' 
microstructural properties. 

 
RESULTS OF THE EXPERIMENT AND THEIR DISCUSSIONS  

X-ray studies carried out in the present work showed that the films obtained by vacuum evaporation of 𝐶𝑑𝑆𝑒 at a pressure 
of about 10⁻³ Pa, under perpendicular incidence of the vapor flux onto the glass substrate surface, with a condensation 
rate of 2500 Å/min and a thickness of 5–10 μm, are textured and polyphase within the substrate temperature range Tₛ=250-
400°С . They consist of both cubic and hexagonal modifications. In this case, the crystallites are arranged predominantly 
so that the crystallographic planes (111)௖ and (0002)୦ are oriented parallel to the substrate surface (see Figure 1, the 
first strong line from the center of the X-ray pattern). From the presented X-ray photographs, it follows that with 
increasing Tₛ , the dispersion angle of the texture axis also increases (Table 1). A significant preferential orientation of 
crystallites with the plane ൫1013൯௛ parallel to the substrate surface is also observed. 

 

а b c  

Figure 1. Photographic X-ray diffraction images of 𝐶𝑑𝑆𝑒 films under filtered 𝐹𝑒𝐾ఈ  radiation, condensed at substrate 
temperatures Tₛ: (a) – 250°C; (b) – 300°C; (c) – 400°C. 

Table 1. Dependence of the texture axis dispersion angle (𝜑) for the (111)௖ + (0002)௛ line of 𝐶𝑑𝑆𝑒 films condensed at various 
substrate temperatures Tₛ 

Tₛ, °С 250 300 350 400 𝜑, ° 38 44 57 65 

It should be noted that with increasing substrate temperature, both the width and the position of the X-ray lines 
change. Quantitative phase analysis from the film diffractograms is complicated due to the overlap of X-ray reflections 
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from the cubic and hexagonal modifications of cadmium selenide and the presence of texture. Therefore, phase analysis 
was performed on powder samples. For this purpose, a freshly prepared film was separated from the substrate, ground in 
an agate mortar, and the resulting powder was mixed with BM-1 diffusion pump oil, which does not produce X-ray 
diffraction lines. The prepared mixture was then applied to a glass substrate. By analyzing the integrated intensity of 
diffractometric reflections from the (0002)௛ + (111)௖ planes, which have the same diffraction angle, the relative fraction 
of the hexagonal modification (H) in the phase composition was determined according to the following relation given in 
references [8,9]: 
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where 𝐼൫1011൯௛ and 𝐼ሼ(111)௖ + (0002)௛ሽ are the integrated intensities of the reflections from the corresponding planes, 
and 𝛼 and 𝛽 are coefficients equal to 1.3 and 4.0, respectively. It was established that the fraction of the hexagonal 
modification within the above substrate temperature range is between 35 and 44%. 

Figure 2 shows the X-ray strip diagrams of the diffractograms of films condensed at Tₛ=350 and 400 °C. It is evident 
that the strongest line is (111)௖ + (0002)௛. The other lines are much weaker or are not observed at all. Therefore, the 
analysis of the films’ substructure parameters was carried out using the (111)௖ + (0002)௛ line by the fourth-moment 
method, which requires only a single interference line. 

  

Figure 2. Line diagrams of X-ray diffraction patterns of freshly prepared 𝐶𝑑𝑆𝑒 films obtained at substrate temperatures 
Tₛ: (a) – 350 °C; (b) – 400 °C. 

Figure 3. Photographic X-ray diffraction image of 
the reference sample obtained under filtered 𝐹𝑒𝐾ఈ 

radiation. 

When determining the substructure parameters, it is necessary to exclude the contribution from instrumental factors 
in the profiles of the lines used. This contribution can be eliminated either theoretically or experimentally by using a 
standard sample. In this work, the second method was employed. The standard sample consisted of 𝐶𝑑𝑆𝑒 films prepared 
by thermal evaporation of the source material in a vacuum of 10⁻³ Pa onto glass substrates at 400 °C, followed by thermal 
treatment in a cadmium chloride gas environment at 470 °C for 20 minutes, and then cooled at a rate of 3 °C/min. Films 
prepared in this manner met the requirements of a standard both in terms of substructure parameters and the degree of 
texturing (Figure 3). 

Based on the experimental data, it was established that, with increasing substrate temperature, the size of the coherent 
scattering region of X-rays increases [8]:  

 𝐷௖௦௥ ൌ ఒ൫ఏ೘య ିଽఏ೘ఓ௙మ൯ଷగమ ௖௢௦ ఏሾఓ௙రିଷ(ఓ௙మ)మሿ  (2) 

where λ is the wavelength of the X-ray radiation, 𝜃௠ -is the abscissa of the maximum of a line profile in the X-ray 2𝜃-
diagram, and 𝜇𝑓ଶ and 𝜇𝑓ସ are the second- and fourth-order central moments of the physical broadening function of the X-
ray line. It was found that 𝐷௖௦௥ increases from 850 to 970 Å. 

The microstrains of the crystal lattice were determined from the relation 

 ቀ𝜀ଶቁభమ ൌ ቈቀ△ௗௗ ቁଶ቉భమ,  (3) 

where 𝑑 is the interplanar spacing. It was found that the microstrain changes from 2.510ିଷ to 6.8410ିଷ.  

b 

a 

I, (a,u) 

deg. 
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From the position of the most intense line on the diffractograms, the lattice parameters were determined. It was 
shown that, with an increase in the substrate temperature 𝑇௦ from 250 to 400°C, the lattice parameters decrease from 
0.6083 to 0.6082 nm. 

Electron microscopic studies of the surface morphology of 𝐶𝑑𝑆𝑒 films showed that their visible structure depends 
on the substrate temperature Tₛ. Figure 4 presents electron micrographs (SEM) of the film surfaces obtained in the 
substrate temperature range of 250–400°C. The images show that crystallites with well-defined facets emerge on the film 
surface, and their size increases with increasing Tₛ. In electronograms obtained for the films' surface layer, the line spectra 
are richer than those on the X-ray diffractograms. These spectra are interpreted in terms of cubic and hexagonal 
modifications. 

 

a b c 
 

Figure 4. Electron micrographs of the surface of freshly prepared 𝐶𝑑𝑆𝑒 films, condensed at substrate temperatures 
Tₛ,°C: (a) – 250, (b) – 300, (c) – 400 (×10000) 

To obtain quantitative data on the crystallite parameters observed on the film surfaces, measurements of their linear 
dimensions (𝑑′) were carried out based on the electron micrographs of films prepared at different substrate temperatures 
Tₛ (here, the linear dimension of a crystallite is defined as the diameter 𝑑 of a circle whose area equals the average area 
of a crystallite on the film surface). For this purpose, a section of the electron micrograph was randomly selected to 
include a sufficient number of crystallites for a statistical size distribution. The value of 𝑑′ was determined by dividing 
the total area occupied by the crystallites by the number of crystallites. It was found that with an increase in Tₛ from 250 
to 400°C, the average 𝑑′ increases from 500 to 1500 nm.  

Fractographic studies of the film cross-sections (Figure 5) revealed that the upper, predominant part of the film has 
a columnar structure. This structure is disrupted near the substrate, with a thinner, finer-crystalline layer measuring 
0.5-1 µm in thickness.  

 

 

Figure 5. Fractographic image of the cross-section of a 𝐶𝑑𝑆𝑒 film prepared at Tₛ=250°С (×7500). 
Freshly prepared polycrystalline cadmium selenide films are generally weakly photosensitive and are usually 

subjected to thermal treatment in the presence of oxygen or chloride-containing activators in order to improve their 
electrophysical and photoelectric properties [11,13,14]. Here, we consider the changes in the substructure parameters of 𝐶𝑑𝑆𝑒 films during TT in air in the presence of 𝐶𝑑𝐶𝑙₂. One of the important technological factors is the annealing 
temperature. Based on experimental data, it has been established that the most stable 𝐶𝑑𝑆𝑒:𝐶𝑑:𝐶𝑙 films with good 
electrophysical properties are obtained when annealed in a 𝐶𝑑𝐶𝑙₂ atmosphere at 450–470 °C for 4–8 minutes [15,16].  

To determine the effect of annealing on the films' substructure, a series of identical samples was prepared. Each film 
was subjected to thermal treatment for each time interval only once. The structure was studied after annealing and after 
the samples had cooled to room temperature.  

Thermally treated 𝐶𝑑𝑆𝑒:𝐶𝑑,𝐶𝑙 films also exhibited texturing with a well-defined axial texture (111)௞ + (0002)୦, 
the dispersion angle of which increases with increasing substrate temperature (Tₛ). Figure 6 shows a comparison of photo-
radiographs of films prepared at the same Tₛ=250 °C and with a constant annealing temperature T=470 °C. In this case, 
the predominant orientation of the plane (111)௞ + (0002)୦ parallel to the substrate surface gradually shifts to other 
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orientations as the annealing time increases. For example, in the (311), ൫1112൯ plane after annealing for 𝑡௔௡௡=2 min, 
and then in another ൫1013൯ plane after 𝑡௔௡௡=4 min. It should be noted that in the latter case, there are also crystallites 
oriented randomly; further increasing the annealing time does not lead to significant changes in the predominant 
orientation. During the annealing of films prepared at higher substrate temperatures, the change in film texture occurs 
similarly to the case of Tₛ=250 °C. However, the reorientation of crystallites from one predominant orientation to another 
occurs over a shorter annealing time as Tₛ increases. 

 

Figure 6. X-ray photographs of 𝐶𝑑𝑆𝑒 films before and after thermal annealing in air in the presence of 𝐶𝑑𝐶𝑙₂: (a) – as-deposited; 
(b) – t=2 min; (c) – t=4 min; (d) – t=10 min. Substrate temperature Tₛ=250°C. 

From the photo-radiographs in Figure 6, one can also observe qualitative changes in the relative intensities of the 
X-ray lines, which were recorded with the X-ray beam incident on a stationary sample at an angle of 20°. It is evident 
that the most intense diffracted reflection lines occur in the range φ=25–50°. Quantitative changes in the relative 
intensities of the X-ray lines, obtained from diffraction analysis, are shown in the bar charts for films deposited at a 
condensation temperature of 350 °C (Figure 7). 

 
Figure 7. X-ray strip diagrams for 𝐶𝑑𝑆𝑒 films deposited at a condensation temperature of 350 °C before and after heat treatment in 

air in the presence of 𝐶𝑑𝐶𝑙₂. 
It was established that the fraction of the hexagonal modification H in the annealed films increases with the duration 

of the thermal treatment. In films prepared at Tₛ=350 °C and annealed for 6 min, the value of H reaches 72 %.  
The experimental results for the determination of the coherent scattering region sizes 𝐷௖௦௥ as a function of annealing 

time for 𝐶𝑑𝑆𝑒:𝐶𝑑,𝐶𝑙 films prepared at Tₛ=350 °C and 400 °C are shown in Figure 8a,b. It can be seen that at the initial 
stages of thermal treatment, 𝐷௖௦௥ increases, followed by a plateau in the annealing time interval of 4–10 min, during which 
changes are minimal. Further increasing the annealing time (𝑡௔௡௡>10 min) leads to a rather sharp increase in 𝐷௖௦௥. 

The same figures also show the dependence of the minimum dislocation density on the annealing time, determined 
based on the following formula given in reference [9]: 

 𝜌஽ ൌ 3𝑛/𝐷௖௦௥ଶ  , (4) 

where n is the number of dislocations per coherent scattering domain 𝐷௖௦௥ (for calculations, n=1 was assumed). 
In films obtained at Tₛ=400°С, the dislocation density 𝜌஽ in the plateau region (𝑡௔௡௡=4-10 min) is almost an order 

of magnitude lower than in films obtained at Tₛ=350°С, while the corresponding 𝐷௖௦௥ values for these films are 
approximately 50 nm and 150 nm, respectively. 
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Figure 8. Dependence of 𝐷௖௦௥ and 𝜌஽ on annealing time in air in the presence of 𝐶𝑑𝐶𝑙₂ for 𝐶𝑑𝑆𝑒 films deposited at substrate 
temperatures Tₛ=350°С (𝑎) and Tₛ=400°С (𝑏). 

One of the significant parameters characterizing the structure is the lattice parameter 𝑎. Since the lattice parameter 
can be determined with higher accuracy from diffraction lines at large reflection angles, it was determined using the (333) 
line. Figure 9 presents the results of the study of the lattice parameter 𝑎 for films obtained at Tₛ=350°С as a function of 
annealing time. The figure shows that with increasing annealing time up to the optimal value (𝑡௔௡௡=6 min), the lattice 
parameter 𝑎 decreases and approaches the lattice parameter of cadmium selenide in equilibrium, 𝑎=6.035 Å [17]. In the 
annealing time range of 4–10 min, 𝑎 changes only slightly, which can be explained by the transformation of the cubic 
modification into the hexagonal one. 

2 4 6 8 10 12 

0.60816 

0.60818 

0.6082

a, nm 

tann, min 

Figure 9. Dependence of the lattice parameter a of the 𝐶𝑑𝑆𝑒:𝐶𝑑,𝐶𝑙 film on annealing time, determined from the position of the 
X-ray (333) reflection.

The results of electron-microscopic studies also show that annealing the films leads to changes in the crystallite 
sizes. From the micrographs of the surfaces of sensitized films obtained at Tₛ=250°С and 350 °C (Figure 10a,b), it is 
evident that after annealing, the grain sizes increase due to the merging of adjacent grains, the boundaries straighten, and 
the junction angles approach equilibrium values. The average grain size for films obtained at Tₛ=250°С is approximately 
1900 nm, while for films obtained at Tₛ=350°С , it is about 2100 nm. Individual grains for these films reach sizes of 
roughly 3-4 µm. 

b a 
Figure 10. Electron micrographs of optimally sensitized 𝐶𝑑𝑆𝑒:𝐶𝑑𝐶𝑙₂ films: 

(𝑎) films obtained at Tₛ=250°С; (b) films obtained at Tₛ=350°С 
The study of the cross-sectional structure of the films showed that the columnar structure, in some cases, extends 

through the entire thickness of the film (Figure 11a, b). However, it should be noted that although the cross-sectional 
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structure appears monolithic in the fracture micrographs, in reality the average size of the coherent scattering regions is 
much smaller, as determined from the study, 𝐷௖௦௥=50-350 nm (see, for example, Figure 8b). In the cross-sectional fracture 
images, the 𝑆𝑛𝑂₂ layer between the glass substrate and the 𝐶𝑑𝑆𝑒-based film is indicated schematically. 

a b 

Figure 11. Fractographs of the cross-sectional fracture of optimally sensitized 𝐶𝑑𝑆𝑒:𝐶𝑑,𝐶𝑙 films: (𝑎) films deposited at 
Tₛ=250°С; (𝑏) films deposited at Tₛ=350°С. 1 – substrate; 2 – 𝑆𝑛𝑂₂ layer; 3 – cross-sectional fracture; 4 – surface. 

CONCLUSIONS 
Freshly prepared 𝐶𝑑𝑆𝑒 films are textured, with the texture axis coinciding with the crystallographic direction (111)௖ + (0002)௛ and perpendicular to the substrate plane. As the substrate temperature Tₛ increases from 250 to 400°C,

the texture axis dispersion angle, the fraction of the hexagonal modification, the crystallite size, and the coherent scattering
regions of X-rays increase, while the lattice parameters and microstrains of the crystal lattice decrease.

Thermal treatment of freshly prepared 𝐶𝑑𝑆𝑒 films with a substrate temperature Tₛ=250°С in air in the presence of 𝐶𝑑𝐶𝑙₂ vapor (𝑇௔௡௡=470°С) for 𝑡௔௡௡=4 min leads to an increase in the coherent scattering region 𝐷௖௦௥ and, 
correspondingly, the size of the crystalline grains, as well as an increase in the fraction of the hexagonal modification. 
The texture axis dispersion angle increases significantly, and the predominant orientation becomes the plane ൫1013൯. 
Such reorientation of crystallites necessarily occurs via (311)௖ + ൫1112൯௛ planes parallel to the substrate; however, with
further increase in the annealing time, the original orientation (111)௖ + (0002)௛ becomes predominant again. During 
the initial stage of annealing up to 𝑡௔௡௡=6 min, the lattice parameter decreases, while at 𝑡௔௡௡>10 min it increases. At the 
same time, the crystallite sizes and the coherent scattering region 𝐷௖௦௥ increase, while the lattice parameter a and the 
minimum dislocation density 𝜌஽ decrease. 
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ДОСЛІДЖЕННЯ МІКРОСТРУКТУРИ ФОТОСЕНСИТИВНИХ ТОНКИХ ПЛІВОК CdSe ТА CdSe:Cd,Cl 

Баходір К. Туйчібаєв¹, Носіржон Х. Юлдашев¹, Хусанбой М. Сулаймонов¹, Гулкан А. Хасанова², 
Маралбек Ч. Осконбаєв², Ісламідін Ташполовтов², Іфтіхоржон І. Юлчієв¹ 

¹Ферганський державний технічний університет, Фергана, Узбекистан 
²Ошський державний університет, Ош, Киргизстан 

Субструктурні характеристики свіжоприготовлених фоточутливих тонких плівок 𝐶𝑑𝑆𝑒 та легованих 𝐶𝑑𝑆𝑒:𝐶𝑑,𝐶𝑙 було 
досліджено з огляду на вплив температури підкладки Tₛ і тривалості термообробки на повітрі в присутності парів 𝐶𝑑𝐶𝑙ଶ. 
Також наведено результати електронно-графічних та електронно-мікроскопічних досліджень плівок, одержаних за різних 
технологічних умов. Встановлено, що вісь текстури свіжоприготованих плівок 𝐶𝑑𝑆𝑒 перпендикулярна до площини підкладки. 
Із підвищенням Tₛ від 250 до 400°C зростають кут розсіювання осі текстури, частка гексагональної фази, розмір кристалітів і 
розмір області когерентного рентгенівського розсіювання 𝐷௖௦௥. Після відпалу на повітрі в присутності парів 𝐶𝑑𝐶𝑙ଶ при 
температурі 300°𝐶 плівки, отримані за Tₛ=250°C, виявляють переорієнтацію кристалітів від площини (111)௖ + (0002)௛, 
паралельної площині підкладки, до орієнтації ൫1013൯ через площини (311)௖ + ൫1112൯௛. Така переорієнтація 
супроводжується збільшенням розміру кристалітів і 𝐷௖௦௥, а також зменшенням параметра ґратки та мінімальної густини 
дислокацій. 
Ключові слова: фоточутлива плівка; CdSe; CdSe:Cd,Cl; поздовжня фотопровідність; полікристал; текстура; 
температура підкладки; термічне оброблення; кінетика сенсибілізації; розмір області когерентного рентгенівського 
розсіювання 
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This paper presents the theoretical investigation of the temperature-dependent shift of the Fermi level in porous silicon (por-Si). The study is 
based on the charge-state distribution model originally proposed for hydrogenated amorphous silicon (a-Si:H), while accounting for the 
unique physical and chemical properties of porous silicon (por-Si). The temperature dependence of the parameters in the charge-state density 
within the bandgap is accounted for in both simplified and advanced models. For each model, the Fermi-level shift behavior was calculated 
using numerical methods based on integral-differential equations. The results are presented in graphical form, and the physical mechanisms 
underlying the Fermi level shift across different temperature ranges are discussed. The conclusions obtained can be applied to explain carrier 
transport processes, reduce surface recombination, and improve the efficiency of por-Si/c-Si heterostructure-based solar cells. 
Keywords: Fermi level; Amorphous silicon; Porous silicon; Bandgap; Density of states; Gaussian distribution; Electrical 
conductivity 
PACS: 71.23.Cq, 71.10.Ca, 73.61.Cw, 72.40.+w, 78.20.-e 

INTRODUCTION 
The increasing demands on the performance and efficiency of various electronic devices based on semiconductor 

materials have been consistently noted in the scientific literature for many years. The development of multi-component 
(heterostructure-based) devices using different modifications of semiconductor materials has been expanding. In 
accordance with the principles of HIT technology, to enhance the efficiency of crystalline silicon (c-Si)-based solar 
cells, heterostructure devices comprising three or more layers are being developed using modified forms of silicon such 
as hydrogenated amorphous silicon (a-Si:H), microcrystalline silicon (μc-Si:H), nanocrystalline silicon (nc-Si:H), or 
porous silicon (por-Si) [3,4,5]. 

Due to the low physicochemical stability and rapid degradation of hydrogenated silicon layers, extensive research in 
recent years has focused on improving the efficiency of heterostructure solar cells based on porous silicon (por-Si) layers 
[6,7]. Over the past decade, the fabrication of heterostructure-based solar cells has been recognized as one of the most 
rapidly advancing technologies. Among the most promising and efficient approaches for producing solar cells with 
crystalline silicon (c-Si)-based heterostructure layers is the HIT technology (heterojunction with intrinsic thin layer) [1,2]. 

One of the key advantages of heterojunction-based solar cells is their ability to effectively reduce surface 
recombination. In particular, when a thin layer of n⁺-type hydrogenated silicon (Si:H) modification is deposited on the 
surface of p-type crystalline silicon, the resulting valence band offset (Δ𝐸௩) significantly suppresses surface 
recombination [3]. Compared to materials such as a-Si:H, μc-Si:H, and nc-Si:H, porous silicon (por-Si) possesses a 
larger specific surface area as well as additional physicochemical properties, which can substantially contribute to 
enhancing the efficiency of heterojunction solar cells based on por-Si. One of the main challenges in heterojunction 
solar cells is the formation of theoretical potential barriers for majority charge carriers in either the conduction or 
valence band. An increase in the magnitude of such potential barriers negatively affects the carrier transport process, 
ultimately leading to a reduction in the fill factor (FF). 

It is well known that the primary cause of potential barrier formation between layers is the difference in the Fermi 
level positions of the semiconductor materials composing the layers, as well as the sensitivity of the Fermi level’s 
energetic position to external influences. Moreover, the transport process of charge carriers is significantly affected by 
the average lifetime of both majority and minority carriers [8]. Therefore, the present study aims to theoretically analyze 
the temperature dependence of the Fermi level and the average carrier lifetime. 

The bandgap width and charge carrier transport parameters of porous silicon (por-Si) are significantly influenced 
by the size of its crystallites. In por-Si, crystallite sizes can range from a few nanometers to several hundred 
nanometers [9]. Considering the crystallite size is crucial when selecting theoretical research methods, since, as noted 
earlier, the electrical conductivity of por-Si can vary widely with porosity. 

Studies have shown that when the porosity is in the range of 50–70%, the electrical conduction mechanism and 
bandgap width of por-Si become similar to those of hydrogenated amorphous silicon (a-Si:H). 
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Accordingly, the temperature dependence of electrical conductivity exhibits an activation character and can be 
expressed as: 𝜎 = 𝜎଴𝑒𝑥𝑝 ൬𝛥𝐸𝑘𝑇൰ 

where the quantities 𝜎଴ and 𝛥𝐸 vary in accordance with the Meyer–Neldel rule, a fact confirmed by experimental 
results. It has also been established that for por-Si with 50–70% porosity, the bandgap width (𝐸௚) lies within the range 
of 1.7-2 eV [10]. 

Based on the above considerations, the model proposed in [11] for the bandgap of a-Si:H material was employed 
to investigate the temperature dependence of the Fermi level. According to this model, the charged states arising from 
broken bonds within an energy width Δ around the Fermi level are distributed according to a Gaussian distribution. 

The electrons in these charged states are redistributed with temperature in accordance with the function 𝑓(𝜀, 𝜀ி ,𝑈,𝑇), which leads to a temperature-dependent shift of the Fermi level 𝜀ி(𝑇). 
To determine the temperature dependence of this shift, the law of electric charge conservation is applied: 

׬  𝑓(𝜀, 𝜀ி ,𝑈,𝑇) 𝑁(𝜀)ఌ೎ఌೡ  𝑑𝜀  (1) 

where: 𝜀௩ — upper energy state of the valence band; 𝜀௖ — lower energy state of the conduction band; 𝜀ி — Fermi 
level; U — correlation energy (temperature-independent); N(ε) — energy density of charged states. 

By taking the derivative of expression (1) with respect to temperature, the following equation for the function 𝜀ி(𝑇) is obtained: 

 ௗఌಷௗ் = ׬௬మ ങ೑ങ೤  ே(ఌ) ௗఌ׬ ങ೑ങഄಷ ே(ఌ) ,           𝑦 = ଵ் (2) 

The integral-differential equation (2) can be solved using a step-by-step (iterative) method, which can be written 
as: 𝜀ி೔శభ = 𝜀ி೔ + 𝑑𝜀ி𝑑𝑇  𝜎𝑇 

where σT is the calculation step size, and the value of ௗఌಷௗ்  is obtained from equation (2). 
The function N(E), which describes the density of charged states in equation (2), is expressed in the following 

analytical form according to the model adopted from [12]: 

 𝑁(𝐸) = 𝑁௖௧(𝐸) + 𝑁௩௧(𝐸) + 𝑁ீ(𝐸) (3) 

Now, let us examine each term in expression (3) separately. 𝑁௖௧(𝐸) represents the density of charged states located 
near the bottom of the conduction band within the energy width 𝜀௖଴ and follows the relation 𝑁௖௧(𝐸) = 𝑁௖௧଴exp [(𝜀 −𝜀௚)/𝜀௖଴], where 𝑁௖௧଴ = 10ଶଵ − 10ଶଶ 𝑠𝑚ିଷ 𝑒𝑉ିଵ [12,13], 𝜀௚ is the bandgap width of porous silicon (por-Si), and 𝜀௖଴ is 
the width of the energy range over which the charged states are distributed, taking values in the range 25-30 meV [11]. 
The second term, 𝑁௩௧(𝐸), corresponds to the density of charged states located above the valence band. This function is 
distributed within the energy width 𝜀௩଴ and follows the relation 𝑁௩௧ = 𝑁௩௧଴exp (−𝜀/𝜀௩଴), where 𝑁௩௧଴ = (1 − 3) ⋅ 10ଶଵ 𝑠𝑚ିଷ 𝑒𝑉ିଵ, and 𝜀௩଴, unlike 𝜀௖଴, is temperature-dependent, with the temperature dependence expressed as follows: 𝜀௩଴(𝑇) = ඥ[𝜀௩଴(𝑇⋆)]ଶ − (𝑘𝑇⋆)ଶ + (𝑘𝑇)ଶ 𝑇⋆=500 K represents the equilibrium temperature, which varies within the range of 0.04 eV to 0.15 eV depending on 
the degree of disorder in the material, i.e., the extent of amorphization [12,13]. For porous silicon (por-Si), 𝜀௩଴(300) 
typically lies within 40–45 meV, whereas 𝜀௩଴(500) is in the range of 51–56 meV. In constructing the graphs, the value 
of 𝜀௩଴(300) was selected within the interval of 20–50 meV. The term 𝑁௖(𝐸) in expression (3) represents the 
distribution function of charged states arising from the breaking of Si–Si bonds during the formation of 
microcrystallites, follows a Gaussian distribution and is expressed as follows: 𝑁ீ(𝜀) = 𝑁௖√2𝜋𝜎ଶ 𝑒𝑥𝑝(−(𝜀 − 𝜀ி)ଶ/2𝜎ଶ) 

where σ represents the maximum potential energy of defects formed due to bond breaking, and it is determined by the 
relation 𝜎 = (𝜀௩଴(𝑇) ⋅ (𝛥 + 𝑈))ଵ/ଶ [12,13]. In this expression, Δ and U are energetic parameters associated with defect 
states, where Δ=0.44 eV is the energy separation, and U=0.2÷0.3 eV denotes the correlation energy of defect electrons. 

The magnitude 𝑁ீ is obtained from experimental results and varies in the range 𝑁ீ = 10ଵ଻ − 10ଵ଼ 𝑒𝑉ିଵ𝑠𝑚ିଵ 
[11]. In [14], when determining the temperature dependence of the Fermi level, a simplified model of N(E) — namely 
the approximation 𝑁(𝜀) ≈ 𝑁ீ(𝜀)  — was used. However, in that approach, the temperature dependence of the 
parameters in the Gaussian function was not accounted for. 
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In the present study, the temperature dependence of certain parameters in the charge state distribution function 
within the bandgap of porous silicon (por-Si) was taken into account. Accordingly, two models were considered: 

1. Simplified model: 

 𝑁(𝜀) = ேಸඥଶగఙమ 𝑒𝑥𝑝(−(𝜀 − 𝜀ி(𝑇))ଶ/2𝜎ଶ) (4) 

2. Complex model: 

 𝑁(𝜀) = 𝑁௖௧଴ exp ቀఌିఌ೒ఌ೎బ ቁ + 𝑁௩௧଴ exp ቀ− ఌఌೡబቁ + ேಸඥଶగఙమ 𝑒𝑥𝑝 ൬− (ఌିఌಷ)ଶఙమ ଶ൰ (5) 

For both models, graphs illustrating the temperature-dependent shift of the Fermi level were constructed using 
numerical computation methods. 

 
RESULTS AND DISCUSSION 

The temperature-dependent variation of the Fermi level was calculated using Equation (4), and the results are 
shown in Figure 1. As can be seen from the graph, when the temperature is T<100 K, the shift of the Fermi level shows 
a negligible change, depending on the parameters of the function describing the charge states. This behavior can be 
explained by the fact that the thermal energy kT is insufficient to excite electrons into the charge states. 

When the temperature exceeds T>100 K, the difference becomes much more pronounced, and a sharp 
temperature-dependent shift of the Fermi level is observed. This result is consistent with the graphs presented in [14], 
but does not fully agree with the conclusions in [15] and [16]. According to the interpretations in [15] and [16], as the 
temperature increases, electrons located in charge states below the Fermi level become almost fully activated. In 
addition, electrons in the valence band are also activated, and their transition to the conduction band can occur through 
the charge states under consideration. All these processes contribute to a decrease in the Fermi level shift. 

Furthermore, in [16], the shift of the Fermi level was studied in relation to the Stabler–Wronski effect, and it was 
emphasized that in undoped a-Si:H materials, the Fermi level shift is not monotonic and tends to approach a certain 
limiting value. 

In Figure 2, the graph of the Fermi level shift is calculated using formula (6). This expression shows that the Fermi 
level shift value, 𝛥𝜀ி, changes within certain limits. Such a variation can be explained as follows: with increasing 
temperature, the concentration of broken Si–Si bonds increases, and in the charge exchange process between these 
defect states, electrons from both the valence band tail and the valence band itself participate. Since the density of these 
charge states is greater than that of the charge states distributed around the mid-gap according to the Gaussian 
distribution, their activation slows down the Fermi level shift. 

  
Figure 1. Temperature dependence of the Fermi level 

calculated using equation (4) 
Figure 2. Temperature-dependent Fermi level shift calculated 

using equation (6) 
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CONCLUSIONS 
As noted earlier, according to [9], in certain types of porous silicon samples, the electrical conductivity exhibits 

an activation character, following the law 𝜎 = 𝜎଴𝑒𝑥𝑝 ቀ− ௱ఌ௞்ቁ, where 𝛥𝜀 = 𝜀௖ − 𝜀ி. Thus, the, 𝛥𝜀(𝑇) dependence should 
also be valid, and this relationship should manifest in the temperature dependence of electrical conductivity. Indeed, the 𝑗 ቀଵ்ቁ dependence shown in [16] for the temperature range T>150 K confirms the correctness of this approach. 

The obtained results indicate that this model and its outcomes can be applied to study the temperature 
dependence of parameters in devices based on por-Si/c-Si structures. 
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ВПЛИВ ТЕМПЕРАТУРИ НА ЕНЕРГЕТИЧНЕ ПОЛОЖЕННЯ РІВНЯ ФЕРМІ В ПОРИСТОМУ КРЕМНІЇ
У.С. Бабаходжаєв1, М.А. Усманов2, І.Ш. Вохобджонов2, С.М. Шамсіддінова2 

1Наманганський державний педагогічний інститут, вул. Уйчі, 316, Наманган 716019, Узбекистан 
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У цій статті представлено теоретичне дослідження температурно-залежного зсуву рівня Фермі в пористому кремнії (por-Si). 
Дослідження базується на моделі розподілу зарядових станів, спочатку запропонованій для гідрогенізованого аморфного 
кремнію (a-Si:H), з урахуванням унікальних фізичних та хімічних властивостей пористого кремнію (por-Si). Температурна 
залежність параметрів густини зарядових станів у межах забороненої зони враховується як у спрощених, так і в розширених 
моделях. Для кожної моделі поведінка зсуву рівня Фермі була розрахована за допомогою числових методів, заснованих на 
інтегрально-диференціальних рівняннях. Результати представлені в графічній формі, а також обговорюються фізичні 
механізми, що лежать в основі зсуву рівня Фермі в різних температурних діапазонах. Отримані висновки можуть бути 
застосовані для пояснення процесів переносу носіїв заряду, зменшення поверхневої рекомбінації та підвищення 
ефективності сонячних елементів на основі гетероструктур por-Si/c-Si. 
Ключові слова: рівень Фермі; аморфний кремній; пористий кремній; заборонена зона; густина станів; розподіл Гаусa; 
розподіл Гаусa 
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This work presents a comprehensive experimental and theoretical investigation of polylactide (PLA) nanocomposites reinforced with 
zinc oxide (ZnO) nanoparticles at concentrations of 0.5, 1, 3, and 5 wt.%. The dispersion state and microstructural features of ZnO 
within the PLA matrix were examined using scanning electron microscopy combined with energy-dispersive X-ray spectroscopy, 
revealing homogeneous distribution at low filler contents and progressive agglomeration at higher loadings. X-ray diffraction analysis 
confirms that ZnO preserves its hexagonal wurtzite crystal structure after incorporation into the polymer matrix, while composition-
dependent variations in crystallite size and lattice microstrain are found to correlate with the mechanical response of the composites. 
Fourier-transform infrared spectroscopy indicates interfacial interactions between PLA chains and ZnO nanoparticles, as evidenced by 
systematic shifts in the carbonyl stretching band and associated charge redistribution. Ultraviolet–visible spectroscopy demonstrates a 
significant enhancement of UV-shielding performance with increasing ZnO content, accompanied by the emergence of sub-bandgap 
absorption tails attributed to defect-related and interfacial electronic states. Density functional theory calculations support the 
experimental observations by revealing interfacial charge transfer and a slight modification of the electronic structure at the PLA/ZnO 
interface. The results show that ZnO incorporation improves both mechanical stiffness and UV-blocking efficiency, while an optimal 
ZnO loading below 1 wt.% is identified to maintain mechanical integrity and minimize agglomeration-induced degradation. 
Keywords: PLA/ZnO nanocomposites; UV-shielding; Mechanical properties; XRD; FTIR; DFT simulations; Charge transfer; 
Nanomaterials; Polymer reinforcement 
PACS: 78.20.-e, 73.61.Ga, 85.60.-q, 68.55.-a 

1. INTRODUCTION
Polylactide (PLA) has emerged as one of the most promising biodegradable polymers due to its renewable origin, 

biocompatibility, and suitability for packaging, biomedical devices, and environmentally sustainable applications [1]. 
Despite these advantages, neat PLA generally exhibits limited mechanical strength and poor resistance to ultraviolet (UV) 
radiation, which significantly restricts its long-term stability and performance under practical service conditions [2]. As 
a result, considerable research efforts have been devoted to improving the functional properties of PLA by incorporating 
inorganic fillers and nanostructured reinforcements. Among various inorganic additives, zinc oxide (ZnO) has attracted 
particular attention owing to its wide direct bandgap (~3.3 eV), strong UV absorption capability, chemical stability, and 
biocompatibility. In addition, ZnO exhibits multifunctional physical properties, including semiconductivity, 
piezoelectricity, and surface polarity, which make it a suitable candidate for enhancing both mechanical and optical 
characteristics of polymer-based nanocomposites [3,4]. Previous studies have demonstrated that ZnO incorporation can 
effectively improve UV-shielding efficiency and stiffness in PLA-based systems; however, these enhancements are often 
accompanied by challenges related to nanoparticle dispersion and interfacial compatibility [3–6]. Recent investigations 
on ZnO-based thin films, heterostructures, and nanocomposites have highlighted the importance of defect states, surface 
polarization, and charge-transfer phenomena in determining the functional properties of ZnO-containing systems [7–9]. 
Furthermore, theoretical studies based on density functional theory have shown that interfacial charge redistribution can 
modify the electronic structure and defect-related states, thereby directly affecting optical absorption and dielectric 
behavior in hybrid materials [10]. At higher filler concentrations, ZnO nanoparticles tend to agglomerate due to strong 
interparticle interactions, leading to stress concentration sites and deterioration of mechanical performance [11,12]. 
Therefore, achieving a uniform dispersion of ZnO and understanding the nature of interfacial interactions between the 
polymer matrix and the inorganic phase remain critical issues. From a fundamental perspective, the interfacial region 
governs stress transfer, phonon scattering, and electronic polarization effects, which collectively influence the mechanical 
integrity and optical response of the composite material. 

Despite these advances, a systematic correlation between experimental observations and atomistic-level simulations 
of PLA/ZnO nanocomposites remains underexplored. 

In this study, PLA/ZnO nanocomposites containing 0.5–5 wt.% ZnO are fabricated and investigated using a 
combined experimental and theoretical approach. The structural, mechanical, and optical properties are characterized by 
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SEM/EDS, XRD, FTIR, and UV–Vis spectroscopy, while density functional theory calculations are employed to elucidate 
the electronic structure and interfacial charge transfer at the PLA/ZnO interface. By integrating experimental results with 
theoretical insights, this work aims to establish clear structure–property relationships and to identify an optimal ZnO 
loading that balances mechanical reinforcement with enhanced UV-shielding performance. 

 
2. MATERIALS AND METHODS 

Polylactide (PLA, NatureWorks 4032D) was employed as the polymer matrix, while zinc oxide (ZnO) nanopowder 
with an average particle size of 30–60 nm and a purity of 99.9% was used as the inorganic reinforcing phase. Prior to 
compounding, PLA pellets were dried under vacuum at 60 °C for 8 h to remove residual moisture, thereby preventing 
hydrolytic degradation and undesirable changes in melt rheology during processing, as schematically illustrated in Figure 
1a. ZnO nanoparticles were incorporated into the PLA matrix at loadings of 0.5, 1, 3, and 5 wt.% to systematically 
evaluate the influence of filler content on the structural, optical, and mechanical properties of the resulting 
nanocomposites. The composites were prepared by melt blending using a laboratory-scale co-rotating twin-screw extruder 
(Figure 1a). The barrel temperature profile was maintained in the range of 170–185°C from the feeding zone to the die, 
considering the thermal stability window of PLA to avoid excessive chain scission. The screw rotation speed was set to 
60 rpm, and the residence time was approximately 10 min, ensuring effective dispersion of ZnO nanoparticles in the 
molten polymer while minimizing thermal degradation. The extrudate strands were subsequently cooled to room 
temperature and pelletized (Figure 1a).  

 
Figure 1. Preparation workflow of PLA/ZnO nanocomposites (a) and MAH/BPO-assisted surface grafting scheme (b) forming 

ester linkages between ZnO–COOH and PLA–OH groups 

In addition, to enhance interfacial compatibility between the inorganic ZnO nanoparticles and the PLA matrix, a 
MAH/BPO-assisted surface grafting approach was employed. As schematically shown in Figure 1b, maleic anhydride 
(MAH), initiated by benzoyl peroxide (BPO), promotes the formation of ester linkages between the carboxyl groups on 
the ZnO surface (ZnO–COOH) and the hydroxyl end groups of PLA (PLA–OH). This chemical grafting mechanism 
improves interfacial adhesion, suppresses nanoparticle agglomeration, and facilitates more efficient stress transfer across 
the ZnO–PLA interface. Standard testing specimens were produced from the compounded pellets by injection molding. 
The molding temperature was maintained at 175–180 °C, and the mold clamping pressure was set to 6–7 MPa. The 
samples obtained were prepared for mechanical, thermal, and structural characterization in accordance with ASTM D638, 
ASTM D790, and ASTM D256 standards, respectively. Prior to testing, all specimens were conditioned at 23 ± 2 °C for 
at least 48 h to ensure reproducible equilibrium properties. 

 
2.1 Characterization techniques 

The microstructure and elemental distribution of the PLA/ZnO nanocomposites were examined by scanning electron 
microscopy (SEM) coupled with energy-dispersive X-ray spectroscopy (EDS). Fractured tensile specimens were used to 
reveal the internal morphology of the composites and to assess the dispersion state of ZnO nanoparticles within the PLA 
matrix. SEM provided high-resolution images of particle shape, agglomeration behavior, and fracture features, while EDS 
elemental mapping of Zn and O was employed to verify the spatial uniformity and stoichiometric stability of the ZnO 
phase inside the polymer [13,14]. The crystalline structure of the nanocomposites was analyzed by X-ray diffraction 
(XRD). Diffraction patterns of neat PLA and PLA/ZnO samples containing 0.5, 1, 3, and 5 wt.% ZnO were recorded to 
identify the characteristic reflections of the hexagonal wurtzite ZnO phase and to monitor composition-dependent changes 
in peak intensity, width, and position. These data were used to confirm the preservation of ZnO crystallinity after melt 
processing and to extract qualitative information on crystallite size and microstrain evolution within the polymer matrix. 
Fourier-transform infrared (FTIR) spectroscopy was used to examine the chemical structure of PLA and interfacial 
interactions in PLA/ZnO nanocomposites. Changes in the carbonyl (C=O) stretching and CH3 vibrational bands were 
analyzed to assess modifications in polymer chain packing and local amorphization induced by ZnO incorporation, while 
the Zn–O vibration band in the low-wavenumber region confirmed the presence of the ZnO phase. The evolution of these 
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bands enabled correlation between molecular-level interfacial effects and the optical and mechanical behavior of the 
composites [14,15]. 

Optical properties and UV-shielding performance were evaluated by UV–Vis spectroscopy. Absorption spectra of 
PLA/ZnO nanocomposites with different ZnO loadings were recorded over the near-UV–visible range and compared with 
those of neat PLA. The position and shape of the absorption edge, as well as the appearance of sub-bandgap tails and 
broad absorption features at higher filler contents, were analyzed to distinguish between intrinsic band-edge transitions 
of wurtzite ZnO and defect-mediated states associated with oxygen vacancies, interstitials, and interfacial defects [16]. 
These measurements provided direct experimental insight into how ZnO concentration and dispersion control the UV-
blocking efficiency of the hybrid system.  

Mechanical properties were characterized using standard tensile, flexural, and impact tests on injection-molded 
specimens prepared in accordance with ASTM D638, ASTM D790, and ASTM D256, respectively [10,13]. The samples 
were conditioned at 23 ± 2°C for at least 48 h prior to testing to ensure reproducible equilibrium behavior. The resulting 
stress–strain curves and impact responses were used to quantify the effect of ZnO loading on stiffness, strength, ductility, 
and energy absorption, and to establish structure–property relationships in conjunction with the microstructural, 
spectroscopic, and theoretical analyses.  

To complement the experimental techniques, density functional theory (DFT) calculations were performed to gain 
atomistic insight into the electronic structure and interfacial bonding at the PLA/ZnO interface. Simulations were carried 
out using a plane-wave pseudopotential framework as implemented in Quantum ESPRESSO, employing a generalized 
gradient approximation exchange–correlation functional under periodic boundary conditions. Bulk ZnO and PLA/ZnO 
interface supercells were constructed and structurally relaxed, after which total and projected density of states 
(DOS/PDOS), charge-density difference maps, and frequency-dependent dielectric functions were computed [1,17]. 
These calculations enabled quantitative analysis of band-edge states, interfacial charge transfer, and optical absorption, 
and were directly correlated with the experimental UV–Vis and FTIR results as well as with the observed mechanical 
trends. 

 
3. RESULTS AND DISCUSSION 

3.1 Microstructure and crystalline structure 
The microstructural behavior of the ZnO/PLA composite was thoroughly examined using high-resolution scanning 

electron microscopy (SEM) combined with energy-dispersive X-ray spectroscopy (EDS), providing detailed insights into 
both morphological features and elemental distribution. Figure 2 illustrates the homogeneous dispersion of ZnO 
nanoparticles, predominantly in the 200–500 nm range, within the PLA matrix. 

 

Figure 2. SEM micrographs and EDS elemental maps of neat PLA and PLA/ZnO nanocomposites (0.5–5 wt.% ZnO), showing 
ZnO dispersion and the spatial distribution of Zn and O 

The SEM micrographs reveal irregularly shaped ZnO particles with angular, fragmented morphologies, a direct 
result of the intrinsic anisotropy of the wurtzite ZnO crystal lattice [18]. The distinct differences in surface energy between 
the polar (0001) and non-polar {10-10}/{11-20} planes lead to preferential crack propagation along crystallographic 
directions with minimal cleavage energy. Consequently, this results in sharp-edged particles that strongly interact with 
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the electron beam, producing a significant topographical contrast. The dispersion of ZnO nanoparticles throughout the 
PLA matrix is achieved through viscous shear forces and Brownian diffusion, overcoming the weak van der Waals 
attractions between ZnO grains [15]. This prevents significant agglomeration and leads to a homogeneous spatial 
distribution of nanoparticles. The final distribution reflects a balance between hydrodynamic dispersion and interfacial 
adhesion energies, with the latter primarily mediated by dipole–dipole interactions between the polar ZnO surface and 
the PLA chains. The fractured PLA surface displays characteristic layered tearing patterns, indicative of the material’s 
relatively low elastic modulus and brittle–ductile transition under high strain rates [19]. Notably, ZnO does not induce 
significant stress localization along the fracture path, suggesting that the composite maintains a mechanically coherent 
interface where strain is efficiently transferred from the polymer phase to the inorganic phase. 

