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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 7y and heat-treatment time in air in the presence of CdCl, 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 T 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_g;
increase. After annealing in air in the presence of CdCl, vapor at 300°C, films prepared at 7, =250°C exhibit reorientation of crystallites
from the (111), + (0002);, plane, which is parallel to the substrate plane, to the (10?3) orientation through the (311), + (1 ITZ) N
planes. This reorientation is accompanied by an increase in crystallite size and D, 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 CdCl,
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 5x15 mm? were produced by vacuum thermal evaporation on
standard glass substrates with a predeposited transparent Sn0, conductive layer. Deposition was performed at a residual
gas pressure of approximately 107 Pa. To study the effect of substrate temperature on the structural properties of the
films, the substrate temperature (75) 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 CdCl,
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 CdCl, 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
(20) 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 1073 Pa, under perpendicular incidence of the vapor flux onto the glass substrate surface, with a condensation
rate of 2500 A/min and a thickness of 5—10 pm, are textured and polyphase within the substrate temperature range 7,=250-
400°C . They consist of both cubic and hexagonal modifications. In this case, the crystallites are arranged predominantly
so that the crystallographic planes (111). and (0002),, 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 7Ty , the dispersion angle of the texture axis also increases (Table 1). A significant preferential orientation of

crystallites with the plane (1013) n parallel to the substrate surface is also observed.

Figure 1. Photographic X-ray diffraction images of CdSe films under filtered FeK, radiation, condensed at substrate
temperatures 75 (a) — 250°C; (b) — 300°C; (¢) — 400°C.

Table 1. Dependence of the texture axis dispersion angle (@) for the (111), + (0002);, line of CdSe films condensed at various
substrate temperatures 7

T, °C 250 300 350 400
0.° 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]:

1(10n) aH
()« (0002)}  p+(1-B)H

where [ (10?1) 0 and I{(111). + (0002),} are the integrated intensities of the reflections from the corresponding planes,

and a and B 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 7,=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.
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Figure 2. Line diagrams of X-ray diffraction patterns of freshly prepared Figure 3. Photographic X-ray diffraction image of
CdSe films obtained at substrate temperatures the reference sample obtained under filtered FeK,,
Ts: (a) — 350 °C; (b) — 400 °C. 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 1073 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]:

_ A(63—-90mufy)
Desr = 3m2 cos O[pufa—3(uf2)?] @

where A is the wavelength of the X-ray radiation, 8,, -is the abscissa of the maximum of a line profile in the X-ray 26-
diagram, and uf, and uf, are the second- and fourth-order central moments of the physical broadening function of the X-
ray line. It was found that D, increases from 850 to 970 A.

The microstrains of the crystal lattice were determined from the relation

1

() - [@] ©)

where d is the interplanar spacing. It was found that the microstrain changes from 2.5-1073 to 6.84-1073.
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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 T; 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 7;. 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 7;. 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.

Figure 4. Electron micrographs of the surface of freshly prepared CdSe films, condensed at substrate temperatures
T5,°C: (a) — 250, (b) — 300, (c) — 400 (x10000)

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
T; (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 7 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 pm in thickness.

Figure 5. Fractographic image of the cross-section of a CdSe film prepared at 7,=250°C (x7500).

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 CdCl,. 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 CdCI, 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)y,
the dispersion angle of which increases with increasing substrate temperature (7;). Figure 6 shows a comparison of photo-
radiographs of films prepared at the same 7,=250 °C and with a constant annealing temperature T=470 °C. In this case,
the predominant orientation of the plane (111); + (0002),, parallel to the substrate surface gradually shifts to other
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orientations as the annealing time increases. For example, in the (311), (11?2) plane after annealing for t,,,,,=2 min,

and then in another (10?3) 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 7,=250 °C. However, the reorientation of crystallites from one predominant orientation to another
occurs over a shorter annealing time as 7 increases.

Figure 6. X-ray photographs of CdSe films before and after thermal annealing in air in the presence of CdCl,: (a) — as-deposited;
(b) — t=2 min; (¢) — t=4 min; (d) — t=10 min. Substrate temperature 7,=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 ¢=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).
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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 CdCl,.

It was established that the fraction of the hexagonal modification A in the annealed films increases with the duration
of the thermal treatment. In films prepared at 7;:=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, as a function of annealing
time for CdSe: Cd, Cl films prepared at 7,=350 °C and 400 °C are shown in Figure 8a,b. It can be seen that at the initial
stages of thermal treatment, D, increases, followed by a plateau in the annealing time interval of 4—10 min, during which
changes are minimal. Further increasing the annealing time (¢,,,,,>10 min) leads to a rather sharp increase in D_g;-.

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]:

Pp = 3n/Dczsr 5 4

where 7 is the number of dislocations per coherent scattering domain D, (for calculations, n=1 was assumed).

In films obtained at 7,=400°C, the dislocation density p,, in the plateau region (t,,,=4-10 min) is almost an order
of magnitude lower than in films obtained at 7,=350°C, while the corresponding D, values for these films are
approximately 50 nm and 150 nm, respectively.
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Figure 8. Dependence of D, and pj, on annealing time in air in the presence of CdCl, for CdSe films deposited at substrate
temperatures 7:=350°C (a) and 7,=400°C (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 7,=350°C 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 A [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.
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Figure 9. Dependence of the lattice parameter a of the CdSe: Cd, C! 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 7;:=250°C and 350 °C (Figure 10qa,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 7,=250°C is approximately
1900 nm, while for films obtained at 7,=350°C , it is about 2100 nm. Individual grains for these films reach sizes of
roughly 3-4 pm.

X K 4 E:w;;?mds ’v“ i e v - .4 ‘ B
Figure 10. Electron micrographs of optimally sensitized CdSe: CdCl, films:
() films obtained at 75=250°C; (b) films obtained at 75=350°C

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, ). 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.;,=50-350 nm (see, for example, Figure 85). In the cross-sectional fracture
images, the Sn0; layer between the glass substrate and the CdSe-based film is indicated schematically.

\
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Figure 11. Fractographs of the cross-sectional fracture of optimally sensitized CdSe: Cd, Cl films: (a) films deposited at
T=250°C; (b) films deposited at 7,=350°C. 1 — substrate; 2 — Sn0, 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 7 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 7,=250°C in air in the presence of
CdCl, vapor (Ty,,=470°C) for t,,,=4 min leads to an increase in the coherent scattering region D, 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 (10T3).
Such reorientation of crystallites necessarily occurs via (311) . + (1 1T2) n 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, increase, while the lattice parameter a and the
minimum dislocation density p, decrease.
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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.-¢

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 (uc-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 (AE,) significantly suppresses surface
recombination [3]. Compared to materials such as a-Si:H, pc-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:
_ (AE)
g = deexp |7 -

where the quantities o, and AE 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 (Ej) 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 A 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 (e, &r, U, T), which leads to a temperature-dependent shift of the Fermi level (T).