Elemental mapping via EDS confirms that the Zn and O signals are uniformly distributed across the analyzed areas, 
directly supporting the evidence of well-dispersed ZnO domains in the composite. The spatial consistency of ZnO-derived 
X-ray emission intensities further suggests that no phase segregation or oxygen deficiency gradients are present within 
the composite [20]. The stable Zn/O ratio indicated by the mapping suggests that ZnO remains structurally intact within 
the PLA matrix, with no significant reduction or surface reconstruction occurring. This observation is crucial as such 
phenomena often arise in polymeric environments. Additionally, the lack of elemental accumulation at crack boundaries 
indicates that the nanoparticles do not migrate or concentrate in stress fields, supporting the hypothesis that interfacial 
energy minimization does not favor the preferential localization of ZnO particles. 

 

Figure 3. XRD patterns of PLA/ZnO nanocomposites (0.5–5 wt.% ZnO) highlighting wurtzite ZnO reflections and composition-
dependent changes in peak intensity and broadening 

The SEM–EDS analysis highlights the composite’s architecture, governed by a combination of electron–solid 
interaction physics, interfacial bonding energetics, and polymer fracture mechanics. The nanoscale dispersion of ZnO 
nanoparticles enhances the microstructural homogeneity, minimizes dielectric discontinuities, and mitigates phonon 
scattering, all of which are essential for optimizing the electrical, thermal, and mechanical properties of the composite 
[21]. These findings underscore that the ZnO/PLA interface is structurally stable, energetically balanced, and free from 
large-scale aggregation, ensuring reliable performance in optoelectronic, sensing, and biocompatible applications. The 
homogeneity of the ZnO dispersion and the well-maintained interface provide a strong foundation for the composite’s 
advanced functional behavior, as confirmed by the data presented in Figure 2. 

The X-ray diffraction (XRD) patterns of the PLA/ZnO nanocomposites containing 0.5, 1.0, 3.0, and 5.0 wt.% ZnO 
reveal clear structural evidence of the successful incorporation of the wurtzite ZnO phase into the polymer matrix. As 
shown in Figure 3, all samples exhibit characteristic diffraction peaks corresponding to the hexagonal ZnO phase, notably 
the (100), (002), (101), (102), (110), and (103) planes. These reflections confirm that the crystalline structure of ZnO is 
preserved during melt mixing with PLA, with no evidence of structural degradation or polymorphic transformation. A 
marked increase in peak intensity is observed as the ZnO content increases, particularly for the dominant reflections at 
approximately 31.7°, 34.4°, and 36.2°, corresponding to the (100), (002), and (101) planes, respectively. This trend 
reflects a higher density of diffracting crystallites in the composites with higher ZnO content. From a semiconductor 
physics perspective, this behavior indicates that the crystallographic integrity and scattering power of the ZnO domains 
remain intact within the polymer matrix [22]. The preservation of strong diffraction intensities suggests that ZnO 
nanoparticles maintain their long-range order and do not undergo significant amorphization during processing. 

Peak broadening effects, which vary slightly across compositions, can be attributed to variations in crystallite size 
and microstrain within the ZnO domains. The samples containing 0.5 wt.% and 1 wt.% ZnO show slightly broader peaks, 
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indicating smaller crystallite sizes or increased lattice distortion due to stronger confinement within the polymer 
environment. In contrast, the 3 wt.% and 5 wt.% ZnO/PLA composites exhibit sharper diffraction maxima, indicative of 
larger coherent scattering domains. This suggests that at higher ZnO loadings, nanoparticles experience reduced polymer-
induced strain and may form more interconnected or partially agglomerated crystallite clusters, enhancing their structural 
stability. Small but measurable peak shifts (±0.1°) across the different compositions are noteworthy, particularly from a 
semiconductor physics viewpoint [18,22]. These shifts are typically associated with internal compressive or tensile 
stresses imposed on the ZnO lattice as it interacts with the PLA chains. Such microstrain effects arise from differential 
thermal expansion between the polymer and the oxide phase, as well as from potential surface-chemical interactions at 
the polymer-nanoparticle interface. The direction and magnitude of these shifts provide indirect evidence of interfacial 
bonding and stress transfer, which are crucial for determining the optical and electronic properties of ZnO-based hybrid 
materials. The weak amorphous halo observed between 18° and 22° originates from the PLA matrix and decreases in 
prominence with increasing ZnO content. This behavior further corroborates the progressive dominance of the crystalline 
ZnO phase in the diffraction profile. Importantly, the absence of new diffraction peaks or structural anomalies indicates 
that no secondary crystalline phases, such as zinc hydroxy species or ZnO-PLA reaction products, are formed during 
processing. This structural stability is essential for maintaining the intrinsic semiconductor properties of ZnO, particularly 
its wide bandgap (Eg ≈ 3.3 eV) and polar surface terminations ((0001) Zn-terminated and (000 1̅) O-terminated planes), 
which govern its optical absorption, excitonic behavior, and interfacial polarization in the polymer matrix [23]. 

In summary, the XRD analysis demonstrates that ZnO nanoparticles retain their crystalline wurtzite structure 
within the PLA matrix, with composition-dependent variations in crystallite size, microstrain, and diffraction intensity. 
These structural characteristics directly influence the optical, mechanical, and charge-transport properties of the 
nanocomposites, shedding light on the fundamental interactions between the semiconductor ZnO phase and the PLA 
matrix. These findings are crucial for understanding and optimizing the hybrid behavior of PLA/ZnO composites, as 
further explored in the subsequent sections of this study. 

 
3.2 Interfacial chemical interactions (FTIR) 

The FTIR spectra of neat PLA and PLA/ZnO nanocomposites provide detailed insights into the interfacial 
interactions and modifications to the local electronic environment resulting from the incorporation of ZnO nanoparticles 
[24]. As illustrated in Figure 4, a prominent feature in all samples is the sharp carbonyl stretching vibration (ν(C=O)) 
observed around 1748–1752 cm-1, characteristic of ester linkages in PLA. Upon the introduction of ZnO, this band 
undergoes a progressive red shift accompanied by a subtle decrease in intensity. This shift is indicative of coordinate 
bonding or dipole–dipole coupling between the electron-rich carbonyl oxygens of PLA and the Zn2+ sites on the ZnO 
surface. Such behavior suggests partial electron density withdrawal from the C=O bond, resulting in a weakened restoring 
force and, consequently, a lowered vibrational frequency. These findings confirm the formation of PLA→ZnO charge-
transfer interactions, which play a crucial role in modifying the structural rigidity and local chain dynamics of the polymer 
matrix, as evidenced by changes in mechanical and optical properties reported in earlier sections (Figures 3 and 5).  

 
Figure 4. FTIR spectra of neat PLA and PLA/ZnO nanocomposites, showing shifts in the ν(C=O) band (~1748–1752 cm-1) and 

changes in C–O–C and CH3 vibrations with ZnO loading 

Additionally, the absorption band at 1080–1180 cm-1, corresponding to asymmetric C–O–C stretching, broadens and 
increases in intensity as ZnO content increases. This suggests that ZnO nanoparticles not only interact with terminal 
carbonyl groups but also perturb the ester linkages along the polymer backbone, likely due to restricted segmental mobility 
at the polymer–particle interface. Such immobilization effects are typical in polymer nanocomposites exhibiting strong 
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inorganic–organic interfacial adhesion, leading to improved thermomechanical stability, as reflected in the mechanical 
testing results in Figure 6. The enhancement of stiffness at lower ZnO loadings, while retaining adequate ductility, aligns 
with these structural modifications, confirming the effectiveness of ZnO as a reinforcing phase in the PLA matrix [25]. 

The band at 1450–1360 cm-1, attributed to CH3 bending modes, becomes increasingly broadened at higher ZnO 
loadings, indicating local amorphization near the filler. ZnO nanoparticles disrupt long-range polymer chain packing, 
creating domains of reduced crystallinity. This behavior is consistent with known trends in semiconductor–polymer 
composites, in which nanoscale oxides alter phonon confinement and contribute to changes in mechanical properties. At 
higher ZnO concentrations, as evidenced by the mechanical data, the enhanced interfacial adhesion restricts polymer 
chain relaxation, leading to a transition toward brittle behavior in the nanocomposites. Moreover, a weak but clearly 
visible band emerges in the fingerprint region below 700 cm-1, around 520–550 cm-1, which corresponds to the Zn–O 
lattice vibration. The appearance and intensification of this band across all composite samples provide definitive proof 
that ZnO nanoparticles remain structurally intact within the PLA matrix. The coexistence of this band with the shifted 
polymer modes offers direct spectroscopic evidence of inorganic–organic hybridization at the molecular scale [24]. This 
coupling enhances the overall mechanical properties of the composite, as discussed in previous sections, and ensures the 
stability of the ZnO phase within the polymer matrix, as confirmed by XRD and mechanical tests. 

Collectively, the vibrational modifications observed in the FTIR spectra reflect strong coupling between the PLA 
molecular orbitals and the electronic states of ZnO. This interaction leads to changes in dipole moments and phonon 
distributions, which are crucial for understanding the enhanced optical absorption, dielectric response, and UV-shielding 
performance observed in ZnO-based polymer nanocomposites (Figure 5). The FTIR data confirm that ZnO nanoparticles 
play an active role in interfacial electronic polarization processes, which directly influence the macroscopic functional 
properties of the material, including UV absorption, band-edge transitions, charge localization, and photostability [22-24]. 
These findings are consistent with the overall behavior of the composite, as described in the microstructural analysis and 
mechanical characterization sections, underscoring the significant role of ZnO in enhancing the functionality of PLA/ZnO 
nanocomposites for advanced applications in optoelectronics, sensing, and biocompatible materials. 

 
3.3 Optical properties and UV-shielding 

The UV-Vis absorption spectra of PLA/ZnO nanocomposites containing 0.5, 1, 3, and 5 wt.% ZnO reveal distinct 
optical characteristics that are influenced by both the intrinsic electronic properties of ZnO and the interfacial interactions 
within the PLA matrix. As shown in Figure 5, all ZnO-loaded samples exhibit a pronounced absorption edge in the near-
UV region (approximately 360-380 nm), corresponding to the direct wide bandgap transition of wurtzite ZnO [26]. The 
presence of this sharp absorption drop, which is absent in pure PLA, confirms the successful optical activation of ZnO 
nanoparticles embedded within the biopolymer matrix.  

 
Figure 5. UV–Vis absorption spectra of PLA/ZnO nanocomposites (0.5–5 wt.% ZnO) showing enhanced near-UV absorption and 

the emergence of sub-bandgap tails at higher loadings 

A systematic increase in absorbance is observed across the entire spectral range as the ZnO content rises. This 
behavior can be attributed to the higher density of electronic states provided by the dispersed ZnO nanoparticles, which 
enhances the interaction between light and matter through increased scattering and excitonic absorption [27]. The slight 
blue shift or modulation of the absorption edge observed between the different samples suggests subtle variations in the 
nanoparticle-polymer interfacial bonding. At lower ZnO loadings (0.5-1 wt.%), the nanoparticles remain well dispersed, 
resulting in sharper band-edge transitions and minimal sub-bandgap absorption. This behavior is consistent with isolated 
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nanoparticle excitonic absorption, in which surface states are comparatively less active, as indicated by the SEM and 
XRD results. 

In contrast, at higher ZnO loadings (3-5 wt.%), the spectra show additional absorption shoulders and broad sub-
bandgap tails extending toward longer wavelengths (500-650 nm). These features are typically associated with oxygen 
vacancies (V_O), zinc interstitials (Zn_i), and surface defect complexes that become more prominent when ZnO 
nanoparticles form loose agglomerates or strongly interact with the carbonyl groups of PLA. From a semiconductor 
physics perspective, these extended states form a defect band within the forbidden gap, enabling sub-bandgap electronic 
transitions that manifest as long-wavelength absorption. Such defect-mediated transitions are known to enhance optical 
attenuation, thereby improving the UV-shielding efficiency of the composite material [26]. 

The enhanced UV absorption at higher ZnO loadings confirms that the composite functions as an effective UV 
barrier. ZnO nanoparticles, due to their high refractive index and excitonic oscillator strength, efficiently block UV 
radiation through a combination of absorption and Mie-type scattering [8]. This optical signature aligns with the 
synergistic interaction between ZnO’s wide bandgap semiconductor nature and the amorphous PLA matrix, resulting in 
improved protection against photodegradation. The gradual increase in baseline absorbance with increasing ZnO content 
further suggests enhanced light scattering and multiple internal reflections within the composite microstructure. 

Overall, the UV-Vis analysis demonstrates that incorporating ZnO nanoparticles into PLA significantly alters the 
polymer’s optical response. Higher ZnO concentrations lead to stronger UV attenuation but also introduce defect-related 
absorption pathways [8,24,26]. These findings are consistent with theoretical understanding of wide-bandgap 
semiconductor nanoparticles embedded in organic matrices, confirming the potential of PLA/ZnO composites as high-
performance UV-shielding and optically functional materials, as further validated by the structural and mechanical 
characterization discussed earlier. 

 
3.4 Mechanical properties 

The stress-strain characteristics of PLA and ZnO-reinforced PLA nanocomposites illustrate how semiconductor 
oxide nanoparticles modify the mechanical behavior of the polymer matrix through interfacial interactions, chain 
immobilization, and load-transfer mechanisms [20,27]. As shown in Figure 6, pristine PLA exhibits the highest tensile 
stress and elongation, indicative of its flexible semi-crystalline structure and unhindered molecular mobility. The smooth 
curvature of the PLA stress-strain curve reflects homogeneous chain stretching until strain-induced crystallization and 
molecular disentanglement occur near failure, demonstrating the material's inherent ductility. 

 

Figure 6. Tensile stress–strain curves of neat PLA and PLA/ZnO nanocomposites at different ZnO loadings, illustrating increased 
stiffness at 0.5–1 wt.% and reduced ductility at ≥3 wt.% ZnO 

When ZnO nanoparticles are incorporated at 0.5 wt.% (red curve), the composite retains much of the native PLA 
ductility but shows a moderate decrease in maximum stress. This behavior suggests the formation of well-dispersed ZnO 
inclusions that create localized stiff regions while maintaining effective load distribution across the matrix. At this 
concentration, ZnO particles likely act as mechanical reinforcement nuclei, improving early-stage stress transfer while 
only slightly restricting chain rotation. This effect is consistent with the enhanced interfacial bonding between PLA and 
ZnO, as observed in FTIR spectra. A further increase in ZnO loading to 1 wt.% (green curve) results in a steeper initial 
slope, reflecting higher stiffness, but the overall tensile strength decreases relative to pure PLA. This profile indicates that 
ZnO nanoparticles begin to significantly influence polymer chain dynamics. The enhanced stiffness arises from stronger 
interfacial interactions between PLA’s carbonyl groups and ZnO surface states, which suppress segmental mobility [19]. 
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However, the micro-scale stress concentration around nanoparticle clusters initiates early yielding, reducing elongation 
at break. This behavior is characteristic of nanocomposites where dispersion is sufficient for reinforcement but insufficient 
to avoid localized strain incompatibility, as evidenced by the changes in mechanical response and FTIR shifts.  

At higher ZnO concentrations (5 wt.%, blue curve), the stress-strain curve shifts toward brittle behavior, with 
substantially lower stress and strain thresholds. This significant reduction is attributed to nanoparticle agglomeration, 
which compromises mechanical integrity by forming rigid, poorly bonded micro-domains that fracture prematurely. 
Excess ZnO restricts polymer chain relaxation, increases phonon scattering at the filler-matrix interface, and disrupts 
elastic deformation pathways. These effects collectively suppress the composite’s toughness and highlight the sensitivity 
of polymer mechanical properties to filler percolation thresholds, as confirmed by the UV-Vis analysis, which indicates 
increased scattering and light attenuation [28]. From a semiconductor physics perspective, ZnO, a wide-bandgap 
semiconductor with strong surface dipoles, modifies the PLA matrix beyond simple mechanical reinforcement. ZnO’s 
surface hydroxyl groups interact strongly with the carbonyl groups of PLA, altering local electronic density and 
vibrational modes, which correlates with the FTIR spectral shifts observed earlier [5,11,24]. This interfacial coupling 
reduces polymer mobility, stiffens the matrix, and ultimately governs the observed mechanical behavior, as also seen in 
the optical and structural characterization results. 

Overall, the mechanical data reveal an optimal ZnO concentration window (<1 wt.%) where reinforcement is 
effective without compromising ductility. Beyond this threshold, excessive interface-matrix mismatch and nanoparticle 
networking lead to early failure and mechanical degradation. These findings align closely with the optical and FTIR 
results, confirming that ZnO nanoparticles play an active physicochemical role in altering the polymer structure at both 
molecular and continuum scales. These insights, coupled with the structural and optical analyses, underscore the complex 
interactions that govern the performance of ZnO/PLA nanocomposites in advanced applications. 

 
3.5 DFT insights (Electronic Structure and Density of States (DOS) Analysis) 

Density functional theory (DFT) calculations were carried out using the Quantum ESPRESSO package, applying 
a plane-wave pseudopotential method to calculate the electronic structure of the PLA/ZnO interface. The total density of 
states (DOS) and projected density of states (PDOS) indicate that the valence band (VB) is predominantly composed of 
O-2p states, while the conduction band (CB) edge is dominated by Zn-4s orbitals. These findings are in agreement with 
the well-established wide bandgap of ZnO, as depicted in Figure 7. 

 

Figure 7. DFT-calculated total and projected density of states (DOS/PDOS) for bulk ZnO and the PLA/ZnO interface, showing 
O-2p–dominated valence states and Zn-4s–dominated conduction-edge states with interfacial shallow states 

Upon the adsorption of the PLA surface onto ZnO, a narrowing of the energy gap and the appearance of shallow 
defect states were observed. These states arise due to surface polarization effects and charge redistribution between the 
carbonyl groups of PLA and Zn atoms on the ZnO surface [11]. The formation of these states correlates with the red-shift 
in the UV-Vis absorption spectra and the shift in the FTIR ν(C=O) band, consistent with experimental observations. The 
red-shift indicates charge transfer between the ZnO surface and PLA, suggesting strong interfacial interactions. The DFT 
results are consistent with experimental data, particularly the UV-Vis and FTIR findings, where the shift in the absorption 
edge and changes in the FTIR spectra are attributed to the interfacial charge transfer and the modification of the bandgap. 
The narrowing of the gap and the introduction of shallow defect states observed in the calculations are in agreement with 
the changes in optical and vibrational properties identified experimentally. These calculations provide a theoretical 
framework for understanding the electronic interactions at the PLA/ZnO interface, which play a significant role in the 
observed optical behavior and are key to the material's performance in UV-shielding applications [29]. 
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3.6 DFT insights (Interfacial Charge Transfer and Bonding) 
Simulated charge density difference maps, shown in Figure 8, highlight the asymmetric electron accumulation 

near the carbonyl oxygen atoms of PLA and electron depletion around surface Zn sites, consistent with semiconductor 
physics principles of charge redistribution at interfaces. 

 
Figure 8. Charge density difference map of the PLA/ZnO interface (yellow: accumulation; blue: depletion), indicating charge 

transfer from surface Zn sites toward PLA carbonyl oxygen atoms (O···Zn interaction) 

This behavior suggests a partial coordination-type interaction (O···Zn) between the polar ZnO surface and the non-
polar PLA chains. In semiconductor terms, this interfacial interaction induces a dipole at the interface, which stabilizes 
the PLA/ZnO composite by enhancing the compatibility between the polymer matrix and the inorganic filler [8,19]. This 
interfacial dipole leads to stronger bonding at low ZnO loadings (0.5-1 wt.%), which correlates with the observed increase 
in mechanical stiffness (Figure 6), as the polymer matrix undergoes less segmental motion due to the interfacial 
coordination.  

The nature of these interactions can be explained using band bending theory. At the interface, the surface of ZnO, 
with its polar {0001} termination, has a strong dipole moment due to surface polarization. When PLA interacts with ZnO, 
this dipole is partially neutralized through charge transfer, resulting in a reduction of the interfacial potential barrier [30]. 
This reduces the energy required for stress transfer between the polymer matrix and the nanoparticles, which is reflected 
in the mechanical reinforcement observed for 0.5-1 wt.% ZnO composites. 

At higher ZnO concentrations (≥ 3 wt.%), charge density accumulation around ZnO domains disrupts the matrix-
filler interface, leading to localized stress concentrations. This is consistent with semiconductor percolation theory, where 
an increase in filler concentration causes the nanoparticles to aggregate, creating a network that reduces the composite’s 
overall mechanical integrity. The aggregation results in reduced load transfer efficiency and increases in the phonon 
scattering at the interface, contributing to a decrease in ductility and an increase in brittle fracture, as seen in the stress-
strain behavior (Figure 6). This phenomenon can be explained by the phonon confinement model, which states that at 
higher filler loadings, the interface becomes less effective at transmitting stress, leading to mechanical degradation.  

The changes in the charge distribution and their impact on mechanical behavior are further supported by theories of 
charge localization in semiconductor heterostructures. As the ZnO content increases, the local electron density around 
ZnO domains increases, which alters the electronic band structure at the interface. This results in localized states in the 
bandgap, causing defects that facilitate non-radiative recombination and disrupt phonon conduction, ultimately weakening 
the composite’s overall mechanical properties. 

Theoretical optical absorption spectra, calculated from the dielectric function (ε₂), reveal a pronounced band-edge 
absorption near 3.2–3.3 eV, as shown in Figure 9. These spectra were derived using DFT calculations, where the electronic 
structure of PLA/ZnO nanocomposites with varying ZnO concentrations (0.5%, 1%, 3%, and 5%) was modeled. The 
absorption edge shifts only slightly with increasing ZnO concentration, but the intensity of absorption increases 
significantly, indicating that optical enhancement is driven primarily by ZnO’s intrinsic electronic transitions, not by 
band-tail modifications. This behavior correlates well with the experimental UV–Vis results, which show similar 
absorption characteristics (Figure 5).  

Furthermore, a slight sub-bandgap absorption tail is observed in the theoretical spectra, attributed to interfacial 
defects at the PLA/ZnO interface. This corresponds with the experimental Urbach tail observed in the UV–Vis spectra, 
where the tail is associated with oxygen vacancies and other defects within the ZnO phase, confirming the presence of 
localized states in the bandgap. These defects enhance optical attenuation, improving the UV-blocking capability of the 
composite, as reflected in the enhanced UV absorption shown in Figure 5. Additionally, these observations align with the 
FTIR results, where shifts in the ν(C=O) band suggest interfacial charge transfer and dipole formation, further supporting 
the role of interfacial defects in modifying the optical and mechanical properties of the nanocomposites [29]. 
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Figure 9. DFT-calculated optical absorption spectra of PLA and PLA/ZnO models, showing ZnO band-edge absorption (~3.2–3.3 
eV) and increasing absorption intensity with ZnO content 

 
4. CONCLUSIONS 

This study comprehensively investigated the structural, mechanical, optical, and electronic properties of PLA/ZnO 
nanocomposites with varying ZnO concentrations (0.5%, 1%, 3%, and 5 wt.%). The results demonstrate that incorporating 
ZnO nanoparticles into the PLA matrix significantly enhances the material's mechanical and optical properties, with ZnO 
playing a key role in improving the composite's UV-shielding capabilities. SEM and EDS analysis revealed that at low 
ZnO loadings (0.5-1 wt.%), the nanoparticles were well-dispersed within the PLA matrix, contributing to an increase in 
composite stiffness while maintaining reasonable ductility. This dispersion led to stronger interfacial interactions, as 
evidenced by FTIR, which showed shifts in the carbonyl stretching band (ν(C=O)) indicating charge transfer between 
PLA and ZnO, thereby stabilizing the interface. However, at higher ZnO concentrations (≥ 3 wt.%), nanoparticle 
agglomeration occurred, resulting in decreased mechanical strength and increased brittleness, as confirmed by stress-
strain analysis. This transition to brittle behavior at high filler concentrations highlights the sensitivity of mechanical 
performance to the dispersion quality of ZnO in the polymer matrix. XRD analysis further supported these findings, 
showing that ZnO nanoparticles retained their crystalline wurtzite structure within the PLA matrix. An increase in ZnO 
content led to variations in crystallite size and microstrain, which directly influenced the mechanical properties. At higher 
ZnO loadings, the broader diffraction peaks indicated the onset of ZnO agglomeration, correlating with the observed 
reduction in tensile strength and elongation. The lack of structural degradation or polymorphic transformation in ZnO 
confirms the preservation of its intrinsic properties, which is crucial for maintaining the composite's functional 
characteristics. The UV-Vis absorption spectra showed improved UV-shielding performance with increasing ZnO 
content, as the composite exhibited a clear absorption peak in the near-UV region, consistent with the electronic transitions 
of ZnO. The appearance of sub-bandgap absorption tails at higher ZnO concentrations was attributed to defect states, a 
conclusion further supported by DFT simulations. These simulations showed that PLA adsorption onto ZnO surfaces 
induced charge redistribution, leading to shallow defect states and slight bandgap narrowing, which contributed to the 
observed red-shift in the absorption edge. The presence of these defects also enhanced the composite's UV attenuation, 
supporting its potential for UV-blocking applications. 

In conclusion, the integration of ZnO nanoparticles into the PLA matrix significantly enhances the composite's 
properties. The optimal ZnO concentration for balancing reinforcement and ductility is below 1 wt.%, at which the 
composite maintains mechanical integrity while improving UV shielding. Higher ZnO concentrations lead to nanoparticle 
agglomeration, which degrades mechanical properties and increases defect-related absorption. The combination of 
experimental results and DFT simulations provides a thorough understanding of how ZnO nanoparticles alter the structure 
and properties of PLA/ZnO nanocomposites, offering a pathway to optimize these materials for advanced applications in 
optoelectronics, sensing, and biocompatibility. 
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МЕХАНІЧНИХ ВЛАСТИВОСТЕЙ НАНОКОМПОЗИТІВ PLA/ZnO 
Фахріддін Т. Юсупов1, Тохірбек І. Рахмонов1, Мехріддін Ф. Ахмаджонов1, Ділобарбану Є. Абдукодірова2, 

Єлмурат Досимов3, Іфтихорджон Юльчієв1 

¹Ферганський державний технічний університет, Фергана, Узбекистан 
²Чирчицький державний педагогічний університет, Чирчик, Узбекистан 

³Міжнародний казахсько-турецький університет імені Ходжі Ахмеда Ясаві, Казахстан 
У цій роботі представлено комплексне експериментальне та теоретичне дослідження нанокомпозитів на основі полілактиду 
(PLA), армованих наночастинками оксиду цинку (ZnO) з концентраціями 0,5, 1, 3 та 5 мас.%. Стан дисперсії та 
мікроструктурні особливості ZnO в матриці PLA досліджувалися за допомогою сканувальної електронної мікроскопії у 
поєднанні з енергодисперсійною рентгенівською спектроскопією, що виявило однорідний розподіл наповнювача за низького 
вмісту та поступове агломерування за вищих концентрацій. Аналіз рентгенівської дифракції підтвердив збереження 
гексагональної вюрцитної кристалічної структури ZnO після введення в полімерну матрицю, тоді як композиційно залежні 
зміни розміру кристалітів і мікродеформацій ґратки корелюють із механічною відповіддю композитів. Інфрачервона 
спектроскопія з перетворенням Фур’є свідчить про наявність міжфазних взаємодій між ланцюгами PLA та наночастинками 
ZnO, що проявляється у систематичних зсувax смуги валентних коливань карбонільної групи та пов’язаних із цим ефектах 
перерозподілу заряду. Ультрафіолетово-видима спектроскопія демонструє суттєве підвищення ефективності екранування 
ультрафіолетового випромінювання зі зростанням вмісту ZnO, що супроводжується появою підзонних смуг поглинання, 
зумовлених дефектними та міжфазними електронними станами. Розрахунки в межах теорії функціоналу густини 
підтверджують експериментальні результати, виявляючи міжфазний перенос заряду та незначні модифікації електронної 
структури на межі розділу PLA/ZnO. Отримані результати показують, що введення ZnO підвищує механічну жорсткість і 
ефективність УФ-захисту, при цьому оптимальний вміст ZnO нижче 1 мас.% забезпечує збереження механічної цілісності та 
мінімізує деградацію, спричинену агломерацією наночастинок. 
Ключові слова: нанокомпозити PLA/ZnO; УФ-захист; механічні властивості; рентгенівська дифракція (XRD); FTIR; DFT-
моделювання; перенесення заряду; наноматеріали; полімерне армування 
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Understanding how the band gap (𝐸௚) of semiconductors evolves with size, dimensionality, and doping concentration is crucial for 
optimizing modern electronic and optoelectronic devices. In this work, we perform a systematic analysis of critical sizes (𝐿௖) and 
doping thresholds (𝑁௖) governing significant band gap modification in Si, GaAs, InP, CdS, and GaN. Using effective mass theory with 
Coulomb corrections, Varshni temperature dependence, and numerical simulations, we identify that quantum confinement dominates 
when 𝐿 ≲ 2𝑎஻∗ , yielding 𝐿௖ ≈ 10nm for Si, 22 nm for GaAs, 6 nm for CdS, and 5–6 nm for GaN. The corresponding Mott-like critical 
doping thresholds satisfy 𝑁௖(ଵ ଷ)⁄ 𝑎஻∗ ≈ 0.25, giving 8 311.8 10c mN c −⋅=  (Si), 3175.6 10 cm−⋅ (GaAs), and 3182.9 10 cm−⋅ (CdS). For 
quantum dots (0D) at 𝑟 = 2nm, band gaps increase by ~0.9 eV for Si, ~1.3 eV for GaAs, and ~5.5 eV for GaN, while 1D nanowires 
exhibit 20–35% smaller shifts due to partial carrier delocalization along the wire axis. Temperature effects are minor (~0.01–0.03 eV 
from 50–500 K), confirming that dimensional confinement is the dominant factor. These results provide quantitative guidelines for 
engineering tunable band gaps in LEDs, lasers, Si tandem solar cells, UV optoelectronics, and photodetectors, offering a predictive 
framework for IV, III–V, and II–VI semiconductor nanostructures. 
Keywords: Semiconductor band gap; Critical size; Doping threshold; Quantum confinement; Temperature effects; Carrier 
concentration; Nanostructures; Device optimization 
PACS: 73.40. Lq, 73.61.Cw, 73.61.Ey, 72.20.Jv 

INTRODUCTION 
In recent years, the rapid advancement of smart electronic devices has created an unprecedented demand for high-

performance semiconductor components. Modern applications, including high-efficiency diodes [1–4], sensitive 
photodetectors [5], thermosensors [6], next-generation solar cells [7], junction field-effect transistors (JFETs) [9], and 
MOSFETs capable of wide-temperature operations [10], rely heavily on precise control of material properties at the 
nanoscale [8]. Achieving optimal device performance requires a comprehensive understanding of how fundamental 
semiconductor parameters—such as the band gap (Eg) [9–12], carrier mobility, and dielectric constant—respond to 
variations in size, doping concentration, and operational environment. Materials including silicon (Si), gallium arsenide 
(GaAs), cadmium sulfide (CdS), indium phosphide (InP), gallium nitride (GaN), gallium phosphide (GaP), silicon carbide 
(SiC), germanium (Ge), aluminum gallium arsenide (AlGaAs), indium gallium nitride (InGaN), zinc oxide (ZnO), and 
perovskite-based semiconductors (e.g., CH₃NH₃PbI₃, CsPbBr₃) have demonstrated significant potential for enhancing 
device efficiency [12], offering a broad spectrum of electronic and optoelectronic functionalities. Integrating these 
materials into complex device architectures necessitates careful consideration of both intrinsic and extrinsic property 
variations under realistic operational conditions. To accurately predict these effects, a combination of analytical modeling, 
which provides fundamental physical insights, and numerical simulations, capable of capturing complex geometries, non-
linear interactions, and multi-parameter dependencies, is essential. This integrated approach enables systematic 
investigation of critical size thresholds, doping concentrations, temperature effects, and external perturbations that 
influence band gap evolution, carrier dynamics, and junction electrostatics across a diverse set of semiconductor materials. 

A fundamental building block of modern semiconductor technology is the p–n junction, which underpins solar cells, 
light-emitting diodes (LEDs), photodetectors, and nanowire-based architectures [1–3]. Historically, silicon has dominated 
the semiconductor industry due to its abundance, mature fabrication infrastructure, and favorable electronic properties 
[4–6]. In recent years, however, non-planar junction architectures, particularly radial p–n junctions (RHJs), have garnered 
attention due to their enhanced active surface area, improved optical absorption, efficient light-trapping, and geometry-
dependent modifications of the electrostatic field [7–9]. These features make RHJs particularly promising for nanoscale 
devices, cryogenic electronics, and high-efficiency optoelectronic applications [10–12]. 
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Semiconductor behavior is governed by multiple intrinsic and extrinsic factors [10]. Temperature significantly 
influences the band gap, carrier concentration, and mobility, while phenomena such as narrow-band-gap effects and 
temperature-induced carrier redistribution can further modify device performance [11–18]. Doping concentration 
critically affects electrical conductivity, depletion region characteristics, and overall functionality [19–25]. Additionally, 
exposure to external radiation can generate defect states, trap-assisted recombination, and band gap shifts, impacting 
device reliability and efficiency [26–30]. Collectively, these influences dominate semiconductor behavior, particularly in 
regimes where temperature, doping, and radiation effects overlap [32,33]. At cryogenic temperatures, incomplete dopant 
ionization [6] and thermoionic effects [13] further alter carrier distributions, necessitating probabilistic treatments using 
Fermi–Dirac statistics and dopant activation energies [25–27]. 

Previous studies have also examined the onset of quantum effects in nanoscale semiconductors, demonstrating that 
carrier confinement and interactions substantially modify the electronic structure [34]. Nonetheless, a systematic 
understanding of the critical points at which quantum phenomena emerge remains incomplete. While individual 
influences of size, temperature, and doping have been explored [35], the combined impact of carrier concentration and 
thermal effects in triggering quantum behavior is poorly quantified. Specifically, thresholds for quantum confinement and 
impurity-induced band gap modifications have not been fully established for materials widely used in high-performance 
devices. Identifying these critical points is essential for predicting device behavior under extreme operational conditions 
and guiding the design of next-generation nanoscale electronics and optoelectronics. 

The electrostatics of semiconductor junctions are governed by Poisson’s equation, which relates charge density to 
electrostatic potential [13–15]. Analytical and numerical solutions are inherently geometry-dependent: planar junctions 
are well-described using Cartesian coordinates and classical depletion models [16–18], whereas radial junctions require 
cylindrical coordinates, introducing curvature-dependent terms that significantly alter electric field distributions [19–21]. 
These geometric factors influence space-charge formation, depletion width, and junction capacitance, all critical for 
device performance. At cryogenic temperatures, modeling becomes more complex due to incomplete dopant ionization, 
where a significant fraction of donors and acceptors remain un-ionized. Probabilistic descriptions based on Fermi–Dirac 
statistics and dopant activation energies [25–27] are required to capture temperature-dependent ionization rates, resulting 
in modified electrostatic potential profiles and capacitance–voltage characteristics [28–30]. Additional phenomena – 
including band gap narrowing, carrier freeze-out, and breakdown effects—must also be incorporated to accurately 
describe junction electrostatics under extreme conditions [31–33]. 

In this work, we address these challenges by systematically investigating the critical size and doping thresholds that 
govern the emergence of quantum effects in semiconductors. By establishing quantitative criteria for both quantum 
confinement and impurity-induced band gap modulation, and by integrating analytical modeling with numerical 
simulations, we provide a unified framework for predicting the onset of quantum phenomena in Si, GaAs, CdS, and other 
technologically relevant materials. Furthermore, comparative analyses of planar and radial p–n junctions under conditions 
of incomplete dopant ionization elucidate the interplay between geometry, doping, and temperature in determining 
electrostatic properties. These findings offer a robust foundation for the rational design of high-performance diodes, 
photodetectors, solar cells, and advanced nanoscale electronic and optoelectronic devices. 

 
METHODS AND MATERIAL 

Understanding semiconductor nanostructures is crucial because the dimensional confinement of charge carriers 
profoundly alters their electronic and optical properties, enabling the design of high-performance devices such as lasers, 
photodetectors, quantum-dot LEDs, and next-generation transistors. Investigating bulk (3D), quantum wells (2D), quantum 
wires (1D), and quantum dots (0D) allows researchers to systematically explore how energy quantization, density of states, 
and carrier dynamics evolve with reduced dimensionality. Analytical approaches, including effective mass approximation 
and quantum confinement models, combined with numerical simulations, finite element, or tight-binding methods, provide 
accurate insights into carrier behavior and device performance. Common semiconductor materials suitable for such studies 
include silicon (Si), gallium arsenide (GaAs), cadmium sulfide (CdS), indium phosphide (InP), and gallium nitride (GaN), 
which offer well-characterized electronic properties and fabrication feasibility for creating 2D, 1D, and 0D nanostructures. 
By integrating these methods and materials, researchers can optimize quantum confinement effects, guiding the development 
of devices with superior efficiency, sensitivity, and scalability. 

Figure 1 illustrates four representative semiconductor nanostructures with varying degrees of dimensional 
confinement: bulk (3D), quantum well (2D), quantum wire (1D), and quantum dot (0D). The progression from bulk to 
quantum dot highlights the influence of dimensional reduction on electronic properties, density of states (DOS), and 
quantum confinement effects. a) Bulk (3D) – In bulk semiconductors, charge carriers are free to move in all three 
spatial dimensions. The energy spectrum is continuous, resulting in a DOS proportional to the square root of energy 
above the conduction band edge (𝐷𝑂𝑆ଷ஽ ∝ ඥ𝐸 − 𝐸௖). Quantum effects are negligible, and electronic behavior is well 
described by conventional band theory. Bulk structures form the baseline for comparison with lower-dimensional 
systems. b) Quantum Well (2D) – Quantum wells confine carriers along one spatial axis while allowing free motion in 
the remaining two dimensions. This confinement generates discrete energy subbands, producing a step-like DOS 
(𝐷𝑂𝑆ଶ஽ = constant for each subband). Quantum wells exhibit moderate quantum effects and are widely used in 
optoelectronic devices such as lasers and photodetectors due to improved carrier control and enhanced optical response. 
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c) Quantum Wire (1D) – In quantum wires, carriers are confined in two dimensions and free along a single axis. This 
results in discrete 1D subbands, with the DOS displaying singularities at subband edges (𝐷𝑂𝑆ଵ஽ ∝ 1/ඥ𝐸 − 𝐸௡). 
Quantum wires exhibit strong confinement effects, including enhanced carrier mobility and ballistic transport, making 
them suitable for nanoscale transistors and sensors. d) Quantum Dot (0D) – Quantum dots fully confine electrons and 
holes in all three dimensions, producing discrete, atom-like energy levels. The DOS becomes delta-function-like, 
reflecting the complete quantization of energy states. Quantum dots maximize quantum effects and are employed in 
high-efficiency LEDs, photovoltaics, and quantum information devices due to their tunable optical and electronic 
properties. Figure 1 demonstrates the systematic evolution of electronic confinement from 3D bulk to 0D quantum 
dots. As dimensionality decreases, energy levels transition from continuous to fully discrete, DOS transforms from 
smooth to singular, and quantum confinement effects become increasingly pronounced. This comparative framework 
underscores the critical role of dimensional engineering in tailoring semiconductor properties for advanced 
optoelectronic and quantum devices. 

 
Figure 1. Semiconductor nanostructures: a) Bulk (3D), b) Quantum well (2D), c) Quantum wire (1D), d) Quantum dot (0D) 

Table 1. Key parameters of common semiconductor materials and their nanostructures [22] 

Material Bandgap 
(Eg) (eV) 

Electron 
Mobility 
(cm²/V·s) 

Hole 
Mobility 
(cm²/V·s) 

Effective 
Mass (m*/m0) 

Dielectric 
Constant (𝛆r) Typical Nanostructures 

Si 1.12 (Indirect) 1500 450 e: 0.26, h: 0.39 11.7 Bulk, Quantum Well, Quantum Dot 

GaAs 1.42 (Direct) 8500 400 e: 0.067, h: 0.45 12.9 Bulk, QW, 
QWire, QD 

CdS 2.42 (Direct) 350 50 e: 0.21, h: 0.8 5.3 QWire, QD 
InP 1.34 (Direct) 5400 150 e: 0.08, h: 0.6 12.5 QW, QWire, QD 
GaN 3.4 (Direct) 1000 30 e: 0.2, h: 0.8 9.5 Bulk, QW, QD 

As dimensionality decreases from bulk to quantum dots, quantum confinement sharply modifies energy levels, density 
of states, and carrier dynamics. Materials like Si, GaAs, GaN, CdS, and InP offer tunable electronic and optical properties, 
making them ideal for optimizing nanostructure-based devices. Careful selection of material and structure enables precise 
control of performance in lasers, photodetectors, and quantum devices. To quantify quantum confinement and doping-
induced band gap modifications, the effective mass approximation and quantum confinement models were applied. For each 
material, the effective Bohr radius (𝑎஻∗ ) was calculated using 𝑎஻∗ = ସగఌబఌೝℏమ௠∗௘మ , where 𝜀௥ is the relative dielectric constant and 𝑚∗ the carrier effective mass. The onset of quantum confinement was defined by 𝐿 ≲ 2𝑎஻∗ , yielding critical sizes of 𝐿௖ ≈10 nmfor Si, 𝐿௖ ≈ 22 nmfor GaAs, and 𝐿௖ ≈ 6 nmfor CdS. The Mott-like critical doping thresholds were estimated using 

(1/3) * 0.25c BN a ≈ giving [28], 3811.8 10cN cm−⋅  for Si, 371.6 105cN cm−⋅ for GaAs, and 381.9 102cN cm−⋅  for CdS. 
These thresholds indicate the dopant concentrations above which impurity-induced band gap renormalization becomes 
significant. Combining size quantization and doping effects, nanostructures smaller than 𝐿௖and doped above 𝑁௖exhibit band 
gap increases of 25–35% relative to their bulk counterparts. These quantitative criteria provide a universal framework for 
predicting band gap evolution across different semiconductor materials.  

Quantum Confinement and Size-Dependent Band Gap: For a semiconductor nanostructure of size 𝐿, the effective band 
gap 𝐸௚(𝐿)is given by (1): 
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0

1 1( ) 1.8
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eE L E E E
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 
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 
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Quantum dots are fully confined in all three spatial directions, leading to discrete energy levels and a sharply 
quantized density of states. The first term represents bulk band gap, the second is the quantum confinement shift due to 
kinetic energy of carriers, and the third term accounts for Coulomb attraction between electrons and holes. As the radius 𝐿 decreases below the critical size 𝐿௖ ∼ 2𝑎஻∗ , the band gap increases significantly, often by 25–35% over the bulk value, 
enhancing optical absorption and emission efficiency [32]. 
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Quantum wires are confined in two directions, with free motion along the wire axis. This confinement produces 1D 
subband structures, altering the density of states compared to bulk semiconductors. The band gap increases as the wire 
radius 𝑅decreases, affecting carrier transport, optical transitions, and photoconductive properties. Quantum wires are 
particularly useful in nanowire photodetectors and transistors, where enhanced carrier localization improves sensitivity 
and response times [18]. 
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Quantum wells are confined along one dimension (thickness 𝐿), while carriers remain free in the other two directions. 
Confinement leads to discrete subbands, step-like density of states, and modified optical transitions. The band gap 
increases with decreasing well thickness, enabling tunable emission and absorption wavelengths. Quantum wells are 
widely used in lasers, LEDs, and high-speed electronic devices due to their well-controlled energy levels [19]. 
 3 bulkD

g gE E≈  (4) 

Bulk semiconductors have no spatial confinement, so the band gap corresponds to the intrinsic bulk value. The 
density of states follows a continuous 3D distribution, and carrier dynamics are dominated by standard conduction and 
valence band properties. Bulk materials serve as a reference for understanding how confinement modifies electronic 
properties in lower-dimensional nanostructures [12,36]. In this work, the bulk band gap is taken according to Varshni's 
equation (5). 
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Table 2. Varshni parameters of Si, GaAs, GaN, CdS, and InP. 

Material E₀ (eV) α (×10⁻⁴ eV/K) β (K) 
Si 1.170 4.73 636 [1] 

GaAs 1.515 5.405 204 [6] 
GaN 3.40 9.09 830 [3] 
InP 1.425 4.50 327 [21] 
CdS 2.42 4.5 204 [14] 

 
In Table 2, Si and InP, as IV- and III–V-type semiconductors, have relatively low to medium band gaps, making their 𝐸௚ strongly temperature-dependent. GaN, a wide-bandgap material, has high α and β values, resulting in a more 

temperature-stable band gap. CdS and GaAs exhibit medium band gaps, with their temperature dependence well described 
by Varshni’s equation. Overall, a higher α leads to a faster band gap reduction with temperature, while β controls the 
temperature range over which this decrease occurs. 
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Taking into account the temperature-dependent term (5) of the band gap and the dimensionality of the region (1)-(4), 
expression (6) is derived as a temperature- and dimension-dependent formula. The methodologies presented combine 
both analytical modeling and numerical simulations to account for temperature-dependent band gap variations and the 
dimensionality effects of the semiconductor regions. The chosen materials – Si, GaAs, GaN, CdS, and InP – are 
characterized using Varshni parameters, ensuring accurate evaluation of their temperature-dependent electronic 
properties. These approaches provide a comprehensive framework for subsequent analyses of planar and radial p–n and 
p–i–n junctions, establishing a solid foundation for predicting device performance under various operational conditions. 

 
RESULTS AND DISCUSSION 

Figure 2 presents the calculated dependence of the band gap energy 𝐸௚ on the quantum dot radius 𝑟for Si, GaAs, 
GaN, CdS, and InP in the size range of 1.5–15 nm, obtained using the effective mass approximation including Coulomb 
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correction (Brus model). For all materials, 𝐸௚ increases monotonically as the radius decreases, clearly demonstrating the 
dominant influence of quantum confinement at the nanoscale. 

For large radii (𝑟 > 10 nm), the band gap values asymptotically approach their bulk limits—1.12 eV (Si), 1.42 eV 
(GaAs), 1.35 eV (InP), 2.42 eV (CdS), and 3.40 eV (GaN)—indicating the progressive suppression of confinement effects. 
In contrast, when the radius decreases below approximately 5 nm, pronounced deviations from bulk behavior emerge, 
marking the transition to the strong-confinement regime. Quantitative comparison reveals a strong material dependence 
of band gap widening. At 𝑟 = 2nm, Si exhibits a band gap increase of 0.7–0.9 eV, reaching 𝐸௚ ≈ 1.9–2.0eV. Owing to 
its very low electron effective mass (𝑚௘∗ = 0.067𝑚଴), GaAs shows a substantially larger shift of 1.2–1.4 eV, while InP 
displays a comparable increase of approximately 1.1 eV. Despite their larger bulk band gaps, CdS and GaN exhibit smaller 
relative shifts at the same radius due to heavier hole masses and stronger Coulomb screening. At 𝑟 = 1.5nm, the band 
gaps of GaAs and InP exceed 3 eV, whereas GaN approaches 5.5 eV, highlighting the exceptional sensitivity of low-
effective-mass semiconductors to spatial confinement. 

The observed size dependence originates from the competition between two fundamental mechanisms. The kinetic 
confinement term (∝ 𝑟ିଶ) dominates the band gap increase through the quantization of electron and hole energies, leading 
to larger shifts in materials with smaller effective masses. The Coulomb interaction term (∝ 𝑟ିଵ) partially offsets this 
increase via electron–hole attraction and is more pronounced in materials with lower dielectric constants, such as CdS 
and GaN; however, it remains secondary in the strong confinement regime. This interplay explains the strong tunability 
of GaAs compared to the relatively stable band-gap evolution of GaN. 

 
Figure 2. Band-gap energy E୥ versus quantum dot radius r for Si, GaAs, GaN, CdS, and InP, showing a monotonic increase with 

decreasing size due to quantum confinement 

These results underline the effectiveness of band-gap engineering via size control as a composition-independent 
strategy for tailoring optoelectronic properties. Si quantum dots with effective band gaps approaching 2 eV are promising 
for tandem solar cells and silicon-compatible photonics, while GaAs and InP nanostructures enable precise wavelength 
tuning across the visible and near-infrared ranges for lasers, LEDs, and photodetectors. GaN and CdS, with wide and 
tunable band gaps, are well suited for UV optoelectronics and high-power applications. Importantly, a critical radius of 
~4–5 nm is identified for all materials, below which bulk approximations fail and quantum effects must be explicitly 
included in device modeling. The predicted trends and magnitudes are consistent with experimental reports, including 
blue shifts of ~1 eV in GaAs quantum dots below 3 nm and ~0.8 eV in Si nanocrystals near 2 nm, validating the 
applicability of the model in the strong-confinement regime. Deviations at ultra-small radii (<2 nm) are expected due to 
surface states, strain, dielectric confinement, and band nonparabolicity. Overall, this analysis provides a robust 
quantitative framework for predicting size-induced band-gap modulation across IV, III–V, and II–VI semiconductors, 
offering clear guidance for the design of next-generation nanoscale optoelectronic devices. 

 
Figure 3. Size-dependent band gap energy E୥ of 1D semiconductor nanowires as a function of radius for Si, GaAs, GaN, CdS, 

and InP, showing reduced band gap widening compared to quantum dots due to one-dimensional radial confinement. 
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Figure 3 shows the calculated band gap energy 𝐸௚ as a function of nanowire radius 𝑟(1.5–15 nm) for Si, GaAs, GaN, 
CdS, and InP, assuming radial quantum confinement and free carrier motion along the wire axis. For all materials, 𝐸௚ 
increases monotonically as the radius decreases, confirming the presence of one-dimensional quantum confinement. 
However, the magnitude of band gap widening is noticeably weaker than in quantum dots due to confinement occurring 
in only one spatial direction. At large radii (𝑟 > 10 nm), the calculated band gaps converge toward bulk values, with 
deviations below 0.05 eV, indicating negligible confinement. When the radius is reduced to 5 nm, moderate band gap 
shifts appear: approximately 0.15 eV for Si, 0.25 eV for GaAs, 0.22 eV for InP, 0.18 eV for CdS, and 0.12 eV for GaN. 
This radius marks the transition from quasi-bulk behavior to the weak-to-intermediate confinement regime. In the strong 
confinement regime (𝑟 ≤ 2 nm), the band gap enhancement becomes pronounced. At 𝑟 = 2nm, GaAs exhibits a band gap 
increase of ~0.8–0.9 eV, reaching 𝐸௚ ≈ 2.2–2.3eV, while InP shows a comparable shift of ~0.7 eV. In contrast, Si displays 
a smaller increase of ~0.5 eV, reaching 𝐸௚ ≈ 1.6–1.7eV. Wide-band-gap materials exhibit more moderate relative shifts: 
CdS increases by ~0.4 eV, whereas GaN shows the smallest enhancement (~0.3 eV) despite its large bulk band gap. These 
trends are governed by the competition between the radial kinetic confinement term (∝ 𝛽଴ଵଶ /𝑟ଶ) and the Coulomb 
interaction term (∝ 1/𝑟). Materials with lower electron effective masses, such as GaAs (𝑚௘∗ = 0.067𝑚଴) and InP (𝑚௘∗ =0.08𝑚଴), experience significantly larger energy shifts for the same radius reduction. In contrast, GaN and CdS, 
characterized by heavier hole masses and stronger dielectric screening, exhibit reduced sensitivity to radial confinement. 

Compared with quantum dots of identical radius, nanowires exhibit band-gap shifts that are approximately 40–60% 
smaller, reflecting the reduced dimensionality of confinement. This distinction is particularly relevant to device design, 
as nanowires offer a favorable compromise between band-gap tunability and efficient carrier transport along the wire axis. 

From an application perspective, Si nanowires with 𝐸௚ ≈ 1.6–1.8eV at radii below 3 nm are attractive for radial-
junction solar cells, while GaAs and InP nanowires provide tunable band gaps across the visible–near-infrared range for 
photodetectors and nanowire lasers. GaN and CdS nanowires, with relatively stable wide band gaps, are well suited for 
UV optoelectronics and high-power devices. Overall, the results identify a critical nanowire radius of ~3–4 nm, below 
which quantum confinement must be explicitly incorporated into device-level modeling. A direct comparison of Figures 
2 and 3 highlights the impact of dimensionality on quantum confinement. For the same radius, quantum dots (0D) exhibit 
significantly larger band gap widening than nanowires (1D) due to three-dimensional carrier confinement. For instance, 
at 𝑟 = 2nm, GaAs quantum dots reach 𝐸௚ ≈ 2.7–2.8eV, whereas nanowires only reach 𝐸௚ ≈ 2.2–2.3eV, a difference of 
~0.5–0.6 eV. Similarly, Si shows an enhancement of ~0.9 eV in 0D versus ~0.5 eV in 1D. This trend reflects the reduced 
kinetic confinement in 1D structures (∝ 𝛽଴ଵଶ /𝑟ଶ) compared to 0D (∝ 𝜋ଶ/𝑟ଶ), emphasizing that dimensionality strongly 
governs band gap tunability and must be carefully considered in the design of nanoscale optoelectronic devices. 

 
Figure 4. Contour maps of band gap energy E୥versus radius and temperature: (A) Quantum dots (0D) and (B) Nanowires (1D). 

Color highlights strong size-dependent tuning, while temperature effects remain minor. 

Figure 4a and 4b illustrate the combined influence of size and temperature on the band gap 𝐸௚of Si quantum dots 
(0D) and nanowires (1D), using contour maps with exaggerated temperature effects for visualization. For quantum dots, 
decreasing the radius from 10 nm to 1.5 nm increases 𝐸௚from 1.12 eV (bulk) to ~2.1 eV, a net shift of ~0.98 eV due to 
strong 3D quantum confinement. In contrast, 1D nanowires exhibit a smaller band gap increase from 1.12 eV to ~1.9 eV 
(~0.78 eV shift) over the same radial range, reflecting weaker confinement along the unconfined axis. Temperature has a 
negligible effect in both cases: even across 50–500 K, the intrinsic Varshni shift for Si is <0.02 eV, orders of magnitude 
smaller than size-induced shifts, consistent with the nearly horizontal contour lines observed in both maps. These results 
highlight that dimensionality critically controls the strength of quantum confinement, with 0D dots providing the 
maximum tunability of electronic and optical properties, while 1D nanowires offer moderate, yet still significant, control. 
Practically, this demonstrates that nanostructure size engineering is far more effective than temperature modulation for 
tuning the band gap, enabling tailored optoelectronic performance in devices such as photodetectors, LEDs, and quantum 
emitters. The combined analysis of Figures 2, 3, and 4a/b quantitatively highlights the dominant role of quantum 
confinement in tuning the band gap of semiconductor nanostructures. Figure 2 shows that 0D quantum dots exhibit the 
strongest size-dependent modulation: for Si, the band gap increases from 1.12 eV (bulk) to ~2.0 eV at r = 2 nm, GaAs 
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rises from 1.42 eV to ~3.1 eV, and GaN from 3.40 eV to ~5.5 eV. Figure 3 demonstrates that 1D nanowires experience 
reduced confinement, with shifts of ~0.8 eV for Si, ~1.8 eV for GaAs, and ~2.5 eV for GaN at the same radius, i.e., 
~20-35% smaller than in quantum dots due to the extra degree of freedom along the wire axis. Figures 4a and 4b indicate 
that temperature-induced variations are minor: Eg changes by only ~0.01–0.02 eV for Si and ~0.03 eV for GaAs over 
50-500 K, even when exaggerated 20× for visualization, confirming that radius is the primary tuning parameter. The 
analysis establishes a clear hierarchy of tunability: 0D > 1D > bulk, providing precise numerical guidance for 
nanostructure design. From an application perspective, such tunability enables wavelength-selective photodetectors, 
LEDs, and tandem solar cells, while the small temperature dependence ensures stable operation across 50–500 K. Future 
work should incorporate multi-material heterostructures, surface/interface states, and experimental validation to optimize 
high-efficiency, size-engineered optoelectronic devices. 
 

CONCLUSIONS 
This work has systematically compared the size- and temperature-dependent band gap 𝐸௚of semiconductor 

nanostructures across 0D quantum dots and 1D nanowires for Si, GaAs, InP, CdS, and GaN. For quantum dots, the band 
gap increases dramatically with decreasing radius: Si rises from 1.12 eV (bulk) to ~2.0 eV at r = 2 nm, GaAs from 1.42 eV 
to ~3.1 eV, and GaN from 3.4 eV to ~5.5 eV, highlighting the dominant kinetic confinement term (∝ 𝑟ିଶ) at sub-5 nm 
scales. In contrast, 1D nanowires exhibit weaker confinement, with Si, GaAs, and GaN showing ~20–35% smaller Eg 
shifts at the same radii, due to partial freedom of carriers along the wire axis. Coulomb interaction (∝ 𝑟ିଵ) partially 
compensates confinement, particularly in low-dielectric materials such as CdS and GaN. Temperature effects from 50 K 
to 500 K are minor (~0.01–0.03 eV), confirming that dimensional confinement, rather than thermal broadening, dominates 
band gap modulation at the nanoscale. These results quantify the critical radii below 4–5 nm where bulk approximations 
fail and quantum effects must be explicitly considered. Physically, the observed trends reflect the quantization of electron 
and hole energies, offering precise control of optical and electronic properties. These findings provide a framework for 
designing wavelength-tunable LEDs and lasers, Si-based tandem solar cells (~2 eV Eg), and GaN/CdS devices for UV 
optoelectronics and radiation-hard sensors. Future work should incorporate heterostructures, interface states, and 
temperature-dependent modeling to optimize high-performance nanodevices. 
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КРИТИЧНИЙ РОЗМІР ТА ПОРОГОВІ ЗНАЧЕННЯ ЛЕГУВАННЯ, ЩО ВИЗНАЧАЮТЬ ЕВОЛЮЦІЮ 

ЗАБОРОНЕНОЇ ЗОНИ В НАПІВПРОВІДНИКАХ 
Й.Ш. Абдуллаєв2, Д.А. Каландарова1, М.Ш. Ібрагімова1, У.А. Акбераджієва3, Д.І. Юнусова4, 
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Розуміння того, як заборонена зона (Eg) напівпровідників змінюється залежно від розміру, вимірності та концентрації 
легуючих домішок, є критично важливим для оптимізації сучасних електронних і оптоелектронних пристроїв. У цій роботі 
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ми здійснюємо систематичний аналіз критичних розмірів (Lc) та порогових концентрацій домішок (Nc), що визначають суттєві 
зміни забороненої зони у Si, GaAs, InP, CdS та GaN. Використовуючи теорію ефективної маси з поправками на кулонівську 
взаємодію, температурну залежність за Варшні та чисельні симуляції, ми встановлюємо, що квантове обмеження домінує при 𝐿 ≲ 2𝑎஻∗ , що дає 𝐿௖ ≈ 10нм для Si, 22 нм для GaAs, 6 нм для CdS та 5–6 нм для GaN. Відповідні порогові концентрації домішок, 
подібні до критерію Мотта, задовольняють 𝑁௖(ଵ ଷ)⁄ 𝑎஻∗ ≈ 0,25, що дає 8 311.8 10c mN c −⋅= (Si), 3175.6 10 cm−⋅ (GaAs) та 3182.9 10 cm−⋅
(CdS). Для квантових точок (0D) з r = 2 нм заборонена зона збільшується приблизно на ~0,9 еВ для Si, ~1,3 еВ для GaAs та 
~5,5 еВ для GaN, тоді як 1D нанодроти демонструють на 20–35% менші зміни через часткову делокалізацію носіїв уздовж осі 
дроту. Температурні ефекти є незначними (~0,01–0,03 еВ у діапазоні 50–500 K), що підтверджує, що вимірне обмеження є 
домінуючим фактором. Ці результати надають кількісні вказівки для інженерії регульованих заборонених зон у світлодіодах, 
лазерах, кремнієвих багатошарових сонячних елементах, УФ-оптоелектроніці та фотодетекторах, пропонуючи прогностичну 
основу для наноструктур напівпровідників типів IV, III–V та II–VI. 
Ключові слова: заборонена зона напівпровідника; критичний розмір; порогова концентрація домішок; квантове обмеження; 
температурні ефекти; концентрація носіїв; наноструктури; оптимізація пристроїв 
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Incomplete dopant ionization critically influences the electrical properties of germanium (Ge), particularly under low-temperature and low-
doping conditions relevant to advanced electronic and optoelectronic devices. In this work, we present a systematic numerical investigation of 
temperature- and concentration-dependent dopant ionization in Ge over temperature range of 4–400 K and dopant concentrations from 1 × 10ଵସ to 1 × 10ଵ଼ cmିଷ. Ionization probabilities are evaluated for common acceptor dopants (Boron, Gallium, and Indium) and donor 
dopants (Phosphorus, Arsenic, and Antimony), with activation energies spanning 10–16 meV. The results reveal severe dopant freeze-out at 
cryogenic temperatures, where ionization probabilities drop below 0.1–0.2 for lightly doped Ge (𝑁 ≤ 10ଵହ cmିଷ), leading to carrier density 
reductions exceeding 80–90% compared to full-ionization assumptions. Donor dopants with lower activation energies achieve near-complete 
ionization (𝑃(𝑇) > 0.9) at 100–150 K, while higher-energy acceptors require temperatures above 200–250 K. Increasing dopant concentration 
to 10ଵ଻–10ଵ଼ cmିଷsignificantly suppresses freeze-out, enabling ionization probabilities above 0.8 at temperatures as low as 50–70 K. At and 
above room temperature, all dopants exhibit near-unity ionization across the investigated concentration range. These findings provide 
quantitative guidelines for dopant selection and concentration optimization in Ge-based electronic, optoelectronic, and cryogenic devices, 
emphasizing the necessity of explicitly accounting for incomplete ionization in low-temperature device modeling and design. 
Keywords: Semiconductor band gap; Germanium (Ge); Doping threshold; Temperature effects; Carrier concentration; Incomplete 
ionization;  
PACS: 73.40. Lq, 73.61.Cw, 73.61.Ey, 72.20.Jv 

INTRODUCTION 
Germanium (Ge) has re-emerged as a strategically important semiconductor owing to its superior electronic, optical, 

and thermal properties, which make it highly attractive for next-generation electronic, photonic, and sensing technologies. 
Its narrow indirect bandgap (~0.66 eV at 300 K), intrinsically high electron and hole mobilities, and strong infrared 
absorption enable efficient charge transport and enhanced sensitivity compared to conventional silicon-based 
devices [1-5]. These properties position Ge at a unique intersection between silicon and III–V semiconductors, supporting 
high-performance operation over wide temperature ranges. 

Recent advances in Si-compatible integration, including SiGe heterostructures and Ge-on-Si platforms, have further 
accelerated the adoption of Ge in modern microelectronics. The high carrier mobility of Ge significantly improves device 
performance in high-speed logic and radio-frequency (RF) applications, enabling operation in the GHz–THz regime while 
maintaining full compatibility with CMOS fabrication processes [2,3]. In optoelectronics, Ge exhibits strong absorption 
in the near-infrared region (0.8–1.6 µm), coinciding with key telecommunication wavelengths. Consequently, Ge-based 
p–n, p–i–n, and avalanche photodiodes are widely implemented in silicon photonics, optical interconnects, LiDAR, and 
fiber-optic communication systems [3–6]. Germanium also plays a critical role in high-efficiency photovoltaic 
technologies, particularly as a substrate and bottom cell in multi-junction solar cells such as InGaP/GaAs/Ge, enabling 
superior spectral utilization and power conversion efficiencies beyond the single-junction Shockley–Queisser limit [6]. 
In addition, Ge exhibits exceptional temperature sensitivity, making it well-suited for precision thermistors, cryogenic 
sensors, and thermo-optic photonic devices. High-purity germanium (HPGe) detectors further remain the benchmark for 
gamma-ray and X-ray spectroscopy due to their outstanding energy resolution [1,7]. 

Despite these advantages, the performance of Ge-based devices is strongly governed by temperature-dependent 
dopant activation and carrier statistics. In particular, incomplete dopant ionization becomes significant at low and 
intermediate temperatures, leading to pronounced deviations between the nominal doping concentration and the effective 
free carrier density [10]. This effect directly impacts conductivity, capacitance–voltage characteristics, and junction 
electrostatics. While incomplete ionization has been extensively studied in silicon [11-12], GaAs [13-18], and Si/GaAs 
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heterostructures [19-25], a systematic and comparative investigation for germanium over wide temperature [26,27] and 
doping ranges remains notably lacking [28-30], despite its growing importance in cryogenic electronics and thermal 
sensing [31,32]. 

In this work, we present a comprehensive analysis of incomplete ionization effects in germanium across a 
temperature range of 4–400 K and doping concentrations from 10¹⁵ to 10¹⁸ cm⁻³. A comparative study is conducted for 
common donor (P, As, Sb) and acceptor (B, Ga, In) impurities. By combining analytical modeling based on Fermi–Dirac 
statistics and charge neutrality with numerical simulations, we elucidate dopant activation mechanisms and their impact 
on carrier concentration and electro-physical properties. The results provide essential insight and practical guidelines for 
the accurate modeling and optimization of Ge-based electronic, optoelectronic, and sensing devices operating over broad 
temperature regimes. 

 
METHODS AND MATERIAL 

2.1. Material Parameters and Doping Conditions 
Germanium (Ge) is a group IV semiconductor with a diamond cubic (face-centered cubic, FCC) crystal structure and 

a lattice constant of 5.658 Å. It exhibits an indirect bandgap of 0.66 eV at 300 K, which enables efficient infrared absorption 
and makes it suitable for photodetector and optoelectronic applications. The effective mass of electrons in Ge is 0.12 𝑚଴, 
while holes have a heavier mass of 0.29 𝑚଴ for heavy holes and 0.043 𝑚଴ for light holes. These low effective masses 
contribute to the material’s high carrier mobility, approximately 3900 cm²/V·s for electrons and 1900 cm²/V·s for holes at 
room temperature, allowing fast charge transport in electronic and photonic devices. The intrinsic carrier concentration of 
Ge is relatively low, around 2.4×10¹³ cm⁻³ at 300 K, which ensures low leakage currents in p-n junction devices. Germanium 
also has a high relative permittivity of 16.2, which reduces the depletion width for a given doping level, enabling compact 
device geometries. Its thermal conductivity is 60 W/m·K, supporting efficient heat dissipation, and the material has a density 
of 5.323 g/cm³ with a melting point of 938 °C, setting processing limits for high-temperature fabrication. Germanium’s 
narrow bandgap, high carrier mobility, and favorable permittivity make it an excellent choice for high-speed electronics, 
infrared photodetectors, and advanced optoelectronic devices. Moreover, the material allows the formation of ohmic contacts 
with low-resistance metal interfaces, which is essential for efficient current injection and extraction in diodes, LEDs, and 
photodetectors. Collectively, these properties underpin the superior performance of Ge-based semiconductor devices in both 
electronic and optoelectronic applications. 

 
Figure 1. Schematic p-n junction in Germanium (Ge) 

Figure 1 illustrates a p-n junction in germanium (Ge) with clearly marked ohmic contacts at the edges and the depletion 
region at the junction interface. The left region (𝑝𝐺𝑒) is p-type, rich in holes (𝑒ି), while the right region (𝑛𝐺𝑒) is n-type, 
rich in electrons (𝑒ା). The central depletion region extends from −𝑥௣to 𝑥௡, where mobile carriers are swept away, leaving 
fixed ionized donors and acceptors, creating a built-in electric field.  

Table 1. Donor and acceptor dopants in germanium and their key parameters 

Acceptor (meV) Boron (B) EA=10 Gallium (Ga) EA=12  Indium (In) EA=16 
Donor (meV) Phosphorus (P) ED=12  Arsenic (As) ED=14 Antimony (Sb) ED=10 

The black rectangles at both ends represent ohmic contacts, ensuring low-resistance electrical connection to the external 
circuit. These contacts allow current injection and extraction without introducing additional potential barriers, which is 
crucial for device performance. Within the depletion region, the alternating 𝑒ିand 𝑒ାsymbols depict electron-hole 
separation. This separation underpins the rectifying behavior of the junction, as the internal field opposes further carrier 
diffusion. The gray shading distinguishes the neutral regions, where majority carriers dominate, from the partially depleted 
regions near the junction. Figure 1 effectively shows a Ge p-n junction with ohmic contacts, illustrating carrier distribution, 
depletion width, and the electric field, providing a fundamental understanding of semiconductor device operation. 

 
2.2 Analytical Modeling of Temperature-Dependent Ionization 

The behavior of p–n junctions in germanium (Ge) was analytically modeled by solving Poisson’s equation under the 
depletion approximation, explicitly including temperature-dependent incomplete dopant ionization. For a three-
dimensional structure, the electric field E(𝑟)is assumed uniform along the lateral directions, and varies only along the 
junction axis, yielding (1): 
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Where 16.2ε =  is the relative permittivity of Ge, 0  8.854 10¹²ε ≈ ⋅  F/m is the vacuum permittivity, and 𝜌(𝑟,𝑇)is the 
space charge density, defined as (2): 
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with 191.602 10q C−= ⋅  , 𝑝(𝑟)and 𝑛(𝑟)the hole and electron concentrations, and 𝑁஽ା(𝑇), 𝑁஺ି (𝑇)the ionized donor and 
acceptor densities. The ionized dopant concentrations are described using Fermi–Dirac statistics corrected for the 
temperature-dependent density of states. The probabilities of ionization for acceptor ( )AP T  and donor ( )DP T dopants are 
directly related to the fraction of ionized dopants in the material. They are defined using equations (3a) and (3b) as: 
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where 𝑔஽ = 4,𝑔஺ = 2 are the dopant degeneracy factors, 𝑁஼(𝑇)and 𝑁௏(𝑇)are the effective density of states in the 
conduction and valence bands, and Δ𝐸஽and Δ𝐸஺are the dopant activation energies. For example, common dopants in Ge 
have the following activation energies: To bridge the quantum Fermi–Dirac statistics with classical Maxwell–Boltzmann 
approximations, temperature-dependent correction factors 𝛾௡(𝑇)and 𝛾௣(𝑇)were introduced, ensuring a physically 
consistent description of both majority carrier concentrations and dopant ionization over the entire 4–400 K range. This 
analytical framework allows precise calculation of temperature-dependent carrier densities, 𝑛(𝑇)and 𝑝(𝑇), capturing 
freeze-out, partial ionization, and full ionization regimes. It provides a quantitative foundation for designing Ge-based 
electronic and optoelectronic devices, including photodetectors and low-temperature sensors, by predicting the effective 
free carrier density as a function of both temperature and dopant concentration. D C DE E EΔ = − , A A VE E EΔ = − activation 
energy donor and acceptor, with donor and acceptor energy levels 𝐸𝐷 and 𝐸𝐴 facilitating n-type and p-type conductivity 
respectively, as shown in Figure 2. 

 
Figure. 2. Schematic illustration of the band diagrams for acceptors and donors: 

(a) partially ionized state at low temperatures and (b) fully ionized state at high temperatures 

In Figure 2 b) at high temperatures, donor atoms (such as phosphorus in Si) are fully ionized, donating electrons to 
the conduction band and thereby enhancing the material's electrical conductivity. Similarly, acceptor atoms (like boron in 
Si) ionize by accepting electrons from the valence band, creating holes that also contribute to conductivity. In contrast, 
Figure 2 a) shows that at low temperatures below 20 K, incomplete ionization occurs, where not all donor and acceptor 
atoms ionize.  

 
RESULTS AND DISCUSSION 

The temperature-dependent ionization of acceptor (B, Ga, In) and donor (P, As, Sb) dopants in lightly doped 
germanium (𝑁஺ = 𝑁஽ = 1 × 10ଵହ cmିଷ) exhibits pronounced freeze-out at cryogenic temperatures and near-complete 
ionization above room temperature. At 𝑇 < 50 K, high-energy dopants such as Indium and Arsenic remain largely inactive 
(𝑃 < 0.1), while low-energy dopants like Boron and Antimony begin ionizing earlier, highlighting the strong sensitivity 
of ionization to activation energy. In the intermediate range (50–150 K), ionization rapidly increases, with donors 
generally ionizing at lower temperatures than acceptors due to higher degeneracy and conduction-band density of states. 
Temperature–concentration maps reveal that low dopant densities exacerbate freeze-out, whereas increasing dopant 
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concentration partially mitigates incomplete ionization, though cryogenic suppression persists even at 𝑁 ∼ 10ଵ଼ cmିଷ. 
These results underscore that dopant selection critically impacts low-temperature device performance, with low-
activation-energy species preferred for cryogenic sensors, detectors, and quantum devices. Incorporating temperature-
dependent effective densities of states and incomplete ionization in models is essential for accurate prediction of carrier 
density, depletion width, and current transport, enabling optimized design of Ge-based electronic and optoelectronic 
systems across 4–400 K. 

 
Figure 3. Ionization Probabilities of Dopants in Germanium (Ge) (a) Acceptor Ionization Probability 𝑃஺(𝑇)for Boron, Gallium, 

and Indium (b) Donor Ionization Probability 𝑃஽(𝑇)for Phosphorus, Arsenic, and Antimony 

Figure 3 illustrates the temperature dependence of dopant ionization probability in lightly doped germanium, with 
equal acceptor and donor concentrations of 𝑁஺ = 𝑁஽ = 1 × 10ଵହ cmିଷ. Representative shallow acceptor (B, Ga, In) and 
donor (P, As, Sb) species are considered. The calculations are based on an analytical Fermi–Dirac ionization model that 
explicitly incorporates temperature-dependent effective densities of states, 𝑁௏(𝑇)and 𝑁஼(𝑇), as well as dopant-specific 
activation energies. Figure 3(a): Acceptor Dopants: Figure 3(a) presents the ionization probability 𝑃஺(𝑇)of Boron 
(10 MeV), Gallium (12 meV), and Indium (16 meV) over the temperature range 4–400 K. At cryogenic temperatures 
(T < 40 K), all acceptors are in the freeze-out regime, exhibiting very low ionization probabilities (𝑃஺ < 0.1). At 10 K, 
Boron reaches 𝑃஺ ≈ 0.12, Gallium 𝑃஺ ≈ 0.08, while Indium remains below 𝑃஺ ≈ 0.04, highlighting the strong sensitivity 
of ionization to acceptor activation energy. In the intermediate temperature range (50–150 K), a rapid increase in 
ionization probability is observed. Boron achieves 𝑃஺ > 0.9 at approximately 120 K, Gallium near 150 K, whereas Indium 
requires temperatures exceeding 200 K to reach comparable ionization levels. This temperature shift of roughly 80 K 
between Boron and Indium directly reflects their 6 meV difference in activation energy. At temperatures 𝑇 ≥ 250K, all 
acceptors are essentially fully ionized (𝑃஺ > 0.98), confirming the validity of the complete ionization assumption for 
lightly doped Ge at and above room temperature. Figure 3(b): Donor Dopants: Figure 3(b) shows the donor ionization 
probability 𝑃஽(𝑇)for Phosphorus (12 meV), Arsenic (14 meV), and Antimony (10 meV). At low temperatures (𝑇 < 40K), 
donor ionization is likewise strongly suppressed, with 𝑃஽ < 0.15for all species. Antimony, having the lowest donor 
activation energy, exhibits the highest ionization probability, reaching 𝑃஽ ≈ 0.18at 20 K, compared to 𝑃஽ ≈ 0.10for 
Phosphorus and below 0.07 for Arsenic. Within the intermediate temperature range (80–150 K), donors ionize more 
rapidly than acceptors. Antimony reaches 𝑃஽ ≈ 0.9at approximately 100 K, Phosphorus near 130 K, and Arsenic around 
160 K. Above 200 K, all donor species exhibit near-unity ionization (𝑃஽ > 0.99). Overall, Figure 3 demonstrates that 
donor dopants in Ge ionize at slightly lower temperatures than acceptors with comparable activation energies. This 
behavior arises primarily from differences in degeneracy factors (𝑔஽ = 4 for donors versus 𝑔஺ = 2for acceptors) and the 
larger effective density of states in the conduction band. At low temperatures, incomplete dopant ionization dominates 
the electrical behavior of germanium, particularly in lightly doped material (1 × 10ଵହ cmିଷ), where the free carrier 
density may be reduced by up to 90% below 50 K. As temperature increases, the system transitions from the freeze-out 
regime (strongly suppressed ionization) to a partial ionization regime, and ultimately to full ionization at higher 
temperatures (𝑇 > 300 K). The dopant activation energy determines the temperature range over which these regimes 
occur. High-energy dopants such as Indium and Arsenic exhibit delayed ionization and more pronounced freeze-out, while 
low-energy dopants such as Boron and Antimony ionize at lower temperatures and provide higher carrier concentrations 
under cryogenic conditions. This behavior is especially critical for germanium-based low-temperature sensors, radiation 
detectors, and quantum electronic devices. The temperature-dependent ionization characteristics shown in Figure 3 have 
important implications for Ge-based device design: Cryogenic electronics and sensors: Low-activation-energy dopants 
(e.g., B and Sb) are preferred to minimize carrier freeze-out and maintain adequate conductivity at low temperatures. 
Optoelectronic and room-temperature devices: At moderate and room temperatures, the choice of dopant becomes less 
critical, as nearly complete ionization is achieved for all species. Analytical and numerical device modeling: Accurate 
inclusion of temperature-dependent 𝑁஼(𝑇), 𝑁௏(𝑇), and incomplete ionization effects is essential for predicting free carrier 
density, depletion width, capacitance, and current–voltage characteristics in Ge p–n junctions and MOS devices. At 77 K, 
Boron exhibits an ionization probability of approximately 20%, while Indium remains below 10%. Among donors, 
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Antimony achieves approximately 25% ionization at 77 K, whereas Arsenic remains below 10%. At 300 K, all dopants 
are nearly fully ionized (> 90%), validating the commonly used assumption of complete ionization for lightly doped 
germanium at room temperature. These results highlight the critical role of incomplete dopant ionization at cryogenic 
temperatures and provide quantitative guidance for selecting dopant species and concentrations in low-temperature Ge-
based electronic and optoelectronic devices. 

 
Figure 4. Temperature- and concentration-dependent ionization probabilities of dopants in Germanium 

(a) Acceptor ionization probability P୅(T, N୅)for Boron, Gallium, and Indium over 4–400 K and 10¹⁴–10¹⁸ cm⁻³; (b) Donor ionization 
probability Pୈ(T, Nୈ)for Phosphorus, Arsenic, and Antimony over the same ranges. Color maps indicate the fraction of ionized 
dopants, with low temperatures and low concentrations showing pronounced freeze-out. 

Figure 4 extends the analysis by mapping ionization probability as a function of both temperature (4–400 K) and 
dopant concentration (1×10¹⁴–1×10¹⁸ cm⁻³), providing a comprehensive picture of incomplete ionization effects. Figure 
4(a): Acceptor Dopants Figure 4(a) shows contour maps of acceptor ionization probability 𝑃஺(𝑇,𝑁஺)for Boron, Gallium, 
and Indium. At low temperatures (<50 K) and low concentrations (𝑁஺ ≤ 10ଵହ cmିଷ), ionization probabilities remain 
below 0.2, indicating severe freeze-out. For example, at 20 K and 10ଵସ cmିଷ, Boron exhibits 𝑃஺ ≈ 0.15, while Indium 
remains below 𝑃஺ ≈ 0.05. As dopant concentration increases, freeze-out is partially mitigated. At 𝑁஺ = 10ଵ଻ cmିଷ, Boron 
achieves 𝑃஺ > 0.7already at 50 K, whereas Indium still requires temperatures above 120 K to exceed the same ionization 
level. This illustrates how higher activation energy dopants remain sensitive to freeze-out even at elevated concentrations. 
At T ≥ 300 K, all acceptors reach 𝑃஺ > 0.95across the entire concentration range, indicating that thermal ionization 
dominates over concentration-dependent effects. Figure 4(b): Donor Dopants Figure 4(b) presents donor ionization 
probability 𝑃஽(𝑇,𝑁஽)for Phosphorus, Arsenic, and Antimony. At 10–30 K and 𝑁஽ < 10ଵହ cmିଷ, ionization remains 
below 0.2 for all donors, with Antimony showing the highest ionization fraction. At 𝑁஽ = 10ଵ଺ cmିଷand 50 K, Antimony 
reaches 𝑃஽ ≈ 0.8, while Arsenic remains near 𝑃஽ ≈ 0.5. Donor dopants achieve near-complete ionization at lower 
temperatures than acceptors. For concentrations above 10ଵ଻ cmିଷ, all donors reach 𝑃஽ > 0.95by 150–180 K, whereas 
acceptors require temperatures closer to 200–250 K, particularly for Indium. At room temperature (300 K), donors are 
fully ionized (𝑃஽ > 0.99) across the entire concentration range, confirming robust carrier activation for n-type Ge devices. 
Comparative Implications for Device Design Figure 3 isolates the intrinsic temperature dependence and highlights the 
activation-energy-controlled onset of ionization in lightly doped Ge. Figure 4 demonstrates that dopant concentration can 
partially compensate for freeze-out, but does not eliminate activation-energy limitations at cryogenic temperatures. 
Donors consistently ionize at lower temperatures than acceptors, making n-type Ge more suitable for low-temperature 
electronics. At 50–100 K, carrier densities can be reduced by 70–90% relative to full ionization assumptions for 𝑁 <10ଵହ cmିଷ, significantly impacting conductivity and junction behavior. Figures 3 and 4 collectively show that incomplete 
dopant ionization is a dominant limiting factor in germanium at low temperatures and low doping concentrations. While 
room-temperature operation (300–500 K) ensures stable and nearly complete ionization, cryogenic operation requires 
careful dopant selection and concentration optimization. Future work should incorporate heterostructure band alignment, 
impurity band formation, interface states, and experimental validation, particularly for size-engineered and low-
temperature Ge-based optoelectronic and sensing devices. 
 

CONCLUSIONS 
In this work, we presented a comprehensive numerical analysis of temperature- and concentration-dependent dopant 

ionization in germanium, covering temperatures from 4 to 400 K and dopant concentrations spanning 1 × 10ଵସto 1 × 10ଵ଼ cmିଷ. The results clearly demonstrate that incomplete dopant ionization is a dominant factor governing free-
carrier availability in Ge, particularly under low-temperature and low-doping conditions. For lightly doped material (𝑁 =1 × 10ଵହ cmିଷ), both acceptor and donor species exhibit pronounced freeze-out below 40–50 K, where ionization 
probabilities fall below 0.1–0.2, corresponding to a reduction of electrically active carriers by more than 80–90% 
compared to full-ionization assumptions. Donor dopants with low activation energies, such as antimony (𝐸஽ = 10 meV), 
reach an ionization probability of 𝑃஽ > 0.9at temperatures of approximately 100–120 K, whereas higher-energy donors 
such as arsenic (𝐸஽ = 14 meV) require temperatures exceeding 150–170 K to achieve similar activation. In contrast, 
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acceptor dopants exhibit slower ionization, with boron (𝐸஺ = 10 meV) reaching 𝑃஺ ≈ 0.9near 120–140 K, while indium 
(𝐸஺ = 16 meV) requires temperatures above 220–250 K. The combined temperature–concentration analysis reveals that 
increasing dopant concentration to 10ଵ଻–10ଵ଼ cmିଷsignificantly mitigates freeze-out effects. At these concentrations, 
low-activation-energy dopants exhibit ionization probabilities exceeding 0.8 at temperatures as low as 50–70 K. 
Nevertheless, even at the highest investigated concentrations, incomplete ionization persists below 30 K, indicating that 
impurity activation remains thermally limited in cryogenic regimes. At elevated temperatures (300–400 K), all dopant 
species achieve near-complete ionization (𝑃 > 0.95–0.99) across the full concentration range, confirming the validity of 
full-ionization approximations for conventional room-temperature and high-temperature Ge-based devices. However, the 
results emphasize that such assumptions are no longer valid for low-temperature electronics, infrared detectors, and 
cryogenic sensing applications, where carrier densities, resistivity, and junction characteristics can deviate by more than 
an order of magnitude if incomplete ionization is neglected. Overall, this study provides quantitative design guidelines 
for dopant selection and concentration optimization in germanium, highlighting the necessity of incorporating 
temperature- and concentration-dependent ionization models for accurate prediction and optimization of electronic and 
optoelectronic device performance across broad temperature ranges. 
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СИСТЕМАТИЧНЕ АНАЛІТИЧНЕ ТА ЧИСЕЛЬНЕ ДОСЛІДЖЕННЯ НЕПОВНОЇ ІОНІЗАЦІЇ ДОМІШОК У 

ГЕРМАНІЇ В ДІАПАЗОНІ ТЕМПЕРАТУР 4–400 К 
М.Ш. Ібрагімова1, Д.А. Каландарова1, Н.П. Бабаязова1, У.Г. Салаєв1, Д.Г. Юльчієв2, А.Б. Тіляков3, А.В. Алімов3, 

Ш.М. Кулієв4, У.С. Рахмонов5 
1Ургенчський державний університет, вулиця Хаміда Олімджона, 14, Ургенч, 220100 Узбекистан 

2Ташкентський інститут інженерів іригації та механізації сільського господарства, Національний дослідницький 
університет, кафедра іригації та меліорації, Ташкент, Узбекистан 

3Кафедра невідкладної медицини та медицини катастроф. Ташкентський державний медичний університет, Узбекистан 
4Фізико-технічний інститут імені С.А. Азімова Академії наук Узбекистану 
5Ташкентський державний технічний університет, Ташкент, Узбекистан 

Неповна іонізація домішок суттєво впливає на електричні властивості германію (Ge), особливо за умов низьких температур і 
низького рівня легування, що є критичним для сучасних електронних та оптоелектронних пристроїв. У цій роботі наведено 
систематичне чисельне дослідження температурної та концентраційної залежності іонізації домішок у Ge в діапазоні 
температур 4–400 К та за концентрацій домішок від 1 × 10ଵସдо 1 × 10ଵ଼ смିଷ. Імовірності іонізації оцінено для типових 
акцепторних домішок (бор, галій, індій) і донорних домішок (фосфор, миш’як, сурма) з енергіями активації в межах 10–
16 меВ. Результати демонструють виражений ефект «заморожування» домішок за кріогенних температур, коли імовірність 
іонізації зменшується до 0,1–0,2 для слаболегованого Ge (𝑁 ≤ 10ଵହ смିଷ), що призводить до зниження концентрації носіїв 
заряду більш ніж на 80–90% порівняно з припущенням повної іонізації. Донорні домішки з меншою енергією активації 
досягають майже повної іонізації (𝑃(𝑇) > 0.9) при температурах 100–150 К, тоді як акцепторні домішки з вищою енергією 
активації потребують температур вище 200–250 К. Збільшення концентрації домішок до 10ଵ଻–10ଵ଼ смିଷістотно послаблює 
ефект заморожування, забезпечуючи імовірність іонізації понад 0.8 вже при температурах 50–70 К. За кімнатної температури 
та вище всі досліджені домішки демонструють майже повну іонізацію в усьому діапазоні досліджених концентрацій. 
Отримані результати надають кількісні рекомендації щодо вибору типу та концентрації домішок для Ge-базованих 
електронних, оптоелектронних і кріогенних пристроїв та підкреслюють необхідність явного врахування неповної іонізації 
домішок під час моделювання та оптимізації пристроїв, що працюють за низьких температур. 
Ключові слова: ширина забороненої зони напівпровідника; германій (Ge); поріг легування; температурні ефекти; 
концентрація носіїв заряду; неповна іонізація; оптимізація пристроїв 
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This study comprehensively investigates and compares the effects of Cold Atmospheric Plasma (CAP) treatment as a potential 
alternative to thermal annealing on the structural and morphological properties of two distinct thin films: nickel (Ni) and iron oxide 
(FeₓOᵧ), both electrochemically deposited on ITO substrates. Characterization via X-ray diffraction (XRD) and atomic force 
microscopy (AFM) revealed that the material's nature dictates its response to post-processing. For nickel, short-duration CAP exposure 
(2.5-5 min) optimally enhanced crystallinity and surface smoothness by reducing grain size and roughness, while longer exposures led 
to oxidation and increased roughness. Conversely, for iron oxide, even brief CAP treatment initiated a transformation from 
monocrystalline to polycrystalline structure, forming a mixture of phases (Fe₃O₄, γ-Fe₂O₃). The smoothest iron oxide surface was 
achieved after 5-10 minutes of CAP, with excessive exposure (15 min) causing surface damage. Thermal annealing proved superior 
for nickel at 200℃, yielding the smallest grains and smoothest surface. However, it was inadequate for optimal iron oxide 
crystallization. This work demonstrates that CAP as a fast, energy-efficient alternative to conventional annealing. The optimal 
parameters are highly dependent on the material-specific and crucial for tailoring functional coatings in catalysis and sensing. 
Keywords: Cold Plasma; DBD; Plasma annealing; Nickel coating; Iron oxide; Hematite; Magnetite 
PACS: 52.77.-j, 81.15.Pq, 68.55.-a, 61.05.cp, 68.37.Ps, 52.50.Jm, 61.66.Fn, 81.40.Ef, 81.40.Rs 

1 INTRODUCTION 
Non-thermal plasma is one of the technologies that has wide applications in industry and medicine, such as 

oxidation [1], affection on living tissue [2], and synthesis nanoparticles [3]. Furthermore, the high energy of plasma is 
capable of annealing materials through surface treatment. Annealing is a critical process used to enhance the properties 
of various materials through controlled heating and cooling [4, 5]. Annealing can lead to a reduction in grain size, improve 
crystallinity, hardness, and electrical conductivity [6]. Many annealing techniques have been improved. The thermal 
annealing technique is a common method [7] involves heating a material to a specific temperature, maintaining that 
temperature for a set duration, and then cooling it [8]. Another method that can be used for annealing is treating with 
plasma [9,10]. The physical and chemical properties of materials may be modified by exposure to cold plasma. This 
improve wettability in polymers, raising surface energy and altered chemical compositions [11]. Plasma exposure affects 
recrystallization behavior by slowing down recrystallization, thus preserving mechanical strength, enhancing activation 
of metal surfaces, and altering surface morphology [12]. There are many types of plasma production systems that are used 
in annealing material, such as hollow cathode discharge, RF plasma annealing[13], atmospheric pressure plasma jet [14]. 
One of these systems is the dielectric barrier discharge [15], (DBD plasma) can be used in surface annealing [16, 17]; 
DBD plasma systems typically consist of two electrodes, with at least one covered by a dielectric material. This setup 
prevents the formation of a continuous arc and allows for the generation of microdischarges. The dielectric barrier causes 
the formation of numerous microdischarges, which are small, transient plasma channels that occur between the electrodes. 
These microdischarges are responsible for the generation of reactive species [18]. These species are effective in breaking 
down pollutants and sterilizing surfaces [19]. The electrical model of DBD plasma includes components like stray 
inductance and air-gap capacitance, which create voltage and current oscillations. These oscillations are damped by 
plasma resistance, ensuring a stable and streamer-free plasma discharge. It can operate at atmospheric pressure without 
the need of vacuumed system [20] and the low-temperature nature of DBD plasma prevents thermal damage to heat-
sensitive materials [21]. The mechanisms underlying DBD plasma annealing involve interactions between reactive plasma 
species (e.g., ions, radicals, and UV photons) and the material surface. These interactions of reactive species lead to new 
functional groups (e.g., –COH, –COOH) on the surface, enhancing chemical activity and wettability [22].Plasma 
treatment can increase surface roughness, improving mechanical interlocking and adhesion properties [23]. 