To determine the temperature dependence of this shift, the law of electric charge conservation is applied:

J:f f(e,€r, U, T) N(e) de )

where: &, — upper energy state of the valence band; e, — lower energy state of the conduction band; & — Fermi
level; U — correlation energy (temperature-independent); N(e) — energy density of charged states.

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

a
dep fyzé N(g) de 1

— s y= 2
ar 3er N(¢g) T
The integral-differential equation (2) can be solved using a step-by-step (iterative) method, which can be written
as:
deg

€Fpy = EF; +ﬁ oT

where oT is the calculation step size, and the value of % 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) = Ne¢(E) + Ny (E) + Ng (E) 3

Now, let us examine each term in expression (3) separately. N, (E) represents the density of charged states located
near the bottom of the conduction band within the energy width €., and follows the relation N_.(E) = N..cexp [(& —
€4)/€co], where Nggp = 1021 — 10%2 sm™3 eV~ [12,13], g, is the bandgap width of porous silicon (por-Si), and & 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, N, (E), corresponds to the density of charged states located above the valence band. This function is
distributed within the energy width &,, and follows the relation N,; = Ny;oexp (—&/&y0), where Ny = (1 — 3) - 1021
sm™3 eV ™1, and &, unlike £, is temperature-dependent, with the temperature dependence expressed as follows:

£50(T) = /[0 (T*)]2 = (kT*)2 + (KT)?

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), &,,(300)
typically lies within 4045 meV, whereas &,,(500) is in the range of 51-56 meV. In constructing the graphs, the value
of £,0(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:

- Ne 2 2
Ng(€) Wexp( (e —&p)?/20°)

where ¢ represents the maximum potential energy of defects formed due to bond breaking, and it is determined by the
relation 0 = (g,0(T) - (4 + U))'/? [12,13]. In this expression, A and U are energetic parameters associated with defect
states, where A=0.44 eV is the energy separation, and U=0.2+0.3 eV denotes the correlation energy of defect electrons.

The magnitude N; is obtained from experimental results and varies in the range N; = 1017 — 1018 eV ~1sm™
[11]. In [14], when determining the temperature dependence of the Fermi level, a simplified model of N(E) — namely
the approximation N(¢) = N;(e) — was used. However, in that approach, the temperature dependence of the
parameters in the Gaussian function was not accounted for.

1
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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(e) = = exp(—(e — &(1))*/20%) 4)
2. Complex model:
- N (e=ep)?
N(g) = N, exp (%) + Nz €Xp (— j) + \/Z:Texp <— SZ;ZF ) (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 AT is insufficient to excite electrons into the charge states.

When the temperature exceeds T>100K, 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, clectrons 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, Aep, 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.
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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 ¢ = gyexp (— i—;), where Ae = g, — &p. Thus, the, Ae(T) dependence should
also be valid, and this relationship should manifest in the temperature dependence of electrical conductivity. Indeed, the
j (%) 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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BIIJIUB TEMIIEPATYPHA HA EHEPTETHYHE NOJIOKXEHHS PIBHA ®EPMI B IOPUCTOMY KPEMHII
¥.C. Babaxomxkaes!, M.A. Ycmanos?2, LII. Boxo6mxonon2, C.M. Illamcinainosa?
!Hamaneancoruil OdeporcasHuil nedazoziunull incmumym, 8ya. Yiuyi, 316, Hamanean 716019, Y36exucman
’Hamaneancokuti Oepycasnuii ynisepcumem, eyi. babypuoxce, 161, Hamanzan 160107, V3bexucman

VY 1iif cTaTTi NpeNCTaBICHO TEOPETUYHE TOCIIIKEHHS TEMIIEPAaTyPHO-3aJIKHOT0 3CyBY piBHSI Pepmi B mopuctomy kpemHii (por-Si).
JocnipkeHHsT 6a3y€eThest HA MOZEINI PO3IOIUTY 3apsIOBHX CTaHIB, CIIOYATKY 3aIllPOIIOHOBAHINM JUIS TiIpOTeHi30BaHOTO aMOp(HOTro
kpemHito (a-Si:H), 3 ypaxyBaHHSIM yHiKaIbHUX (PI3SHYHHMX Ta XIMIYHHX BIACTHBOCTEH MOPUCTOro KpeMHito (por-Si). TemmepatypHa
3aJIeKHICTh TTApaMeTPiB T'yCTHHHU 3apAJOBUX CTaHIB y MeKaX 3a00pOHEHOT 30HU BPaXOBYETHCS SIK Y CIIPOIIEHHX, TaK 1 B PO3IIMPEHUX
Mozersix. st Ko)xkHOT Mozeni moBefiHka 3cyBy piBHs Depmi Oyia po3paxoBaHa 3a JOMOMOIOI0 YHCIOBUX METOJIB, 3aCHOBAHUX Ha
iHTerpanbHO-auepeHIiaIbHiX PiBHAHHAX. PesynpraTté mpexacraBieni B rpadiuniii dopmi, a Takok o6roBoproroThcs (izuuHi
MEXaHi3MH, IO JIe)KaTh B OCHOBI 3cyBy piBHS Depmi B pi3HHMX TeMmmepaTypHHX aAianmazoHax. OTpuMaHi BUCHOBKH MOXYTb OyTH
3aCTOCOBaHI Uil IOSCHEHHS INPOLECIiB IIePEeHOCYy HOCIIB 3apsiy, 3MCHIIEHHS IIOBEPXHEBOi pPEKOMOIHAIl Ta MiJABUILECHHS
e(eKTHBHOCTI COHSYHHUX €JIEMEHTIB Ha OCHOBI T€TepPOCTPYKTYp por-Si/c-Si.

KonrouoBi caoBa: pisenvy @epmi; amopduuii Kpemuii; nopucmuil Kpemuiil; 3a60ponena 30na; 2ycmuna cmauis; posnooin I'ayca;
posnodin I'ayca



191

EAsT EUROPEAN JOURNAL OF PHYSICS. 2. 191-202 (2026)
DOI:10.26565/2312-4334-2026-2-20 ISSN 2312-4334

EXPERIMENTAL AND SIMULATION-BASED STUDY ON THE STRUCTURAL, OPTICAL,
AND MECHANICAL PROPERTIES OF PLA/ZnO NANOCOMPOSITES

Fakhriddin T. Yusupov'*, ®Tokhirbek I. Rakhmonov', ®Mekhriddin F. Akhmadjonov',
Dilobarbonu E. Abdukodirova?, ®Yelmurat Dosymov>, ®Iftikhorjon I. Yulchiev'
Fergana State Technical University, Fergana, Uzbekistan
°Chirchik State Pedagogical University, Chirchik, Uzbekistan
3Khoja Akhmet Yassawi International Kazakh-Turkish University, Kazakhstan
*Corresponding Author e-mail: yusupov.fizika@gmail.com
Received January 13, 2026; revised April 27, 2026; accepted May 2, 2026

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 stiftness 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.-¢, 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
la. 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 la).
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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
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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=0) 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.