In this work, we compared the conventional technique of annealing based on heating with annealing by DBD plasma 
for iron oxide and nickel thin films prepared by electrochemical deposition, and studied their structural characteristics 
using X-ray diffraction (XRD) to investigate the crystallinity and phase changes and atomic force microscopy (AFM) to 
measure the changes in surface roughness.  
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2. MATERIALS AND METHODS 
A nickel electrolyte solution was prepared by dissolving 1.5 M of Nickel (II) sulfate hexahydrate NiSO4 (H 2O)6, 

0.3 M of Nickel (II) chloride (NiCl2) and 0.7 M of boric acid (H3BO3) are added to 25 ml of de-ionized water. The solution 
was heated 75℃ whiles being stirred with a magnetic stirrer until it had completely dissolved. The pH of the resulting 
solution was measured and found to be 4.5. 

To prepare iron aqueous electrolytes, 0.5 M ferrous chloride (FeCl2) and 0.4 M boric acid (H3BO3) was made by 
dissolving in 100 ml of deionized water at 25℃.The solution was stirred on a magnetic stirrer until all components were 
fully dissolved, and the final pH was adjusted to 3. 

A simple solution-based method, electrochemical deposition depends on oxidation-reduction reactions within an 
electrochemical cell. This cell consists of two electrodes, cathode as the working electrode and the anode as counter 
electrode. The chemical reaction occurring at the electrode surface depends on potential difference across these two 
electrodes that is controls by the transformation of electrons that drives the chemical reactions at the electrode surfaces. 

The cell operated by DC power supply, and the voltage and current flowing between the electrodes control the 
chemical processes. 

For deposition of nickel, the anode is made of pure nickel (99.9%), and in the case of deposition of iron, the anode 
is made of stainless steel. The cathode is a substrate made of indium tin oxide(ITO) on which the electrolyte is deposited. 
The nickel electrolyte, prepared in a laboratory and maintained at 75℃, is placed on the heater to keep its temperature at 
75℃ for deposition on the cathode. Both electrodes are immersed in the electrolyte-filled flask, with a small distance 
between them of less than 1 cm. The chemical interaction that achieved efficient deposition began at a voltage (4.5 V) 
and current (0.5 A) for 10 seconds of the deposition process. 

During iron oxide deposition, the stainless-steel electrode is reached to the positive terminal of power supply and 
make it anode, and the (ITO) substrate reached to negative terminal of power supply serving as a cathode. Both electrodes 
are immersed in the electrolyte solution at room temperature. The chemical interaction that achieved efficient deposition 
began at a voltage (10 V) and current (0.5 A) for 5 seconds, the electrolyte deposited homogenously. 

The prepared thin films of nickel and iron were exposed to a cold plasma discharge device, which included a high-
voltage power supply (AC) and two electrodes made of stainless steel. the magnitude of applied voltage about (15 kV) A 
glass dielectric medium was used to protect the electrical contact between the electrodes and was positioned between 
them to maintain plasma discharge stability and safety. The prepared films were exposed to the plasma for (2.5, 5, 10 
and 15) minutes. 

The prepared thin films have been treated by the conventional method of annealing using heat in a furnace at 200°C 
and 400°C for two hours, and compared with the results of annealing by DBD. The samples were prepared and processed 
to examine improvements in their structural and crystalline properties using “XRD, and AFM” for all samples, control, 
after exposure to cold plasma, and annealed samples by high temperature annealing. 
 

RESULTS AND DISCUSSION 
X-ray Diffraction Results 

The XRD patterns of the prepared nickel and iron oxide synthesized via electrochemical deposition were measured 
using X-ray diffraction instrument from the Netherlands by Philips Company (PW1730). 
 

X-ray diffraction of nickel 
Fig. 1 represents the XRD pattern of electrochemically deposited nickel before annealing or exposing to cold plasma 

(control)The figure clarifies peaks belong to nickel oxide (Ni2O3) at 2θ = 30.392o correspond to (002) plane, 44.542o and 
52.553o belong to (FCC) nickel element (Ni) correspond to (111) and (200) miller indices respectively according to The 
other two peaks of refer to hexagonal structure of Ni (OH)2 at 2θ = 19.581o and 33.408o the orientations are:(001) and (100) 
respectively. These results have been matched with JCPDS files no. (00-014-0481), (00-003-1043) and (00-003-0177) [24]. 

 
Figure 1. XRD diffraction of nickel prepared by electro chemical deposition before annealing by heating or exposing to plasma. 
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Furthermore, we used the Scherrer equation [25] to determine the crystalline size of nickel by analysis of the peak 
broadening by using Eq. 1:  

 𝐷 = ௞ ఒఉ ୡ୭ୱఏ  (1) 

It was found the average crystalline size is about 11 nm. Fig (2) represented the XRD pattern for samples after 
exposed to cold plasma, from Fig. (2a) we noted that after exposed the sample to cold plasma for 2.5 min, an increased 
in the intensity of the nickel peaks at angles 44.5° and 52°, indicating an increase in its crystallinity. 

  

  

Figure 2. XRD of nickel after exposing to plasma for: (a): 2.5 min, (b): 5 min, (c):10 min, (d): 15 min 

This was accompanied by the growth of other peaks, suggesting the emergence of other phases as well as nickel 
oxides. Additionally, a decrease in the background was observed, indicating good crystallization of the material. The 
reactive species generated in DBD plasma can be broadly categorized into reactive nitrogen species (RNS) like nitric 
oxide and nitrogen dioxide  [26] and reactive oxygen species (ROS) such as singlet oxygen, atomic oxygen, ozone, and 
ion The plasma oxidation by ROS may be the main cause of formation of nickel oxide. These ROS rapidly react with 
nickel surfaces, causing oxidation and formation of nickel oxide layer, also plasma containing a high fraction of 
dissociated oxygen can form nickel oxide films in seconds, indicating the strong oxidative power of plasma-generated 
ROS. High dissociation of oxygen in plasma increases the availability of ROS, accelerating the oxidation processes [27]. 

Furthermore, enhancing the interaction between nickel and its support, leading to improved crystallinity and stability 
by promoting the formation of nanoparticles with a flat morphology [28]. And lead to formation new phases of nickel 
oxide in different orientation at 2θ: (18.55o,30.24o,44.59o, 52.230o and 66.192o) corresponding to hkl ((003), (002), (111), 
(200) and (110)) respectively.  

Upon increasing the plasma exposure time starting from 5 minutes, the sample exhibited  an increase in the intensity 
of the Ni  (111) peak but less than at (2.5 min), particularly upon reaching 10 minutes of exposure. This was an increase 
in the intensity of nickel oxide peaks, caused by plasma-induced surface oxidation and the formation of new functional 
groups. The increased intensity of the nickel oxide peaks indicates enhanced surface oxidation at longer exposure times, 
resulting from the generation of free radicals and a gradual transformation from metallic nickel to nickel oxides (such as 
NiO or Ni(OH)₂). These oxides are chemically active materials widely used in catalysis, batteries, and sensors, as the 
process introduced new functional groups suitable for catalytic applications[29, 30]. As observed in Fig. (2d), the sample 
after 15 minutes of exposure became nearly identical and closely matching the control sample, despite the variations 
observed at intermediate exposure times (2.5-10 minutes). This suggests surface saturation and reaching to an equilibrium 
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state, where some oxides decompose, crystal rearrangement occurs, and the crystalline structure returns to one closely 
resembling pristine nickel. It is noteworthy that this finding aligns with our previous study  [15], where chemical changes 
in the liquid phase were observed to reach saturation after 15 minutes. Prolonged plasma exposure introduces energetic 
ions and reactive species that can etch the film surface, create defects, and break down crystalline domains, leading to 
increased amorphization and reduced crystallinity, so short plasma exposures may initially enhance crystallinity by 
promoting surface mobility and ordering, but exceeding a critical exposure time reverses this effect, transforming the film 
into an amorphous state [31]. 

Fig. (3) represented annealed samples for (200, 400)oC. According to JCPDS files these peaks refer to Ni, NiO2, 
Ni2O3.This result was compared with nickel film synthesized by the same method. The other peaks that appeared but 
didn’t distinguish as one of the nickel compounds may refer to the rest of precursors or impurities. 
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Figure 3. XRD of nickel after heating for: (a) 200°C, (b) 400°C, (c) all treatments (control, (2.5, 5, 10, 15) min, (200, 400)°C 

The annealing process is important for enhancing the crystalline structure and functional properties of thin films. It 
was observed that annealing significantly improves the structure specially at 200°C. This enhancement was evidenced by 
an increase in crystallite size and the intensity of the Ni (111) diffraction peak. However, when the temperature was raised 
to 400°C, the crystallinity decreased, as indicated by a reduction in peak intensity. However, conventional thermal 
annealing typically requires prolonged heating (≈2 hours at 200 °C followed by gradual cooling that may take up to 
24 hours), which consumes significant time and energy. In this context, cold plasma has emerged as a relatively fast, low-
temperature alternative capable of inducing atomic rearrangement and surface modification within just a few minutes. It 
is anticipated that this work will contribute to the development of a time- and energy-efficient annealing strategy while 
preserving the quality of the crystalline structure. Ni as a predominant phase with fine structure. Heating to 400 °C also 
led to crystalline Ni at nearly the same diffraction angles with less intensity. 

 
Atomic Force Microscopy (AFM) Analysis of Nickel 

The surface modification characteristics including morphology and roughness have been tested by atomic force 
microscopy (Mountains SPIP® Expert8.2.10392). (Fig. 4) illustrates the topographical graphs of nickel  thin film 
(a) control, that subsequently subjected to either to cold plasma treatment for various exposure times (b): 2.5 min, (c): 
5 min, (d):10 min, (e): 15 min), and to thermal annealing ((f) 200 °C, (g) 400°C). The surface analysis as summarized in 
Table (1) evaluated in terms of mean grain size, surface roughness, root mean square, and threshold. 
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 a) 

 b) 

 c) 

 d) 

Figure 4. AFM of nickel thin film for: (a) control (b): 2.5 min, (c): 5 min, (d):10 min, (e): 15 min (f) 200 oC, (g) 400 oC 
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 e) 

 f) 

g) 

Figure 4. AFM of nickel thin film for: (a) control (b): 2.5 min, (c): 5 min, (d):10 min, (e): 15 min (f) 200 oC, (g) 400 oC 
(continued) 

(We show that from Fig. (4) the change in grain size, RMS, and roughness between control (Fig. 4a), which has a 
large grain size (≈  262 nm) with high roughness and RMS (Ra  ≈  71.6 nm, RMS  ≈  87.2 nm) as listed in Table (1). These 
values are consistent with a surface that has large grains and pronounced topographical features. Accordingly, the 
threshold value is also high (≈ 244 nm), reflecting a broad distribution of surface elevations. 
Table 1. Summarized the AFM analysis of nickel samples 

Samples mean diameter 
(nm) 

Surface Roughness 
(nm) 

Root Mean Square 
(nm) 

Threshold 
(nm) 

control 262.4 71.60 87.16 243.8 
2.5 min 52.77 12.26 14.40 50.12 
5 min 17.96 4.572 3.666 17.09 
10 min 323.6 41.65 57.42 312.7 
15 min 228.2 47.02 57.17 218.7 
200 oC 4.014 0.7064 0.8828 3.594 
400 oC 96.05 39.84 34.09 82.39 
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After exposure to cold plasma we show that the short intervals (2.5, 5 min) gave better results, the grain size 
decreases (down to ≈18 nm at 5 min), and reduction in roughness (Ra≈4.6 nm, RMS≈3.7 nm), this is due to the interaction 
between the components of cold plasma (ions, free radicals ROS and RNS, UV photons) with surface, these species in 
plasma DBD environment that provides high-energy ions bombard the surface increasing their mobility. This enhanced 
mobility allows atoms to migrate and fill in surface valleys, leading to a smoother surface  by enhancing fusion process. 
For nickel, the plasma can modify the oxidation states and surface chemistry, potentially leading to a more stable surface 
layer. This chemical modification can also enhance the adhesion of subsequent layers, contributing to a smoother overall 
surface [32]. Through these interactions, aggregates with weak bonding removed, and activation of nucleation new 
sites.This leads to the formation of finer grains and smoother surfaces. The Threshold values decrease correspondingly 
(≈17–50 nm) as the range of height variations narrows. However, at longer exposure time (10, 15 min) grain size increases 
again (up to ≈324 nm at 10 min), and roughness rises (Ra≈41–47 nm) and extends to control sample at (15 min) because 
the continuity of exposure of (CAP), led to the formation of nickel oxide (NiO) on the surface when treated with oxygen 
plasma. This oxide layer has a smaller domain size compared to the metallic nickel, contributing to the roughness[33]. as 
well as observed, that in XRD examination as shown in Fig. 2d.  As a result of annealing that shown in (Fig. 4f) & (Fig. 
4g), at 200℃ gave smallest grain size and (≈4 nm) with extremely low roughness (Ra≈0.71 nm, RMS≈0.88 nm) and a 
very low Threshold (≈3.6 nm), which led to smooth surface. At an annealing temperature 400℃, grain size and roughness 
decrease, though they do not achieved at 200℃. At this temperature, bulk diffusion is activated, leading to grain growth 
and stronger grain boundary definition. 

 
X-ray diffraction of iron oxide 

X-ray diffraction was used to study the electrochemical deposition of (FeCl2) solution on an ITO substrate. The 
XRD patterns prior to heating and plasma exposure are presented in Fig. 5. A single intense peak is observed at 2θ = 
44.34°, which corresponds to the (400) orientation of magnetite (Fe3O4) according to JCPDs file no.: (1317-61-9), This 
indicates that the method successfully synthesized monocrystalline iron oxide. 

 

Figure 5. The patterns of XRD analysis of iron oxide before heating and exposure to plasma 

According to XRD analysis (Fig. 6), the structural properties of iron oxide films were found to be strongly by 
exposure to DBD. By providing energy that facilities atomic rearrangement into more order configurations, the plasma 
drives a transformation from a monocrystalline to a poly-crystalline phases[34], and formation a mixture phases Fe3O4, 
γ-Fe2O3, and β-Fe2O3 in different orientation. The impact of plasma treatment duration was examining at 2.5, 5, 10, and 
15 min. The shortest exposure (2.5 min) produced the highest intensity, while longer exposure time clearly reduced it, 
indicating lower crystallinity. furthermore, the 15 min treatment caused a phase transformation toward a different 
orientation. 

Probably longer treatment times can increase the energy available for phase transitions, leading to the appearance 
of new XRD peaks corresponding to different iron oxide phases and the presence of reactive oxygen species that can 
interact with iron oxide films, leading to phase transformations. For instance, the presence of reactive oxygen species can 
promote the conversion of maghemite (γ-Fe₂O₃) to other iron oxide phases such as hematite (α-Fe₂O₃). Also Higher 
oxygen concentrations can lead to the formation of phases with higher oxidation states, such as ε-Fe2O3, while lower 
concentrations favor the formation of magnetite[35,36]. In comparison XRD patterns of iron oxide that annealed by heat, 
it can be observed in (Fig.7) that there are other peaks are formed which don’t exist in the XRD patterns of prepared iron 
oxide by electrochemical deposition (Fig.5), with reduced intensity than that of the samples that treated with plasma. So, 
the heating to 200℃ or 400℃ is not adequate for crystallization process or phase stability. taking into account that iron 
oxide is typically poly crystalline structure and unstable by nature, this causes its properties to change[37,38] In contrast, 
exposure to plasma led to crystallization, with two phases remaining dominant. 

10 20 30 40 50 60 70 80 90

0

100

200

300

400

500

600

700

800

900
(400) Fe3O4

In
te

ns
ity

2 θ degree

iron control



226
EEJP. 2 (2026) Aya Jumaa, et al.

  

  
Figure 6. XRD analysis of iron oxide after exposure to plasma for: (a) 2.5 min, (b) 5 min, (c) 10 min, (d) 15 min 
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Figure 7. XRD analysis of iron oxide after heating to: (a) 200℃, (b) 400℃, 
(c) all treatments (control, (2.5, 5, 10, 15) min, (200, 400)℃ 

 
Atomic Force Microscopy (AFM) Analysis of Iron Oxide 

The AFM test of prepared iron oxide by electrochemical deposition represented by Fig. (8). the control sample (9 a) 
showed all values are large of (mean average diameter (≈509 nm), roughness, root mean square (Ra≈133 nm, 
RMS ≈ 159 nm), and threshold value is (≈244 nm), this indicates that very irregular surface and large sized grains as 
listed in Table (2). 
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 a) 

 b) 

 c) 

 d) 

Figure 8. AFM of Iron oxide thin film for: (a) control (b): 2.5 min, (c): 5 min, (d):10 min, (e): 15 min (f) 200℃, (g) 400℃ 
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 e) 

 f) 

 g) 
Figure 8. AFM of Iron oxide thin film for: (a) control (b): 2.5 min, (c): 5 min ,( d ):10 min, ( e ): 15 min (f) 200℃, (g) 400℃ 

(continued) 

After exposure to cold plasma, we show that at exposure times (2.5, 5, 10 min) gave better results, as shown in Fig. 
(8 b, c, and d), the grain size decreases and a reduction in roughness and root mean square, as listed in Table (2). This is 
due to the interaction between the components of cold plasma (ions, free radicals ROS and RNS, UV photons) with 
surface, plasma etches large grains and rough protrusions at the atomic level, resulting in significant and fast smoothing 
at a few minutes. When plasma processing time was increased to 15 minutes, as shown in Fig. (8 e), instead of continuing 
to smooth the surface, the plasma begins to create damage, such as microscopic porous pits or the random redeposition 
of removed material, which increases the roughness again, this mean arrived at over-treatment or excessive processing. 
This highlights the importance of precise control over the processing time. 
Table 2. Summarized the AFM analysis of iron oxide samples 

Samples Mean diameter (nm) Surface Roughness (nm) Root Mean Square (nm) Threshold(nm) 
control 509.2 133.5 159.2 492.8 
2.5 min 56.42 21.59 26.20 50.91 
5 min 37.62 6.254 8.329 35.13 

10 min 23.83 4.763 5.969 21.75 
15 min 72.39 22.55 28.65 63.43 
200 oC 292.9 81.82 103.2 241.8 
400 oC 86.67 17.15 22.27 82.62 
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As a result of annealing that shown in (Fig. 8f) & (Fig.8g), at 200℃ the grains remain large (~293 nm) and the 
surface is rough. The thermal energy is insufficient for true atomic diffusion. It closely resembles the control sample. At 
400℃ a significant improvement compared to the 200℃ sample. The average diameter decreased to ~87 nm, and the 
surface smoothness improved. The high temperature facilitates recrystallization, where small grains either merge or 
reorganize into larger, more regular grains, which enhances the overall properties, though not as effectively as the optimal 
treatment (5 minutes).  
 

CONCLUSIONS 
From the above results, the DBD plasma can be an alternative way for annealing for a short time, a few minutes for 

CAP, in contrast, several hours for annealing. Nickel and iron oxide that deposited by electrochemical deposition, the 
reactive species in plasma enhanced the interaction and lead to better  crystallinity and stability by creating nanoparticles 
with a flat morphology. So, the plasma achieved the same effect in increasing crystallinity and formation new phases for 
few minutes comparing with treatment by heat at 200℃ and 400℃ which needed many hours (according to X-ray 
diffraction). Also, another conclusion from the results is that the best time was 2.5 minutes, Prolonged plasma exposure 
introduces energetic ions and reactive species that can etch the film surface create defects, and break down crystalline 
domains, leading to increased amorphization and reduced crystallinity. AFM results of nickel clarified that the high 
energy species in plasma DBD bombard the surface and allowed to fill in valleys leading to smoother surface in the time 
from (2.5 to 10 min), while surface roughness in iron oxide the early stage of plasma exposure increased it leading to 
etching and the formation of microstructures that increase surface roughness where the presence of atomic hydrogen 
enhances the reduction of iron oxides, leading to surface modifications, the process reversed with increasing the time, So 
the AFM results confirmed that the effect of plasma treatment has been changed with time of exposure. And behaved 
different manner in nickel and iron oxide.  
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ПОРІВНЯЛЬНИЙ ВПЛИВ ХОЛОДНОЇ ПЛАЗМИ ТА ТЕРМІЧНОГО ВІДПАЛУ НА СТРУКТУРНІ ТА 

МОРФОЛОГІЧНІ ВЛАСТИВОСТІ ПОКРИТТІВ З НІКЕЛЮ ТА ОКСИДУ ЗАЛІЗА 
Ая Джумаа, Духа К. Харфеш, А.Н. Ясуб, Хамід Х. Мурбат 

Багдадський університет, Коледж наук для жінок, кафедра фізики, Багдад, Ірак 
У цьому дослідженні всебічно досліджується та порівнюється вплив обробки холодною атмосферною плазмою (ХАТП) як 
потенційної альтернативи термічному відпалу на структурні та морфологічні властивості двох різних тонких плівок: нікелю 
(Ni) та оксиду заліза (FeₓOᵧ), обидві електрохімічно нанесені на підкладки ITO. Характеристика за допомогою рентгенівської 
дифракції (XRD) та атомно-силової мікроскопії (АСМ) показала, що природа матеріалу визначає його реакцію на 
постобробку. Для нікелю короткочасна обробка CAP (2,5-5 хв) оптимально покращувала кристалічність та гладкість поверхні 
за рахунок зменшення розміру зерен та шорсткості, тоді як триваліша обробка призводила до окислення та збільшення 
шорсткості. І навпаки, для оксиду заліза навіть короткочасна обробка CAP ініціювала перехід від монокристалічної до 
полікристалічної структури, утворюючи суміш фаз (Fe₃O₄, γ-Fe₂O₃). Найгладша поверхня оксиду заліза була досягнута після 
5-10 хвилин CAP, а надмірна обробка (15 хв) спричиняла пошкодження поверхні. Термічний відпал виявився кращим для 
нікелю при 200℃, даючи найдрібніші зерна та найгладшу поверхню. Однак цього було недостатньо для оптимальної 
кристалізації оксиду заліза. Ця робота демонструє, що CAP є швидкою та енергоефективною альтернативою традиційному 
відпалу. Оптимальні параметри сильно залежать від специфіки матеріалу та мають вирішальне значення для створення 
функціональних покриттів у каталізі та сенсориці. 
Ключові слова: холодна плазма; DBD; плазмовий відпал; нікелеве покриття; оксид заліза; гематит; магнетит 
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We present a comprehensive numerical study of temperature- and concentration-dependent dopant ionization in GaN optical 
photovoltaic converters (OPCs), covering 4–400 K and doping levels from 1×10¹⁴ to 1×10¹⁸ cm⁻³. Acceptor dopants (Mg, Zn, Be) 
exhibit incomplete ionization at room temperature, with Mg achieving 0.60AP ≈  at 300 K and severe freeze-out 1AP <  below 50 K. 
Donor dopants (Si, O, S) are nearly fully ionized at 300 K 0.95DP >  and maintain high electron density even at cryogenic temperatures. 
Increasing dopant concentration mitigates acceptor freeze-out but cannot overcome intrinsic activation limits at low temperatures. 
These results highlight the asymmetry between p- and n-type GaN, emphasize the importance of co-doping strategies, and provide 
quantitative guidance for predicting carrier densities, resistivity, and device performance in high-power, space-based GaN OPCs. 
Keywords: GaN; Dopant ionization; Optical photovoltaic converters; Temperature effects; Carrier concentration; Incomplete 
ionization; Space solar energy 
PACS: 73.40. Lq, 73.61.Cw, 73.61.Ey, 72.20.Jv 

INTRODUCTION 
Wide-bandgap (WBG) semiconductors have emerged as foundational materials for next-generation power electronic 

and optoelectronic devices operating under extreme electrical, thermal, and radiation environments [1–10]. Compared 
with conventional silicon and GaAs, WBG materials such as GaN, 4H-SiC, β-Ga₂O₃, and diamond offer substantially 
larger bandgaps, higher critical electric fields, superior thermal conductivity, and enhanced radiation tolerance, enabling 
efficient operation at high temperatures and power densities [1–10]. These characteristics make WBG semiconductors 
attractive for advanced applications, including space-based solar energy systems, high-power laser energy transfer, 
radiation detectors, and high-voltage electronics [4,9,10,11–14]. 

Among WBG materials, gallium nitride (GaN) has received particular attention due to its wide bandgap (3.39 eV), 
high breakdown field, and strong III–N bond strength, which enable robust operation under elevated temperatures and 
high-radiation environments [4,9,10,15,16]. Similarly, 4H-SiC (3.26 eV) and diamond (5.45 eV) exhibit high 
breakdown voltages (3–10 MV/cm) and thermal conductivities (~3.7 W/cm·K for SiC, ~2200 W/m·K for diamond), 
making them suitable for high-power, high-reliability devices [3,7,17–19]. β-Ga₂O₃, with its ultra-wide bandgap 
(~4.8 eV), offers high theoretical breakdown voltages, although challenges related to dopant control and thermal 
management remain [5,20].  

Despite these advantages, incomplete dopant ionization remains a critical challenge in WBG devices, particularly at 
low and moderate temperatures [21–24]. Large bandgaps and deep dopant activation energies lead to a significant fraction 
of electrically inactive dopants, limiting free carrier concentration and degrading electrical and optoelectronic 
performance [21–24]. Representative activation energies include Mg in GaN (~0.16 eV), B and Al in 4H-SiC 
(0.265-0.293 eV), B in diamond (~0.37 eV), P in diamond (~0.57 eV), and unintentional donors in β-Ga₂O₃ 
(110-131 meV) [3,5,7,22,23]. Incomplete ionization can result in increased resistivity, reduced carrier lifetime, and lower 
device efficiency, particularly under cryogenic conditions and at moderate dopant concentrations (10¹⁵–10¹⁸ cm⁻³) [21-25]. 
Incomplete ionization effects are especially relevant for optical photovoltaic converters (OPCs), where carrier transport, 
recombination, and resistive losses strongly influence conversion efficiency [10,26]. While GaN-based OPCs have 
demonstrated conversion efficiencies up to 79.6 % at laser power densities of 10 W/cm², exceeding GaAs devices 
by >10 %, their performance remains sensitive to temperature-dependent carrier activation and dopant 
ionization [10,26,27]. Radiation tolerance is also critical for space applications. GaN and III-nitride heterostructures 
(AlN/GaN, AlGaN/GaN, InAlN/GaN) exhibit high resistance to protons, electrons, neutrons, and γ-rays, with minimal 
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degradation under high-dose irradiation [2,4,9,28]. Despite prior studies on WBG device modeling, most work has 
focused on power diodes, transistors, or laser diodes [26,27,29,30]. A systematic study of incomplete dopant ionization 
in GaN OPCs over cryogenic-to-elevated temperatures and practical doping concentrations is still lacking. 

In this work, we investigate the temperature- and concentration-dependent ionization of GaN dopants (Mg, Zn, Be 
for p-type; Si, O, S for n-type) over 4–400 K and doping levels from 10¹⁵ to 10¹⁸ cm⁻³, representative of space solar energy 
OPC designs. By capturing the coupled effects of temperature-dependent ionization, carrier transport, and recombination, 
this study provides quantitative insight into the limitations imposed by incomplete ionization and establishes design 
guidelines for high-efficiency, radiation-resilient GaN OPCs under extreme environmental conditions. 

 
MATERIAL AND METHODS 

2.1. Material Parameters and Doping Conditions 
Gallium Nitride (GaN) is a III–V wide-bandgap semiconductor with a wurtzite crystal structure (a ≈ 3.189 Å, 

c ≈ 5.185 Å) and a direct bandgap of 3.39 eV at 300 K, enabling efficient photon absorption and emission in the blue/UV 
spectrum [23]. The electron effective mass is ~0.20 m₀, and hole masses are ~1.0 m₀ (heavy) and 0.3 m₀ (light), yielding high 
electron mobility (~1500 cm²/V·s) and moderate hole mobility (~100 cm²/V·s), critical for high-speed optoelectronic 
devices. GaN exhibits extremely low intrinsic carrier concentration (~10⁻¹⁰ cm⁻³), high relative permittivity (εr ≈ 9.5), and a 
wide breakdown field (~3.3 MV/cm), allowing compact, high-voltage OPC designs. Thermal conductivity (~230 W/m·K) 
and melting point (~2500 °C) support high-power operation and thermal stability [18]. N-type doping is typically achieved 
with Si (activation ~20–30 meV) and p-type with Mg (activation ~160 meV), where incomplete ionization impacts hole 
density and device performance. GaN shows strong optical absorption (~10⁵ cm⁻¹ at 3.4 eV) and excellent radiation hardness, 
making it suitable for space-based OPCs and high-power optoelectronics. Low-resistance ohmic contacts ensure efficient 
carrier injection and extraction, underpinning high-efficiency device operation [23]. 

Figure 1. Schematic p-n junction in Gallium Nitride (GaN) 

Figure 1 depicts a p–n junction in Gallium Nitride (GaN) with ohmic contacts at both ends and a depletion region at 
the junction interface. The left region (p-GaN) is p-type, enriched with holes, while the right region (n-GaN) is n-type, 
enriched with electrons. The depletion region extends from −𝑥௣to 𝑥௡, where free carriers are swept away, leaving behind 
immobile ionized acceptors and donors. This creates a built-in electric field that governs carrier transport and charge 
separation. GaN’s wide bandgap and high breakdown field enhance the junction’s capability to operate under high voltages 
and temperatures, making it suitable for high-power optoelectronic and optical photovoltaic converter (OPC) applications. 
Table 1. Donor and acceptor dopants in Gallium Nitride (GaN)  

Type Dopant Activation Energy (meV) Comments / Device Relevance 
Acceptor Mg 160 Most common p-type; incomplete ionization at RT 
Acceptor Zn 120 Less used; moderate p-type conduction 
Acceptor Be 150 Rare; high activation energy 

Donor Si 20 Common n-type; low resistivity, high carrier concentration 
Donor O 32 Unintentional donor; can compensate Mg 
Donor S 30 Used for n-type; can affect optical absorption 

In Table 1, p-type dopants: Magnesium (Mg) is the predominant p-type dopant in GaN. Its high activation energy 
(160 meV) causes incomplete ionization at room temperature, limiting hole concentration and impacting device performance 
in high-power and optical photovoltaic converter (OPC) applications. Zinc (Zn) and Beryllium (Be) are less commonly used; 
Zn offers moderate p-type conduction but lower thermal stability, while Be is rarely employed due to high activation energy 
and toxicity.  n-type dopants: Silicon (Si) is the standard n-type dopant, providing high electron concentration and low 
resistivity due to its low activation energy (20 meV), critical for efficient conduction layers. Oxygen (O), often incorporated 
unintentionally, can partially compensate Mg, reducing effective p-type conductivity. Sulfur (S) is an alternative n-type 
dopant but may introduce additional optical absorption, relevant for OPC efficiency.  Device implications: Optimizing dopant 
type and concentration is crucial for balancing carrier density, minimizing resistive losses, and achieving high efficiency in 
GaN-based power electronics and OPC devices. Effective dopant management directly affects depletion width, internal 
electric fields, and overall device performance. 

 
2.2 Analytical Modeling of Temperature-Dependent Ionization 

The temperature-dependent behavior of GaN p–n junctions was analytically modeled using Poisson’s equation under 
the depletion approximation, explicitly accounting for incomplete dopant ionization. In this approach, the electric field 
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𝐸(𝑟)is assumed to vary primarily along the junction axis, while lateral variations are neglected, allowing a one-
dimensional approximation along the growth direction (1). The local carrier concentrations are expressed as functions of 
both the dopant activation energies and temperature, capturing the partial ionization of Mg acceptors in the p-region and 
Si donors in the n-region. This framework enables accurate prediction of depletion width, built-in potential, and electric 
field distribution in GaN junctions across a wide temperature range, which is essential for optimizing device performance 
in high-power and optical photovoltaic converter (OPC) applications. 

 
0

( ) ( , , ) ( , , ) ( , , ) ( , , )dE r E x y z E x y z E x y z x y z
dr x y z

ρ
ε ε

∂ ∂ ∂= + + =
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 (1) 

Where ε is the relative permittivity of GaN, 𝜀଴(F/m) is the vacuum permittivity, and 𝜌(𝑥,𝑇)is the space charge density, 
explicitly including temperature-dependent incomplete ionization of dopants, defined as (2): 

 ( , ) [ ( ) ( ) ( , ) ( , )]D Ax T q N T N T p x T n x Tρ + −= ⋅ − + −  (2) 

In GaN, 𝑁஽ା(𝑇)and 𝑁஺ି (𝑇)represent the temperature-dependent ionized donor and acceptor concentrations, 
primarily associated with Si (n-type) and Mg (p-type) dopants. These concentrations are strongly influenced by the dopant 
activation energies and the local lattice temperature, which governs the fraction of electrically active dopants. The electron 𝑛(𝑥,𝑇)and hole 𝑝(𝑥,𝑇)densities include contributions from thermal excitation across GaN’s wide bandgap, enabling 
precise modeling of carrier distributions within the junction. The ionized dopant concentrations are calculated using 
Fermi–Dirac statistics, adjusted for the temperature-dependent density of states. The ionization probabilities of acceptor 

( )AP T  and donor ( )DP T  dopants are directly linked to the fraction of dopants that are electrically active at a given 
temperature and are expressed as (3a) and (3b): 
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where 𝐸஺and 𝐸஽are the activation energies of Mg (p-type) and Si (n-type) dopants in GaN, 𝐸ிis the Fermi level, 𝑘஻is 
Boltzmann’s constant, 𝑇 is the absolute temperature, and 𝑔஺ = 2 and 𝑔஽ = 4 are the dopant degeneracy factors for 
acceptor and donor states, respectively. 𝑁஼(𝑇)and 𝑁௏(𝑇)represent the effective density of states in the conduction and 
valence bands, while Δ𝐸஽and Δ𝐸஺denote the dopant activation energies for donors and acceptors.  

 
Figure 2. Schematic band diagrams of donor and acceptor levels in GaN: (a) partially ionized states at low temperatures and (b) fully 

ionized states at high temperatures. 

To connect the quantum Fermi–Dirac statistics with classical Maxwell–Boltzmann approximations, temperature-
dependent correction factors 𝛾௡(𝑇)and 𝛾௣(𝑇)are introduced. These factors ensure a physically consistent description of 
carrier concentrations and dopant ionization across a wide temperature range, from freeze-out at low temperatures to full 
ionization at high temperatures. This analytical framework enables precise calculation of temperature-dependent electron 𝑛(𝑇)and hole 𝑝(𝑇)densities in GaN, capturing partial ionization, freeze-out, and complete ionization regimes. Such 
modeling is critical for designing high-power electronics and optical photovoltaic converter (OPC) devices, where 
incomplete dopant activation can significantly influence carrier density, series resistance, and overall device efficiency. 
The donor (𝐸஽) and acceptor (𝐸஺) energy levels, illustrated in Figure 2, define the n-type and p-type conductivity in GaN, 
respectively, and determine the temperature-dependent fraction of ionized dopants that contribute to free carrier transport. 
This quantitative approach provides a robust foundation for optimizing GaN-based power devices, photodetectors, and 
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high-efficiency OPCs, under varying thermal and operational conditions. At high temperatures (Figure 2b), donor atoms 
(e.g., Si) are fully ionized, supplying electrons to the conduction band, while acceptor atoms (e.g., Mg) accept electrons 
from the valence band, generating holes. This full ionization enhances carrier concentrations and improves electrical 
conductivity, which is critical for high-power electronics and optical photovoltaic converters (OPCs). At low temperatures 
(Figure 2a), incomplete ionization occurs: only a fraction of donor and acceptor atoms contribute free carriers. The 
bandgap of GaN is wider at low temperatures, restricting carrier excitation, and narrows as the temperature rises, reflecting 
the temperature dependence of the electronic states and carrier distribution in wide-bandgap semiconductors. 

 
RESULTS AND DISCUSSION 

The temperature-dependent ionization of acceptor (Mg, Zn, Be) and donor (Si, O, S) dopants in lightly doped GaN 
(NA = ND = 1×10¹⁵ cm⁻³) demonstrates pronounced freeze-out effects at cryogenic temperatures and near-complete 
ionization above room temperature. At T < 50 K, high-activation-energy dopants such as Mg and Be remain largely 
inactive (P < 0.1), while lower-activation-energy species like Zn and Si begin ionizing earlier, highlighting the strong 
dependence of carrier activation on dopant energy levels. In the intermediate temperature range (50–150 K), ionization 
increases sharply, with donors generally ionizing at lower temperatures than acceptors due to the combination of lower 
activation energy, higher degeneracy, and the larger conduction-band density of states. Temperature–concentration 
mapping further reveals that low dopant densities exacerbate freeze-out, whereas increasing dopant concentration partially 
mitigates incomplete ionization; however, substantial suppression persists at cryogenic temperatures even for 
N ∼ 10¹⁸ cm⁻³. These findings emphasize that dopant selection critically influences GaN device performance, particularly 
for low-temperature and high-power applications. Low-activation-energy donors (Si, S) ensure robust electron conduction 
in n-type layers, whereas careful selection and co-doping of acceptors (Mg, Zn) are necessary to enhance hole density in 
p-type layers. Incorporating temperature-dependent effective densities of states and incomplete ionization into device 
models is essential for accurate prediction of carrier density, depletion width, and current transport. From a perspective, 
this analysis informs the design of high-power electronics, LEDs, HEMTs, and optical photovoltaic converters (OPCs) 
based on GaN, ensuring reliable operation across a wide temperature range (4–400 K) and enabling optimization of both 
high-temperature performance and cryogenic applications, such as sensors, quantum devices, and low-noise 
photodetectors. 

 
Figure 3. Ionization probabilities of dopants in GaN 

(a) Acceptor ionization probability 𝑃஺(𝑇)for Mg, Zn, and Be. (b) Donor ionization probability 𝑃஽(𝑇) for Si, O, and S 

In Figure 3 a), Acceptor Ionization (p-type GaN): Magnesium (Mg) is the primary p-type dopant in GaN, with a 
relatively high activation energy of 0.16 eV. At an acceptor concentration of 18 31 10 cmAN −= × , the ionization probability 
is highly temperature-dependent. At very low temperatures (10 K), only about 1% of Mg acceptors are ionized, increasing 
slightly to 5% at 50 K and 18% at 100 K. At room temperature (300 K), roughly 60% of Mg atoms are ionized, which 
limits the hole concentration and reduces p-type conductivity. Co-dopants with lower activation energies, such as Zn 
(0.12 eV) and Be (0.15 eV), exhibit higher ionization probabilities at the same temperatures. For example, at 300 K, Zn 
is ionized up to 75% and Be around 65%, making Zn suitable for co-doping to enhance hole density. Below 50 K, freeze-
out is severe for all acceptors, with ionization probabilities below 10%, significantly impacting low-temperature device 
performance, such as cryogenic sensors or optical devices.  

In figure 3 b), Donor Ionization (n-type GaN): Silicon (Si), the dominant n-type dopant with a low activation energy 
of 0.02 eV, is nearly fully ionized across a wide temperature range. Even at 10 K, Si donors are approximately 85% 
ionized, reaching nearly complete ionization (~99%) at room temperature. Other donors like oxygen (0.032 eV) and sulfur 
(0.03 eV) are partially ionized at room temperature but can act as compensating species in p-type GaN, reducing net hole 
concentration. Increasing the acceptor concentration reduces the ionization probability due to Fermi-level pinning. For 
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instance, 18 31 10 cmAN −= × , the Mg ionization probability at 300 K drops to approximately 55%. Donors are less affected 
by concentration changes, maintaining ionization probabilities above 95% over the range 16 18 31 10 1 10 cmDN −= × ÷ × . 
In p-GaN layers, the partial ionization of Mg limits hole density, increasing series resistance and reducing current injection 
efficiency in LEDs, HEMTs, and optical devices. Co-doping with Zn or Be can partially mitigate these limitations.  

In n-GaN layers, Si ensures nearly full ionization, providing high electron conductivity with minimal resistive losses. 
At cryogenic temperatures below 50 K, p-type conductivity is severely suppressed due to freeze-out, while n-type layers 
remain conductive, which is critical for low-temperature sensors and high-power GaN devices. Mg ionization at 300 K: 
~60%; severe freeze-out below 50 K. Si ionization at 300 K: ~99%; minimal freeze-out. Low-activation-energy acceptors 
like Zn improve p-type performance. Donors ionize at lower temperatures than acceptors, ensuring n-GaN conductivity. 
Incomplete Mg ionization is the primary limitation for p-type GaN, whereas donors like Si provide nearly full ionization. 
Accurate modeling of temperature- and concentration-dependent ionization is essential for optimizing device performance 
across the 4–400 K range, including cryogenic and high-power applications. 

Figure 4. Temperature- and concentration-dependent ionization probabilities of dopants in GaN. 
(a) Acceptor ionization probability 𝑃஺(𝑇,𝑁஺)for Mg, Zn, and Be over 4–400 K and 10ଵସ–10ଵ଼ cm⁻³; (b) Donor ionization 

probability 𝑃஽(𝑇,𝑁஽)for Si, O, and S over the same temperature and concentration ranges. 

In Figure 4 a), Acceptor Ionization (p-type GaN): Magnesium (Mg) is the dominant p-type dopant in GaN, with a 
high activation energy of 160 meV. At room temperature (300 K) and a typical doping level of 18 31 10 cmAN −= × , only 
about 12% of Mg atoms are ionized, indicating that the majority remain neutral. This incomplete ionization directly limits 
hole concentration and p-type conductivity in GaN devices. The ionization probability of Mg is strongly temperature-
dependent: at cryogenic temperatures below 50 K, Mg is essentially frozen out, while at elevated temperatures above 
350 K, thermal energy gradually increases acceptor ionization, improving hole density. Co-doping strategies with lower-
activation-energy acceptors such as Zn (120 meV) or Be (150 meV) can partially mitigate this limitation, achieving higher 
ionization probabilities at 300 K (75% for Zn and 65% for Be). Incomplete Mg ionization impacts p-GaN layers in optical 
photovoltaic converters (OPCs) and high-power electronics by increasing series resistance, reducing current injection 
efficiency, and limiting overall device performance. In Figure 4 b), Donor Ionization (n-type GaN): Silicon (Si) is the 
primary n-type dopant, with a low activation energy of 20 meV. Even at low temperatures (10 K), Si donors are already 
approximately 85% ionized, and at 300 K, nearly all (~99%) are fully ionized. Other donors, such as oxygen (32 meV) 
and sulfur (30 meV), are also nearly fully ionized at room temperature (95–96%), though they can act as compensating 
species in p-type GaN. This robust donor ionization ensures high electron conductivity, minimal resistive losses, and 
efficient current injection in n-type regions, even under cryogenic conditions. Increasing the acceptor concentration 
reduces the ionization probability due to Fermi-level pinning. For example, at 18 31 10 cmAN −= ×  Mg ionization at 300 K 
drops to roughly 8–55%, depending on the dataset, highlighting a trade-off between doping density and incomplete 
activation. Donor ionization is largely insensitive to concentration changes, remaining nearly complete across  

15 18 31 10 1 10 cmDN −= × ÷ × . For OPCs, the low hole density from incompletely ionized Mg limits photocurrent and 
conversion efficiency, while fully ionized Si ensures electron extraction. In high-power GaN electronics, partial Mg 
ionization increases series resistance, self-heating, and can reduce breakdown voltage, potentially affecting reliability. 
Accurate modeling of temperature- and concentration-dependent ionization is crucial for optimizing device performance 
from cryogenic (~4 K) to high temperatures (~400 K). Mg (p-type) has an activation energy of 0.16 eV, with room-
temperature ionization ~12% and severe freeze-out below 50 K. Si (n-type) has an activation energy of 0.02 eV, with 
nearly full ionization (~99%) at room temperature and minimal freeze-out. Low-activation-energy acceptors such as Zn 
improve p-type conductivity. Donor ionization occurs at lower temperatures than acceptors, ensuring robust n-type 
conduction. Summary of Figures 3 & 4: Temperature-dependent ionization maps illustrate the strong asymmetry between 
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acceptors and donors in GaN. For Mg 0.16AE eV= , 18 31 10 cmDN −= × , the ionization probability rises from ~1% at 
10 K, to ~18% at 100 K, ~60% at 300 K, and ~95% at 400 K, highlighting severe freeze-out at low temperatures and 
partial activation at room temperature. Zn (0.12 eV) reaches ~75% ionization at 300 K, while Be (0.15 eV) reaches ~65%.  
In contrast, Si donors 0.002DE eV= , 18 31 10 cmDN −= × , are nearly fully ionized across the entire temperature range, 
from ~85% at 10 K to ~99% at 300 K and ~99.5% at 400 K. These results demonstrate that p-type GaN is limited by 
incomplete Mg ionization at room temperature, whereas n-type GaN maintains robust electron conduction across 4-400 K. 
Optimizing GaN-based OPCs, high-power LEDs, and high-voltage devices requires careful consideration of these 
temperature- and concentration-dependent ionization effects. 
 

CONCLUSIONS 
In this work, we systematically analyzed temperature- and concentration-dependent ionization of dopants in GaN 

over 4–400 K and doping levels from 1×10¹⁴ to 1×10¹⁸ cm⁻³. The results demonstrate that incomplete ionization strongly 
affects p-type GaN, where Mg 0.16AE eV=  reaches only 0.60AP ≈  at 300 K and experiences severe freeze-out 

0.60AP ≈  below 50 K. Zn 0.12AE eV=  and Be 0.15AE eV=  show slightly higher ionization at room temperature but 
remain partially inactive at low temperatures. In contrast, n-type GaN donors such as Si, 0.002DE eV= , 
O, 0.032DE eV= , and S, 0.003DE eV=  are nearly fully ionized at room temperature 0.95DP >  and maintain high 
carrier densities even below 50 K. Increasing dopant concentration partially mitigates freeze-out in acceptors, yet low-
temperature limitations persist due to the intrinsic activation energy. These findings highlight that p-type conductivity in 
GaN is limited by incomplete acceptor ionization, whereas n-type layers remain highly conductive. Accurate modeling of 
temperature- and concentration-dependent ionization is therefore essential for optimizing high-power electronics, LEDs, 
optical photovoltaic converters, and cryogenic GaN-based devices, ensuring reliable predictions of carrier density, 
resistivity, and device performance across a wide temperature range. 
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Ми представляємо комплексне числове дослідження температурно- та концентраційно-залежної іонізації легуючих домішок 
в оптичних фотоелектричних перетворювачах (ОФП) на основі GaN, що охоплює діапазон температур від 4 до 400 K та рівні 
легування від 1×10¹⁴ до 1×10¹⁸см⁻³. Акцепторні легуючі домішки (Mg, Zn, Be) демонструють неповну іонізацію за кімнатної 
температури, причому Mg досягає рівня 0.60AP ≈  при 300 K, а нижче 50 K спостерігається сильне замерзання 1AP < . Донорні 
легуючі домішки (Si, O, S) майже повністю іонізуються при 300 K 0.95DP >  та підтримують високу електронну щільність 
навіть за кріогенних температур. Збільшення концентрації легуючої домішки зменшує замерзання акцептора, але не може 
подолати внутрішні межі активації за низьких температур. Ці результати підкреслюють асиметрію між GaN p- та n-типу, 
важливість стратегій спільного легування та надають кількісні рекомендації для прогнозування щільності носіїв заряду, 
питомого опору та продуктивності пристроїв у потужних космічних ОПК на основі GaN. 
Ключові слова: GaN; іонізація домішок; оптичні фотоперетворювачі; температурна залежність; концентрація носіїв; 
неповна іонізація; космічна сонячна енергія 
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This paper considers the influence of hydrostatic pressure on the energy spectrum of the density of localized states in doped silicon n-
Si, n-Si⟨Ni⟩ and p-Si⟨B,Mn⟩. Based on the experimental dependence of the relative resistivity ρp/ρ0 on pressure, a model is constructed 
in which pressure enters via the deformation energy Ed = κP, yielding a linear shift of the trap levels Ei(P) = Ei(0)+αiEd. It is shown 
that for different impurity centers (Mn, Ni) the deformation sensitivity of the levels differs in both sign and magnitude, which is 
manifested in qualitatively different behavior of ρp/ρ0(P). A procedure is proposed for reconstructing the relative electron concentration 
N(P)/N0 and the associated spectrum Nss(E,P) from the experimental ρp/ρ0(P) curves. A comparison is made with the conventional 
temperature DLTS model, and the possibility of using a “tenso-DLTS” approach to identify donor and acceptor centers, their 
deformation potentials and symmetry is substantiated. The results demonstrate that hydrostatic pressure is not only an external 
perturbation, but also an effective spectrum-forming parameter for controlling the electronic properties of doped silicon. 
Keywords: Doped silicon; Hydrostatic pressure; Deformation energy; Density-of-states spectrum; Localized levels; Tenso-DLTS; 
Resistivity; n-Si⟨Ni⟩; p-Si⟨B,Mn⟩; Transition-metal impurity centers 
PACS: 71.55.Cn, 72.20.Fr, 73.40.Qv 

INTRODUCTION 
The study of the influence of mechanical pressure on energy levels in silicon has been actively developing for the 

past several decades. In the literature, several directions can be distinguished that are directly related to the problem of 
determining the spectrum Nss(E,X). 

The first experiments on recording DLTS spectra under uniaxial stress showed that mechanical stress causes splitting 
and linear shifts of trap peaks, thereby enabling the determination of their symmetry and pressure sensitivity [1–4]. These 
works laid the foundation of a method in which the derivative with respect to stress X is measured and the distribution 
Nss(E) is reconstructed by analogy with temperature DLTS. 

A number of studies [4–7] have shown that mechanical stresses, including hydrostatic pressure, accelerate the 
formation of oxygen thermal donors and change the concentration of oxygen clusters. This explains the decrease in 
resistivity ρ(X) and the increase in mobility µ(X) in p-Si⟨B,TD⟩ samples with increasing pressure. Such effects are 
interpreted through changes in the band structure and charge redistribution between heavy and light bands. 

Modern theoretical and experimental works [8–10] show that mechanical stress leads to the depassivation of 
interface centers, distortion of Si–O bonds, and an increase in the density of surface states. As the pressure increases, 
“silent” traps are activated, thereby confirming the formation of a new density of states, Nss(E,X), at the interface. 

Studies of piezoresistance [11, 12] demonstrate that the combination of defects and mechanical stress radically 
changes charge transport in silicon, especially in SOI structures. Changes in ρ(X) and µ(X) correlate with a restructuring 
of the DOS, and their analysis enables quantitative evaluation of the parameters αi and κ in models of tenso-stimulated 
effects. All of these works confirm that mechanical pressure acts not only as an external parameter but also as a spectrum-
forming factor that changes the structure of localized states. It is precisely on this principle that the model Nss(E,X) 
proposed in the present article is built; it develops the temperature concept of Gulyamov and Sharibaev [13] and is 
consistent with subsequent experiments [14]. 

In recent decades, studies of the influence of external factors, such as temperature, pressure, irradiation, and doping, 
on the electronic properties of semiconductors have become particularly important in connection with the development 
of nanoelectronics and sensor technologies. One of the key directions is the study of the energy spectrum of the density 
of states (DOS) and the mechanisms of its change under mechanical deformations and uniaxial pressure. 

Traditionally, analysis of the density of states has been performed via temperature dependences, as is clearly 
illustrated in [13]. The authors showed that as the temperature decreases, the function ∂ρ(E,E0,T)/∂E0 approaches the Dirac 
δ-function, and the continuous spectrum Nss(E,T) gradually breaks into discrete peaks. However, temperature is not the 
only factor affecting the DOS spectrum: external uniaxial pressure can cause energy-level shifts of a similar nature, 
changing carrier localization and the structure of the potential landscape [14]. 
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The aim of this work is to develop a method for reconstructing the energy spectrum of localized states Nss(E,X) in 
doped silicon under mechanical (hydrostatic or uniaxial) pressure, based on experimental dependences of relative 
resistivity. The study also aims to establish a physical analogy between temperature- and pressure-induced 
transformations of the density-of-states spectrum. 
 

MATHEMATICAL MODEL 
When considering the influence of external pressure on the electronic properties of silicon, it is convenient to 

introduce the concept of deformation energy Ed, which quantitatively characterizes the change in the energy landscape 
under elastic compression of the crystal: 

 Ed = κX, (1) 

where X is the external uniaxial (or hydrostatic) pressure and κ is the deformation potential coefficient (eV/Pa), which 
depends on the elastic constants and the crystal orientation. 

Introducing this quantity makes it possible to treat pressure as an analogue of temperature in the traditional 
model [13], where a change in temperature leads to broadening and shifting of energy levels. In the case of pressure, this 
effect is caused by elastic shifts of the band structure and changes in electron localization in the region of defects. 

Each localized level in the band gap shifts according to a linear law 

 Ei(X) = Ei(0) + αiEd,, (2) 

where Ei(0) is the level energy without deformation and αi is the sensitivity coefficient of the level to pressure (the sign 
αi > 0 corresponds to a shift towards the conduction band, and αi < 0 to a shift towards the valence band). 

Thus, under pressure the trap structure changes not only in terms of energy position but also in terms of the density 
of states Nss(E,X). This reflects the physical picture of carrier redistribution and the onset of tenso-stimulated electron 
generation from localized centers. 

In the most general form, the probability of releasing an electron from a state with energy Ei can be written as 

 𝜌ሺ𝐸௜ ,𝐸ௗሻ ൌ 1 − 𝑒𝑥𝑝 ቂ− ௧బఛሺா೔ሻ 𝐹ሺ𝐸ௗሻቃ, (3) 

where t0 is the characteristic measurement time, τ(Ei) is the relaxation time of the level, and F(Ed) is a function describing 
the increase in probability with increasing pressure (in the simplest case, F(Ed) = exp(Ed/Ea), where Ea is the activation 
energy). 

Differentiating Eq. (3) with respect to Ed gives the sensitivity function 

 డఘሺா೔,ா೏ሻడா೏ ൌ ௧బఛሺா೔ሻ ௗிሺா೏ሻௗா೏ exp ቂ− ௧బఛሺா೔ሻ 𝐹ሺ𝐸ௗሻቃ. (4) 

This function is close in shape to a Gaussian and, in the limit Ed → 0, is equivalent to the Dirac δ-function. This 
means that at low temperatures and small pressures, the response of the system becomes discrete, which physically 
corresponds to the appearance of isolated trap centers. 

Figure 1 illustrates this behavior: as the effective width of the kernel in deformation energy decreases, the function 
becomes sharper and approaches the δ-function. 

 
Figure 1. Model δ-like sensitivity function ∂ρ/∂Ed for different values of the effective parameter kX (kernel width) 

 
Determination of the density of states 

The density of states that depends on pressure can be described by the integral relation 

 𝑁ሺ𝐸ௗሻ  ൌ  𝑁௦௦ሺ𝐸ሻ𝜌ሺ𝐸,𝐸ௗሻ𝑑𝐸  (5)׬



241
Determination of the Energy Spectrum of the Density of States Under Uniaxial Pressure   EEJP. 2 (2026)

where Nss(E) is the true distribution of levels over energy and ρ(E,Ed) is the probability of their activation at a given 
pressure. 

Differentiating Eq. (5) with respect to Ed yields 

ௗே(ா೏)ௗா೏ = 𝑁௦௦(𝐸)׬ డఘ(ா,ா೏)డா೏ 𝑑𝐸. (6)

At low temperatures and small Ed, where 

డఘ(ா,ா೏)డா೏ → 𝛿(𝐸 − 𝐸଴), (7)

the measured dependence dN/dEd is directly proportional to Nss(E).  

As the width decreases, the function becomes narrower and approaches the Dirac δ-function. 

In other words, by measuring currents or signals that depend on pressure (analogous to temperature DLTS spectra), one 
can experimentally reconstruct the distribution of trap levels over energy: 𝑁௦௦(𝐸଴)∞ௗே(ா೏)ௗா೏ ቚா೏→଴. (8) 

In the real case of finite temperature and nonlinear behavior of the levels, the reconstruction of Nss(E) is carried out 
numerically. For this purpose, a smoothing kernel (for example, a Gaussian) is introduced and the approximation 𝑁௦௦(𝐸,𝑋) ≈ ∑ 𝐴௜𝐾்൫𝐸 − 𝐸௜(𝑋)൯௜ (9)

is used, where Ai is the amplitude (concentration of the corresponding center), and KT(E) is a broadening function (which 
tends to a δ-function as T → 0). 

Figure 2 schematically shows the temperature evolution of the spectrum Nss(E,T): as T decreases, the peaks of the 
spectrum become narrower and approach a discrete set of levels. By analogy, deformation energy Ed acts as an additional 
control parameter. 

This representation makes it possible to construct a map of the evolution of the spectrum Nss(E,X) at different 
pressures and to determine the nature of the level shift: 

∆Ei = αiκX. (10) 

Figure 2. Schematic temperature evolution of the spectrum of the density of states Nss(E,T) 

At high temperature, the peaks are broad and partially overlap; at intermediate temperature, the structure becomes 
more pronounced; at low temperature, the spectrum approaches a set of discrete levels. By analogy, the deformation 
energy Ed serves as an additional control parameter. 

Physical interpretation 
An increase in pressure increases the deformation energy Ed, which leads to: 

• for thermal donor (TD) centers: an upward shift of the levels towards the conduction band and enhanced
electron generation (decrease in ρ, increase in µ); 

• for Mn centers: a downward shift towards the valence band and an increase in resistivity (decrease in
mobility). Thus, the functions ρ(X) and µ(X) reflect carrier redistribution, while the map Nss(E,X) reflects the energy
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dynamics of localized states. Joint analysis of these dependences makes it possible to determine not only the deformation 
parameters κ and αi, but also to identify active defect centers in the bulk and at the surface of the semiconductor. 

Results of Modeling and Discussion 
The novelty of this work lies in the development of a unified approach to analyzing the energy spectrum of localized 

states in doped silicon under mechanical pressure, based on the introduction of deformation energy as an analog of thermal 
energy. Within this framework, a method is proposed to reconstruct the density-of-states spectrum from experimentally 
measured pressure-dependent resistivity, thereby enabling a direct link between macroscopic electrical characteristics and 
the underlying energy distribution of defect states. In contrast to conventional temperature-based DLTS techniques, the 
presented approach extends the analysis to pressure-induced effects and demonstrates that mechanical deformation can 
serve as an independent and effective parameter for controlling and diagnosing the electronic structure of semiconductor 
materials.  

The calculations were carried out at T = 77 K and X = 0...6×108 Pa. The model includes several levels in the range 
0.1–0.45 eV with different αi. Pressure acts as a universal parameter that determines the redistribution of trap states. 
Typical parameter values are κ = 1.0×10−10 eV/Pa, Ei(0) ∈ [0.06,0.45]eV. Table 1 compares the temperature model and 
the tenso-model.  
Table 1. Comparison of temperature and tenso models. 

Parameter Temperature model Tenso-model

Control quantity T (thermal energy) X (mechanical pressure) 
Energy scale kT κX 

Nature of effect Thermal broadening Deformation-induced shift 
Limiting behavior δ-function as T → 0 δ-function as X → 0 
Experimental form DLTS Tenso-DLTS

Both models describe a transition from a continuous to a discrete spectrum. Temperature changes the width of the 
levels; pressure changes their position. The calculations show a linear shift 

∆Ei = αiκX, (11) 

which makes it possible to estimate κ and construct a map of defect centers. 
The behavior of the relative resistivity ρ(X)/ρ0 for p-Si⟨B,TD⟩ and p-Si⟨B,Mn⟩ is illustrated in Fig. 3. For p-Si⟨B,TD⟩ 

the resistivity decreases from ρ/ρ0 ≈ 1 to ∼ 0.74 as pressure increases, which corresponds to an increase in carrier 
concentration and mobility. For p-Si⟨B,Mn⟩ the resistivity increases up to ∼ 1.55ρ0, which indicates enhanced localization 
and growth of the fluctuation potential.  

In the case of n-Si⟨Ni⟩, experimental data for ρp/ρ0 show a two-step increase 1 → 9 → 15, which corresponds to a 
two-step decrease in N(P)/N0 (1 → 0.11 → 0.07). This indicates the presence of at least two groups of Ni-related centers 
with different deformation sensitivities, and the corresponding dependence can be modeled as 

ேయ(௉)ேబ ≈ ቂ1 ൅ ஺భଵାୣ୶୮ (ି(௉ି௉భ)/∆௉భ) ൅ ஺మଵାୣ୶୮ (ି(௉ି௉మ)/∆௉మ)ቃ (12)

where A1 and A2 are the amplitudes of the steps, and P1, P2 are the characteristic pressures for activation of each group of 
centers. Such behavior is a direct graphical confirmation of the complex multi-component nature of the energy spectrum 
of Ni-related levels. For thermal donor centers (TD), pressure stimulates electron delocalization and a decrease in resistivity, 
as illustrated in Figure 3.  

Figure 3. Calculated dependences of relative resistivity ρ(X)/ρ0 on uniaxial pressure X at T = 77 K for p-Si⟨B,TD⟩ (decreasing 
curve) and p-Si⟨B,Mn⟩ (increasing curve) 
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CONCLUSIONS 
The study carried out extends the classical temperature model [13] and demonstrates that uniaxial (or hydrostatic) 

pressure can serve as an equivalent control parameter in forming the energy spectrum of the density of states in silicon. 
The introduced deformation energy Ed = κX describes a mechanical analogue of the thermal energy kT, and the transition 
from a continuous to a discrete spectrum with increasing pressure fully corresponds to the behavior of the system upon 
cooling. 

It is shown that a change in external pressure causes not only a shift of energy levels but also their redistribution: as X 
increases, individual trap states merge into quasi-continuous bands, forming a deformation-induced continuum. 
Quantitatively, the model predicts a deformation coefficient κ on the order of 1.0×10⁻¹⁰ eV/Pa, while the relative resistivity 
changes from ρ/ρ₀ ≈ 1 to ∼0.74 for thermal donor centers and increases up to ∼1.55ρ₀ for Mn-related centers. These results 
demonstrate the significant role of mechanical deformation in modifying the energy spectrum of localized states. 

For TD centers, pressure leads to a decrease in resistivity (increase in conductivity); for Mn centers, to an increase 
in resistivity. for manganese centers (Mn) it leads to an increase in recombination losses and a rise in ρ(X). These opposite 
trends are reflected in the sign of the sensitivity coefficient αi and characterize the difference in the mechanisms of 
interaction between defects and the lattice. 

A linear dependence ∆Ei = αiκX is established, which makes it possible, using the spectrum Nss(E,X), to determine 
the deformation potentials κ and the type of active centers. Thus, the map Nss(E,X) serves as a direct indicator of the 
internal structure of defect complexes. 

The developed tenso-DLTS methodology can be used for non-destructive analysis of the defect structure of silicon 
substrates and Si–SiO2 interfaces at low temperatures, as well as for monitoring the stability of sensitive elements in 
microsystem electronics. The proposed model opens the way to the creation of tenso-sensitive sensors, MEMS elements 
and micromechanical structures in which mechanical pressure is used as a tuning parameter for the electronic properties 
of the material. 

Overall, the results obtained show that mechanical deformation plays a role as fundamental in restructuring the 
energy spectrum as temperature and can be regarded as a new tool for controlled modification of electronic states. This 
approach forms the basis for the development of “tenso-spectroscopy of states” — a new diagnostic direction in 
semiconductor physics and technology. 
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ВИЗНАЧЕННЯ ЕНЕРГЕТИЧНОГО СПЕКТРА ГУСТИНИ СТАНІВ ПІД ОДНООСНИМ ТИСКОМ 
М.А. Рахманов1, І.Г. Турсунов1, О.О. Маматкарімов2, Н.Ю. Шарібаєв2, С.С. Шаріпбаєв2 

1Чирчикський державний педагогічний університет, 111702, Ташкент, Узбекистан 
2Кафедра енергетичного машинобудування, Наманганський державний технічний університет, Наманган, Узбекистан 

У цій роботі розглядається вплив гідростатичного тиску на енергетичний спектр густини локалізованих станів у легованому 
кремнії n-Si, n-Si⟨Ni⟩ та p-Si⟨B,Mn⟩. На основі експериментальної залежності відносного опору ρp/ρ0 від тиску побудовано 
модель, в якій тиск входить через енергію деформації Ed = κP, що призводить до лінійного зсуву рівнів пасток Ei(P) = 
Ei(0)+αiEd. Показано, що для різних домішкових центрів (Mn, Ni) деформаційна чутливість рівнів відрізняється як за знаком, 
так і за величиною, що проявляється в якісно різній поведінці ρp/ρ0(P). Запропоновано процедуру реконструкції відносної 
концентрації електронів N(P)/N0 та пов'язаного з нею спектру Nss(E,P) з експериментальних кривих ρp/ρ0(P). Проведено 
порівняння зі звичайною температурною моделлю DLTS та обґрунтовано можливість використання підходу «тензо-DLTS» 
для ідентифікації донорних та акцепторних центрів, їх деформаційних потенціалів та симетрії. Результати демонструють, що 
гідростатичний тиск є не лише зовнішнім збуренням, але й ефективним параметром формування спектра для контролю 
електронних властивостей легованого кремнію. 
Ключові слова: легований кремній; гідростатичний тиск; енергія деформації; спектр густини станів; локалізовані рівні; 
тензо-DLTS; питомий опір; n-Si⟨Ni⟩; p-Si⟨B,Mn⟩; домішкові центри перехідних металів 
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A deformation (strain) model of the spectrum of the density of localized states Nss(E,X) in p‑Si⟨B,Mn⟩ under uniaxial pressure X is 
presented. It is shown that shifts of trap levels can be described by the deformation energy Ed = κX, a mechanical analog of kT. At a 
fixed temperature T = 77 K, increasing X leads to a shift and restructuring of the spectrum: thermodonor (TD) levels move toward the 
conduction band, whereas manganese (Mn) levels shift toward the valence band, which agrees with the opposite trends observed in 
ρ(X) and μ(X). 
Keywords: Doped silicon; Deformation energy; Uniaxial pressure; Strain‑stimulated effects; Density of states; Energy spectrum of 
Si⟨B,Mn⟩; Si⟨B,TD⟩ 
PACS: 71.55.Cn, 72.20.Fr, 73.40.Qv 

INTRODUCTION 
The influence of mechanical strain on the electronic properties of silicon remains one of the fundamental topics in 

solid‑state physics. A number of studies have established that uniaxial pressure causes a reconstruction of the band 
structure, changes in charge‑carrier mobility, and redistribution of the density of states within the band gap [1–3]. 

In [1] it was shown that compression along the [1] axis leads to the breakup of oxygen thermodonors (TD), a 
hysteresis in the resistivity dependence ρ(X), and opposite changes in the mobility μ(X) for p‑Si⟨B,TD⟩ and p‑Si⟨B,Mn⟩. 
Pressure acts as a physical parameter analogous to temperature, but it operates through the deformation energy Ed = kX. 
In thermodonor samples (TD) it promotes carrier delocalization and a decrease in ρ, whereas in Mn‑doped systems it 
enhances localization and increases the resistance. 

It is known that manganese-doped silicon exhibits complex defect structures associated with the formation of 
magnetic nanoclusters. Experimental studies using electron spin resonance (ESR) have shown that manganese atoms in 
silicon can form clusters consisting of several atoms located near boron impurities, which significantly affect the 
electronic and magnetic properties of the material. These nanoclusters act as localized centers and can lead to anomalous 
transport phenomena, including changes in resistivity and magnetoresistance. Furthermore, the formation of such clusters 
depends strongly on the diffusion conditions and defect interactions in the silicon lattice, indicating that impurity 
complexes play a crucial role in determining the energy spectrum and carrier transport mechanisms. [1] 

Works [3] developed the theory of temperature broadening of the surface‑state density spectrum Nss(E) at the Si–
SiO₂ interface. They showed that as temperature decreases, the derivative of the level occupancy tends to a delta function, 
and a continuous spectrum becomes discrete. That model underlies modern temperature spectroscopy of surface states. 
The present work develops an analogous approach for mechanical action, where the deformation energy plays the role of 
a mechanical analogue of the thermal energy kT. 

The two‑dimensional map (Fig. 1) shows the full distribution of the density of states in the energy–pressure plane. 
At small X, distinct peaks corresponding to isolated traps are visible. As pressure increases, the peaks shift and approach 
each other, forming energetic “ridges”, i.e., regions of increased density. At high pressures the structure becomes 
quasi‑continuous, which indicates strain‑stimulated relaxation of the energy spectrum. The map clearly illustrates the 
transition from isolated defect centers to an interconnected system in which deformation energy facilitates collective 
transport processes. 

At small X the spectrum is discrete (isolated peaks corresponding to individual traps). With increasing pressure the 
peaks converge and form “fields” of elevated density of states, i.e., a quasi‑continuum. In overview: pressure is a 
mechanical analogue of temperature, but it primarily controls the positions of the levels (not only their widths); this 
determines the trajectories of peaks in the (E, X) plane and the observed changes in transport characteristics. 

Experimentally, it was shown [5,6] that elastic compression changes the distribution of oxygen complexes and 
promotes the formation of thermodonor centers in the energy range 0.05–0.30 eV. Using the DLTS method [7] under 
uniaxial pressure, linear peak shifts were identified, corresponding to changes in defect symmetry. In [8] these results 
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were confirmed for doped samples, demonstrating that DLTS enables quantitative evaluation of the deformation 
sensitivity of energy levels. 

 
Figure 1. Map of Nss(E,X): evolution of the density-of-states spectrum in the (E, X) coordinates under uniaxial 

pressure 
Recent studies [9–12] extended the analysis of deformation effects to Si/SiO₂ nanostructures. It was shown that local 

stresses and thermomechanical gradients redistribute electronic levels and increase the density of surface states Nss(E,X), 
which changes conductivity and capacitance characteristics. These results underscore the universality of mechanical 
control of silicon’s electronic properties. Based on these publications, modeling Nss(E,X) under pressure is a natural 
continuation of the classical temperature model. It allows temperature and deformation effects to be unified into a single 
physical picture in which mechanical energy serves as a universal parameter for the reconstruction of defect energy levels. 

Despite these advances, most existing studies consider temperature and deformation effects separately, without 
providing a unified framework for describing the evolution of the density-of-states spectrum under combined external 
influences.  

In this work, a unified approach is proposed in which deformation energy is introduced as a mechanical analogue of 
thermal energy. This allows temperature and strain effects to be described within a single physical model, providing a 
more comprehensive understanding of the evolution of Nₛₛ(E, X). 

 
1. MATHEMATICAL MODEL 

Mechanical deformation is an effective way to control silicon’s electronic structure: it changes the positions of 
localized levels, capture/emission dynamics, and transport. In the spirit of the temperature model (where the spectrum 
discretizes as T → 0), we introduce a mechanical control parameter Ed = κX that shifts levels without necessarily 
increasing their widths. This makes it possible to regard pressure as a spectrum‑forming factor and to reconstruct Nss(E,X) 
from measurable dependences, analogously to DLTS but in a “tenso‑” formulation. 

We define the deformation energy and the shift of the i‑th level as follows: 

 𝐸ௗ = 𝑘𝑋,          𝐸௜ሺ𝑋ሻ = 𝐸௜ሺ଴ሻ + 𝑎௜𝐸ௗ, (1) 

where 𝑘 is the deformation‑potential coefficient, and αᵢ is the pressure sensitivity of level I (αᵢ > 0 for TD centers, αᵢ < 0 
for Mn centers). 

At fixed temperature T, the density of states can be approximated as a sum of narrow contributions (a Gaussian 
kernel for thermal broadening): 

 𝑁௦௦ሺ𝐸;𝑋ሻ = ∑ 𝐴௜ ଵ√ଶగఙ೅ 𝑒𝑥𝑝 ൤− ൫ாିா೔ሺ௑ሻ൯మଶఙ೅మ ൨௜ , (2) 

where Aᵢ are proportional to the concentrations of centers, and σT ≈ 2.5 k_BT. As T → 0 K, the kernel approaches a 
δ‑function and Eq. (2) becomes a set of peaks whose positions are controlled by Eq. (1). 

Consider a p‑Si⟨B,Mn⟩ sample under uniaxial stress X applied along the crystallographic direction [12] 
(generalization to an arbitrary direction is discussed below). The stress tensor σ and strain tensor ε are related by Hooke’s 
law, σ = C : ε,  
where C is the fourth‑rank elastic tensor of silicon.  

In deformation‑potential theory, the shifts of the band edges are written through the hydrostatic and deviatoric parts 
of the strain as: 

 Δ𝐸௖ = Eௗ𝑇𝑟𝜀 + E௨ ቀ𝑛஋𝜀𝑛 − ଵଷ 𝑇𝑟𝜀ቁ, (3) 

 Δ𝐸௖ = αௗ𝑇𝑟𝜀 ± 𝑏ℬሺ𝜀ሻ, (4) 
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where n is the unit vector along the applied stress, E_d, E_u, a_v, b are deformation potentials, and ℬ (ε) accounts for 
valence‑band splitting by symmetry. For localized trap levels in the band gap we introduce an effective deformation energy: 
 Ed = kX. (5) 

This scalar reduction of Eqs. (3–4) is valid in the linear strain regime (no plastic deformation). 
Let the band gap contain a family of localized levels Eᵢ(0) at X = 0. Under pressure X their energies shift linearly: 

 𝐸௜ሺ𝑋ሻ = 𝐸௜ሺ଴ሻ + 𝛼௜𝐸ௗ = 𝐸௜ሺ଴ሻ + 𝛼௜𝑘𝑋,   𝛼௜ ∈ ℝ (6) 

where αᵢ > 0 is characteristic of thermodonor (TD) centers (shift toward the conduction band), whereas αᵢ < 0 corresponds 
to Mn centers (shift toward the valence band). The level width is determined by the combination of thermal and 
inhomogeneous deformation contributions: 

 𝛴ᵢ²(𝑋,𝑇) = 𝜎_𝑇²(𝑇) + 𝜎_{𝑋, 𝑖}²(𝑋),   𝜎_𝑇 ≈ 𝑐_𝑇𝑘_𝐵𝑇,   𝜎_{𝑋, 𝑖} ≈ 𝛽ᵢ𝑋. (7) 

Here c_T ≈ 2–3 (in the adopted Gaussian approximation), and βᵢ describes additional broadening due to the distribution 
of local microstresses and microstructural inhomogeneity. 

At fixed temperature T, the spectrum can be written as a convolution of discrete levels with a narrow kernel: 

 𝑁௦௦(𝐸;𝑋,𝑇) = ∑ 𝐴௜𝐾൫𝐸 − 𝐸௜(𝑋); Σ௜(𝑋,𝑇)൯௜ , (8) 

where Aᵢ are proportional to the density of states of a given type, and K(ΔE;Σ) is a kernel (usually Gaussian or Lorentzian) 
normalized to unity. In the simplest Gaussian case: 

 𝐾(∆𝐸; Σ) = ଵ√ଶగஊ 𝑒𝑥𝑝 ቂ− ୼ாమଶஊమቃ. (9) 

In the limit T ≈ 77 K and small X we obtain quasi‑discrete peaks (Σᵢ → 0), whereas with increasing X the peaks 
systematically shift according to Eq. (6) and slightly broaden according to Eq. (7). 

The concentration of active electronic states participating in transport can be estimated by the integral: 

 𝑛(𝑋,𝑇) ≈ ∫𝑁𝑠𝑠(𝐸;𝑋,𝑇) 𝑓_𝑒(𝐸, 𝜇_𝐹,𝑇) 𝑑𝐸. (10) 

Here f_e is the Fermi–Dirac distribution (or, in a crude approximation, the Boltzmann distribution for 𝐸 −  𝜇_𝐹 ≫ 𝑘_𝐵 𝑇). The conductivity is 𝜎(𝑋,𝑇) =  𝑞 𝜇(𝑋,𝑇) 𝑛(𝑋,𝑇), and the resistivity is: 

 𝜌(𝑋,𝑇) = ଵ௤ఓ(௑,்)௡(௑,்) (11) 

The mobility μ(X,T) can be expressed through relaxation times as: 

 𝜇ିଵ(𝑋,𝑇) = 𝜇௣௛ିଵ(𝑇) + 𝜇௜௠௣ିଵ (𝑁஺,𝑁஽) + 𝜇௧௥ିଵ൫𝑁௦௦(𝐸;𝑋,𝑇)൯  (12) 

where the terms correspond to scattering by phonons, ionized impurities, and trap centers (the latter functionally depends 
on Nss). Thus, Nss(E,X) is uniquely reflected in the experimentally accessible dependences ρ(X) and μ(X). 

Let a scalar characteristic S(X) be measured that is sensitive to the reconstruction of level occupancy (for example, 
S ≡ ρ⁻¹ or the amplitude of the DLTS signal in a fixed time window). For small changes in X: 

 ௗௌௗ௑ = ∫𝑁௦௦(𝐸)𝑊(𝐸;𝑋)𝑑𝐸,                    𝑊(𝐸;𝑋) = డడ௑ ሾΦ(𝐸;𝑋,𝑇)ሿ (13) 

where Φ is the contribution of a level with energy E to the measured signal at pressure X (in DLTS: through 
capture/emission probabilities and time windows). Equation (13) is a Fredholm integral equation of the first kind for 
Nss(E). In the low‑temperature limit and for a narrow DLTS time window, W(E;X) becomes a narrow kernel: 

 𝑊(𝐸;𝑋) →nar.window்→଴ 𝛿൫𝐸 − 𝐸∗(𝑋)൯,  𝐸∗(𝑋) ≃ 𝐸(଴) + 𝑎𝑘𝑋.                (14) 

and hence: 

 𝑁௦௦(𝐸∗(𝑋))∞ ௗௌௗ௑ (15) 

This yields an almost direct reconstruction of Nss(E) from the pressure derivative. In the general case (finite T and a 
broad window) Eq. (13) is solved using Tikhonov regularization: 

 𝑁෡ = 𝑎𝑟𝑔minேஹ଴ {‖𝑊𝑁 − 𝑠‖ଶଶ + 𝜆‖𝐿𝑁‖ଶଶ}, (16) 
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where W is the discretized kernel, s is the discretized vector of dS/dX values, L is a smoothness regularizer (e.g., first‑ or 
second‑order finite differences), and λ is the regularization parameter (chosen, for example, by the L‑curve/GSVD 
criteria). 
 

RESULTS AND DISCUSSION 
Modeling of the density‑of‑states spectrum Nss(E,X) was performed for the pressure range X = (0–6) × 10⁸ Pa at a 

fixed temperature T = 77 K. This range corresponds to typical uniaxial pressures at which no plastic deformation occurs, 
while noticeable changes in the silicon band structure are realized. 

The calculations show that at low pressures (X < 10⁸ Pa) the spectrum Nss(E,X) retains the initial discreteness typical 
of weakly strained samples. With increasing X, the levels systematically shift according to Ei(X) = Ei(0) + αᵢ k X, which 
brings peaks closer together and forms regions of elevated density of states (quasi‑continuous zones). This effect agrees 
with experimental observations by Peaker et al. [7], where uniaxial stress causes linear shifts of DLTS peaks while 
preserving their shape. 

Figure 2 shows the dependence of resistivity ρ on uniaxial pressure X for p‑Si⟨B,TD⟩ and p‑Si⟨B,Mn⟩ samples. For 
thermodonor centers (TD), the resistance decreases to 0.74ρ₀ at X = 6×10⁸ Pa, reflecting increased conductivity due to 
strain‑stimulated carrier generation. For Mn centers, by contrast, ρ increases to 1.55ρ₀ because deep acceptor levels 
become deeper under pressure, enhancing electron capture. Thus, the plot demonstrates opposite responses of donor and 
acceptor centers: donor levels are activated, whereas acceptor levels are suppressed, consistent with the model 
Ei(X)=Ei(0) + αᵢ k X with α_TD >0 and α_Mn< 0. 

 
Figure 2. Dependence of the resistivity ratio ρ/ρ₀ on uniaxial pressure X at 77 K. 

Figure 3 presents cross‑sections of the density‑of‑states spectrum for three pressure values: X = 0, 3×10⁸, and 
6×10⁸ Pa. 

 
Figure 3. Cross‑sections of the spectrum Nss(E) at different pressures. 

With increasing pressure, each spectral peak shift: TD centers move upward in energy (toward the conduction band), 
while Mn centers shift downward (toward the valence band). Neighboring peaks approach and partially merge, forming 
regions of elevated density of states. This behavior is interpreted as deformation‑induced coarsening of the spectrum, 
reflecting a transition from discrete levels to quasi‑continuous energy bands. 

The pressure‑driven shift can be summarized by: 

 𝐸௜(𝑋) = 𝐸௜(଴) + 𝛼௜𝜅𝑋. (17) 



249
Modeling the Density-of-States Spectrum Under Strain in Doped Silicon p Si<B, Mn>   EEJP. 2 (2026)

The mobility μ(X) (Fig. 4) increases for TD centers (μ/μ₀ ≈ 1.45) and decreases for Mn centers (μ/μ₀ ≈ 0.77). The 
correlation ρ(X) ~ 1/(n e μ) confirms the internal consistency of the model. 

For TD‑containing samples, the resistance decreases to 0.74 ρ₀ at X = 6×10⁸ Pa, indicating increased conductivity 
due to electron delocalization and the breakup of oxygen clusters, in agreement with [1]. For Mn‑containing samples, 
pressure leads to an increase of resistance to 1.55 ρ₀, which is associated with a higher recombination probability at deep 
levels. The mobility μ(X) shows a mirror trend: growth for TD (up to 1.45μ₀) and a drop for Mn (down to 0.77μ₀). 

Thus, a clear correlation is observed: changes in μ(X) serve as an indicator of the reconstruction of the spectrum 
Nss(E,X). 

 
Figure 4. Dependence of the mobility ratio μ/μ₀ on uniaxial pressure X at 77 K 

At X = 0 the spectrum consists of several pronounced peaks corresponding to localized states at energies Ei(0) ≈ 
0.06–0.43 eV. As X increases, thermodonor levels (αᵢ > 0) shift upward in energy, whereas manganese levels (αᵢ < 0) shift 
downward. The energy shifts ΔEᵢ = αᵢ κ X in the range 0.01–0.06 eV agree with DLTS data for defects of the OnH and 
MnSi types [6,8]. With further pressure increase, individual peaks begin to merge, indicating deformation‑induced 
correlation of levels and the formation of quasi‑continuous sections of the spectrum that correspond to an increased 
density of states and activation of additional transport channels. 

To generalize the results, consider the analogy between temperature and deformation action. Temperature mainly 
changes the widths of energy levels (broadening), whereas pressure primarily shifts their positions. Joint use of these 
parameters enables a comprehensive description of the evolution Nss(E,X,T) in the space of thermodynamic variables. 
Table 1. Comparison of Temperature and Tenso-models in DLTS Analysis 

Criterion Temperature model Tenso‑model 
Control parameter T (thermal energy) X (mechanical pressure) 
Energy measure kT κX 
Main effect level broadening level shift 
Limiting case δ as T → 0 δ as X → 0 
Experimental method DLTS tenso‑DLTS 

Overall, pressure acts as a universal mechanism for reconstructing the energy landscape of silicon. For TD centers 
it stimulates electron emission and increases conductivity, whereas for Mn centers it enhances capture and reduces 
mobility. This antisymmetric (α_TD > 0, α_Mn < 0) reflects differences in the nature of the defects and provides a basis 
for engineering strain‑sensitive structures based on Si. 

The obtained dependences ρ(X), μ(X), and spectra Nss(E,X) reproduce the qualitative trends observed in 
experiments [1,7] and are quantitatively consistent with deformation potentials in the range κ = (0.5–1.5)×10⁻¹⁰ eV/Pa. 
Thus, the proposed model reliably describes strain‑stimulated effects and extends the temperature concept [3] to the 
domain of mechanical action. 

 
CONCLUSIONS 

In this study, a physical and mathematical model of the density-of-states spectrum Nₛₛ(E, X) in doped silicon p-
Si⟨B,Mn⟩ and p-Si⟨B,TD⟩ under uniaxial pressure has been developed. The model is based on the deformation energy 
E_d = κX and a linear shift of trap levels Eᵢ(X) = Eᵢ(0) + αᵢκX, enabling the evolution of the spectrum under elastic strain 
to be described. 

It is shown that pressure affects donor and acceptor centers differently. For thermodonor centers (αᵢ > 0), pressure 
induces level shifts toward the conduction band, resulting in increased mobility and decreased resistivity. For Mn centers 
(αᵢ < 0), the opposite behavior is observed, with enhanced localization and increased resistivity. 

The calculated spectra Nₛₛ(E, X) demonstrate systematic level shifts and merging of adjacent states with increasing 
pressure, indicating a transition from discrete levels to a quasi-continuous spectrum. This behavior is analogous to 
temperature-induced broadening, with deformation energy acting as a mechanical counterpart of thermal energy. 
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The obtained dependences ρ(X) and μ(X) are in good agreement with experimental data, confirming the validity of 
the model. The proposed approach provides a unified description of temperature and deformation effects and can be 
applied to the analysis and design of strain-sensitive semiconductor devices and structures. 
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МОДЕЛЮВАННЯ СПЕКТРА ГУСТИНИ СТАНІВ ПІД ЧАС ДЕФОРМАЦІЇ  

В ЛЕГОВАНОМУ КРЕМНІЇ p‑Si<B, Mn> 
М.А. Рахманов1, І.Г. Турсунов1, О.О. Маматкарімов2, Н.Ю. Шарібаєв2, С.С. Шаріпбаєв2 

1Чирчикський державний педагогічний університет, 111702, Ташкент, Узбекистан 
2Кафедра енергетичного машинобудування, Наманганський державний технічний університет, Наманган, Узбекистан 

Представлено деформаційну (деформаційну) модель спектра густини локалізованих станів Nss(E,X) в p‑Si⟨B,Mn⟩ під 
одноосьовим тиском X. Показано, що зміщення рівнів пасток можна описати енергією деформації Ed = κX, механічним 
аналогом kT. При фіксованій температурі T = 77 K збільшення X призводить до зміщення та перебудови спектра: 
термодонорні (TD) рівні рухаються до зони провідності, тоді як рівні марганцю (Mn) зміщуються до валентної зони, що 
узгоджується з протилежними тенденціями, що спостерігаються в ρ(X) та μ(X). 
Ключові слова: легований кремній; енергія деформації; одноосьовий тиск; ефекти, стимульовані деформацією; густина 
станів; енергетичний спектр Si⟨B,Mn⟩; Si⟨B,TD⟩ 
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Incomplete dopant ionization in wide-bandgap semiconductors plays a critical role in determining carrier concentration, electrostatic 
properties, and overall device performance; however, its impact on GaN p–n junctions for optical photovoltaic converters (OPCs) 
remains insufficiently understood. In this work, SCAPS-1D simulations are employed to systematically investigate GaN p–n junctions 
incorporating three p-type acceptors (Mg, Zn, Be) and three n-type donors (Si, O, S) over doping concentrations of 10¹⁵–10¹⁸ cm⁻³ and 
temperatures ranging from 77 K to 400 K. The temperature dependence of the bandgap is described by the Varshni relation 
(R² = 0.9721), while dopant ionization is modeled as a function of both temperature and doping level to capture its effects on carrier 
distribution, the built-in potential, and capacitance–voltage (C–V) characteristics. The results reveal a pronounced reduction in junction 
capacitance at lower temperatures due to incomplete acceptor ionization. For a representative doping level of 5×10¹⁷ cm⁻³, the 
capacitance decreases from approximately 3.2 pF at 400 K to 1.5 pF at 77 K (≈53% reduction), primarily due to partial ionization of 
Mg acceptors, while donor species remain nearly fully ionized. These findings demonstrate that conventional models that neglect 
incomplete ionization significantly overestimate junction capacitance at low temperatures. Although the analysis is based on a one-
dimensional framework, it provides physically consistent insight into the role of deep-level dopants and establishes a basis for future 
multidimensional TCAD investigations. This study highlights the necessity of incorporating incomplete-ionization effects into the 
design and optimization of high-efficiency, radiation-resilient GaN-based OPCs operating in extreme environments. 
Keywords: GaN; Dopant ionization; Incomplete ionization; Optical photovoltaic converters (OPCs); Temperature-dependent carrier 
activation; Capacitance–voltage characteristics; Built-in potential; Wide-bandgap (WBG); RF performance 
PACS: 73.40.Lq; 73.61.Cw; 73.61.Ey; 72.20.Jv; 84.60.Jt 

INTRODUCTION 
Wide-bandgap (WBG) semiconductors have emerged as enabling materials for next-generation power electronics and 

optoelectronic devices operating under extreme electrical, thermal, and radiation conditions [1–10]. Compared with 
conventional Si and GaAs, WBG materials—including GaN, 4H-SiC, β-Ga₂O₃, and diamond—offer significantly larger 
bandgaps, higher critical electric fields, superior thermal conductivity, and enhanced radiation tolerance, enabling reliable 
operation at elevated temperatures and high-power densities [1–10]. These properties make WBG semiconductors attractive 
for applications ranging from space-based solar energy systems and high-power laser energy transfer to radiation-hardened 
detectors and high-voltage electronics [4,9–14]. Among WBG materials, gallium nitride (GaN) has attracted significant 
attention due to its direct wide bandgap (3.39 eV), high breakdown field, and robust III–N bond strength, supporting stable 
operation under elevated temperatures and intense radiation [4,9,10,15,16]. Other WBG semiconductors, such as 4H-SiC 
(3.26 eV) and diamond (5.45 eV), also offer high breakdown voltages (3–10 MV/cm) and excellent thermal conductivity 
(~3.7 W/cm·K for SiC; ~2200 W/m·K for diamond), while β-Ga₂O₃ (~4.8 eV) exhibits ultrahigh theoretical breakdown 
limits, though challenges in dopant activation and thermal management remain [3,5,7,17–20]. 

Despite these advantages, incomplete dopant ionization remains a fundamental limitation in WBG semiconductors, 
particularly at low to moderate temperatures [21–25]. Deep dopant levels in combination with large bandgaps lead to 
substantial fractions of electrically inactive dopants, reducing free carrier concentration, increasing resistivity, and altering 
key device parameters. In GaN, p-type acceptors (Mg, Zn, Be) possess high activation energies (~120–160 meV), whereas 
n-type donors (Si, O, S) exhibit low activation energies (~20–32 meV). Similar incomplete ionization effects are observed
in 4H-SiC (B, Al), diamond (B, P), and β-Ga₂O₃ (unintentional donors), highlighting the broad relevance of this
phenomenon in WBG devices [3,5,7,22,23].