4

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.
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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 €V) and polar surface terminations ((0001) Zn-terminated and (000 1) 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 (v(C=0))
observed around 1748-1752 c¢cm’!, 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=0 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).
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Figure 4. FTIR spectra of neat PLA and PLA/ZnO nanocomposites, showing shifts in the v(C=0) band (~1748-1752 cm'!) and
changes in C-O—C and CH3 vibrations with ZnO loading

Additionally, the absorption band at 1080-1180 ¢m™!, 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™, 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™, around 520-550 ¢cm™!, 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.
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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.
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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.
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Figure 7. DFT-calculated total and projected density of states (DOS/PDOS) for bulk ZnO and the PLA/ZnO interface, showing
0O-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 v(C=0) 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.
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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)
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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 (g2), 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 v(C=0) 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 (v(C=0)) 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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EKCIIEPUMEHTAJIBHE TA MOJEJIOBAJIBHE JOCJII)KEHHSI CTPYKTYPHHUX, OITUYHUX TA
MEXAHIYHUX BJACTUBOCTE HAHOKOMITO3UTIB PLA/ZnO
®axpinain T. FOcynos!, Toxip6ek 1. Paxmonos!, Mexpimain ®. Axmaxxonos!, Jliio6apoany €. Adaykoaiposa?,
€amypar Hocumor?, IpTuxopmxon I0abuics!
'Depeancoruil Oeporcasnuti mexuiynuil ynigepcumem, Pepeana, Ysdexucman
Yupuuywbkutl OeporcasHutl nedazoziunuil yHisepcumem, Yupuuk, ¥Y3oexucman
SMiscchapodnuil kazaxcoko-mypeyvkuil yHisepcumem imeni Xoooici Axmeda fcasi, Kazaxcman

V wiit po6oTi NPEACTaBICHO KOMIUICKCHE KCIIEPUMEHTAIBHE Ta TCOPETHYHE JOCIIPKCHHS HAHOKOMITO3UTIB Ha OCHOBI MOJIIAKTULY
(PLA), apmoBanux HaHOYAaCTMHKaMH Okcuay IWHKY (ZnO) 3 xoHmetpamismu 0,5, 1, 3 ta 5 mac.%. Cram gucnepcii Ta
MIKpOCTpYKTYypHi ocobmuBocti ZnO B Matpuni PLA nociimkyBaiucst 3a JOIOMOIOI CKaHyBaJbHOI €JIEKTPOHHOI MIKPOCKOIIT y
TIO€THAHHI 3 €HEPTrOANCIIEPCIHHOI0 PEHTTEHIBCHKOIO CIIEKTPOCKOIII €0, 1110 BUSBIJIO OJHOPIAHUN PO3NO/iT HAOBHIOBAYA 32 HU3BKOTO
BMICTy Ta IOCTYIOBE arjIOMEpyBaHHs 3a BHIIMX KOHIEHTpauiid. AHaji3 peHTreHiBChbKOi Audpakiii MiATBEpAUB 30EpeKCHHS
reKcaroHajabHOI BIOPLUUTHOI KPUCTANIYHOI CTPYKTYpH ZnO micisi BBEACHHS B MOJIMEPHY MATPHUIO, TOAI K KOMITO3UIIMHO 3aJIeXHi
3MiHH pPO3MIpY KpHUCTaNiTiB i MikpoaedopMamiii IpaTKu KOPETIOITh i3 MEXaHIYHOK BIINOBIAII0 KOMIO3WTIB. [H(pauepBoHa
CIIEKTPOCKOIIA 3 IepeTBOpeHHAM Dyp’e CBITUUTH MPO HasBHICTH MixK(pa3HUX B3aeMOJiil Mix JaHIoraMu PLA Ta HaHOYacTHHKaMHU
ZnO, 10 HPOSIBIAETHCS Y CUCTEMATUYHUX 3CYBaX CMYrH BAJICHTHHX KOJIMBaHb KapOOHIUIBHOI IPYIHX Ta MOB’S3aHHX i3 LUM edeKTax
Hepepo3noaity 3apsay. YibTpadioleToBO-BHIMMA CIHEKTPOCKOIIS IEMOHCTPY€E CYTTEBE MiABUIICHHS eEKTUBHOCTI €KpaHyBaHHS
yIbTpadioNeTOBOro BUIPOMIHIOBAHHS 31 3pOCTaHHAM BMicTy ZnO, IIO CYNPOBOKYETHCS MOSBOIO IMIiJ30HHUX CMYT IOTJIMHAHHS,
3yMOBJICHUX JAc(pEKTHUMH Ta MiK(a3HHMH €JIEKTPOHHUMHU CTaHaMH. PO3paxyHKH B Mekax Teopil (QYHKI[OHATY T'yCTHHH
MiATBEPUKYIOTh EKCIIEPUMEHTAJbHI Pe3yJIbTaTh, BUSBILIIOUN MiK(a3HHH MEepeHoc 3apsay Ta He3HauHi Moaudikarii eIeKTpOoHHOT
CTPYKTYpHu Ha Mexi po3ainy PLA/ZnO. Otpumani pe3ysbTaTi MOKa3yloTh, 10 BBeAeHHS ZnO MigBHILY€e MEXaHIYHY )KOPCTKICTD i
edexTuBHICTh YP-3aXUCTy, IPH [IbOMY ONnTUMaNbHUHA BMicT ZnO Hmkue 1 Mac.% 3abe3nedye 30epekeHHs: MeXaHi4HOT LiIicHOCTI Ta
MiHIMIi3ye€ JeTpajanito, CIPUINHEHY arjIoMepaIli€l0 HAaHOYaCTHHOK.
Kurouosi ciioBa: nanoxomnosumu PLA/ZnO; Y @-3axucm; mexaniyni enacmusocmi, penmeerniecvka ougparyia (XRD),; FTIR; DFT-
MOOENIOBANHSL; NePEHECEHHs 3aPAJy, HAHOMAMEPIAAU, NOTIMEPHE APMYBAHHS
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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 < 2ag, 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§1/3)ag ~ 0.25, giving N, =1.8-10" cm™ (Si), 5.6-10" cm™ (GaAs), and 2.9-10" em™ (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, I1I-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., CHsNH:Pbls, CsPbBrs) 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 (DOS;p, < /E — 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
(DOS,p = 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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¢) 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 (DOS;p < 1/,/E — 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.

a) Bulk b) Quantum well  c¢) Quantum wire d) Quantum dot

Energy

Energy

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

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

Bandga Electron Hole Effective Dielectric
Material sap Mobility Mobility . Typical Nanostructures
(Eg) (eV) (em?/V-s) (em?/V-s) Mass (m'/mo) Constant (&)
Si 1.12 (Indirect) 1500 450 e: 0.26, h: 0.39 11.7 Bulk, Quantum Well, Quantum Dot
. . . Bulk, QW,
GaAs 1.42 (Direct) 8500 400 e: 0.067, h: 0.45 12.9 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
4megerh?

material, the effective Bohr radius (ajp) was calculated using ap = oz where &, is the relative dielectric constant and

m”* the carrier effective mass. The onset of quantum confinement was defined by L < 2ag, 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
N"a, =0.25giving [28], N, ~1.8-10" cm™ for Si, N, ~5.6:10" cm™ for GaAs, and N, ~2.9-10" 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 Eg4(L)is given by (1):

0D _ pbulk
Eg (L)—Eg +AE

2.2 2
- :E§ulk+h2; (l+ ! J—l.Se— (1)

m, m, 4re €, L

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. ~ 2ap, the band gap increases significantly, often by 25-35% over the bulk value,
enhancing optical absorption and emission efficiency [32].
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1D _ pbulk
E(R)= E™ +AE

w1 1
conf = E;L‘lk + z —t— (2)

2R \m, m,

e

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].
232
=Ebulk+ﬂ'f; 1*_’_ 1* .
¢ 20 \m, m,

3

2D __ rbulk
Eg (L)_Eg +AEconf
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].

3D _ pbulk
Eg ~Eg

“

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).

al?
Ebulk T — Ebulk O _ . 5
R O )
Table 2. Varshni parameters of Si, GaAs, GaN, CdS, and InP.
Material Eo (eV) 0 (x10* eV/K) B (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 a and B 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 a leads to a faster band gap reduction with temperature, while  controls the
temperature range over which this decrease occurs.

2.2 2
h—”z L) I8¢ Guantum Dot (0D)
20 \(m, m, ) 4nee L
o1 1 .
£ (LT = g (02T ? —| — *J, Quantum Wire (1D) .
g(’ )= g ()_T+,B+ 2R m, m, (6)
232
z F; 1* +L* ) Quantum Well (2D)
2L \(m, m,
0, Bulk (3D)

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), 1.35eV (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 (e 7~2) 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 (o< r~1) 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.

—o— i (Eg=1.12eV)
4.0 Gads (Eg=142 V)
—i— GaN (Eg=34 eV}
—¥— CdS (Eg=242eV)
3.5 —&— InP(Eg=1.35 ¢V)

»
=3

&)
n

Band gap Eg (eV)

[ g
=]

2 4 6 8 10 12
Quantum dot radius r (nm)

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.

4.0

A

3.0

Band gap Eg (eV)
= g N
N (=} n
(

Nanowire radius r (nm)

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, Ej
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. Atr = 2nm, GaAs exhibits a band gap
increase of ~0.8-0.9 €V, reaching E, ~ 2.2-2.3¢V, while InP shows a comparable shift of ~0.7 V. 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 (< 32,/r?) 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; ~ 2.2-2.3¢V, 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 (< 82, /r?) compared to 0D (x 72 /r?), emphasizing that dimensionality strongly
governs band gap tunability and must be carefully considered in the design of nanoscale optoelectronic devices.
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Figure 4. Contour maps of band gap energy Egversus 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 Ejof 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 Eg;from 1.12 eV (bulk) to ~2.1 €V, 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 20x 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 Ejof 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: Sirises 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 (< r~2) 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 (o< r~1) 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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MH 37iHICHIOEMO CHCTEMaTHYHUH aHalli3 KpUTHIHUX PO3MipiB (L) Ta HOPOTOBHUX KOHIEHTpaNiil fOMIIOK (N;), II0 BU3HAYAIOTh CYTTEB1
3MiHn 3ab6opoHeHoi 300U y Si, GaAs, InP, CdS Ta GaN. BukopucroByroun Teopiro eeKTHBHOI MacH 3 IONpPaBKaMU Ha KyJIOHIBCHKY
B3aEMOIiI0, TEMIIEPATyPHY 3aJISKHICTh 32 BapiiiHi Ta yncesbHi CUMYITALIT, MH BCTAHOBITIOEMO, I110 KBAHTOBE OOMEXKEHHS JOMIHY€E IPH
L < 2ag, wo nae L, = 10um mi1s Si, 22 um qust GaAs, 6 v i1 CdS ta 5—-6 um aiis GaN. BinnosinHi moporoBi KOHIEGHTpaLii JOMILIOK,
. . . 1/3 _ . _ _
noxi6Hi 10 KpuTepito MoTTa, 3a10BONLHAIOTH NC( / )~ 0,25, mo nae N,=1.8-10" em™ (Si), 5.6-10"7 cm™ (GaAs) Ta 2.9-10" cm™

(CdS). dnsa xBanToBux To4okK (0D) 3 r = 2 HM 3a00poHeHa 30Ha 30imbIIyeThcs mpuoau3Ho Ha ~0,9 eB mis Si, ~1,3 eB g GaAs ta
~5,5 eB mist GaN, toxi sik 1D HaHOAPOTH JEeMOHCTPYIOTH Ha 20—35% MeHIII 3MiHH Yepe3 YacTKOBY JICJIOKANI3alliio HOCIiB Y3/I0BX OCi
npoty. Temneparypi edektu € nezHaunumu (~0,01-0,03 eB y miamazoni 50-500 K), mo miarBepmxye, 1mo BUMipHe 0OMEXEHHS €
JnoMiHytounM daktopoMm. Lli pe3ynbraTn HamaloTh KUTBKICHI BKa3iBKH JUIs IHKEHepii perynboBaHnX 3a00pOHEHHX 30H Y CBITJIONIOAAX,
na3epax, KpeMHI€BUX 0ararollapoBUX COHSYHUX elIeMeHTax, YP-onToeneKTpoHimi Ta GoToneTeKTopax, IPOIOHY0UN TPOTHOCTUYHY
OCHOBY [UIsl HAHOCTPYKTYp HamiBnpoBigaukiB tumis [V, I[II-V ta [I-VL.