Incomplete ionization affects carrier density, built-in potential, depletion width, and capacitance-voltage (C–V) 
characteristics, which are critical for optical photovoltaic converters (OPCs) where carrier transport, recombination, and 
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resistive losses determine efficiency [10,26]. GaN-based OPCs have achieved conversion efficiencies up to 79.6% at laser 
power densities of 10 W/cm², surpassing GaAs devices by over 10% [10,26,27]. However, their performance is highly 
sensitive to temperature-dependent ionization of deep acceptors, emphasizing the need for systematic evaluation. 
Radiation tolerance further underscores the importance of understanding dopant ionization, as GaN and III-nitride 
heterostructures (AlN/GaN, AlGaN/GaN, InAlN/GaN) maintain stable operation under high-dose proton, electron, 
neutron, and gamma irradiation [2,4,9,28]. Although extensive modeling has been conducted for WBG devices—
including GaN/Si heterojunction solar cells [29], InGaN tandem cells [30], vertical GaN diodes [32-34], and AlGaN/GaN 
HEMTs [35–37] – few studies systematically investigate the effects of incomplete dopant ionization across realistic 
temperature and doping ranges. Existing research often neglects the influence of deep-level acceptors on C–V 
characteristics, built-in potential, and device efficiency. 

In this study, we employ SCAPS-1D simulations to investigate GaN p–n junctions incorporating three p-type 
acceptors (Mg, Zn, Be) and three n-type donors (Si, O, S) across doping concentrations from 10¹⁵ to 10¹⁸ cm⁻³ and 
temperatures from 4 K to 400 K. The model accounts for the coupled influence of incomplete dopant ionization on carrier 
transport, recombination dynamics, and electrostatic behavior. Particular attention is given to the resulting variations in 
built-in potential, depletion width, and capacitance–voltage (C–V) characteristics, comparing cases with and without 
ionization effects. 

It should be noted that, due to the inherent one-dimensional nature of SCAPS-1D, the present study focuses on 
capturing the fundamental trends associated with incomplete ionization rather than providing a fully comprehensive 
description of multidimensional device physics. Effects such as lateral field distribution, polarization-induced charges, 
and geometric non-uniformities—which are critical in realistic GaN-based structures—are beyond the scope of this 
approach. Nevertheless, the results provide physically meaningful insight into the role of deep-level dopants and establish 
a foundation for future investigations using advanced 2D/3D TCAD frameworks. 

 
METHODS AND MATERIAL 

2.1. Material Parameters, Doping, and Layer Structure 
Gallium Nitride (GaN) is a III–V wide-bandgap semiconductor with a wurtzite crystal structure (a ≈ 3.189 Å, c ≈ 

5.185 Å) and a direct bandgap of 3.39 eV at 300 K, making it highly suitable for high-power, high-frequency, and 
optoelectronic applications. For SCAPS-1D simulations, the electron effective mass is set to 0.20 m₀ and the hole effective 
masses to 1.0 m₀ (heavy) and 0.3 m₀ (light), corresponding to high electron mobility (~1500 cm²/V·s) and moderate hole 
mobility (~100 cm²/V·s). GaN exhibits a low intrinsic carrier concentration (~1×10⁻¹⁰ cm⁻³), relative permittivity ε ≈ 9.5, and 
a wide breakdown field (~3.3 MV/cm), enabling compact, high-voltage one-port capacitance (OPC) and RF designs. Its high 
thermal conductivity (~230 W/m·K) and melting point (~2500 °C) support reliable high-power operation, while strong 
optical absorption (~10⁵ cm⁻¹ at 3.4 eV) and radiation hardness make it suitable for advanced optoelectronic and space-based 
devices. Doping in SCAPS-1D was modeled using n-type donors (Si: 5×10¹⁷ cm⁻³, O: 1×10¹⁶ cm⁻³, S: 5×10¹⁶ cm⁻³) with low 
activation energies (~20–32 meV) and p-type acceptors (Mg: 1×10¹⁸ cm⁻³, Zn: 1×10¹⁷ cm⁻³, Be: 5×10¹⁶ cm⁻³) with higher 
activation energies (~120–160 meV). The incomplete ionization of acceptors in the p-GaN quasi-neutral region (QNR) 
reduces the effective hole concentration, significantly affecting the built-in potential, depletion width, and capacitance-
voltage (C–V) characteristics. 

The layer structure was defined with long quasi-neutral regions to accurately capture the junction behavior: the p-GaN 
layer was set to 2 µm and the n-GaN layer to 3–5 µm, ensuring that both QNRs were much thicker than the depletion region 
(~100–500 nm) calculated dynamically by SCAPS. Metallic ohmic contacts were applied at the device terminals to enable 
efficient carrier injection and extraction. To account for carrier dynamics and realistic device behavior, Shockley–Read–Hall 
(SRH) recombination was included with lifetimes τn = τp = 1–10 ns and trap densities of 10¹³–10¹⁵ cm⁻³. This configuration 
allows simulation of frequency-dependent response, one-port capacitance (OPC), RF behavior, and high-power device 
reliability under both equilibrium and bias-dependent conditions. 

 
Figure 1. 2D schematic representation of the p–n GaN heterojunction simulated in SCAPS-1D 

Figure 1 depicts a 2D schematic of the p–n GaN heterojunction simulated using SCAPS-1D, incorporating three 
acceptors (Mg, Zn, Be) in the p-type region and three donors (Si, O, S) in the n-type region. The p-GaN quasi-neutral region 
(QNR) is shown in red, with partially ionized acceptor ions due to their relatively high activation energies (~120–200 meV), 
whereas the n-GaN QNR is shown in blue with largely ionized donor ions (~20–32 meV). The depletion region at the junction 
is highlighted in light red on the p-side and light blue on the n-side, representing the space charge formed by ionized dopants. 
Metallic contacts are shown at the structure edges, and the positions px− , 0 , and nx−  correspond to the p-side depletion 
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boundary, metallurgical junction, and n-side depletion boundary, respectively. Electrons and holes indicate the distribution 
of mobile carriers. Near the junction 0x = , the electric field reaches its maximum, dominated by ionized dopants, while in 
the QNRs, the p-type region contains mostly neutral acceptors and the n-type region contains fully ionized donors. The 
distribution of ionized and neutral dopants in the GaN p–n junction reduces capacitance in C–V characteristics by altering 
effective carrier concentration, thereby affecting the built-in potential, depletion width, and frequency-dependent response. 
These effects critically impact RF performance, one-port capacitance (OPC), and device reliability, providing a clear physical 
basis for interpreting bias- and temperature-dependent behavior. 

 
2.2 Numerical Modeling of Temperature-Dependent Ionization and Calibration 

The temperature-dependent ionization of dopants in GaN p–n junctions was modeled numerically using SCAPS-
1D, which allows the explicit incorporation of incomplete ionization effects for both acceptor and donor species. The p-
type region included three acceptors (Mg, Zn, Be) with activation energies of 160 meV, 120 meV, and 150 meV, 
respectively, while the n-type region included three donors (Si, O, S) with activation energies of 20 meV, 32 meV, and 
30 meV. This configuration reflects realistic doping conditions commonly employed in GaN-based optical photovoltaic 
converters (OPCs) and high-power devices. In SCAPS-1D, the fraction of ionized dopants ( )DN T+  and ( )AN T− were 
calculated as a function of temperature using the Fermi–Dirac distribution (1a) and (1b): 
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where 𝑁஽and 𝑁஺are the total donor and acceptor concentrations, 𝐸஽and 𝐸஺the dopant energy levels, 𝐸ிthe Fermi level, 𝑘஻the Boltzmann constant, 𝑇the temperature, and 𝑔஽,𝑔஺the dopant degeneracy factors. 
This approach enables accurate modeling of partially ionized deep-level acceptors at cryogenic and moderate 

temperatures, which is particularly critical for p-GaN regions where Mg is the dominant dopant. To connect the quantum 
Fermi–Dirac statistics with classical Maxwell–Boltzmann approximations, temperature-dependent correction factors 

( )n Tβ and ( )p Tβ  are introduced. The numerical model was calibrated against reported experimental and simulation data 
for GaN p–n junctions [10,26,32], ensuring correct reproduction of key parameters such as built-in potential, depletion 
width, and capacitance-voltage (C–V) characteristics across the full temperature range. Both quasi-neutral regions and 
the depletion region were discretized with sufficient spatial resolution to capture sharp carrier and field gradients at the 
metallurgical junction. To isolate the impact of incomplete ionization, comparative simulations were conducted with full 
ionization assumed for all dopants. The resulting differences in carrier concentration, built-in potential, depletion width, 
and C–V response directly quantify the effect of deep-level acceptors and donors on junction performance. This calibrated 
model provides a reliable framework for predicting temperature- and doping-dependent behavior in GaN OPCs and other 
wide-bandgap devices operating under extreme conditions. The bandgap 𝐸௚(𝑇)typically decreases with increasing 
temperature due to lattice expansion and electron–phonon interactions. For GaN, this can be described using Varshni’s 
empirical relation (2): 
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Where: 𝐸௚(0)is the bandgap at 0 K (~3.51 eV for GaN), 𝛼 is the Varshni coefficient (~0.909 meV/K for GaN), θD is the 
Varshni temperature constant (~830 K for GaN), 𝑇 is the absolute temperature in Kelvin. 

The built-in potential 𝑉௕௜ is the equilibrium voltage established across a p–n junction due to diffusion of carriers, 
balancing drift and diffusion currents. In a GaN p–n junction, it depends on the doping concentrations and temperature, 
and is strongly influenced by incomplete ionization of deep-level dopants. 
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The built-in potential 𝑉௕௜of GaN p–n junctions was initially calculated using the classical expression (3). However, 
to accurately capture the effects of incomplete dopant ionization, this study employs the effective built-in potential 𝑉௕௜,௘௙௙as defined in expression (4), which incorporates the temperature-dependent fraction of ionized acceptors and donors 
in both p- and n-type regions. 
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Temperature controls dopant ionization, thereby affecting carrier concentration, depletion width, and built-in 
potential, which together determine the junction capacitance. In GaN, deep acceptors lead to reduced capacitance at low 
temperatures, while higher temperatures increase ionization and capacitance, critically influencing C–V behavior and 
device performance. 

 0

2 ( ) ( ( ) )
A D

p n
A D bi p n

q N N
C S

N N V T V
ε ε

−
−

⋅ ⋅ ⋅ ⋅
= ⋅

⋅ + ⋅ −
 (5) 

Although many previous studies [25–30] evaluate junction capacitance using the classical approach (5), in the 
present work, the capacitance is calculated by explicitly incorporating the temperature- and doping-dependent ionized 
dopant concentrations from expressions (1a) and (1b), together with the effective built-in potential from expression (4), 
as formulated in expression (6). 
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Figure 2. Calibration of GaN bandgap versus temperature. 

The temperature-dependent bandgap of GaN was modeled using the Varshni equation over 77–400 K, with 
experimental calibration points in the 200–400 K range. The fitted parameters, Eg(0) = 3.51 eV, α = 0.00091 eV/K, and 
θD = 630 K, yield a coefficient of determination 𝑅ଶ = 0.9721, demonstrating excellent agreement between the model and 
experimental data [39,40]. The results indicate an approximately linear decrease of 𝐸௚below 300 K, with pronounced 
nonlinear behavior at higher temperatures. This temperature dependence directly affects carrier generation, built-in 
potential, and junction capacitance in GaN-based optical photovoltaic converters (OPCs), emphasizing the necessity of 
incorporating accurate 𝐸௚(𝑇)models in device simulations to optimize performance under high-temperature and high-
efficiency operating conditions. 

 
RESULTS AND DISCUSSION 

The ionization behavior of acceptor (Mg, Zn, Be) and donor (Si, O, S) dopants in lightly doped GaN (NA = ND = 
1×10¹⁵ cm⁻³) exhibits strong temperature dependence, with pronounced freeze-out effects at cryogenic temperatures and 
nearly complete activation above room temperature. At temperatures below 50 K, dopants with high activation energies, 
such as Mg and Be, remain mostly inactive (ionization fraction P < 0.1), whereas dopants with lower activation energies, 
like Zn and Si, begin ionizing at higher rates, demonstrating the sensitivity of carrier activation to dopant energy levels. 
In the intermediate range of 77–150 K, the ionization fraction rises sharply, with donor species generally activating at 
lower temperatures than acceptors due to their smaller activation energies, higher degeneracy, and the larger conduction-
band density of states. Mapping the ionization across temperature and dopant concentration shows that low dopant 
densities intensify freeze-out, while higher concentrations partially reduce incomplete ionization, although significant 
suppression remains at cryogenic temperatures even for N ∼ 10¹⁸ cm⁻³. These results underline the importance of dopant 
choice in GaN devices, particularly for low-temperature and high-power applications. Low-activation-energy donors such 
as Si and S provide stable electron conduction in n-type layers, whereas careful selection and co-doping of acceptors (Mg, 
Zn) is required to enhance hole densities in p-type layers. Incorporating temperature-dependent effective densities of 
states and incomplete ionization effects into device simulations is crucial for accurate prediction of carrier concentration, 
depletion widths, and current transport. From a design perspective, this understanding aids in optimizing high-power 
electronics, LEDs, HEMTs, and GaN-based optical photovoltaic converters, ensuring reliable operation across 77–400 K 
and supporting applications ranging from high-temperature operation to cryogenic devices such as sensors, quantum 
technologies, and low-noise photodetectors. 
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Figure 3. Temperature-dependent built-in potential of GaN p–n junctions: (a) classical model assuming complete dopant ionization; 
(b) effective model including temperature-dependent incomplete ionization of Mg, Zn, Be acceptors and Si, O, S donors 

Figure 3(a) presents the temperature dependence of the built-in potential 𝑉௕௜of a GaN p–n junction calculated using 
the classical expression, which assumes complete ionization of dopants. Under this assumption, 𝑉௕௜increases 
monotonically with temperature due to the ௞ಳ்௤  prefactor and the strong temperature dependence of the intrinsic carrier 
concentration 𝑛௜(𝑇). For the considered doping levels (𝑁஺ = 𝑁஽ = 5 × 10ଵ଻ cmିଷ), the classical model predicts 𝑉௕௜values of approximately 3.15 V at 77 K, decreasing slightly to ~3.05 V at 300 K and ~2.95 V at 400 K. This smooth 
variation reflects only intrinsic semiconductor properties and neglects the reduced electrical activity of deep dopants at 
low and intermediate temperatures. In contrast, Figure 3(b) illustrates the effective built-in potential 𝑉௕௜,ୣ୤୤obtained by 
explicitly accounting for incomplete dopant ionization through temperature-dependent ionized acceptor and donor 
concentrations. At low temperatures, the impact of incomplete ionization is pronounced, particularly for Mg-doped p-
type GaN with an activation energy of 160 meV. For example, at 77 K, 𝑉௕௜,ୣ୤୤   for the Mg–Si junction is reduced by more 
than 0.4–0.6 V relative to the classical prediction, corresponding to a reduction of ~15–20%. As the temperature increases, 
thermal activation progressively ionizes both acceptors and donors, leading to a gradual increase in 𝑉௕௜,ୣ୤୤. Above ~300 
K, the effective built-in potentials for all dopant combinations (Mg–Si, Zn–Si, Be–Si, and corresponding O and S donors) 
converge toward the classical 𝑉௕௜, with deviations below 5 % at 400 K. 

A clear hierarchy among acceptors is observed: Zn-doped GaN (120 meV) exhibits the highest 𝑉௕௜,ୣ୤୤at low 
temperatures, followed by Be (150 meV), while Mg shows the strongest suppression due to its deeper acceptor level. 
Donor choice (Si, O, S) introduces smaller variations (<0.1–0.15 V across the full temperature range), consistent with 
their relatively shallow activation energies (20–32 meV). These results demonstrate that p-type dopant activation 
dominates the deviation from the classical model in GaN p–n junctions. 

From a device-physics perspective, the reduced 𝑉௕௜,ୣ୤୤ at low temperatures implies wider depletion regions and lower 
junction capacitance than predicted by classical theory, directly affecting C–V characteristics, RF response, and carrier 
collection efficiency. This is particularly relevant for GaN-based optical photovoltaic converters (OPCs) and space or 
cryogenic applications, where devices may operate well below room temperature. The comparison between Figures 3(a) 
and 3(b) highlights the necessity of incorporating incomplete ionization in quantitative modeling of wide-bandgap 
devices. Future work should extend this framework to non-uniform doping profiles, polarization-induced charges in III-
nitride heterostructures, and high-field operation, as well as experimental validation through temperature-dependent C-V 
and I–V measurements. Such integrated modeling will be essential for predictive design of high-efficiency, radiation-hard 
GaN devices operating under extreme thermal conditions. 

Figure 4 illustrates the strong asymmetry between acceptor and donor ionization in GaN as a function of temperature 
and doping concentration. As shown in Fig. 4(a), deep acceptors (Mg, Zn, Be) exhibit severe incomplete ionization, 
particularly at low temperatures and high doping densities. Magnesium, with an activation energy of 160 meV, is the most 
affected: at 300 K and 𝑁஺ ∼ 10ଵ଻–10ଵ଼ cmିଷ, only ~10–15 % of Mg atoms are ionized, while below 50 K Mg is almost 
completely frozen out. Even at elevated temperatures (~400 K), full activation is not achieved, highlighting the intrinsic 
limitation of p-type GaN. Lower-activation-energy acceptors partially mitigate this effect; at 300 K, Zn (120 meV) and 
Be (150 meV) reach ionization fractions of ~75 % and ~65 %, respectively, demonstrating improved but still incomplete 
hole activation. In contrast, Fig. 4(b) shows that n-type donors in GaN are nearly fully ionized across the entire 
investigated temperature range. Silicon donors (20 meV) exhibit ~85 % ionization already at ~10 K and exceed 99 % 
ionization at room temperature, with oxygen (32 meV) and sulfur (30 meV) showing similarly high activation (>95 % at 
300 K). Donor ionization remains largely insensitive to both temperature and doping concentration, ensuring stable 
electron densities from cryogenic to high-temperature operation. These results confirm that incomplete ionization is the 
dominant limitation of p-type GaN and directly governs the built-in potential, depletion width, and capacitance–voltage 
behavior of GaN p–n junctions. For GaN-based optical photovoltaic converters and high-power devices, the reduced hole 
density due to incomplete Mg activation increases series resistance, degrades carrier collection, and reduces efficiency, 
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whereas the fully ionized n-type region ensures robust electron transport. Accurate inclusion of temperature- and 
concentration-dependent dopant ionization is therefore essential for realistic modeling and optimization of GaN devices 
operating over the 4–400 K range. 

 
Figure 4. Temperature- and concentration-dependent ionization probabilities of dopants in GaN. 

(a) Acceptor ionization probability 𝑃஺(𝑇)for Mg, Zn, and Be over 77–400 K and 10ଵସ–10ଵ଼ cm⁻³, (b) Donor ionization probability 𝑃஽(𝑇,𝑁஽)for Si, O, and S over the same temperature and concentration ranges. 

 
Figure 5. Temperature- and doping-dependent p–n junction capacitance of GaN: (a) classical model assuming full dopant ionization, 
and (b) effective model accounting for incomplete ionization of Mg acceptors and Si donors, highlighting reduced capacitance at 
low temperatures and high doping 

Temperature- and doping-dependent junction capacitance in GaN. Figure 5 illustrates the calculated p–n junction 
capacitance of GaN as a function of temperature (77–400 K) and doping concentration (10¹⁶–10¹⁸ cm⁻³). Figure 5(a) 
presents the classical capacitance assuming complete dopant ionization, while Figure 5(b) accounts for the incomplete 
ionization of Mg acceptors (EA = 160 meV) and Si donors (ED = 20 meV). In the classical model (Figure 5(a)), the 
capacitance increases monotonically with doping, reaching up to ~4.5 pF at the highest doping (NA = ND = 10¹⁸ cm⁻³). 
Temperature dependence is relatively weak, with Cp–n decreasing slightly at higher temperatures due to the increase in 
intrinsic carrier concentration and the logarithmic dependence of the built-in potential Vbi(T). Across the full temperature 
range, the variation in capacitance for mid-range doping (NA= ND = 10¹⁷ cm⁻³) is only ~5%, indicating negligible 
temperature sensitivity under full ionization assumptions. In contrast, the effective capacitance model (Figure 5(b)) shows 
a pronounced reduction at low temperatures due to incomplete ionization of Mg. For a typical p-type doping of 
5×10¹⁷ cm⁻³ and n-type doping of 5×10¹⁷ cm⁻³, the capacitance drops from ~3.2 pF at 400 K to ~1.5 pF at 77 K, 
highlighting a ~53% reduction caused by the freeze-out of acceptors. Donor ionization remains nearly complete across 
the temperature range, so the observed decrease is primarily driven by Mg acceptors. The impact of incomplete ionization 
is most significant at high doping levels (NA ≥ 10¹⁸ cm⁻³), where the capacitance reduction reaches ~60% at cryogenic 
temperatures. These results emphasize that classical capacitance models overestimate Cp–n at low temperatures, 
particularly for heavily Mg-doped p-type GaN. The effective model demonstrates that incomplete ionization must be 
incorporated to accurately predict junction behavior, especially for optical photovoltaic converters, high-power LEDs, 
and high-voltage GaN devices operating below room temperature. Overall, Figure 5 highlights the asymmetry between 
acceptor and donor ionization: n-type regions maintain robust capacitance due to nearly complete Si ionization, while p-
type regions exhibit strong temperature-dependent reductions in capacitance. This behavior directly impacts depletion 
width, junction voltage, and charge storage, reinforcing the necessity of including temperature- and dopant-dependent 
ionization effects in GaN device simulations. 
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CONCLUSIONS 
This study quantitatively demonstrates the critical impact of incomplete dopant ionization on the electrostatic and 

capacitance–voltage (C–V) characteristics of GaN p–n junctions using SCAPS-1D simulations. The analysis was carried 
out over doping concentrations ranging from 10¹⁵ to 10¹⁸ cm⁻³ and temperatures between 77 K and 400 K, incorporating 
both deep acceptors (Mg, Zn, Be) and shallow donors (Si, O, S). 

The results show that incomplete ionization of deep acceptors, particularly Mg with activation energies of 
approximately 120–160 meV, leads to significant carrier freeze-out at low temperatures. For a representative doping level 
of 5×10¹⁷ cm⁻³, the junction capacitance decreases from about 3.2 pF at 400 K to 1.5 pF at 77 K, corresponding to a 
reduction of approximately 53%. In more extreme cases, the overall reduction in capacitance can reach ~60% at cryogenic 
temperatures. This reduction is accompanied by a decrease in the built-in potential and an increase in the depletion width 
due to the reduced free-hole concentration. 

In contrast, n-type donors with lower activation energies (~20–32 meV) remain nearly fully ionized across the entire 
temperature range (77–400 K), showing minimal impact on carrier availability. The bandgap variation modeled using the 
Varshni relation exhibits strong agreement (R² = 0.9721), ensuring accurate temperature-dependent simulation results. 

Importantly, conventional models that neglect incomplete ionization significantly overestimate junction capacitance, 
particularly in heavily Mg-doped structures (≥10¹⁷ cm⁻³). This leads to inaccuracies in predicting device performance, 
especially for applications operating under low-temperature or high-radiation conditions. 

Although the study is limited to a one-dimensional SCAPS-1D framework, it captures the essential physical trends 
and provides reliable insight into the role of dopant ionization. The findings clearly indicate that incorporating 
temperature- and doping-dependent ionization effects is essential for accurate modeling and optimization of GaN-based 
optical photovoltaic converters, which have demonstrated efficiencies up to 79.6% at 10 W/cm², as well as for high-power 
and radiation-resilient electronic devices operating across extreme environments. 
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Неповна іонізація домішок у напівпровідниках із широкою забороненою зоною відіграє критичну роль у визначенні 
концентрації носіїв заряду, електростатичних властивостей і загальної продуктивності пристроїв; однак її вплив на p–n 
переходи GaN для оптичних фотовольтаїчних перетворювачів (OPC) залишається недостатньо вивченим. У цій роботі 
використано моделювання SCAPS-1D для систематичного дослідження p–n переходів GaN із трьома p-типовими акцепторами 
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(Mg, Zn, Be) і трьома n-типовими донорами (Si, O, S) у діапазоні концентрацій легування 10¹⁵–10¹⁸ см⁻³ і температур від 77 K 
до 400 K. Температурна залежність ширини забороненої зони описується за допомогою співвідношення Варшні (R² = 0,9721), 
тоді як іонізація домішок моделюється як функція температури та рівня легування для врахування її впливу на розподіл носіїв, 
вбудований потенціал і вольт-фарадні (C–V) характеристики. Результати демонструють суттєве зменшення ємності переходу 
за нижчих температур через неповну іонізацію акцепторів. Для характерного рівня легування 5×10¹⁷ см⁻³ ємність зменшується 
приблизно з 3,2 пФ при 400 K до 1,5 пФ при 77 K (≈53% зниження), що переважно зумовлено частковою іонізацією акцепторів 
Mg, тоді як донорні домішки залишаються майже повністю іонізованими. Ці результати показують, що традиційні моделі, які 
ігнорують неповну іонізацію, суттєво переоцінюють ємність переходу за низьких температур. Хоча аналіз базується на 
одновимірній моделі, він надає фізично узгоджене розуміння ролі глибоких домішкових рівнів і закладає основу для майбутніх 
багатовимірних TCAD-досліджень. Це дослідження підкреслює необхідність урахування ефектів неповної іонізації під час 
проєктування та оптимізації високоефективних, стійких до радіації OPC на основі GaN, що працюють в екстремальних 
умовах. 
Ключові слова: GaN; іонізація домішок; неповна іонізація; оптичні фотовольтаїчні перетворювачі (OPC); температурно-
залежна активація носіїв; вольт-фарадні характеристики; вбудований потенціал; широкозонні напівпровідники (WBG); 
радіочастотні характеристики 
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Evaluating the structural, optoelectronic, and photovoltaic performance of the Cu₂SnS₃ compound is essential for the development of 
materials for solar energy. This ternary chalcogenide semiconductor stands out for its strong potential in photovoltaic applications, 
thanks to its broad light-absorbing range and chemical stability. In this paper, we have examined the structural and optoelectronic 
properties of copper-based ternary semiconductors, specifically those in the Cu₂SnS₃ compound, and their effectiveness in photovoltaic 
applications. Since there is significant variation in previous studies on the band gap values (0.65-1.35 eV), an attempt was made to find 
an appropriate approximation for studying this type of compound. The structural properties were investigated using both the Perdew-
Burke-Ernzerhof (PBE) form of the generalized gradient approximation (GGA) and the local density approximation (LDA), allowing 
a comparative assessment of the effects of different exchange-correlation functionals on the material’s structure. Given the important 
influence that Cu delectrons play in determining their electronic properties, as shown by the results obtained when using different 
exchange correlation energy functionals. The combined function of the Becke-Johnson potential, modified by Tran and Blaha, and the 
Hubbard potential (TB-mBJ+U) was employed to systematically optimize the calculated anion displacement. The calculations yielded 
the band gap values. The semiconductor quasiparticle is 0.7 eV in the monoclinic structure (m-CTS; SG: Cc), and that of the 
orthorhombic structure (gold-CTS; SG: Imm2) is 0.73 eV, which is largely consistent with experimental values. The study of optical 
properties, including the dielectric function, also revealed the reflectance, absorption coefficient, and refractive index of the Cu₂SnS₃ 
compound in its two phases. The latter is considered a promising candidate in optoelectronic applications. To verify this, we used the 
SCAPS program, and the results were good. When this compound is used as an absorbent layer in a photovoltaic cell, the current 
density (Jsc) increases, peaking at a thickness of 800 nm. 
Keywords: Cu2SnS3; FP-LAPW; LDA; TB-mBJ+U; Photovoltaic cells 
PACS: 73.50.-h, 73.50.Pz 

1. INTRODUCTION
Semiconductors are attracting considerable interest due to their strong potential in photovoltaic applications, 

particularly for thin-film solar cells [1-3]. Among them, the chalcogenide family, especially copper chalcogenides and copper 
tin sulfide (CTS), is attracting increasing attention for their use in this type of device [4,5]. The preparation of these materials 
as colloidal inks can enable low-cost manufacturing via solution-based printing and coating processes [6, 7]. 

Due to the scarcity and rising prices of indium and gallium, there is interest in alternative chalcogenide 
semiconductors Cu₂ZnSnSe₄ (CZTSe) and Cu₂ZnSnS₄ (CZTS) [8,9]. The later solar panels have a relatively optimal 
efficiency of about 14% [10,11]. In practice, one could reduce the synthesis cost by incorporating tin and zinc at indium 
and gallium sites, respectively, in the CZTSe quaternary system. These later systems have very attractive applications as 
near-infrared devices [12], efficient Li-ion batteries [13,14], thermoelectric materials [15], and acousto-optic 
instrumentation. The CTSe compound is regarded as a promising material for solar panels, with a direct optical gap 
measured at 1.1-1.5 eV [16]. Several simple ternary systems exist, such as Cu₂SnSe₃, an example of a current low-cost 
solar cell. [17,18]. Cu₂SnSe₃ (CTSe) is a p-type semiconductor with an absorption coefficient greater than 104 cm-1 and 
a direct band gap between 0.8 and 1.1 eV. [19,20]. Compared to other solar cells, those based on CZTS (Cu₂ZnSnS₄) 
have achieved a maximum photovoltaic conversion efficiency of 12.6%. [21]. The CTS (Cu₂SnS₃) is a semiconductor 
interlayer compound that can be doped with zinc for the synthesis of CZTS (Cu₂ZnSnS₄). [22, 23]. CTS nanocrystals 
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(NC) can themselves serve as absorbers for thin-film photovoltaic systems. [24] Therefore, the CTS system is composed 
of non-toxic, naturally abundant elements and is economically viable [25, 26]. Therefore, based on the latter 
considerations, this material is particularly relevant, both for its elaboration process and its attractive applications, such 
as solar panel technologies and precise optoelectronic devices. [27]. Actually, more research is focused on studying 
different absorber materials that exhibit excellent environmental performance and high-efficiency conversion 
panels [28,29]. Furthermore, the Cu₂SnS₃ (CTS) technology is a viable option, as it is composed of abundant, non-toxic 
elements. [30]. In the Cu-Sn-Se system, most research has been conducted on the ternary semiconductor Cu₂SnSe₃ [31]. 
The Cu₂SnSe₃ compound formed has a congruent melting point of 963 K [32] or 968 K [33]. 

Cu₂SnS₃ (CTS) remains one of the most promising ternary photo absorbing compounds [34, 35]. Because of its 
wide band gap and high optical absorption coefficient in the visible spectrum, it is a very attractive material for thin-film 
PV applications [36, 37]. The first PV device using the CTS compound as an absorber material was developed by T. A. 
Kuku and O. A. Fakolujo [38], with an efficiency of 0.11%. Since then, research on this material has almost stagnated, 
until a cell with an efficiency of 2.84% was reported by Koike et al. [39]. Studies conducted by Umehara et al. [40] have 
shown that it is possible to improve the efficiency of the CTS cell to 6.0% by doping it with germanium (Ge) using a 
Cu₂Sn₀.₈₃Ge₀.₁₇S₃ composition. CTS is a ternary semiconductor belonging to the I-IV-VI group [34]. It is a polymorphic 
material that crystallizes in various systems, namely cubic (F4-3m) with a=b=c=5.696Å [41], tetragonal I4-2d with 
a=b=5.689Å and c=11.370Å [42], monoclinic C1c1 with a=6.967Å, b=12.049Å, and c=6.945Å [31], and monoclinic 
superstructure C1c1 with a=6.961Å, b=12.043Å, and c=26.481Å [32].A hexagonal structure of CTS was reported by 
Wu et al. [43]. However, to date, no other study has reproduced this structure. Some rare research has been conducted on 
the synthesis of CTS with a triclinic phase. [44,45], and no detailed crystallographic description of this structure has been 
provided. Thus, the Cu₂SnS₃ compound exists in cubic, tetragonal, and monoclinic structures [34]. Furthermore, with the 
identification of copper-rich phases such as Cu₃SnS₄, Cu₄SnS₄, and Cu₂S, we obtain an increase in the conductivity of 
these materials. [46]. Robles et al. [47] demonstrate that the resistivity of CTS has been increased from 2.10-3Ω.cm to 
5.10-3Ω.cm. Bodeux et al. [48] indicated that the variation in component content had an influence on the increase in CTS 
conductivity. They noted an increase from 0.1 S cm⁻¹ to 0.8 S cm⁻¹ for a Cu/Sn ratio that increased from 1.9 to 2.2. Thus, 
it is clear that the presence of secondary phases modifies the optical and electrical properties of the CTS compound and 
consequently affects the conversion efficiency of PV solar cells. 

The thermodynamic study of CTS formation reveals that tetragonal and monoclinic structures form at relatively low 
temperatures (<750°C), whereas the cubic structure forms at higher temperatures (>750°C) [35]. Furthermore, cubic-
structured CTS can also be produced experimentally at low temperatures using chemical synthesis methods by optimizing 
the experimental conditions [49]. Theoretically, calculations of the electronic density of states have all shown that CTS 
offers a direct optical aperture with theoretical values ranging from 0.84 eV to 0.88 eV [50, 51], while experimentally, 
the different optical gap values reported in the literature are in an extremely large range, from 0.83 to 1.77 eV [38,46,52], 
which are desirable values for PV applications. This compound also exhibits a strong optical absorption coefficient, with 
values reaching up to 105cm-1[36, 52]. 

The originality of this study lies in the evaluation of the structural and optoelectronic properties of the Cu₂SnS₃ 
compound in both monoclinic (Cc) and orthorhombic (Imm2) structures using DFT and four approaches: LDA, GGA, 
GGA + U, and (TB-mBJ+U). Solar cell modeling based on CTS was performed using the 1-dimensional solar cell 
capacitance software (SCAPS-1D) to achieve optimal electrical conversion efficiency. The models studied take into 
account the influence of the thickness of the absorber coating on the behavior of the back contact, the effect of different 
parameters such as the thickness and concentration of doping of the various layers, as well as the design of a new Cu₂SnS₃ 
(CTS) based solar cell with a promising efficiency. 

  
2. COMPUTATIONAL DETAILS 

2.1 First-principle calculation of Cu2SnS3 
Ab initio calculations were performed using the Full-Potential Linearized Augmented Plane Wave (FP-LAPW) 

method [53], as implemented in the Wien2k code [54], within the density functional theory (DFT) formalism [55]. To 
accurately model the structural and electronic properties of the Cu₂SnS₃-Cc and Cu₂SnS₃-Imm2 phases, we adopted both 
the generalized gradient approximation (GGA) according to the Perdew-Burke-Ernzerhof (PBE) formalism [56] and the 
local density approximation (LDA) [57]. To improve the accuracy of describing band gaps and electronic correlation 
effects, particularly in d orbitals, the modified Tran-Blaha exchange potential (TB-mBJ) was combined with a Hubbard 
(U) correction (TB-mBJ + U), thereby providing a more accurate representation of electronic interactions in these 
complex compounds. [58, 59] for all cited systems. In the FP-LAPW method, the Kohn and Sham wave functions are 
developed in terms of spherical harmonics within the MT spheres for a maximum value of lmax=10. 

The muffin-tin sphere radii (Rmt) for Cu₂SnS₃-Cc of the Cu, Sn, and S atoms are 2.26 u.a., 2.14 u.a., and 1.95 u.a., 
respectively; for Cu₂SnS₃-Imm2, they are 2.24 u.a., 2.16 u.a., and 1.85 u.a. The size of basis sets was controlled by the 
parameter RMT. Kmax (where Kmax is the maximum modulus for the reciprocal lattice vector), we have extended the 
basis function to RMT in our computations. Kmax is equal to 8. The number of k-points in the whole Brillouin zone was 
chosen as 250 for both systems to converge the total energy, with a mesh of 13×11×13 for the Cu₂SnS₃-Ccand and 
11×9×11 for the Cu₂SnS₃-Imm2 compound. The optical properties of both compounds are calculated using a 1000 k-
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point mesh in the irreducible Brillouin zone. The self-consistent iterations are repeated until the convergence energy is 
less than or equal to 10⁻⁴ Ry. 

2.2 SCAPS-1D numerical simulation 
To design one-dimensional solar cells, we use SCAPS (Solar Cell Capacitance Simulator), a numerical modeling 

tool provided by the Electronics and Information Systems (ELIS) department at Ghent University, Belgium [60, 61]. 
Therefore, the software can easily simulate various energy conversion factors, including power conversion efficiency 
(PCE), fill factor (FF), energy gap (Eg), short-circuit current density (Jsc), quantum efficiency (QE), and current-voltage 
characteristics (J-V) [62]. 

Most studies of semiconductor devices are based on the simultaneous solution of Poisson's equation and the 
continuity equation. It calculates the concentrations of electrons and holes, as well as the value of the electrostatic 
potential, at every moment and at every point in space using a sequence of finite elements. The relationship between 
potential and carrier density is expressed by Poisson's equation. [63]: ∆V = ି ௤ℰ ሺ𝑁ௗ − 𝑁௔ + 𝑝 − 𝑛ሻ (1)

where V is the potential, q is the elementary charge of electrons, Nd and Na are the concentrations of ionized donor and 
acceptor dopants. n and p are the carrier densities. The equations of continuity define the variations in charge density 
(electrons, holes) and are formulated by the following equations [64]: డ௡డ௧ = 𝐺௡ − ∆௡ఛ೙ + 𝜇௡ ቀ𝜉 డ௡డ௫ + 𝑛 డకడ௫ቁ + 𝐷௡ డమ௡డమ௫, (2)

డ௣డ௧ = 𝐺௣ − ∆௣ఛ೛ + 𝜇௣ ቀ𝜉 డ௣డ௫ + 𝑝 డకడ௫ቁ + 𝐷௣ డమ௣డమ௫, (3)

where n and p are the concentrations of electrons and holes, Gn and Gp are the electron and hole generation rates, and τn 
and τp are the electron and hole recombination rates, which themselves have complex expressions related in particular to 
illumination. The charge carriers can be moved by the presence of both an electric field and a concentration gradient. 
Under the influence of an electric field, a current called drift current (or conduction current) is generated. This current is 
proportional to the electric field and defined by the following relationship [65]. 𝐽௡ሺ𝑥ሻ = 𝑞𝜇௡𝑛𝐸ሺ𝑥ሻ +  𝑞𝐷௡ ௗ௡(௫)ௗ௫ , (4) 𝐽௣(𝑥) = 𝑞𝜇௣𝑝𝐸(𝑥) +  𝑞𝐷௣ ௗ௣(௫)ௗ௫ . (5) 

Here n and p are the concentrations of electrons and holes, Jn(x) and Jp(x) are the electron and hole current densities, 
where E(x) is the electric field and μn and μp are the mobilities of electrons and holes, respectively. 

3. RESULTS AND DISCUSSIONS
3.1 Structural properties 

In this study, the crystal structure of the Cu₂SnS₃ compound belongs to the orthorhombic space group (Cc) or 
monoclinic space group (Imm2), as shown in Figures 1a and 1b. In the unit cell of the CTS compound with the structure, 
the Cu⁺ and Sn⁴⁺ cations occupy distinct sites in the crystal lattice, while the S²⁻ anions provide the bond between these 
tetrahedral units. This phase is less common than the monoclinic and cubic phases, whereas in monoclinic CTS, Cu and 
Sn atoms completely occupy the two separate tetrahedral sites in an orderly manner at the cation positions and do not 
share the same atomic positions and are distorted with different M-S distances. 

Figure 1. The crystal structure of Cu2SnS3 compounds: (a): Monoclinic with Cc symmetry, (b): Orthorhombic with Imm2 symmetry 
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In the current structural optimization, we aim to determine the ground state of our compound, which was initially 
required. More than a hundred iterations of the process were done until the total energy calculation converged. The 
parameters of the network at equilibrium are calculated by adjusting the total energy of the volume using Murnaghan's 
empirical formula [66], following the well-known relationship: 

 𝐸(𝑉) = 𝐸଴ + ቂ ஻బ௏஻ᇲ(஻ᇲିଵ)ቃ . ቈ𝐵ᇱ ቀ1 − ௏బ௏ ቁ + ቀ௏బ௏ ቁ஻ᇲ − 1቉, (6) 

where B and B' denote the compression modulus and its derivative, respectively. V0 is the volume of the ground state. 
The modulus of compressibility (B) and its derivative (B0′) are defined by: 

 𝐵଴ = 𝑉 ቀడమாడ௏మቁ, (7) 

 𝑘 = డ஻డ௉. (8) 

1450 1500 1550 1600 1650 1700 1750 1800 1850

-42747.25

-42747.24

-42747.23

-42747.22

-42747.21

-42747.20

-42747.19

-42747.18

En
er

gi
e 

E(
R

y)
. 

Volume (V, in bohr3)

  Cu2SnS3- Cc (a)

 

740 760 780 800 820 840 860 880 900 920
-21345.65

-21345.64

-21345.63

-21345.62

-21345.61

-21345.60

-21345.59

(d)

volume V (a.u)3 

En
er

gi
e(

R
y)

 Cu2SnS3- Imm2

 
Figure 2. Volume optimization of Cu₂SnS₃-Cc was performed using (a) GGA-PBE and (b) LDA, while Cu₂SnS₃-Imm2 was 

optimized using (c) GGA-PBE and (d) LDA approximations 

As illustrated in Figures 2a, b, c, and d, the predicted variation of the total energy versus the cell volume for Cu₂SnS₃-
Cc and Cu₂SnS₃-Imm2 using both well-known exchange and correlation LDA and GGA-PBE functionals. All the 
obtained results, such as (lattice constants a, bulk modulus B, and its derivative B’), are obtained using the plane wave 
method and the pseudo potentials are summarized in the Table. 1. One could observe easily that the obtained results 
according to the GGA functional are the closest ones with an excellent correlation to the experimental counterpart [67-69].  
Table 1. Calculated lattices constants (a, b, c) in (Å), bulk modulus B (GPa), the derivative and β (Deg), of Cu2SnS3-Cc and 
Cu2SnS3-Imm2 

 a(Å) b(Å) c(Å) B (GPa) B ′ β (Deg) 
Cu2SnS3-Cc 

LDA 6.59* 11.41* 6.62* 90.67* 4.94* 111.07* 
GGA 6.70* 11.67* 6.73* 68.70* 4.85* 109.37* 

Other Calcul 
6.65a, 
6.654b 
6.653c 
6.71d 

11.54a, 
11.534b 
11.536c 
11.620d 

6.67a, 
6.654b 
6.665c 
6.74d 

- 
- 
- 
- 

- 
- 
- 
- 

109.39a, c, 
109.67d 

- 

- 
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 a(Å) b(Å) c(Å) B (GPa) B ′ β (Deg) 
Cu2SnS3-Cc 

6.079e 6.741e - - - 
 Cu2SnS3-Imm2 
LDA 3.76* 5.18* 11.24* 91.48* 5.52* - 
GGA 3.91* 5.42* 11.65 71.46* 4.47* - 
Other Calcul 3.92d 

3.923e 
5.43d 
5.428 e 

11.61d 
11.612e 

- 
- 

- 
- 

- 
- 

*Present calculations, aRef [67] Experimental (photoreflectance spectroscopy (PR), bRef [68] Experimental, cRef [69] X-ray diffraction 
method, dRef [50] PBE-GGA and TB-mBJ approximations, eRef [70] TB-mBJ approach and Hubbard potential. 

The comparative study is well elucidated in the Table. 1 of the obtained results enables us to employ the PBE-GGA 
approximation as the practical potential, based on rigorous crystallographic atomic positions, thereby providing our study 
with an accurate electronic band-gap configuration. 
 

3.2 Electronic properties 
3.2.1 Band structure 

Based on equilibrium structural parameters for the Cu₂SnS₃-Cc and Cu₂SnS₃-Imm2 structures, we investigate the 
electronic characteristics of Cu₂SnS₃ compounds. We use the modified Becke Johnson potential (mBJ), the Hubbard 
formalism (U), and the generalized gradient approximation (PBE-GGA). The Fermi level is referenced at 0 eV. We 
compute the band structures for our compounds along the directions of symmetry in the first zone of Brillouin (ZB). 