KurouoBi cnoBa: 3a60ponena 3ona nanienpogionuxa; KpumuuHuil posmip; nopo2o6a KOHYeHmpayis OOMIUOoK, K6AHMOBe 00MedICeHH s,
memnepamyphi egoexmu, KOHYeHmpayis HOCiie, HAHOCMPYKMYPU; ONMUMI3AYIL NPUCIMPOL8
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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 X 10 to 1 x 108 cm™3. 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 < 105 cm™3), 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 1017-10® cm™3significantly suppresses freeze-out, enabling ionization probabilities above 0.8 at temperatures as low as 5070 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 IT1I-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 pm), 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 10'* to 10'® cm™. 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 A. 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 cm?/V s for electrons and 1900 cm?/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 2.4x10'* cm™ 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/cm® 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 (e ™), while the right region (nGe) is n-type,
rich in electrons (e*). 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) Ex=12 Indium (In) EA=16
Donor (meV) Phosphorus (P) Ep=12 Arsenic (As) Ep=14 Antimony (Sb) Ep=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 e~and e*symbols 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 £=16.2 is the relative permittivity of Ge, £ = 8.854-10 F/m is the vacuum permittivity, and p(r, T)is the
space charge density, defined as (2):

p(r.T)=q-(p(r)—n(r)+Ny(T) - N () (@)

with ¢ =1.602-10" 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 P,(T") and donor P, (7’) dopants are

directly related to the fraction of ionized dopants in the material. They are defined using equations (3a) and (3b) as:

1
F= g, p,(r) (AEA ] (3a)
+ -exp
7,(T)-N,(T) kT
1
P (T)= 3b
»(M) gp-n,(r) 'CXP(AEDJ (39)
Y,(T)-N(T) kT

where gp = 4, g, = 2 are the dopant degeneracy factors, N.(T)and Ny (T)are the effective density of states in the
conduction and valence bands, and AEpand AE,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 y,(T)and y,(T)were introduced, ensuring a physically
consistent description of both majority carrier concentrations and dopant ionization over the entire 4400 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. AE, = E. —E, ,AE, = E,— E, activation

energy donor and acceptor, with donor and acceptor energy levels Ep and Ea facilitating n-type and p-type conductivity
respectively, as shown in Figure 2.

a) b)

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 1onize.

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 X 10%° cm™2) 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 ~ 1018 cm™3.

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.

a) b)
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Figure 3. Ionization Probabilities of Dopants in Germanium (Ge) (a) Acceptor Ionization Probability P, (T)for Boron, Gallium,
and Indium (b) Donor Ionization Probability Pp, (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 Ny = N, = 1 x 105 cm™3. 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, Ny, (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 Pp < 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 Pp = 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 X 10> cm™3), 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), Ny, (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.
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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 10'“-~10" cm™3; (b) Donor ionization
probability Pp (T, Np)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 (4400 K) and
dopant concentration (1x10'-1x10'® cm™), 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, < 105 cm™3), ionization probabilities remain
below 0.2, indicating severe freeze-out. For example, at 20 K and 10'* cm™3, Boron exhibits P, ~ 0.15, while Indium
remains below P, = 0.05. As dopant concentration increases, freeze-out is partially mitigated. At N, = 1017 cm™3, 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 Pp, (T, Np)for Phosphorus, Arsenic, and Antimony. At 10-30 K and N, < 105 cm™3, ionization remains
below 0.2 for all donors, with Antimony showing the highest ionization fraction. At N, = 10%® cm™3and 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 1017 cm™3, 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 <
10*5 cm™3, 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 X 10*to
1 % 108 cm™3. 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 X 105 cm™3), 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 (Ep = 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
(E4 = 16 meV) requires temperatures above 220-250 K. The combined temperature—concentration analysis reveals that
increasing dopant concentration to 1017—108 cm™3significantly 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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CUCTEMATHYHE AHAJITAYHE TA YACEJBHE JOCJIIKEHHS HENOBHOI IOHI3AIIIT JOMIIMIOK Y
TEPMAHII B IIAITA3OHI TEMITEPATYP 4-400 K
MLIIL I6parimosal, I.A. Kananmaposa', H.IL. Badaszosal, Y.I. Canaes', JI.I. Oubuice?, A.B. Tinsnkos’, A.B. Aximos?,
II.M. Kyuies?, ¥.C. Paxmonos’

TVpeenucwvruii Oeporcasnuii ynieepcumem, eynuys Xamioa Onimoocona, 14, Ypeenu, 220100 Vzbexucman
2Tawikenmcwkutl incmunym indicenepie ipueayii ma mexanizayii cirbcokozo 2ocnodapemea, Hayionansnuii docnionuyskuil
yHisepcumem, kagpeopa ipueayii ma meniopayii, Tawkenm, Y3bexucman
3Kageopa nesioknaonoi meduyunu ma meduyunu kamacmpo@. Tawxenmcokuil depocagrutl meOuunutl ynisepcumem, Yzbexucman
‘Disuxo-mexuivnuii incmumym imeni C.A. Asimoea Axademii nayx Yzbexucmany
STawkenmcokuii Oepacasnuti mexuivnutl ynisepcumem, Tawkenm, Y3bexucmar
HemnoBHa ioHi3allist JOMILIOK CyTTEBO BILIMBA€E Ha €ICKTPUYHI BIacTUBOCTI repmatiro (Ge), 0COONNBO 32 yMOB HU3bKHX TEMIIEpaTyp i
HHU3bKOTO PiBHS JIETYBaHHS, 10 € KDUTHYHHUM JUIS Cy4aCHUX €IEKTPOHHUX Ta ONTOENEKTPOHHUX MPUCTPOIB. Y 1iii poOOTi HaBeIeHO
CHUCTEMaTHYHE YHCENbHE NOCTIDKEHHS TEMIIEpaTypHOi Ta KOHICHTpALiifHOI 3alexHOcTi ioHi3amii momimok y Ge B miama3oHi
temneparyp 4-400 K Ta 3a xonHuenTpamiii gomimok Bix 1 X 1010 1 x 108 cm™3. ImoBipHOCTI ioHi3awii omiHeHO A1 THIOBHX
aKIENTOPHUX JOMIIIOK (6op, rajii, iHmii) i JoHOpHHUX HoMilnok ((docop, MUII’SIK, CypMa) 3 eHepriiMu akTuBauii B Mexax 10—
16 mMeB. Pe3ynbratu 1eMOHCTPYIOTh BUPKCHHUH ePEKT «3aMOPOXKYBAHHSD) IOMIIIOK 32 KPIOTCHHHX TeMIepaTyp, KOJIU iMOBIPHICTh
iomisartii sMenmryetses 1o 0,1-0,2 mms cmaGomerosanoro Ge (N < 105 cm™3), mo mpu3BOIHUTE M0 SHIKEHHS KOHIIEHTPAIIii HOCIiB
3apsay Oinpmr Hix Ha 80-90% MOpIBHSHO 3 NPUIYIICHHSM IMOBHOI ioHi3amii. JJOHOpHI NOMIIIKK 3 MEHIIOI0 SHEpri€lo aKTUBAIil
JocsraroTh Maibke moBHoI ioHizawii (P(T) > 0.9) npu Temneparypax 100-150 K, Toxi sk akuenTopHi JOMIIIKH 3 BUIOI0 CHEPTi€l0
axTuBalii norpebyroTh Temmeparyp Buie 200-250 K. 36inburenns koHnenTpanii gomimok 1o 1017-1018 cm3icTorHo mocnabmoe
e(eKT 3aMOpOoKyBaHHsI, 3a0€3Meuyoun IMOBIpHICTB ioHi3amii moHax 0.8 Bxe npu Temmneparypax S0—70 K. 3a kiMmHaTHOI Temmieparypu
Ta BHUINE BCl JOCTIPKCHI JOMIIIKKA IEMOHCTPYIOTH Maike IOBHY iOHI3allil0 B YChOMY Jiana3oHi JOCTIKCHUX KOHIIEHTpALii.
OTpuMmaHi pe3ynbTaTH HAmalOTh KUIBKICHI pekoMeHnamii mono BHOOpY TuIly Ta KOHHEeHTpamii momimok mrst Ge-6a3oBaHHX
CJICKTPOHHUX, ONTOCIEKTPOHHUX i KPIOTEHHHUX IPHCTPOIB Ta IiJKPECIIOIOTh HEOOXIAHICTh SIBHOTO BpaxyBaHHs HEIOBHOI iOHi3awil