 

 

 
Figure 3. The band structures of Cu₂SnS₃ in the Cc phase (left panel) were computed using: 

(a) PBE-GGA, (c) Hubbard correction, and (e) TB-mBJ+U, while those of Cu₂SnS₃ in the Imm2 phase (right panel) were obtained 
using: (b) PBE-GGA, (d) Hubbard correction, and (f) TB-mBJ+U 

Initially, we employed the GGA approximation to calculate the band gap, which revealed that the CTS material is a 
metal, as illustrated in Figs. 3(a) and 3 (b). We note a gap of 0.086 eV for Cu₂SnS₃-Cc-Cc and 0 eV for Cu₂SnS₃-Imm2 
at the high symmetry point Γ. By comparing our results with the experimental value of 0.92 eV for the monoclinic phase 
[71, 72], we note a significant discrepancy. For the d-type orbital correction on Cu atoms, we employed the TB-mBJ + U 
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approximation [73], which accounts for the overlap involving the Cu 3d orbitals that constitute the top of the valence 
band." To determine the correct Ud (Cu) value, we conducted a series of tests, as shown in Table 2, and recorded the 
resulting values. Through these tests, we established that Ud (Cu) = 6 eV is the appropriate value to correct this situation. 
Table 2 Band gap calculation of Cu2SnS3 

Compound 
Energy gap Eg (eV) 

GGA Hubbard TB-mbj +U Other Calaculations Ud=0 Ud=2 Ud=4 Ud=6 Ud=0 Ud=2 Ud=4 Ud=6 
Cu2SnS3-Cc 0.086 0.086 0.13 0.19 0.26 0.29 0.36 0.52 0.70 0.70[70] ,0.88[74] 0.95[75] 
Cu2SnS3-Imm2 0 - - - 0. 065 - - - 0.73  0.60[70] 

The obtained electronic band structures of Cu₂SnS₃-Cc and Cu₂SnS₃-Imm2 structures are shown in Fig. 3 (c, d, e, 
and f). It is clear that both compounds exhibit p-type semiconductors with direct band gaps (Γ–Γ) of 0.70 eV for Cu₂SnS₃-
Cc and 0.732 eV for Cu₂SnS₃-Imm2. The results obtained are consistent with previously reported experimental values. 
The band gap, as determined by the various approximations employed in this section, is summarized in Table 2. 
 

3.2.2 Density of state 
To elucidate the orbital hybridization mechanisms in CTS alloys and clarify the contributions of different atomic 

states to the electronic band structures, the predicted total density of states (TDOS) and partial density of states (PDOS) 
were calculated and are shown in Figs. (4a) and (4b), respectively. The Fermi level (EF) was arbitrarily set at 0 eV to 
serve as an energy reference. We note that there is a similarity in density of states to monoclinic and orthorhombic 
structures of Cu₂SnS₃, where we find that the energy region between [-14, -6] eV. 
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Figure 4. The density of states (DOS) partial and total of Cu2SnS3-Cc and Cu2SnS3-Imm2 using (GGA-PBE) 

The electronic states corresponding to the s and p orbitals of the Sn atom, as well as the s orbitals of the S atom, are 
confined to an energy band located approximately between -14 eV and -6 eV. The failure of the PBE-GGA approximation 
to calculate the band gap is further exacerbated by the observation that the conduction band around the Fermi level is 
primarily composed of Cu (d) with a minor contribution from the p states of (Sn) and (S). The d states of Cu predominate 
at the maximum of the valence band. 

The energy region [0,14] eV is characterized by the significant contribution of the p of (Sn) and the small 
contribution of the p of (S), which resulted in a gap of 0.7 and 0.73 electron-volts for Cu₂SnS₃-Cc and Cu₂SnS₃-Imm2, 
respectively. Eventually, the Cu₂SnS₃ compound exhibits semiconductor behavior; this property likely makes it a 
promising candidate for various applications. 
 

3.3 Optical Properties 
The optical properties of solids for the complete range of photon energies can be characterized as the complex 

dielectric function, defined by the following formula [76]:  

 𝜀(𝜔) = 𝜀ଵ(𝜔) + 𝑖𝜀ଶ(𝜔). (9) 
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The imaginary component ε₂(ω) of the dielectric function, at a given angular frequency ω, is determined from the 
sum of the contributions of all possible electronic transitions between occupied and unoccupied states. It is expressed by 
the following relation: [77, 78]:  

 𝜀ଶ(𝜔) = ଼ଷగఠమ ∑ ห𝑃௜ఫሶ(𝑘)หଶ׬ ௗௌೖ∇ఠ೔ೕ(௞)௜ఫሶ , (10) 

Where 𝑃௜ఫሶ(𝑘) represent the components of the dipole moment matrix between |𝑛𝑘〉and |𝑛ሶ𝑘〉 
The indices i and j represent the initial and final states of the system, respectively, and are used to identify the 

configurations before and after the transition in question. Indeed, the real part of the dielectric function is given by the 
Kramers-Kronig and can be expressed as [78, 79]: 

 𝜀ଵ(𝜔) = 1 + ଶగ 𝑃 ׬ ఌమ൫ఠᇲ൯ఠᇲௗఠᇲఠᇲమିఠమஶ଴ , (11) 

where P the principal part of the Cauchy integral and ω is the frequency. It is possible to use the complex dielectric tensor 
to calculate various optical constants, such as the refraction coefficient 𝑛(𝑘) and the extinction coefficient 𝑘(𝜔) which 
are given by the equation: 

 𝑛(ω) =  ଵ√ଶ [(𝜀ଵଶ(ω) + 𝜀ଶଶ(ω) )భమ + 𝜀ଵ(𝜔) ]ଵ/ଶ, (12) 

 𝐾(ω) =  ଵ√ଶ [(𝜀ଵଶ(ω) + 𝜀ଶଶ(ω) )భమ −  𝜀ଵ(𝜔) ]ଵ/ଶ. (13) 

Other very interesting optical grades that can be deduced from the complex index are the reflection coefficient R 
and the absorption coefficient 𝛼(ω), which can be expressed by [80] 

 Re σ(𝜔) =  ன ସ஠ Im ε(ω), (14) 

 α(𝜔) ସగ ஛ k(ω). (15) 

Studying the optical properties of materials allows us to know the way they interact with light as well as their 
electrical structure in order to know the possibility of their application in the field of optoelectronic applications. In this 
section, we will investigate the optical properties of the compound Cu2SnS₃ in its various phases, focusing on key 
parameters such as the absorption coefficient and refractive index. This analysis aims to describe electronic transitions 
and vibrations, particularly in the visible, ultraviolet, and infrared regions. 
 

3.3.1 Dielectric function 
For Cu₂SnS₃ in both the Cc (red curve) and Imm2 (blue curve) crystal phases, Fig. 5(a) shows the real component 

of the dielectric function, ε₁(ω), and Fig. 5(b) the imaginary part, ε₂(ω). The material's dispersion and polarization 
behavior can be inferred from the ε₁(ω) spectrum. Both phases exhibit positive ε₁(ω) values in the visible and near-
infrared regions (up to ~3.3 eV), which is favorable for optoelectronic applications, as it indicates low absorption and 
strong dielectric transparency. In the Cc phase, we observe a sharp peak at approximately 5 eV, which can be attributed 
to the increased polarization of the UV spectrum. However, at high photon energy, where it exceeds 8 eV, the values 
become negative, and this compound has a reflective property similar to metals. 
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Figure 5. Dielectric function: Real part (a) and Imaginary part (b) of Cu2SnS3 in the Cc and Imm2 phases calculated 
using the TB-mBJ+U method 
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As for the optical absorption properties related to interband electronic transitions, they are visualized by the ε₂(ω) 
spectrum in Fig. 5(b). There is a great similarity between the spectra in the two phases, with the ε₂(ω) values of the Imm2 
phase usually appearing at slightly larger values. The onset of absorption (first non-zero ε₂ values) occurs at about 1 eV, 
which means a comparable band gap. It also includes many peaks between 3 and 8 eV, indicating excellent absorption 
properties in the UV spectrum, which means more effective absorption of photons. This feature allows use in the field of 
photocatalysis and photovoltaic applications. 

Ultimately, it can be said that the Cu2SnS₃ compound is a good absorber of UV-visible, as both phases exhibit 
unique dielectric responses. These discoveries open up new possibilities for designing materials with adjustable optical 
properties that can be utilized in optoelectronic devices and solar energy conversion applications. 
 

3.3.2 Absorption coefficient, reflectivity, refraxion and extinction index 
The absorption coefficient enables us to describe a material's ability to absorb incident photons, thereby evaluating 

its performance in optoelectronic and photovoltaic applications. The optical absorption coefficient of Cu₂SnS₃ for the Cc 
(red curve) and Imm2 (blue curve) crystal structures is shown in Fig. 6 (a) as a function of photon energy. As the photon 
energy moves into the visible and ultraviolet (UV) ranges, both phases show a dramatic rise in absorption, which is 
negligible in the near-infrared region (below ~1.5 eV).  
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Figure 6. Absorption coefficient (a), reflectivity (b) and  refraxion(c)  of Cu2SnS3-Cc and Cu2SnS3-Imm2 using TB-mBJ+U 

There is a comparable band gap, as evidenced by the onset of absorption at 1 eV. Both structures also show 
significant absorption accompanied by prominent peaks in the UV region, reaching limit values above 10⁵ cm⁻¹. This 
suggests that there are numerous permitted electronic transitions. In the region of 8–11 eV, the Cc phase exhibits 
somewhat greater absorption values compared to the Imm2 phase, indicating a stronger interaction with high-energy 
photons. 
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Optical reflectivity indicates the amount of incident light reflected from the surface of a material. It is an important 
metric for applications such as sensors, photovoltaics, and optical coatings. We plotted the optical reflectivity of Cu₂SnS₃ 
in the Cc (red line) and Imm2 (blue line) phases against photon energy in Fig. 6 (b). Both phases show comparatively low 
reflectivity, typically below 0.2, in the visible and near-infrared ranges (0–3.3 eV), suggesting that the majority of incident 
light in this range is either absorbed or transmitted. This is a beneficial characteristic for light-harvesting devices such as 
solar cells. Reflectivity rises and exhibits multiple noticeable oscillations that correspond to interband transitions as 
photon energy increases into the ultraviolet (UV) range. The Imm2 phase shows somewhat higher and more variable 
reflectance values in the UV spectrum, especially between 5 and 8 eV, due to its unique electronic band structure. As for 
the Cc phase, the reflectivity remains relatively smoother. 

The graph with the sign 6 (c) expresses the change in the refractive index value of the Cu₂SnS₃ compound in its 
Cu₂SnS₃-Cc and Cu₂SnS₃-Imm2 phases across the spectra of visible light, ultraviolet, and near-infrared light spectrums. 
Both phases exhibit comparable and consistent refractive indices (1.8-2.1) in the near infrared. The index rises for both 
in the visible zone. The refractive index exhibits more intricate behavior in the UV spectrum, with peaks and valleys that 
correspond to different electronic transitions. Interestingly, Cu₂SnS₃-Cc typically exhibits sharper features and 
significantly higher indices in the 3.0-6.0 eV range, indicating variations in its optical sensitivity to higher-energy photons. 

3.4 Numerical device modelling 
The one-dimensional software SCAPS-1D allows the modeling of any photovoltaic structure using the materials 

listed in its data files, while offering the possibility of modifying various parameters, such as layer thickness, surface area, 
and doping level. This simulator relies on an iterative and self-consistent numerical solution of a system of coupled 
differential equations, including Poisson and continuity equations for majority and minority carriers (electrons and holes), 
in order to predict the electrical behavior and performance of photovoltaic devices [81].  

The structure analyzed is a planar configuration shown in Fig. 7, consisting of an n-type indium gallium zinc oxide 
(IGZO) layer, which serves as both the electron transport layer (ETL) and the front contact (anode). It also incorporates 
p-type material (CuSnS3), used as an absorbing material, as well as different materials placed as p-type layers that act as
hole transport material (HTL) to the gold (Au) metal electrode, such as Cu2O, which is known for its wide bandgap,
giving it transparency in the visible spectrum. P3HT is an organic conductor sensitive to visible light. DPBTTT-14 is
commonly used as a hole transport material (HTM) due to its superior electrical conductivity and high charge carrier
mobility.

The studied structure is a planar structure with the configuration FTO/CuSnS3/HTL, as shown in Fig 7. The 
simulation was performed under standard conditions, with lighting of 1000 W/m² at 300 K and an air mass of AM 1.5G. 
The simulation was performed using parameters specific to each material purposes are listed in Table 3. 

Figure 7. Architecture of the primary p-i-n type perovskite solar cell device 

Table 3. The parameters for each material were used for simulation. 

Parameters FTO [76] IGZO [77] Cu2SnS3 Cu2O [78] D-PBTTT-14 [78] P3HT [79] 
Eg (eV) 3.5 3.05 0.88  2.17 2.16 2
χ, (eV) 4 4.16 3.9 - 4.3 3.2 3.2 3.2 
Ɛ 9 10 10-20 7.11 10 3
Nc (cm-3) 2.2×1018 5×1018 2.2×1018 2.02×1017 2.8×10 19 10 20

Nv (cm-3) 1.8×1019 5×1018 2.9×1018 1.1×1019 2.5×10 21 10 20

μn (cm2 V-1 s-1) 20 15 101 - 103 200 10 -4 10 -4
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Parameters FTO [76] IGZO [77] Cu2SnS3 Cu2O [78] D-PBTTT-14 [78] P3HT [79] 
μh (cm2 V-1 s-1) 10 0.1 10 - 100 80 10 -4 10 -4 
ND (cm-3) 2×1019 10 18 1016 - 1019 0.0 0.0 0.0 
NA (cm-3) 0.0 0.0 10 18 - 10 20 10 18 10 18 10 16 
Nt(cm-3) 10 15 2.0×10 15 1014 10 14 10 14 10 15 

 
3.4.1 Influence of ETL materials 

We modified the hole transport layer (HTL) in this cell and analyzed the impact of different hole transport materials 
on the current-voltage (JV) properties using IGZO as the electron transport layer (ETL). Show Table 4. According to these 
results, PSCs with a Cu2O HTL have the best energy conversion efficiency (PCE). Thedifferenceof bandgap between 
perovskite and the Cu₂O layer is significant; however, it is possible to achieve high conversion efficiency (PCE) through 
effective contact between the active layer and the metal electrode. 
Table 4. Comparative analysis of hole transport materials in structures incorporating IGZO as the ETL layer. 

 Cu2O P3HT D-PBTTT-14 
Voc (V) 0.833 0.824 0.831 
Jsc (mA/cm2) 49.44 94,44 49,44 
FF (%) 84.40 79 .05 84.36 
PCE (%) 34.79 32 ,21 34.68 

 
3.4.2 Influence of absorbing layer thickness 

The absorber layer plays a crucial role in the cell's performance  [82]. To achieve this role, we will vary the absorber 
layer thickness from 100 nm to 800 nm. The simulation results are shown in Fig. 8. We can see that the variation in the 
thickness of the CuSnS₃ affects all the parameters of the cell. The current density Jsc increases with the increase in the 
thickness of the absorber (CuSnS₃), which is due to the latter's high absorption coefficient. For the others, an increase in 
the form factor, especially for Cu₂O, justifies the latter as a candidate promoter in this device. This simulation study, 
therefore, confirms that the film must have an optimal thickness of 800 nm. This demonstrates that perovskite is a material 
capable of achieving better light absorption and higher efficiency, even with thicknesses of a few hundred nanometers. 

 

 
Figure 8. Variation of photovoltaic parameters as a function of the thickness of Cu2SnS3: a) Conversion efficiency (PCE), b) Fill 

factor (FF), c) Open-circuit voltage (Voc), and d) Short-circuit current density (Jsc) 
 

3.4.3 Effect of Doping on Various Device Components 
Doping plays a crucial role in the performance variations of solar cells, as it directly influences the electrical 

properties of different regions of the device and allows for the optimization of charge carrier generation and collection 
[83,84]. In this section, we propose a study of optimal properties for the active layer and observe that the impact of doping 
absorbers with p-type carriers manifests itself in a range from 1012 to 1021 cm-3, as illustrated in Fig. 9. 
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Figure 9. Impact of doping on variations in solar cell performance: a) PCE, b) FF, c) VOC and d) Jsc 

The results reveal that efficiency increases with dopant concentration up to 1020 cm-3. Notably, in the cases of P3HT 
and Cu2O, the values reach 37.85% and 37.3%, respectively. The fill factor (FF) increases slightly to 1019 cm-3 for D-
PBTTT-14, while for P3HT and Cu2O, it remains almost constant at 1019 cm-3, then decreases sharply beyond this doping 
density. As NA increases, the Fermi energy level of the holes approaches the valence band (VB), resulting in an increase 
or constancy of VOC and JSC. 

The stability in JSC for solar cells with Cu₂O and P3HT as HTLs, for D-PBTTT-14, exhibits a crossover up to 
1020cm-3. The VOC is stable between 1012 and 1018 cm-3, then increases for HTL P3HT and D-PBTTT-14, and remains 
stable for HTL Cu2O. This indicates that a higher dopant concentration was ineffective and led to deep defects. 

 
3.4.4 Effect of External Operating Temperature 

The performance of solar cells is significantly affected by operating temperature [85]. We utilized the SCAPS-1D 
solar cell simulator to investigate the temperature-dependent variability in the device's performance. 300 K to 400 K, in 
10°C increments, under standard 1 sun illumination conditions, as described in our previous work [80]. 

As shown in Fig. 10, both the fill factor (FF) and the power conversion efficiency (PCE) of the hole transport layer 
decrease as temperature increases. According to Equation 16, this behavior is attributed to the temperature-dependent rise 
in the dark saturation current (J₀). This leads to a decrease in open-circuit voltage (VOC). This finding corresponds well 
with our simulation results. 
 𝑉ை஼ = ஺௄்௘ 𝐿𝑛 ቂ௃೛೓௃బ + 1 ቃ. (16) 

Furthermore, as temperatures rise, internal resistance decreases due to the low resistivity of the materials. This 
promotes better current flow, which reduces energy losses and increases the fill factor (FF). 

 
Figure 10. Influence of operating temperature on the performance parameters of solar cells, namely: (a) power conversion 

efficiency (PCE), (b) fill factor (FF), (c) open-circuit voltage (Voc), and (d) short-circuit current density (Jsc) 
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Figure 10. Influence of operating temperature on the performance parameters of solar cells, namely: (a) power conversion 

efficiency (PCE), (b) fill factor (FF), (c) open-circuit voltage (Voc), and (d) short-circuit current density (Jsc) 
 

5. CONCLUSIONS 
This work has enabled the achievement of the objectives set for studying the structural, optoelectronic, and 

photovoltaic performance of the Cu₂SnS₃ compound, through a combined simulation process based on density functional 
theory (DFT) and the SCAPS-1D software. A comparative analysis of the structural, electronic, and optical properties of 
CTS (Cu₂SnS₃) was performed to evaluate its potential for photovoltaic applications. Our calculations were performed 
using direct LDA (or GGA) methods, but the values obtained suggested that the compound Cu₂SnS₃ is a metal, contrary 
to what experimental studies have demonstrated. This is because this type of semiconductor is based on copper. We note 
that the Cud electrons possess a dual nature, enabling them to hybridize with Sn s electrons. Therefore, this compound 
appeared to be metallic in nature. In order to displace the anion, The TB-mBJ+U functional, which combines the Tran 
and Blaha modified Becke–Johnson potential with a Hubbard U term, was introduced to better account for electron 
correlation effects, as the results were largely consistent with the experiment, as both structures, Cc and Imm2, appeared 
as p-type semiconductors with direct gaps (Γ-Γ) of 0.7 eV and 0.7 eV, respectively. Regarding the study of optical 
properties, the compound Cu₂SnS₃ exhibits increased polarization in the ultraviolet spectrum at high photon energies in 
both phases. It is also characterized by positive ε1(ω) values up to 3 eV, making this compound, in both phases, a candidate 
for electronic applications. In the last part of this work, we proved the effectiveness of the Cu₂SnS₃ compound in the field 
of photovoltaic cells, where, using the SCAPS program, we took this compound as an absorption layer, where the 
simulation showed that the current density Jsc increases even to its peak, which leads to an increase in the absorption 
coefficient, and this is at a thickness of 800 nanometers. Several questions remain to be explored to fully understand how 
structural, optoelectronic, and photovoltaic properties influence the behavior of the Cu₂SnS₃ compound. The results 
presented in this study make a significant contribution to this understanding and provide valuable insights for the 
development of high-performance materials for solar energy. 
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Оцінка структурних, оптоелектронних та фотоелектричних характеристик сполуки Cu₂SnS₃ є важливою для розробки 
матеріалів для сонячної енергетики. Цей потрійний халькогенідний напівпровідник вирізняється сильним потенціалом у 
фотоелектричних застосуваннях завдяки широкому діапазону поглинання світла та хімічній стабільності. У цій статті ми 
дослідили структурні та оптоелектронні властивості потрійних напівпровідників на основі міді, зокрема тих, що входять до 
складу сполуки Cu₂SnS₃, а також їхню ефективність у фотоелектричних застосуваннях. Оскільки в попередніх дослідженнях 
існували значні відмінності щодо значень ширини забороненої зони (0,65-1,35 еВ), було зроблено спробу знайти відповідне 
наближення для вивчення цього типу сполуки. Структурні властивості досліджувалися з використанням як форми 
узагальненого градієнтного наближення (GGA) Пердью-Берка-Ернцергофа (PBE), так і наближення локальної густини (LDA), 
що дозволяє провести порівняльну оцінку впливу різних обмінно-кореляційних функціоналів на структуру матеріалу. 
Враховуючи важливий вплив, який деелектрони Cu відіграють на визначення їхніх електронних властивостей, як показано 
результатами, отриманими при використанні різних функціоналів обмінної кореляції енергії, для систематичної оптимізації 
розрахованого зміщення аніонів було використано комбіновану функцію потенціалу Бекке-Джонсона, модифікованого 
Траном та Блахою, та потенціалу Хаббарда (TB-mBJ+U). Розрахунки дали значення ширини забороненої зони. Енергія 
напівпровідникової квазічастинки в моноклінній структурі (m-CTS; SG: Cc) становить 0,7 еВ, а в орторомбічній структурі 
(золото-CTS; SG: Imm2) – 0,73 еВ, що значною мірою узгоджується з експериментальними значеннями. Дослідження 
оптичних властивостей, включаючи діелектричну функцію, також виявило коефіцієнт відбиття, коефіцієнт поглинання та 
показник заломлення сполуки Cu₂SnS₃ у двох її фазах. Останню вважають перспективним кандидатом для оптоелектронних 
застосувань. Для перевірки цього ми використали програму SCAPS, і результати були хорошими. Коли ця сполука 
використовується як абсорбуючий шар у фотоелектричному елементі, густина струму (Jsc) збільшується, досягаючи піку при 
товщині 800 нм. 
Ключові слова: Cu2SnS3; FP-LAPW; LDA; TB-mBJ+U; фотоелектричні елементи 
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This study presents the fabrication of Si/TiO thin films deposited in DC mode via magnetron sputtering onto   p-type silicon substrates and 
investigates their temperature-dependent resistive switching (RS) and low-resistance state (LRS) characteristics. The nanostructures were 
annealed at 420°C to improve crystallinity and interfacial contact. Electrical characterization through I–V measurements revealed clear 
bipolar RS behavior without the need for an initial forming process. The devices exhibited stable high-resistance (HRS) and low-resistance 
(LRS) states over multiple cycles. The switching mechanism is explained by the formation and rupture of conductive filaments induced 
by oxygen vacancies at the Si/TiO interface. Bandgap values obtained from Tauc plots were approximately 3.24 eV for TiO and 3.41 eV 
for SnO₂. These results confirm that Si/TiO nanothin films are promising materials for next-generation fast, energy-efficient, and rewritable 
memory devices. 
Keywords: TiO; Magnetron Sputtering; Memristor; Rapid Thermal Annealing (RTA) 
PACS: 85.50-n 

INTRODUCTION 
In recent years, memristors have emerged as one of the most dynamic and influential research directions, driven by 

their promising applications in neuromorphic computing, advanced artificial intelligence hardware, and next-generation 
non-volatile memory technologies. Recognized as the fourth fundamental passive circuit element—alongside resistors, 
capacitors, and inductors—memristors uniquely possess the ability to retain a memory of their resistance state based on 
the prior flow of electrical charge. This intrinsic memory effect enables them to store information even without external 
power, positioning memristors as highly attractive candidates for low-power, high-density memory architectures. 

Among the various material platforms, metal-oxide-based memristors—particularly those employing binary oxides 
such as TiO and SnO₂—have gained substantial attention due to their low fabrication cost, straightforward synthesis 
routes, and excellent compatibility with flexible electronic substrates. Both TiO and SnO₂ are wide-bandgap n-type 
semiconductors, with bandgap energies of approximately 3.4 eV and 3.6 eV, respectively. TiO is known for its high 
electron mobility and pronounced surface reactivity, whereas SnO₂ demonstrates remarkable chemical stability and 
exhibits enhanced electrical conductivity when appropriately doped [4,5]. When these oxides are engineered into 
nanolayered or nanostructured forms, they can exhibit additional resistive switching pathways, including interface-
controlled filament formation and oxygen-vacancy-driven migration processes. 

Pant et al. [6] reported pronounced bipolar resistive switching and clearly defined negative differential resistance 
(NDR) behavior in Si/TiO nanostructures synthesized via magnetron sputtering. These features were attributed to 
enhanced grain-boundary diffusion and quantum confinement effects at nanoscale interfaces. More recently, Saha and 
co-workers [7] demonstrated reliable, sharply defined switching characteristics in one-dimensional TiO nanofiber-based 
memristors, revealing that artificial neural networks (ANN) can accurately model and predict switching dynamics. 
Additionally, the NDR behavior observed in Co-doped SnO₂ memristors deposited on p-type silicon substrates highlights 
the profound influence of dopants on the electronic properties of oxide nanostructures [8]. In the present work, we 
examine the resistive-switching characteristics of a p-Si/TiO nanofilm fabricated by magnetron sputtering (MS). The TiO 
layers were sequentially deposited onto p-type silicon and quartz substrates and subsequently annealed at 420 °C. 
Current–voltage (I–V) measurements performed with a Keithley 2460 SourceMeter revealed a distinct hysteresis loop 
characteristic of memristive behavior. However, due to the close similarity in the bandgap energies of TiO and SnO₂, the 
resulting switching contrast may be relatively limited, as both oxide layers tend to exhibit p-type semiconductor 
characteristics. Overall, this study contributes to ongoing efforts to optimize binary oxide nanostructures for 
implementation in low-power, non-volatile memory devices 

METHODS 
Thin nanostructured p-Si/TiO films were fabricated using the magnetron sputtering (MS) technique. This method is 

known for its low cost, convenience, and high suitability for oxide film formation. In this study, p-type silicon substrates 
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were used. Prior to deposition, the substrates were sequentially cleaned by rinsing in deionized (DI) water, followed by 
ethanol and acetone, and then rinsed again in DI water. Additionally, they were treated with argon plasma inside the 
magnetron sputtering system. This multistep cleaning procedure was carried out to completely remove inorganic and 
organic contaminants and to ensure uniform film formation with good adhesion. After cleaning, the substrates were dried 
in a nitrogen flow and kept under vacuum in the magnetron sputtering system. 

The schematic structure of the fabricated memristor device is shown in Figure 1. The device consists of a p-Si/TiO 
nanostructure deposited on a p-type silicon substrate. Tin oxide (SnO₂) contacts were used as the top electrode. The TiO 
layer serves as an intermediate interface layer, while SnO₂ acts as the top oxide electrode, and the p-Si substrate functions 
as the bottom electrode. This vertical “sandwich-like” configuration enables charge transport through the oxide layers 
under an applied electric field and allows investigation of resistive switching behavior. 

The applied multistep cleaning procedure reduces surface contamination, thereby promoting the formation of 
uniform films with good adhesion and, consequently, improving the stability and reproducibility of the electrical 
characteristics of the memristor devices [9]. 

 
Figure 1. Schematic illustration of the SnO₂/TiO/p-Si memristor device structure 

To obtain the SnO₂ electrodes, a contact pattern was created using a mask in the magnetron sputtering system, with 
oxygen gas as the carrier gas directed toward the heated substrate. 

The deposition process was carried out at a temperature of 420°C, monitored using a controlled display. The TiO 
layer was deposited first, followed by the SnO₂ electrode through a mask to form the nanostructure. This sequence was 
chosen to ensure proper band alignment and good interfacial contact between the n-type semiconductors. After deposition, 
the films were annealed at 420°C with oxygen flow to enhance crystallinity and stabilize the interface. For electrical 
measurements, tin oxide (SnO2) contacts were applied, and the p-Si substrate served as the bottom electrode electrical 
characterization of the memristor devices was performed using a Keithley 2460 SourceMeter. A voltage sweeps sequence 
of 0 → +3 V → 0 → –3 V → 0 was applied to investigate the current–voltage (I–V) characteristics. The hysteresis loop 
observed in the I–V curve confirmed the presence of resistive switching behavior in the fabricated structures transducer 
and carried toward the heated substrates using oxygen gas as the carrier. 

The deposition process was conducted at a substrate temperature of 450 °C, which was maintained using a controlled 
hotplate. The SnO2 was deposited first, followed by the ZnO layer, forming a bilayer heterostructure. This sequence was 
designed to promote appropriate band alignment and interfacial contact between the n-type semiconductors. Following 
deposition, the films were annealed in ambient air at 450 °C to improve crystallinity and stabilize the interface. Silver 
(Ag) top contacts were applied using silver paste for electrical measurements, and the p-Si substrate served as the bottom 
electrode in the case of silicon-based structures. 

Electrical characterization of the memristor devices was performed using a Keithley 2460 SourceMeter. A voltage 
sweeps protocol of 0 → +3 V → 0 → –3 V → 0 was applied to examine the current–voltage (I–V) characteristics. The 
presence of a hysteresis loop in the I–V curve confirmed the resistive switching behavior of the fabricated structures. 

 
RESULTS 

A. Current–Voltage (I–V) Characteristics 
The I–V characteristics of TiO thin films treated in air by Rapid Thermal Annealing (RTA) at 500°C, 600°C, 700°C, 

800°C, and 900°C for 10 minutes are shown. It was observed that the memristive behavior of the TiO thin films improved 
as the annealing temperature increased. To initiate the formation of a conduction path in the metal oxide, the forming 
voltage was set to 3 V. Bipolar resistive switching behavior was observed for these samples. 

Initially, the current increased linearly with voltage according to Ohm’s law, then entered a quasi-saturation region. 
This quasi-saturation stage is explained by the space-charge-limited conduction (SCLC) mechanism, in which charge 
carriers experience delayed transport [11]. Subsequently, the current increased abruptly, showing a rapid transition from 
the high-resistance state (HRS) to the low-resistance state (LRS). This sudden increase in current is associated with the 
formation of conductive filaments (CFs) in TiO induced by oxygen vacancies. Well-defined memory windows were 
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observed for the samples annealed at higher temperatures (up to 900°C). Kars et al. [7] reported that the formation of 
oxygen vacancies during low-temperature annealing is related to the breaking of Ti–O bonds. 
At the same time, atmospheric oxygen attaches to the surface of the TiO film, forming Ti–O bonds [2]. Thus, there is a 
competition between the breaking of Ti–O bonds in the bulk and the formation of Ti–O bonds at the surface.  

 
Figure 2. I–V curves of dip-coated TiO thin films processed for 10 min in air ambient with various Rapid Thermal Annealing (RTA) 

a) 500°C, b) 600°C, c) 700°C, d) 800°C, and e) 900°C 
 

B. Optical Bandgap Estimation 
The optical bandgaps of the individual TiO and SnO₂ layers were estimated using Tauc plot analysis derived from 

UV–Vis absorbance spectra (see Figure 3). By plotting (αhν)² versus photon energy (hν) and extrapolating the linear 
region to the energy axis, the direct bandgap values were determined. The estimated optical bandgaps were found to be 
approximately: TiO layer (3.17 eV), SnO₂ layer (3.41 eV) 

 

Figure 3. Tauc plot used for bandgap estimation of TiO (3.24 eV) 

These values closely match literature-reported data confirming the successful synthesis of phase-pure oxide layers. 
The slight narrowing of the SnO₂ bandgap compared to the nominal 3.6 eV may be attributed to oxygen vacancy-related 
subgap states, which can affect the switching performance by serving as electron trapping centers. 

 
C. Structural Characterization (XRD analysis) 

Figure 4 shows the XRD patterns of TiO thin nanoplanes processed in air at 500 °C for different durations (1, 5, and 
10 min). The XRD peaks at 26.7° and 49.1° correspond to the (101) and (200) planes of the anatase phase, respectively, 
which are consistent with literature reports. The intensity of the (101) peak decreases with increasing annealing duration. 
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Figure 4. XRD patterns of dip-coated TiO thin films processed at 500°C in air ambient for different RTA duration 
a) 1min, b) 5min, and c) 10min (the abbreviation stands for: A anatase)

D. Mechanism Interpretation
To identify the charge transport mechanism in the TiO layer for the LRS (Low Resistance State) and HRS (High 

Resistance State), we monitored the temperature dependence of the electrical conductivity in both states. These results 
are presented in Figure 5, where the thermally activated behavior of the LRS and HRS within the TiO layer is clearly 
visible. 

Figure 5. To determine the charge transport mechanism in the LRS and HRS states of the TiO layer, we monitored the temperature 
dependence of the conductivity in both states. This is shown in the figure, where the thermally activated behavior of the LRS and 
HRS within the TiO layer is clearly visible 

CONCLUSIONS 
In this study, a p-Si/TiO thin film was successfully fabricated using the magnetron sputtering technique. Electrical 

analysis of the device revealed clear bipolar resistive switching behavior accompanied by a stable hysteresis loop in the 
I–V characteristics. The fact that the switching occurred without the need for a forming step indicates that oxygen 
vacancies and interface effects play a major role in the resistive switching (RS) mechanism. Tauc plot analysis showed 
that the optical bandgaps of TiO and SnO₂ were approximately 3.24 eV and 3.41 eV, respectively, which are consistent 
with values reported in the scientific literature. Although both oxides are n-type semiconductors and the small band 
offset between them may slightly reduce the overall switching contrast, the device exhibited repeatable SET/RESET 
cycles and sufficient separation between the resistance states. 

These results confirm that the p-Si/TiO nanostructure is a promising platform for exploring low-cost, oxide-based 
memristors. Future studies may focus on interface engineering, doping, or incorporating buffer layers to further enhance 
RS characteristics and improve device scalability for neuromorphic and non-volatile memory applications. 
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РЕЗИСТИВНА ПОВЕДІНКА ПЕРЕМИКАННЯ ТОНКИХ ПЛІВОК Si/TiO ДЛЯ ЗАСТОСУВАННЯ 

ЕЛЕКТРОНЕЗАЛЕЖНОЇ ПАМ'ЯТІ 
Мурадулла Т. Нормуродов1, Оділ Очілов2, Озодбек Ю. Юлдашев2, Зарнігор А. Каршієва2, Нурбек У. Тошбоєв2 

1Каршинський державний університет, Узбекистан 
2Центр розвитку нанотехнологій, Національний університет Узбекистану, Ташкент, Узбекистан 

У цьому дослідженні представлено виготовлення тонких плівок Si/TiO, нанесених у режимі постійного струму за допомогою 
магнетронного напилення на кремнієві підкладки p-типу, а також досліджено їх температурно-залежні характеристики 
резистивного перемикання (RS) та низькоомного стану (LRS). Наноструктури були відпалені при 420°C для покращення 
кристалічності та міжфазного контакту. Електрична характеристика, отримана за допомогою вольт-амперних вимірювань, 
виявила чітку біполярну поведінку RS без необхідності початкового процесу формування. Пристрої демонстрували стабільні 
стани високого (HRS) та низького (LRS) опору протягом кількох циклів. Механізм перемикання пояснюється утворенням і 
розривом провідних ниток, індукованих вакансіями кисню на межі розділу Si/TiO. Значення ширини забороненої зони, 
отримані з графіків Тауца, становили приблизно 3,24 еВ для TiO та 3,41 еВ для SnO2. Ці результати підтверджують, що 
нанотонкі плівки Si/TiO є перспективними матеріалами для швидких, енергоефективних і перезаписуваних пристроїв пам'яті 
наступного покоління. 
Ключові слова: TiO; магнетронне розпилення; мемристор; швидкий термічний відпал (RTA) 
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The structural, mechanical, and optoelectronic properties of cubic halide perovskites AHgCl₃ (A = Rb, Cs) were investigated using 
density functional theory (DFT) within the full-potential linearized augmented plane wave (FP-LAPW) method, as implemented in 
the WIEN2k code. The structural stability of the cubic phase was confirmed using the Goldschmidt tolerance factor and the 
octahedral factor, while the negative formation energies verified their thermodynamic stability. The calculated elastic parameters, 
including Poisson’s ratio, Pugh’s ratio, and Cauchy pressure, indicate that both compounds are mechanically stable, ductile, and 
exhibit a predominantly ionic bonding nature. The optoelectronic properties were examined using the Tran–Blaha modified Becke–
Johnson (TB-mBJ) potential. The results reveal that RbHgCl₃ and CsHgCl₃ are indirect-band-gap semiconductors with band gaps of 
1.25 eV and 1.16 eV, respectively. Furthermore, the optical properties were analyzed over the photon energy range of 0–20 eV. Both 
compounds exhibit strong absorption in the ultraviolet region and low reflectivity at zero photon energy, indicating favorable 
performance for optoelectronic applications. Overall, these findings suggest that AHgCl₃ (A = Rb, Cs) halide perovskites are 
promising candidates for applications in photovoltaic devices and ultraviolet photodetectors. 
Keywords: Halide perovskite KZnX3; FP-LAPW; Ab-initio; Wien2k; Opto-electronic properties; TB-mBJ 
PACS: 71, 20.Gj, 81.30.-t 

1. INTRODUCTION
The exceptional optoelectronic, magnetic ordering, giant magnetoresistance, and thermoelectric properties of 

perovskites make them intriguing candidates for diverse applications, such as sensors, microelectronics, solar cells, 
light-emitting diodes, spintronic devices, photovoltaics, and telecommunications devices [1]. In 1839, Gustav Rose 
discovered the first perovskite, CaTiO₃, and the renowned scientist Count Lev Alexeevich von Perovski, after whom 
the material was named [2]. Consequently, any material exhibiting a comparable structure and employing the chemical 
formula ABX₃ is designated as a perovskite. This material family comprises conductors, insulators, semiconductors, 
and superconductors [2]. 

The cubic perovskite structure has the chemical formula ABX₃, where cations A and B represent alkali and 
alkaline earth metals, respectively, and X is an anion. Perovskites can be classified into three main groups according to 
the anion type: oxide (ABO₃), nitride (ABN₃), and halide perovskites ABX₃ (X = F, Cl, Br, I) [3]. To maintain charge 
neutrality, halide perovskites typically accommodate divalent metal cations in the +2-oxidation state, such as Pb²⁺, Sn²⁺, 
and Ge²⁺ [4]. In addition, halide perovskites can be readily processed into polycrystalline thin films, making them well-
suited for optoelectronic applications across various substrates [5]. The remarkable optical and charge-transport 
properties of halide perovskites have made them widely sought-after light-harvesting materials with appropriate band 
gaps, high optical absorption coefficients, long charge-carrier diffusion lengths, high external quantum efficiency, and a 
notable defect tolerance [6].  In addition, several halide perovskite crystallographic phases have been identified at 
different temperatures, and cubic, tetragonal, and orthorhombic are the most prevalent phases [7]. 
ChloroperovskitesABCl₃ have a wide band gap, which qualifies them for use in numerous contemporary energy storage 
devices. Moreover, the broad band gap energy enables chloroperovskites to effectively emit or absorb ultraviolet 
radiation, rendering them desirable for optoelectronic devices [8-10]. 

Some examples of cubic halide perovskites are CsZnCl₃ and KHgCl3. These compounds were theoretically studied 
by Aqili et al. [11] and Ullah et al [12]. Their findings indicated that these cubic halide perovskites are indirect band gap 
semiconductors with band gaps of 3.628 and 1.11 eV, respectively, and might be viable candidates for UV 
optoelectronic applications [11-12]. M. Arif et al. [13] examined the physical properties of cesium-based cubic halide 
perovskites, CsHgX₃ (X = F, Cl), employing the full potential linearized augmented plane wave (FP-LAPW) approach 
under the generalized gradient approximation (GGA). Their findings, which include electronic band structure and 
density of states calculations, revealed that CsHgF₃ has an indirect band gap and behaves as a semiconductor, whereas 
CsHgCl₃ exhibits metallic behavior. In the same vein, we have thoroughly investigated the perovskites RbHgCl₃ and 
CsHgCl₃. These compounds are documented as stable in the Open Quantum Materials Database (OQMD) [14-15]. We 
present theoretical calculations on AHgCl₃ (where A = Rb or Cs) halide perovskite compounds, providing us with 
important information about their structural, elastic, and optoelectronic properties, employing the full potential 
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linearized augmented plane wave (FP-LAPW) method within the generalized gradient approximation (GGA) and the 
Tran and Blaha modified Becke Johnson (TB-mBJ) approach for optoelectronic characteristics. The following is the 
structure of the study: Section 1 presents a concise introduction, and Section 2 delineates the computational 
methodologies employed in this investigation. Further, we present our findings in Section 3. Finally, we summarize our 
results and provide the conclusions. 

 
2. COMPUTATIONAL DETAIL 

The physical properties of halide perovskites with a cubic structure, AHgCl₃ (A=Rb, Cs), were calculated using 
the Wien2k package [16] based on the full potential linearized augmented plane wave (FP-LAPW) method [17] to solve 
the Kohn–Sham equations [18]. This approach is predicated on density functional theory (DFT) [19]. To determine the 
most stable ground state of the compounds, we optimized the structures using different exchange correlation potentials, 
including PBE [20], WC [21], and PBE-sol [22]. The Murnaghan equation of state [23] was employed to determine the 
equilibrium lattice parameters by fitting the total energy–volume data points. The optoelectronic properties were 
investigated using the Tran–Blaha modified Becke–Johnson (TB-mBJ) [24] and GGA-PBE [20] potentials. The shifted 
k-point mesh was set to 14×14×14, which corresponds to a dense mesh of 3000 k-points in the first Brillouin zone. The 
cutoff of the plane waves, RMT×Kmax = 8, was chosen for the interstitial area, whereas the maximum value for the 
wave function expansion inside spheres was Lmax = 10. In addition, the Fourier charge density inside the atomic sphere 
was set to Gmax = 12 (a.u.) − 1, and the cutoff energy was chosen to be − 6.00 Ryd. The self-consistent cycles 
converged when the total energy was stable within 10 − 5 Ryd. Moreover, the elastic constants examined in this study 
were obtained using the IRelast [25] method integrated into the Wien2k software [16]. 

 
3. RESULTS AND DISCUSSION 

3.1 Structural Properties 
The perovskite AHgCl₃ (A = Rb, Cs) crystallizes in space group 221 (Pm-3m), with lattice properties detailed in 

Table 1. The A atom is located at (0, 0, 0), the Hg atom is positioned at the center, and the Cl atoms are placed at the 
face centers (0.5, 0.5, 0), (0, 0.5, 0.5), and (0.5, 0, 0.5) of the lattice. Figure 1 illustrates the crystal structures of AHgCl₃ 
(A = Rb, Cs) perovskites. 
Table 1. Computed lattice parameters (A°), volume V (a.u3), bulk modulus B (GPa), pressure derivative B’, minimum energy E0 
(Ryd), formation energy Eform (eV/atom) values for AHgCl3 (A= Rb, Cs) Compound XC a V B B' E0 Eform t μ RbHgCl 3 PBE 5.37 1045.14 28.43 5.25 -48056.066643 -0.63 0.832 0.657 WC 5.26 986.13 33.17 5.33 -48050.776143    PBE-sol 5.25 979.85 34.51 5.39 -48037.487811    Other works  [14-15] 5.32        CsHgCl3 PBE 5.41 1068.74 27.74 5.31 -57673.688577 -0.57 0.870 0.657 WC 5.28 998.93 33.63 5.50 -57667.866339    PBE-sol 5.28 995.65 34.34 5.16 -57652.563214    Other works  [14-15] 5.38        [13] 5.40        

 
Figure 1. Crystal structure of cubic halide perovskites AHgCl3 (A=Rb, Cs) 

Furthermore, to validate the structural stability of these perovskites, we employed the tolerance factor t and the 
octahedral factor μ. These two quantities are related to the ionic radii using the following equations [26, 27]: 
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For the cubic perovskite structure, the tolerance factor must lie within the range of 0.8 ≤ t ≤ 1.0, and μ is known to 
be between 0.377 and 0.895 [26, 27]. The values of t and μ are presented in Table 1, which demonstrates that all crystal 
structures are stable and have cubic symmetry. We computed the formation energy using Equation (3) [28] to discuss 
the thermodynamic stability. 

 ( )3
1 3
5

AHgCl A Hg Cl
f tot a a aE E E E E = − + +  , (3) 

where 𝐸௧௢௧஺ு௚஼௟యrepresent the total energy of the AHgCl3 compound and 𝐸௔஺,𝐸௔ு௚𝑎𝑛𝑑𝐸௔஼௟ are the total energies of A, Hg, 
and Cl, respectively. 

The calculated formation energies of RbHgCl₃ and CsHgCl₃ are listed in Table 1 and obey the criterion of 
Ef < 0.2 eV/atom [1], ensuring that these formation materials can be formed experimentally. In addition, negative 
formation energies indicate thermodynamic stability. 

The calculated values of the lattice parameters, volume, bulk pressure, derivative, ground state, and formation 
energies for the compounds are listed in Table 1. This table shows that the minimum energy for AHgCl3perovskites 
corresponds to the GGA-PBE, that is, − 48056.066643 Ryd (RbHgCl3) and − 57673.688577 Ryd (CsHgCl3), indicating 
that RbHgCl3 and CsHgCl3 remain stable in the GGA-PBE. Fig. 2 illustrates the structural optimization curves for 
RbHgCl₃ and CsHgCl₃ compounds using a GGA-PBE approximation. 
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Figure 2. The variation of the total energy as a function of volume for (a) RbHgCl3, (b) CsHgCl3 with GGA-PBE 

 
3.2 ELECTRONIC PROPERTIES 

To investigate the electronic properties of cubic halide perovskites AHgCl₃ (A = Rb, Cs), we computed the energy 
band structure (BS), total density of states (TDOS), and partial density of states (PDOS) along high-symmetry 
directions within the first Brillouin zone over an energy range of −14 to 14 eV using both the GGA-PBE and TB-mBJ 
approximations. Figures 3(a) and (b) present the band structures of both compounds, with the Fermi level indicated by a 
horizontal red dashed line at 0 eV. 