JOMILIOK ITi/T 9ac MOJIEIIFOBaHHS Ta ONTUMIi3allii IPUCTPOIB, 110 NPALIOIOTh 32 HU3bKUX TEMIIEPaTyp.
KorouoBi caoBa: wupuna 3ab6oponenoi 3omu nanienpogionuxa;, eepmaniti (Ge); nopic Jnezysamms;, memnepamypHi egexmu,
KOHYeHmpayisa HoCiie 3apady;, Henoeua ionizayis, onmumizayis npucmpois
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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
(FexO,), 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 (FesOas, y-Fe:0s). 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°C, 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.
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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 20)s,
0.3 M of Nickel (IT) chloride (NiCl») and 0.7 M of boric acid (H3;BO3) are added to 25 ml of de-ionized water. The solution
was heated 75°C 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°C.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°C, is placed on the heater to keep its temperature at
75°C 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 (Ni,O3) at 26 = 30.392° correspond to (002) plane, 44.542° and
52.553° 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), at 20 = 19.581° and 33.408° 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].
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Figure 1. XRD diffraction of nickel prepared by electro chemical deposition before annealing by heating or exposing to plasma.



221

Comparative Effects of Cold Plasma and Thermal Annealing on the Structural and Morphological... EEJP. 2 (2026)

Furthermore, we used the Scherrer equation [25] to determine the crystalline size of nickel by analysis of the peak
broadening by using Eq. 1:

_ k2
_ﬁcose (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.
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Figure 2. XRD of nickel after exposing to plasma for: (a): 2.5 min, (b): 5 min, (¢):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 20: (18.55°,30.24°,44.59°, 52.230° and 66.192°) 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)°C. According to JCPDS files these peaks refer to Ni, NiO»,
Ni203.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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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°C, (g) 400°C
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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°C, (g) 400°C

(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 Surface Roughness | Root Mean Square Threshold
P (nm) (nm) (nm) (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 °C 4.014 0.7064 0.8828 3.594
400 °C 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°C 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°C, grain size and roughness
decrease, though they do not achieved at 200°C. 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 26 =
44.34°, which corresponds to the (400) orientation of magnetite (Fe3Os4) according to JCPDs file no.: (1317-61-9), This
indicates that the method successfully synthesized monocrystalline iron oxide.
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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 Fe304,
v-Fe203, and B-Fe203 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 (y-Fe:Os) to other iron oxide phases such as hematite (0-Fe:0s). Also Higher
oxygen concentrations can lead to the formation of phases with higher oxidation states, such as &-Fe,Os, 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°C or 400°C 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.
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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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Figure 8. AFM of Iron oxide thin film for: (a) control (b): 2.5 min, (¢): 5 min, (d):10 min, (e): 15 min (f) 200°C, (g) 400°C
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(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, ¢, 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 ¢), 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 5091

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 °C 292.9 81.82 103.2 241.8
400 °C 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°C 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°C a significant improvement compared to the 200°C 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°C and 400°C 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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HOPIBHAJIBHUM BILJIMB XOJIOIHOI IIJIASMU TA TEPMIYHOI'O BIAIAJIY HA CTPYKTYPHI TA
MOP®OJIOTTYHI BJIACTHBOCTI IIOKPUTTIB 3 HIKEJIIO TA OKCHUY 3AJII3A
As [Ixxymaa, Jlyxa K. Xapgem, A.H. flcyo, Xamig X. Mypoat
bBazoadcvruii ynisepcumem, Koneooic nayk ons acinok, kageopa pizuku, baeoao, Ipax

VY 1poMy mOCITiKeHH] BCEOIYHO JOCTIIKYETHCS Ta MOPIBHIOETHCS BIUIMB 00pOOKU X0JoaHOI0 atMoc(epHoro mia3Moro (XATII) sx
MOTEHIIMHOT aJbTepHATHBU TEPMIYHOMY Billlally Ha CTPYKTYPHi Ta MOP(OJIOTivyHiI BIACTHBOCTI JBOX Pi3HMX TOHKUX ILTIBOK: HIKEIIO
(Ni) Ta okcuny 3aniza (FecO,), 00naBi enekrpoxiMiuHO HaHeceHi Ha miakiIanaku ITO. XapakrepucTrKa 3a JOIOMOTI0I0 PEHTI€HIBCEKOT
mudpakiii (XRD) ta aromuo-cmimoBoi Mikpockomii (ACM) mokasama, o0 OpHpoda Marepiady BH3HA4Yae HOTO pPEakiiio Ha
noctoOpobKy. s Hikento kopoTkouacHa 06podka CAP (2,5-5 XB) onTUMaIbHO MOKpPAIlyBaia KPUCTANIYHICTh Ta TIIAAKICTh TOBEPXHi
3a paxyHOK 3MEHIIEHHS PO3Mipy 3€peH Ta MIOPCTKOCTI, TOAI SIK TpUBalimia oOpoOKa MPU3BOIWIA IO OKUCICHHSA Ta 30UIbIICHHS
mopceTkocTi. | HaBmakw, A7 OKCHAY 3ai3a HaBiTh KOPOTKOYacHa oOpoOka CAP imimiroBana mepexix BiA MOHOKPHCTAJIYHOI 70
TIOTIKPUCTANIYHOI CTPYKTYpH, yTBOpIotoun cymim ¢a3 (FesOs, y-Fe20s). Haitrnamma nmoBepxHs okcumy 3aii3a Oyia JOCSTHYTA MiCIsL
5-10 xBumue CAP, a nagmipHa 06poOka (15 XB) cripHuMHSIIA MOMIKONKEHHS MMoBepXHi. TepMiuHMil BiAman BUSBHUBCS KPAIUM IS
nikemo npu 200°C, naroun HaiapiOHilm 3epHa Ta HaWrtaamy moBepxHio. OJHAK IHOro OyJI0 HEJOCTATHBO IUISl ONTHUMAIIBHOT
KpHucTatizaiii okcuay 3aiiza. [ls pobora nemoHcTpye, mo CAP € mBuaKo Ta eHeproe()eKTHBHOK albTEPHATHBOI TPAAUIIHHOMY
Bianany. OnTuManbHi MapaMeTpy CHIIBHO 3alexarh BiJ creludikd Marepialy Ta MarOTh BHpIIIAIbHE 3HAYEHHS VIS CTBOPCHHS
(YHKIIIOHAIBHHUX TIOKPUTTIB y KaTalli3i Ta CEHCOPHII.

KurouoBi cinoBa: xonoona nnasma; DBD; nnazmosuii 6ionan; nikenege NOKpUmmsi;, OKCUO 3a1i3d; cemMamum, MazHemum
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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 1x10™" to 1x10'® cm™. Acceptor dopants (Mg, Zn, Be)
exhibit incomplete ionization at room temperature, with Mg achieving P, = 0.60 at 300 K and severe freeze-out P, <1 below 50 K.
Donor dopants (Si, O, S) are nearly fully ionized at 300 K P, > 0.95 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, B-Ga20s, 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 (3.26eV) and diamond (5.45¢eV) exhibit high
breakdown voltages (3—10 MV/cm) and thermal conductivities (~3.7 W/em-K for SiC, ~2200 W/m-K for diamond),
making them suitable for high-power, high-reliability devices [3,7,17-19]. B-Ga:0s, 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 (~0.16eV), B and Al in 4H-SiC
(0.265-0.293 e¢V), B in diamond (~0.37¢V), P in diamond (~0.57¢V), and unintentional donors in B-Ga:0s
(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 (10'°—~10'® 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/em?, 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 Ill-nitride heterostructures
(AIN/GaN, AlGaN/GaN, InAIN/GaN) exhibit high resistance to protons, electrons, neutrons, and y-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 10'° to 10'® 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 A,
¢~5.185A) and a direct bandgap of 3.39 ¢V at 300 K, enabling efficient photon absorption and emission in the blue/UV
spectrum [23]. The electron effective mass is ~0.20 mo, and hole masses are ~1.0 mo (heavy) and 0.3 mo (light), yielding high
electron mobility (~1500cm?V-s) and moderate hole mobility (~100cm?/V-s), critical for high-speed optoelectronic
devices. GaN exhibits extremely low intrinsic carrier concentration (~107'° cm™), high relative permittivity (. = 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 (~10° cm™ 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].

—Tp 0 T

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 (6] 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.

dE(r) — aE(xayaz) +aE(x»,V»Z)+aE(xay,Z) — p(x’yaz) (1)
dr ox ay oz £-€,

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

p(x.T)=q-[Ny(T)= N (T)+ p(x,T) = n(x,T)] ()

In GaN, N7 (T)and Nj (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
P/(T) and donor P,(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):

1

P = ( AEA) Ga)
+ - €X
7,(I)-N,(T) kT
1
P(T)= 3b
@) 1+ gp - n,(x,T) ex (AED) )
7,(I)-N.(T) kT

where Ej and Epare the activation energies of Mg (p-type) and Si (n-type) dopants in GaN, Egis the Fermi level, kgis
Boltzmann’s constant, T is the absolute temperature, and g4, = 2 and gp = 4 are the dopant degeneracy factors for
acceptor and donor states, respectively. N (T)and Ny, (T )represent the effective density of states in the conduction and
valence bands, while AE,and AE,denote the dopant activation energies for donors and acceptors.

a) b)

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 ¥, (T)and y, (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 (Ep) 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 = Np = 1x10" cm™) 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 ~ 10" 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.
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L0 o Mg (Ea=0.16€V) 1.0 =
Zn (E4=0.12eV —
E: 081 ——— Be §E2=0 15 evi £ 03
a ’ o
£ £
;'g 0.6 ;.'g 0.6
=) =)
e g
=21 P~
504 £ 044
-g F‘S .
3 3 —e— Si(Ep=0.02 eV)
202 = 0.2 0 (Ep=0.032 eV)
—— §(Ep=0.03 eV)
0.0 T w w 0.0 . : :
100 200 300 400 0 100 200 300 400
Temperature (K) Temperature (K)

Figure 3. Ionization probabilities of dopants in GaN
(a) Acceptor ionization probability P,(T)for Mg, Zn, and Be. (b) Donor ionization probability Py (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 €V. At an acceptor concentration of N, =1x10'*cm™, 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
(0.12eV) 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, N, =1x10""cm™, 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 N, =1x10'" +1x10"cm™.

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.
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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 4400 K and 101*-1018 cm™3; (b) Donor ionization
probability P, (T, Np)for Si, O, and S over the same temperature and concentration ranges.