The GGA-PBE results indicate metallic behaviour in both RbHgCl₃ and CsHgCl₃, as the valence and conduction 
bands overlap at the Fermi level, resulting in no band gap. Although these findings are consistent with the values 
reported in the OQMD database [14,15], this metallic prediction highlights a well-known limitation of GGA, which 
systematically underestimates band gaps in semiconductors and insulators. 

To address this limitation, the TB-mBJ potential was applied, which yielded a more accurate depiction of the 
electronic structure. The TB-mBJ calculations revealed that both compounds are indirect semiconductors, with the 
valence band maximum (VBM) at the L point and the conduction band minimum (CBM) at the Γ point (L–Γ). The band 
gap values listed in Table 2 underscore the substantial improvement provided by the TB-mBJ in accurately capturing 
the semiconducting nature of these halide perovskites. 

The analysis of the total and partial densities of states provides valuable insights into the bonding properties and 
the nature of the electronic band structure. The total (TDOS) and partial (PDOS) densities of states for RbHgCl₃ and 
CsHgCl₃ were calculated using the TB-mBJ potential, as shown in Figs. 3(a, b) and 4(a–f), respectively. The TDOS 
profiles of all compounds clearly reveal the bandgap (Eg), confirming their semiconducting nature. For AHgCl₃ (A = 
Rb, Cs), the valence band primarily originates from A(p), Hg(d), and Cl(s+p) orbitals, whereas the conduction band is 
mainly composed of A(d) states, with significant contributions from Hg(d). 
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Table 2. Calculated indirect band gaps (eV) for RbHgCl3 and CsHgCl3 using GGA-PBE and TB-mBJ Compound XC Bandgap Other works RbHgCl 3 PBE 0.00 0.00[14-15] TB-mBJ 1.25  CsHgCl 3 PBE 0.00 0.00[13-14-15] TB-mBJ 1.16  
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Figure 3. Band structure and DOS for(a) RbHgCl3and (b) CsHgCl3compounds 
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Figure 4. Computed partial densities of states of AHgCl3 compound with TB-mBJ 
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3. MECHANICAL PROPERTIES 
Elastic constants (Cij) are fundamental parameters for describing the mechanical properties of materials. These 

constants characterize the response of a crystal to external forces. A material is considered mechanically stable if it 
satisfies the Born stability criteria [29–31]: C11 − C12> 0, C44> 0, C11> 0, (C11 + 2C12) > 0, and C12< B < C11. The results 
presented in Table 3 satisfy these stability criteria, indicating that all the compounds are mechanically stable. 
Furthermore, the elastic constants can be used to evaluate key mechanical parameters, such as the bulk modulus (B), 
shear modulus (G), and Young’s modulus (E). The relationships between these parameters and the elastic constants are 
expressed in Eqs. (4)–(8). 

 11 122
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C CB +
=  (4) 

 11 44 123
5V

C C CG + −
=  (5) 
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C C C
G

C C C
−

=
− +

 (6) 
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The shear modulus (G) characterizes the stiffness of a material and is defined by Eqs. (5) – (7), where GV, GR, and 
G represent the Voigt [32], Reuss [33], and Hill average shear moduli, respectively. A low value of G indicates that the 
material is more flexible and easily deformed under shear stress. 
The bulk modulus (B) measures the resistance of a material to compression, as expressed in Eq. (4). The relatively low 
values of B suggest the softness and flexibility of the studied compounds. As shown in Table 3, the bulk modulus (B) 
values for all compounds are low and of similar magnitude, which further confirms their mechanical softness. 
Consequently, the shear modulus G is lower than the bulk modulus B, indicating that the analyzed compounds exhibit 
greater resistance to volumetric compression than to shear deformation. 

Young’s modulus (E), which depends on both the bulk modulus (B) and shear modulus (G), as given in Eq. (8), 
provides a measure of the stiffness of the material. The rigidity of a compound increases with increasing Young’s 
modulus. The calculated values of B, G, and E, presented in Table 3, indicate that the ternary chloroperovskite 
compounds AHgCl₃ (A = Rb, Cs) possess moderate rigidity. 

To further evaluate the ductile or brittle nature of these compounds, additional mechanical parameters, including 
Poisson’s ratio, Pugh’s ratio, and Cauchy pressure, were determined, as listed in Table 3. According to Eq. (9), a 
material is considered more stable against external deterioration and less compressible when the Poisson’s ratio lies 
between 0.25 and 0.5 [1,34–35]. 

 1 3 2
2 3

B G
B G

− υ =  + 
 (9) 

Poisson’s ratio typically takes values of approximately 0.33 for ionic bonding, 0.25 for metallic bonding, and 
0.1 for covalent bonding [1]. Furthermore, Frantsevich et al. [36] reported that a material is classified as ductile if its 
Poisson’s ratio exceeds 0.26 and as brittle if it is below this threshold. The calculated Poisson’s ratio values are greater 
than 0.26, suggesting that the studied compounds exhibit ductile behavior and a predominantly ionic bonding 
characteristics. 

The ratio of the bulk modulus to the shear modulus (B/G), known as Pugh’s ratio (K) [37], is another important 
ductility indicator. A material is considered brittle when (B/G) < 1.75; otherwise, it is considered ductile. In the present 
study, the calculated Pugh’s ratio exceeded 1.75, further confirming the ductile nature of the compounds. 

The Cauchy pressure (CP = C₁₂ − C₄₄) [38] is also used to distinguish between ductile and brittle behaviors. 
Negative CP values indicate brittleness, whereas positive values suggest ductility. The calculated CP values (Table 3) 
were positive, indicating that all compounds exhibited ductile behavior. 

Another important parameter used to evaluate the presence of microcracks and the mechanical stability of 
materials is the elastic anisotropy, as determined using Eq. (10). 

 ( )
44

11 12

2CA
C C

=
−

 (10) 

For an isotropic material, A = 1, whereas values of A greater than or less than 1 indicate anisotropic behavior. The 
calculated values of A, presented in Table 3, show that all compounds exhibit significant anisotropy. 



285
Structural, Optoelectronic and Mechanical Properties of AHgCl3 (A=Rb, Cs) Perovskites...   EEJP. 2 (2026)

Table 3. Elastic constants C11, C12, and C44 (GPa); bulk modulus B (GPa); the shear modulus G (GPa); Young’s modulus E (GPa); 
anisotropic parameter A; Paugh’s ratio K; Cauchy pressure CP; and Poisson’s ratio ʋ for AHgCl3 (A= Rb, Cs) compounds Compound C11 C12 C44 B G E A B/G CP ʋ RbHgCl3 46.04 19.71 8.31 28.49 10.00 26.85 0.63 2.84 11.40 0.34 CsHgCl3 45.10 19.41 10.03 27.98 11.07 29.35 0.78 2.52 9.38 0.32 Other works 44.90 18.70 7.56 27.43 9.43 25.40 0.57 2.90 / 0.49 

The isotropic and anisotropic characteristics of materials can be elucidated through three-dimensional (3D) 
representations of the directional dependence of the Young’s modulus, shear modulus, and Poisson’s ratio. The degree 
of anisotropy is reflected by the extent to which the resulting closed three-dimensional (3D) surface deviates from an 
ideal spherical shape. The ELATE tool [39] was used to generate the 3D distributions of Young’s modulus (E), shear 
modulus (G), and Poisson’s ratio for AHgCl₃ (A = Rb, Cs), as shown in Fig. 5. The studied halide perovskites AHgCl₃ 
(A = Rb, Cs) exhibit anisotropic behavior. 

 

RbHgCl3 

3D (a) Young ‘s modulus (E) b) Shear modulus (G) (c) Poisson’s  ratio (ʋ) 

 

   

CsHgCl3 

3D (a) Young‘s modulus (E) (b) Shear modulus (G) (c) Poisson’s ratio (ʋ) 

 

  

Figure 5. (3D): Young’s modulus (a) (E(GPa)), shear modulus (b) (G(GPa)), and Poisson’s ratio ʋ 
(d) for AHgCl₃ (A= Rb, Cs) compounds 

 
3. 4 THERMAL PROPERTIES 

Comprehending the velocity of sound, melting point, and Debye temperature is crucial for numerous applications. 
The computed values of these parameters are presented in Table 4. 
Table 4. The calculated values of longitudinal velocity vl(m/s), transverse velocity vt,(m/s), sound velocityvm(m/s), melting 
temperature Tm,(°K), and Debye temperature 𝜃஽(°K) Compound vl vt vm Tm θD RbHgCl3 3135.04 1541.77 1731.78 825.13 164.16 CsHgCl3 3044.35 1549.69 1736.58 819.58 163.41 

The longitudinal and transverse elastic wave velocities [40] were used to estimate the sound velocity [41] using 
the following equations: 
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Where ρ is the mass density of the material, and G and B are the shear and bulk modulus. The data presented in Table 4 
indicate that the sound velocity in RbHgCl₃ is higher than that in CsHgCl₃, which can be attributed to the lower atomic 
mass of Rb relative to that of Cs. 

The thermodynamic properties of a material, including the longitudinal and transverse sound velocities, specific 
heat, and thermal expansion coefficient, can be correlated with the Debye temperature. The Debye temperature is 
calculated using the following expression [41]: 

 
1
33

4
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D m
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n Nhv
K M

ρθ
π

 =   
 (12) 

Where NA is Avogadro’s number, KB is Boltzmann’s constant, h is Planck’s constant, and 𝜌 is the density of thesolid's 
molecular mass. 

The lower sound velocity in RbHgCl3 and CsHgCl3 leads to a corresponding decrease in the Debye temperature. 
Another important property that can be estimated from the elastic constants is the melting temperature, which can be 
calculated using the relationship proposed by Fine et al. [42]. 

 ( ) 11553 5.911 300m
KT K C K

GPa
   = + ±   

   
 (13) 

 
3.5 OPTICAL PROPERTIES 

Understanding optical parameters, such as the absorption coefficient, refractive index, reflectivity, energy-loss 
function, extinction coefficient, and optical conductivity, is essential for characterizing interactions between materials 
and electromagnetic radiation. 

The optical properties of the AHgCl₃ (A = Rb, Cs) halide perovskites were calculated using the TB-mBJ potential. 
The analysis begins with a fundamental optical quantity, namely, the complex dielectric function, which is expressed as 
follows: 

 ( ) ( ) ( )1 2iε ω ε ω ε ω= +  (14) 

For incident photon energies ranging from 0 to 20 eV, the dielectric function ε(ω) was employed to determine the 
fundamental optical properties using the following relations: 
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Fig. 6 presents our results concerning the real part of the dielectric function, the imaginary part of the dielectric 
function, the absorption coefficient, the refractive index, the reflectivity, the energy loss, the extinction coefficient, and 
the optical conductivity. 
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Figure 6. The curve of (a) the imaginary part ε2(ω) of the dielectric, (b) optical conductivity σ(ω), (c) absorption coefficient α(ω), 
(d) extinction coefficient K(ω), (e) the real part ε1(ω) of the dielectric, (f) refractive index n(ω), (g) optical reflectivity R(ω), and 

(h) loss function L(ω) of AHgCl3 (A=Rb, Cs). 
 

3.5.1 The real 𝛆𝟏ሺ𝛚ሻ and imaginary 𝛆𝟐ሺ𝛚ሻ part of the dielectric function. 
The real part of the dielectric function (Fig. 6a) describes the dispersion behavior of the material as well as its 
polarization capability. The calculated values for AHgCl₃ (A = Rb, Cs) halide perovskites are summarized in Table 5, 
indicating that RbHgCl₃ and CsHgCl₃ exhibit nearly identical polarization values. 
Table 5. Computed the static dielectric function ε1 (0), static refractive index n (0), and reflective index R(0) for RbHgCl₃ and 
CsHgCl₃ utilizing the TB-mBJ approximation Compound ε1(0) ε1(0) R(0) RbHgCl 3 3.09 1.75 0.075 CsHgCl3 3.30 1.81 0.084 
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This behavior can be attributed to the inverse relationship between the band gap and the dielectric response, as 
described by Penn’s model [43], wherein a smaller band gap corresponds to a higher dielectric constant. For both 
RbHgCl₃ and CsHgCl₃, the values remain nearly constant throughout the visible region (1.58–3.26 eV). Beyond this 
range, they increase and reach their maximum values in the ultraviolet region. As illustrated in Fig. 6a, the peak values 
are 4.78 and 4.96 at photon energies of 4.01 eV and 3.82 eV for RbHgCl₃ and CsHgCl₃, respectively. 

Moreover, within specific energy ranges, the real part becomes negative for both compounds, indicating metallic 
behavior in these regions. 

The imaginary part of the dielectric function is closely related to the electronic band structure and accounts for the 
absorptive behavior of the material. As shown in Fig. 6g, the imaginary dielectric function of AHgCl₃ (A = Rb, Cs) 
exhibits multiple peaks corresponding to electronic transitions from the valence band to the conduction band. The 
critical (threshold) energies are determined to be 2.46 eV and 2.24 eV for RbHgCl₃ and CsHgCl₃, respectively. 

The maximum peak values reach 5.12 at 13.07 eV for RbHgCl₃ and 7.27 at 15.27 eV for CsHgCl₃. These results 
indicate that absorption begins at approximately 2.46 eV and 2.24 eV for RbHgCl₃ and CsHgCl₃, respectively, with the 
strongest absorption occurring in the ultraviolet region. 
 

3.5.2 The absorption coefficient𝛂ሺ𝛚ሻ 
The absorption coefficient, which quantifies the attenuation of light intensity per unit length within a material, 

exhibits behavior similar to that of the imaginary part of the dielectric function, ε₂(ω), as illustrated in Fig. 6f. 
For RbHgCl₃ and CsHgCl₃, absorption begins at 2.46 eV and 2.24 eV, respectively, with maximum values of 

289.93 cm⁻¹ at 19.44 eV and 306.28 cm⁻¹ at 15.74 eV. 
These results suggest that both compounds are promising candidates for optoelectronic applications in the 

ultraviolet region. 
 

3.5.3Optical conductivity 𝛔ሺ𝛚ሻ 
The electrical conductivity of the material is described in terms of its optical conductivity, which characterizes its 

response to electromagnetic radiation. Figure 6(e) shows the optical conductivity σ(ω), which begins at 2.46 eV for 
RbHgCl₃ and 2.24 eV for CsHgCl₃.This behavior reflects the strong correlation between σ(ω), the absorption 
coefficient α(ω), and the imaginary part of the dielectric function ε₂(ω). The maximum optical conductivity reaches 
9012.45 Ω⁻¹·cm⁻¹ at 13.07 eV for RbHgCl₃, while for CsHgCl₃ it reaches 9893.50 Ω⁻¹·cm⁻¹ at 15.74 eV. 
These results indicate that the ternary AHgCl₃ (A = Rb, Cs) perovskite compounds are promising candidates for 
ultraviolet optoelectronic device applications. 
 

3.5.4 The extinction coefficient 𝐊(𝛚)and refraction index𝐧(𝛚) 
The propagation of electromagnetic radiation through a material can be described using the complex refractive 

index [44]: 

 N(ω) = n(ω) + iK(ω) (21) 

where K(ω)denotes the extinction coefficient and n(ω)represents the refractive index. The extinction coefficient 
quantifies the attenuation of light intensity in a material owing to absorption and scattering effects. 

As illustrated in Fig. 6h, the spectrum of K(ω)for both compounds closely follows that of the imaginary part of the 
dielectric function, ε2(ω), owing to their strong correlation, as expressed by the relation2n(ω)K(ω) =ε2(ω) [6]  .The 
K(ω)spectra exhibit several pronounced peaks in the ultraviolet region, indicating enhanced optical absorption in this 
energy range. 

The refractive index n(ω)describes the phase velocity of light within the material. Furthermore, as shown in 
Fig. 6d, the behavior of n(ω)is consistent with that of the real part of the dielectric function, ε1(ω, presented in Fig. 6a. 
The static values of n(ω)and ε1(ω)listed in Table 5 further support this relationship [45–46]. 

 𝑛଴(𝜔) = √𝜀ଵ(𝜔) (22) 
 

3.5.5 The energy loss function 𝐋(𝛚) 
Figure 6(b) depicts the energy-loss function, which describes the energy dissipation of fast electrons in the 

material owing to electromagnetic radiation and provides insight into the plasmonic response of the system.  
The energy-loss spectrum indicates that the dominant losses occur in the ultraviolet region, wherein RbHgCl₃ and 

CsHgCl₃ exhibit their maximum peak values. Negligible losses are observed in the visible region and at lower photon 
energies, indicating reduced plasmonic excitations in these energy ranges. 

 
3.5.6 The optical reflectivity 𝐑(𝛚) 

Figure 6(c) illustrates the optical reflectivity, R(ω), indicating that most of the reflectivity peaks occur in the 
ultraviolet region at higher photon energies. This behavior corresponds to energy regions where the real part of the 
dielectric function, ε1(ω), decreases and becomes negative. 
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The static reflectivity values R(0)for RbHgCl₃ and CsHgCl₃ are listed in Table 5. The maximum reflectivity 
values are 0.50 and 0.58 for RbHgCl₃ and CsHgCl₃, respectively. A low R(0) value for both compounds indicates weak 
reflectivity and strong absorption in the low-photon-energy region, which is characteristic of semiconductor materials. 

This optical behavior suggests that both halide perovskite compounds exhibit similar properties and are promising 
candidates for optoelectronic applications, particularly in photovoltaic devices and ultraviolet photodetectors. 

 
4. CONCLUSIONS 

In this work, the structural, electronic, mechanical, and optical properties of cubic halide perovskites AHgCl₃ (A = 
Rb, Cs) were systematically investigated using density functional theory (DFT) within the FP-LAPW method as 
implemented in the WIEN2k package. 

The structural stability of the cubic phase was confirmed through tolerance and octahedral factor analyses, while 
the negative formation energies further verified their thermodynamic stability. The mechanical properties indicate that 
both compounds are mechanically stable, ductile, anisotropic, and predominantly ionic in nature. 

Electronic structure calculations using the TB-mBJ potential reveal that RbHgCl₃ and CsHgCl₃ are indirect band 
gap semiconductors, with band gap values of 1.25 eV and 1.16 eV, respectively. 

The optical analysis demonstrates strong absorption in the ultraviolet region, low reflectivity at zero photon 
energy, and consistent behavior across key optical parameters, indicating favorable optoelectronic performance. 

Overall, the obtained results suggest that both AHgCl₃ (A = Rb, Cs) halide perovskites are promising candidates 
for optoelectronic applications, particularly in photovoltaic devices and ultraviolet photodetectors. 
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СТРУКТУРНІ, ОПТОЕЛЕКТРОННІ ТА МЕХАНІЧНІ ВЛАСТИВОСТІ ПЕРОВСКИТІВ AHgCl3 (A=Rb, Cs): 

АНАЛІЗ З ПЕРШИХ ПРИНЦИПІВ GGA ТА TB-mBJ 
Хабіба Бухерауа, Ель-Джемаї Белбача 

Лабораторія фізико-хімічних досліджень матеріалів (LEPCM), кафедра фізики, факультет наук про речовину, 
Університет Батна 1, 05000 Батна, Алжир 

Структурні, механічні та оптоелектронні властивості кубічних галогенідних перовскітів AHgCl₃ (A = Rb, Cs) досліджували 
за допомогою теорії функціоналу густини (DFT) у рамках методу повнопотенціальної лінеаризованої доповненої плоскої 
хвилі (FP-LAPW), реалізованого в коді WIEN2k. Структурну стабільність кубічної фази підтверджували за допомогою 
коефіцієнта толерантності Гольдшмідта та октаедричного коефіцієнта, тоді як негативні енергії утворення підтвердили їх 
термодинамічну стабільність. Розраховані параметри пружності, включаючи коефіцієнт Пуассона, коефіцієнт П'ю та тиск 
Коші, вказують на те, що обидві сполуки є механічно стабільними, пластичними та переважно демонструють іонну природу 
зв'язків. Оптоелектронні властивості досліджували за допомогою модифікованого потенціалу Бекке-Джонсона Трана-Блаха 
(TB-mBJ). Результати показують, що RbHgCl₃ та CsHgCl₃ є напівпровідниками з непрямою забороненою зоною та шириною 
забороненої зони 1,25 еВ і 1,16 еВ відповідно. Крім того, оптичні властивості були проаналізовані в діапазоні енергії 
фотонів 0–20 еВ. Обидві сполуки демонструють сильне поглинання в ультрафіолетовому діапазоні та низьку відбивну 
здатність за нульової енергії фотонів, що вказує на сприятливі характеристики для оптоелектронних застосувань. Загалом, 
ці результати свідчать про те, що галогенідні перовскіти AHgCl₃ (A = Rb, Cs) є перспективними кандидатами для 
застосування у фотоелектричних пристроях та ультрафіолетових фотодетекторах. 
Ключові слова: галогенідні перовскіти KZnX3; FP-LAPW; ab-initio; Wien2k; оптоелектронні властивості; TB-mBJ 
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Formamidinium Tin Iodide is a promising candidate as an absorber layer in perovskite solar cells due to its tunable bandgap, high 
absorption coefficient, and good thermal stability. The selection of suitable charge transport layers with the proper band offset can 
effectively reduce recombination at interfaces and improve solar cell performance. The study focuses on enhancing the performance 
of a perovskite solar cell in which Formamidinium Tin Iodide (FASnI3) is the absorber layer, Zn(O0.3S0.7) is the ETL and Spiro-
OMeTAD is the HTL using numeric simulation. These charge-transport-layer materials are selected based on their adequate energy 
band alignment with the absorber. The structure Glass substrate/FTO/Zn(O0.3S0.7)(ETL)/FASnI3/Spiro-OMeTAD(HTL)/Au, which is 
an unexplored combination in n-i-p architecture, is simulated through SCAPS-1D and optimization of cell parameters- absorber 
thickness, absorber doping concentration, absorber defect density, ETL thickness, ETL defect density, HTL thickness, and HTL defect 
density- is carried out. The variation of cell performance parameters with interface defect density and temperature is also analyzed. 
With this optimization, the cell delivers an open circuit voltage (Voc) = 1.0145V, short circuit current density (Jsc ) = 37.82mA cm-2, fill 
factor (FF) = 83.31% and Power Conversion Efficiency (PCE) =31.97%. The optimized parameters are used to simulate the p-i-n 
inverted architecture, and the cell output is as follows.Voc = 1.0919V, Jsc = 37.293mA cm-2, FF = 83.01% and Power Conversion 
Efficiency(PCE) =33.8%. 
Keywords: Perovskite solar cell; SCAPS; Formamidinium Tin Iodide; Spiro-OMeTAD, ZnOS 
PACS: 02.60.Cb, 61.72.-y, 42.79.Ek, 84.60.Jt 

1. INTRODUCTION
In the realm of renewable energy, perovskite solar cells have demonstrated immense potential, with efficiency 

increasing exponentially over the past decade. Their unique opto-electronic properties, excellent absorptivity, simple and 
low-cost preparation and processing, etc., made them inevitable in the field of photovoltaics [1–3]. Organic and inorganic 
Lead halide perovskite are highly efficient candidates among perovskite solar cells. Even though Lead-based perovskite 
solar cells reported a breakthrough advancement in efficiency of 25.7%[4–6], their toxicity hinders large-scale 
commercialization. 

Among the Tin-based perovskite solar cells, FASnI3 possesses an appropriate bandgap (1.41 eV) and high mobility, 
which are desirable for solar cell applications. The oxidation of Sn2+ into Sn4+is the major stability problem associated with 
FASnI3.This increases the p-type conductivity of the material and results in low value of efficiency[7,8]. The incorporation 
of organic additives can enhance the efficiency and act as passivating agents of defects in FASnI3[9,10]. The addition of 
SnF2 is also an efficient method to tackle the problem of Sn2+ oxidation in FASnI3[11].The FASnI3 layer fabricated with 
vertical Sn2+ gradient using Lewis base-assisted recrystallization method showed an efficiency of 13.82%[12]. 

Electron Transport Layer (ETL) and the Hole Transport Layer (HTL) are essential for the extraction and collection 
of photogenerated electrons and holes produced inside the absorber layer in a solar cell structure. Effective charge 
transport is the primary factor determining the efficiency of a solar cell. The band offset at the interface of the absorber 
and charge transport layer plays a crucial role in the extraction of charge carriers[13]. The device modelling and 
optimization of perovskite solar cell with FASnI3 as absorber material, Spiro-OMeTAD as Hole Transport Layer (HTL) 
and Zn(O0.3S0.7) as Electron Transport Layer forms the basis of the current work. Zn(O0.3S0.7) is a worthy candidate as an 
ETL in perovskite solar cells. It provides a suitable band alignment with FASnI3, thereby reducing charge recombination 
at the interface. Since Zn(O0.3S0.7) has significantly greater electron mobility than the commonly used ETL TiO₂, electrons 
can be extracted from the perovskite absorber layer more quickly and effectively. This improves current density (Jsc) and 
power conversion efficiency (PCE) by lowering charge accumulation and recombination losses[14]. By reducing 
interfacial trap states and suppressing charge recombination, a well-matched ETL like Zn(O0.3S0.7) can indirectly passivate 
the perovskite surface defects[15]. Zn(O0.3S0.7) as ETL can restrict the amount of oxygen and moisture that can enter from 
the top contact of the cell and lessen the possibility of Sn oxidation at the interface and improves the chemical stability of 
the underlying FASnI₃[15]. Ayush Tara et al. simulated the structure FTO/Zn(O0.3S0.7)/FASnI3/CuSCN/Au and attained 
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an efficiency of 25.94%[16]. Au/NiO/FASnI3/ZnO0.25S0.75/FTO is simulated by Srinivas Mattaparthi et al. and an 
efficiency of around 31.57% is obtained[17]. 

The PV community is searching for hole transport materials that are inexpensive, provide high charge carrier 
mobility, and stability. Both organic and inorganic materials can be used as HTLs. Even though inorganic materials are 
abundant, low-cost and stable, they are still behind organic HTLs from the efficiency point of view[18]. For the effective 
extraction of the carriers, the Highest Occupied Molecular Orbital (HOMO) of HTL should be placed above the HOMO 
level of absorber and Lowest Unoccupied Molecular Orbital (LUMO)level of ETL should be placed below the absorber 
LUMO level. The chosen HTL spiro-OMeTAD satisfies this condition. The additive engineering can greatly improve the 
stability of spiro-OMetAD, which is a major challenge faced by researchers. Also, photo-accelerated oxidation of Spiro-
OMeTAD is an efficient and rapid process for the manufacturing and industrial applications of Spiro-OMeTAD[19]. The 
impact of absorber layer thickness, doping concentration, defect density, ETL thickness, doping concentration, HTL 
thickness, doping concentration, interface defect density and temperature, on the cell performance parameters is discussed 
in detail and performance optimization is done in this work. 
 

2. METHODOLOGY AND DEVICE MODELLING 
The device simulation and optimization of the structure Glass substrate /FTO/Zn(O0.3S0.7)(ETL)/FASnI3/Spiro-

OMeTAD(HTL)/Au is done with Solar Cell Capacitance Simulator software. A lot of research is being done with this 
computational software and it is based on solving the Poisson’s equation and continuity equations for the charge carriers 

 𝛛𝛛𝐱 𝛆𝟎𝛆 𝛛𝛙𝛛𝐱 ൌ െ𝐪ቀ𝐩 െ 𝐧 ൅ 𝐍𝐃 െ 𝐍𝐀 ൅ 𝛒𝐝𝐞𝐟𝐪 ቁ (1) 

  𝛛𝐧𝛛𝐭 ൌ െ 𝛛𝐉𝐧𝛛𝐱 െ 𝐔𝐧 ൅ 𝐆 (2) 

  𝛛𝐩𝛛𝐭 ൌ െ 𝛛𝐉𝐩𝛛𝐱 െ 𝐔𝐩 ൅ 𝐆 (3) 

 𝐉𝐧 ൌ െ𝛍𝐧𝐧𝐪 𝛛𝐄𝐅𝐧𝛛𝐱  
 (4) 

 𝐉𝐩 ൌ ൅𝐮𝐩𝐩𝐪 𝛛𝐄𝐅𝐩𝛛𝐱  (5) 

ε stands for the permittivity, ε0 for the free space permittivity, ψ for the electrostatic potential, and q for the charge. n and p 
represent the concentration of electrons and holes, whereas ND and NA denote the ionized donor and ionized acceptor doping 
concentrations. ρdef stands for defect distribution, whereas Jn and Jp stand for electron and hole current densities. Un represents 
the electron recombination rate, Up the hole recombination rate, G stands for the generation rate of carriers. Electron and 
hole mobilities are represented by µn and µp. EFn and EFp represent the electron and hole quasi-Fermi levels[20]. 

The standardization of the software is done by comparing the simulation results of the structure Glass 
substrate/FTO/TiO2(ETL)/FASnI3/Spiro-OMeTAD(HTL)/Au with the experimental data [8,20,21] in our previous work. 
Figure 1 shows the schematic representation of the structure being studied. Figure 2 shows the HOMO and LUMO levels 
of the layers. While the LUMO level of Zn(O0.3S0.7) is below FASnI3, the HOMO level of Spiro-OMeTAD is in the same 
level as FASnI3. The offset of valence band (VBO) at the Spiro-OMeTAD/FASnI3 interface is zero and the offset of 
conduction band (CBO) at this interface is -1.47eV. The CBO at the FASnI3/Zn(O0.3S0.7) interface is 0.08 eV and the 
VBO at this interface is -1.5 eV. For the efficient charge carrier extraction and collection, a small value of VBO and a 
large value of CBO are preferable at the Spiro-OMeTAD/FASnI3 interface. Also small value of CBO and a large value 
of VBO are preferable at the FASnI3/Zn(O0.3S0.7)interface[20]. 

  
Figure 1. Device configuration Figure 2. HOMO and LUMO levels of absorber, ETL and HTL 

The required simulation parameters are obtained from the published literature. Table 1 lists the parameters needed 
for simulation. The electron and hole thermal velocities are fixed at 107cm/s. The defect density at the Spiro-
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OMeTAD/FASnI3 as well as at the FASnI3/Zn(O0.3S0.7) interface is set at 1016 cm-3. The simulation is performed at an 
operating temperature of 300K under an illumination of AM1.5G spectrum with an intensity of 1000 mW/cm2. 
Table 1. Simulation parameters of each layer 

Parameters FTO Zn(O0.3S0.7) FASnI3 Spiro-OMeTAD 
Thickness (nm)  500[8] 30 350[21] 200[22] 
Band gap ,Eg(eV) 3.5[8] 283[16] 1.41[21] 2.88[22] 
e-affinity (eV)  4[8] 3.6[16] 3.52[23] 2.05[22] 
Dielectric Permittivity, εr  9[8] 9[16] 8.2[23] 3[22] 
Effective density of states at CB(cm−3 ) 2.2 × 1018[8] 2.2 ×1018[22] 1.0 × 1018[23] 2.2× 1018[22] 
Effective density of states at VB (cm−3 ) 1.8×1019[8] 1.8×1019[22] 1.0×1019[23] 1.8×1019[22] 
e−mobility µn,(cm2V−1S−1) 20[8] 100 22[23] 2.0 × 10−4[22] 
h+mobility µp, (cm2V−1S−1 ) 10[8] 25 22[23] 2.0 × 10−4[22] 
Donor density ND (cm−3 ) 2.0×1019[8] 9.0×1016 - - 
Acceptor density NA (cm−3 ) - - 7.0×1016[23] 2.0×1019[22] 
Density of defects, Nt (cm−3 ) 1.0×1015[8] 1.0×1015[13] 2.0×1015[23] 1.0×1015[22] 

Figure 3 depicts the structure's energy band diagram. Since Spiro-OMeTAD and Zn(O0.3S0.7) provide adequate band 
offset at the interface of FASnI3, there are no cliffs or peaks found at the interface. The performance parameters- Open 
circuit Voltage(Voc), short circuit current density (Jsc), fill factor (FF) and power conversion efficiency (PCE) -of the device 
on initial simulation are summarized in Table 2. Figure 4 shows the variation of quantum efficiency with wavelength of 
radiation. The quantum efficiency curve spans the whole visible spectrum and shows maximum efficiency at 500nm. The 
cell performance parameters on the initial simulation are listed in Table 2. The variation of cell performance parameters 
with respect to thickness of absorber, defect density of absorber, doping concentration of absorber, defect density of ETL, 
thickness of ETL, defect density of HTL, thickness of HTL, defect density at the HTL/absorber interface, defect density 
at the absorber/ETL interface and temperature etc are analyzed in the next section. 

  

Figure 3. Energy band diagram  Figure 4. Quantum efficiency curve 

Table 2. Initial performance parameters of the cell 

Voc(V) Jsc(mA/cm2) FF(%) PCE(%) 

0.3464 14.797194 49.35 2.53 
 

3. RESULTS AND DISCUSSION 
3.1 Influence of Varying Absorber Layer Thickness 

The variation of cell performance parameters with thickness is depicted in Figure 5. Power conversion efficiency 
increases with thickness from 0 to 1 µm, peaks at 3.26% at 0.75 µm, and then decreases. An increase in thickness leads 
to greater photon absorption, thereby improving efficiency. However, after saturation, efficiency diminishes because 
charge carriers may not reach the appropriate electrodes, as the thickness is considerably greater than the diffusion 
length [4]. Jsc also shows the same behaviour. Voc decreases first, becomes constant over a range and slightly decreases 
after 0.75µm. This could be due to the increase in recombination rate. Fill factor decreases first due to the increase in 
series resistance [22], becomes constant and increases after 0.75µm. This is because of the decrease in Voc and Jscat this 
value of thickness. 
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Figure 5. Effect of varying absorber thickness on performance parameters 

 
3.2 INFLUENCE OF VARYING ABSORBER LAYER DEFECT DENSITY 

The creation of processing sequences that can reduce harmful impurities, point and cluster defects, is the key task in 
the production of solar cells. A lot of methods are introduced for passivating unavoidable defects. The defects act as trap 
states, which can lead to non-radiative SRH recombination[24,25]. Here we study the variation of performance parameters 
with varying defect density from 1014 to 1018 cm-3. The results are portrayed in Figure 6. As the defect density increases, 
the Voc, Jsc and efficiency decrease. Fill factor slightly rises first, but this is compensated by the decrease in Voc and Jsc and 
thereby reducing the value of PCE. The defect density and the diffusion length of the carriers are related by the equation 

 𝐿 = √𝐷𝜏 (6) 

L stands for the diffusion length, D for the diffusion coefficient and τ for the carrier lifetime. 
The equation for the diffusion coefficient is  

 𝐷 = ఓ௞ಳ்௤  (7) 

µ stands for charge carrier mobility, KB for the Boltzmann constant, T for the temperature and q for the charge 
Relaxation time of carriers is given by the equation 

 𝜏 = ଵఙே೟௏೟೓ (8) 

σ stands for the capture cross-section of carriers, Nt for the defect density and Vth for the thermal velocity of carriers. 
Figure 7 shows the variation of the generation rate of carriers with depth at different defect densities. It is seen that the 
generation rate is the same for all defect densities. Figure 8 shows the variation of the recombination rate of carriers with 
depth at different defect densities. As the defect density rises, so does the recombination rate. Since it offers the highest 
efficiency of 2.59%, 1014 cm-3 is selected as the optimum value of defect density. Also, it provides a diffusion length of 
1.687µm and the chosen thickness lies within this limit of diffusion length. 

  
Figure 6. Effect of varying defect density on performance 

parameter  
Figure 7. Variation of generation rate with depth at different 

defect densities  
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Figure 8. Variation of recombination rate with depth at different defect densities 

 
3.3 INFLUENCE OF VARYING ABSORBER LAYER DOPING CONCENTRATION 

The absorber material is a p-type semiconductor and the doping concentration represents the concentration of holes. 
Generally, increasing the doping level improves the conductivity of the material and hence, the performance parameters 
increase. Here, the doping concentration is varied from 1013 to 1017 cm-3 and Figure 9 shows the variation of cell 
performance parameters. The performance parameters remain almost constant with a rise in doping concentration up to 
1015 cm-3 and then decrease. The initial doping concentration is 7×1016 cm-3. The doping has a great impact on the cell 
performance. On reducing the doping concentration to 1013 cm-3, the efficiency increases to 8.18%. The decrease in 
performance at high doping concentration can be attributed to the increase in Auger recombination [26–28]. 

 
Figure 9. Effect of varying doping concentration on performance parameters 

 
3.4 INFLUENCE OF VARYING ETL AND HTL THICKNESS 

The thickness of ETL is varied from 20 to 50nm, whereas the thickness of HTL is varied from 100 to 500nm. The 
performance parameters obtained are depicted in Figure 10. The figure shows that the HTL thickness does not have much 
influence on the performance parameters. So, it is optimized at a minimum thickness of 100nm. As the ETL thickness 
increases, the performance parameters decrease. The efficiency is maximum (3.17%) at an ETL thickness of 20nm. The 
decrease in efficiency is attributed to the partial absorption of photons by ETL at high thickness[20,29].So the optimum 
ETL thickness is selected as 20nm. 
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a) b) 

  
c) d) 

Figure 10. Effect of varying ETL and HTL thickness on a) Voc; b) Jsc; c) FF; d) PCE 
 

3.5 INFLUENCE OF VARYING ETL AND HTL DOPING CONCENTRATION 
ETL and HTL are necessary for the extraction and transport of charge carriers to the respective electrodes. The 

increase in doping concentration of ETL and HTL improves the performance parameters. This is because of the increase 
in the electric field at the interface[30,31].The results of varying doping concentration on the performance parameters are 
portrayed in Figure 11. 

  
a) b) 

  
c) d) 

Figure 11. Effect of varying ETL and HTL doping concentration on a) Voc; b) Jsc; c) FF; d) PCE 
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Both the ETL and HTL doping concentrations are varied from 1016 to 1020 cm-3. All the performance parameters 
increase with the ETL and HTL doping concentration. The performance parameters yield the maximum value at a doping 
concentration of 1020 cm-3 for both the transport layers. The efficiency reaches a maximum value of 11.2% at this doping 
concentration. 

 
3.6 INFLUENCE OF VARYING INTERFACE DEFECT DENSITY AT THE HTL/ABSORBER INTERFACE 

AND ETL/ABSORBER INTERFACE 
The defect density at both the HTL/absorber and ETL/absorber interface is varied from 1010 to 1017 cm-3. The 

variation of performance parameters is depicted in Figure 12 and Figure 13. The defects at the interfaces are common 
because it is the junction between two structurally different layers. As the interface defect density increases, the 
performance parameters decrease. The efficiency varies from 3.09 to 2.52% with the variation of HTL/absorber defect 
density. The efficiency varies from 10.57 to 2.52% with the variation of ETL/absorber defect density. The ETL/absorber 
interface defect density has a much higher impact on performance parameters. At the interfaces, minority charge carrier 
recombination occurs and the recombination rate increases with an increase in interface defect density. So, interface 
modification to control the defect density is very essential in the fabrication of highly efficient perovskite solar 
cells[32,33].The optimum value of defect density is chosen as 1010 cm-3 at both the interfaces. 

  
Figure 12. Effect of varying HTL/absorber interface 

defect density on the performance parameters 
Figure 13. Effect of varying ETL/absorber interface 

defect density on the performance parameters 
 

3.7 INFLUENCE OF VARYING TEMPERATURE 
Figure 14 shows how the performance parameters vary with the operating temperature. The range of temperature 

variation is from 280K to 320K. As the temperature increases, the performance parameters decrease. Voc varies from 0.39 
to 0.30V. Jsc slightly decreases from 14.74 to 14.71mA/cm2. The Fill factor decreases from 52.07 to 45.54% and the 
efficiency decreases from 3.06 to 2.01%. The increase in series resistance owing to the increased recombination rate 
accounts for the observed behaviour of performance parameters[20,34,35]. 

 
Figure 14. Effect of varying temperature on the performance parameters 
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The simulation is again performed with the optimized parameters such as absorber thickness of 750nm, absorber defect 
density of 1014cm-3, absorber doping concentration of 1014cm-3, ETL thickness of 20nm, ETL doping concentration of 
1020cm-3, HTL thickness of 100nm, HTL doping concentration of 1020cm-3, interface defect density of 1010cm-3 at both 
ETL/absorber interface and HTL/absorber interface and a temperature of 300K. The performance parameters obtained after 
optimization are listed in Table 3. All the cell performance parameters show a high improvement on optimization. The 
cumulative effect of all optimized parameters improves the efficiency to 31.97%. 
Table 3. Cell performance parameters after optimization 

Voc (V) Jsc (mA/cm2) FF(%) PCE(%) 
1.0145 37.824196 83.31 31.97 

 
3.8 THE INVERTED (p-i-n) STRUCTURE 

The optimized parameters are used to investigate the inverted (p-i-n) architecture of the solar cell, in which ETL 
replaces HTL and vice versa. The simulation of the architecture glass substrate/FTO/Spiro-
OMeTAD(HTL)/FASnI3/Zn(O0.3S0.7)(ETL)/Au is executed, and the performance parameters obtained are listed in 
Table 4. The inverted structure offers better power conversion efficiency, and this could be due to the better material 
compatibility. 
Table 4. Cell performance parameters of the inverted structure 

Voc (V) Jsc (mA/cm2) FF(%) PCE(%) 
1.0919 37.29378 83.01 33.8 

 
4. CONCLUSIONS 

In this work, the eco-friendly solar cell n-i-p architecture, Glass substrate/FTO/Zn(O0.3S0.7)(ETL)/FASnI3/Spiro-
OMeTAD(HTL)/Au, is simulated using SCAPS-1D software. The impact of cell parameters, including absorber 
thickness, absorber doping concentration, absorber defect density, ETL thickness, ETL defect density, HTL thickness, 
HTL defect density, interface defect density, and temperature, on cell performance is investigated. The optimized values 
of each of these cell parameters have been determined. The optimization resulted in an improved performance with Voc 
of 1.0145 V, Jsc of 37.82mAcm-2, fill factor of 83.31% and PCE of 31.97%. The inverted structure yielded a Voc of 
1.0919 V, Jsc of 37.293mA cm-2, fill factor of 83.01%, and PCE of 33.8%. The greatest impact on efficiency is achieved 
by optimizing the absorber doping concentration. ETL doping concentration and interface defect density at the 
ETL/absorber interface also contribute much to the efficiency. So, careful optimization of cell parameters can significantly 
improve the performance. The proposed structure is a great option for experimental exploration and can be implemented 
with minimal performance compromise. 
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ЧИСЛОВЕ МОДЕЛЮВАННЯ ДОСЛІДЖЕННЯ ФУНКЦІОНАЛЬНОСТІ ПЕРОВСКІТНОГО СОНЯЧНОГО 

ЕЛЕМЕНТА НА ОСНОВІ FASnI3 У ЗВИЧАЙНІЙ, ТА ІНВЕРТОВАНІЙ КОНФІГУРАЦІЯХ З ВИКОРИСТАННЯМ 
СУМІСНОГО Zn(O0.3S0.7) ЯК ШАРУ ЕЛЕКТРОННОГО ТРАНСПОРТУ 

М.В. Кавіта1,2, К.С. Судхір1,3 
1Дослідницька лабораторія моделювання оптоелектронних пристроїв, кафедра фізики, Коледж Христа (автономний), 
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Йодид формамідинію олова є перспективним кандидатом на роль поглинального шару в перовскітних сонячних елементах 
завдяки регульованій ширині забороненої зони, високому коефіцієнту поглинання та добрій термічній стабільності. Вибір 
відповідних шарів переносу заряду з належним зміщенням зони може ефективно зменшити рекомбінацію на межі розділу та 
підвищити продуктивність сонячного елемента. Дослідження зосереджено на підвищенні продуктивності перовскітного 
сонячного елемента, в якому йодид формамідинію олова (FASnI3) є поглинальним шаром, Zn(O0.3S0.7) - ETL, а Spiro-OMeTAD 
- HTL, за допомогою числового моделювання. Ці матеріали шару переносу заряду вибрані на основі їх адекватного 
вирівнювання енергетичної зони з поглиначем. Структура скляна підложка/FTO/Zn(O0.3S0.7)(ETL)/FASnI3/Spiro-
OMeTAD(HTL)/Au, яка є недослідженою комбінацією в n-i-p архітектурі, була змодельована за допомогою SCAPS-1D, та 
проведена оптимізація параметрів комірки – товщини поглинача, концентрації легування поглинача, щільності дефектів 
поглинача, товщини ETL, щільності дефектів ETL, товщини HTL та щільності дефектів HTL. Також проаналізовано зміну 
параметрів роботи комірки залежно від щільності дефектів на межі розділу та температури. Завдяки цій оптимізації комірка 
забезпечує напругу холостого ходу (Voc) = 1,0145 В, щільність струму короткого замикання (Jsc) = 37,82 мА см-2, коефіцієнт 
заповнення (FF) = 83,31% та коефіцієнт перетворення енергії (PCE) = 31,97%. Оптимізовані параметри використовуються для 
моделювання інвертованої p-i-n архітектури, а вихідна напруга елемента така: Voc = 1,0919 В, Jsc = 37,293 мА см-2, FF = 
83,01% та ККД перетворення енергії (PCE) = 33,8%. 
Ключові слова: перовскітний сонячний елемент; SCAPS; формамідиній-олов'яний йодид; спіро-OMeTAD, ZnOS 