In Figure 4 a), Acceptor lonization (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 N, =1x10"cm™, 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 N, =1x10" cm™ 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
N, =1x10" +1x10"cm™ . 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 E, =0.16 e/, N, =1x10"®cm™, 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 E,, =0.002 eV , N, =1x10"*cm™, 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 1x10' to 1x10'® cm™. The results demonstrate that incomplete ionization strongly
affects p-type GaN, where Mg E, =0.16 e/ reaches only P, =0.60 at 300K and experiences severe freeze-out

P, =0.60 below 50K.Zn E, =0.12 e/ and Be E, =0.15 el show slightly higher ionization at room temperature but
remain partially inactive at low temperatures. In contrast, n-type GaN donors such as Si, E, =0.002 eV,
O, E, =0.032 eV ,and S, E, =0.003 eV are nearly fully ionized at room temperature P, >0.95 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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Mu npencTaBisieMO KOMIUIGKCHE YHCIIOBE JOCIIDKCHHS TeMIIepaTypHO- Ta KOHIEHTpalifHO-3aJIeKHOT 10HI3aIi] JIETYIOUHX JOMIIIOK
B ONTHYHHX (oToenekTpuuHux neperBoproBadax (ODII) Ha ocHoBi GaN, mo oxorutoe piamazon temmeparyp Bix 4 no 400 K Ta piBHi
neryBaHHs Bif 1x10™ o 1x10"¥cm>. AkuenTopHi jerytoui nominiku (Mg, Zn, Be) neMOHCTpyIOTh HENOBHY 10HI3allil0 32 KIMHATHOI
TeMneparypu, npuaomy Mg nocsrae pisas P, = 0.60 npu 300 K, a Hmkue 50 K cnocrepiraerscs cuiibHe 3amep3anss P, <1 . JloHopHi

neryroui gomimku (Si, O, S) maibke noBHicTIO i0HI3yt0ThCs 11pu 300 K P, > 0.95 Ta miaATpUMYIOTh BUCOKY €IE€KTPOHHY IIIIBHICTH

HAaBIiTh 3a KPIOTEHHUX TeMIIepaTyp. 30UTbIICHHS KOHIIEHTpAIi{ JIerylodoi JOMIIIKK 3MEHIIIYE 3aMep3aHHs aKLENTopa, aie He MOXe
TIO/I0IaTH BHYTPINIHI Mexi akTHBamii 3a HU3BKUX Temneparyp. Lli pesynasratu mimkpecmoiors acumerpito Mix GaN p- Ta n-Tumy,
B)XJIMBICTh CTpATeTill CHINBHOTO JIETYBaHHS Ta HAJAIOTh KiIBbKICHI PEKOMEHMAIl /Ul NMPOTHO3yBaHHS IMUIBHOCTI HOCIIB 3apsiy,
IUTOMOTO OIOPY Ta NMPOLYKTUBHOCTI IIPUCTPOIB y moTykHKUX KocMiynux OITK Ha ocHOBi GaN.

Kuarwuosi cinoBa: GaN; ionizayis oomiwiox; onmuuti ¢omonepemeopiosaui; memnepamypha 3aielcHicms, KOHYeHmpayis HOCiis;
HenoeHa i0HI3ayis, KOCMIYHA COHAYHA eHep2isl
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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 py/po on pressure, a model is constructed
in which pressure enters via the deformation energy Ed = «P, yielding a linear shift of the trap levels Ei(P) = Ei(0)+aiEd. 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 py/po(P). A procedure is proposed for reconstructing the relative electron concentration
N(P)/No and the associated spectrum Nss(E,P) from the experimental pp/po(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 N (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
Ny(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 p(X) and the increase in mobility u(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 p(X) and x(X) correlate with a restructuring
of the DOS, and their analysis enables quantitative evaluation of the parameters o; and x 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 N (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 dp(E, Eo, T)/OE approaches the Dirac
d-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 Ny (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 E4, which quantitatively characterizes the change in the energy landscape
under elastic compression of the crystal:

Eq= KX, )

where X is the external uniaxial (or hydrostatic) pressure and « 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

E(X) = E(0) + a.Es, (2)

where Ei(0) is the level energy without deformation and o; is the sensitivity coefficient of the level to pressure (the sign
a;> 0 corresponds to a shift towards the conduction band, and o; < 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 Ny(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 £, can be written as

p(EuEq) = 1~ exp |~ 5 F(Ed)|. 3

L
where £y is the characteristic measurement time, 7(£;) is the relaxation time of the level, and F(E,) is a function describing
the increase in probability with increasing pressure (in the simplest case, F(Eq) = exp(E+/E,), where E, is the activation

energy).
Differentiating Eq. (3) with respect to E4 gives the sensitivity function

Op(EiEq) _ _to dF(Eq)
0Eg4 T(E;) dEgq

to
T(Ep)

exp |~ = F(Eq)| )
This function is close in shape to a Gaussian and, in the limit E;— 0, is equivalent to the Dirac J-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 J-function.
Model 6-like sensitivity for different kX

S
o

—— kX, (broad)
kX,
—— kX3 (narrow)

NN W W
S v o wun

-
[
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Figure 1. Model ¢-like sensitivity function 0p/0Ed 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

N(Ey) = sts(E)p(E: Ey)dE )
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where Ng(F) is the true distribution of levels over energy and p(E,Ey) is the probability of their activation at a given
pressure.
Differentiating Eq. (5) with respect to £, yields

dN(Eg) dp(E,Eq)
Tare = [ Nes(B) F - dE. (©6)
At low temperatures and small E,, where
dp(EE
BEED  §(E - Eo). ™
d

the measured dependence dN/dE,is directly proportional to N (E).
As the width decreases, the function becomes narrower and approaches the Dirac J-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:

d
Ny (Eg)oo LEa) ®)

dEg Eg—0

In the real case of finite temperature and nonlinear behavior of the levels, the reconstruction of N(FE) is carried out
numerically. For this purpose, a smoothing kernel (for example, a Gaussian) is introduced and the approximation

Ngs(E, X) = ¥ AiKr(E — Ei(X)) )

is used, where 4;is the amplitude (concentration of the corresponding center), and K7(E) is a broadening function (which
tends to a d-function as 7 — 0).

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

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

AE,‘ = (Z,‘KX (10)

Temperature evolution of Ng(E, T)

—— Ti (highT)
T;
T3 (low T)

= N N
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L L L

=
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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 Eq serves as an additional control parameter.

Physical interpretation
An increase in pressure increases the deformation energy E,, which leads to:
e for thermal donor (TD) centers: an upward shift of the levels towards the conduction band and enhanced
electron generation (decrease in p, increase in w);
e for Mn centers: a downward shift towards the valence band and an increase in resistivity (decrease in
mobility). Thus, the functions p(X) and u(X) reflect carrier redistribution, while the map N(E,X) reflects the energy



242

EEJP. 2 (2026) M.A. Rakhmanov, et al.

dynamics of localized states. Joint analysis of these dependences makes it possible to determine not only the deformation
parameters x and o;, 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 7= 77 K and X = 0...6x10® Pa. The model includes several levels in the range
0.1-0.45 eV with different o;. Pressure acts as a universal parameter that determines the redistribution of trap states.
Typical parameter values are x = 1.0x107°eV/Pa, E/(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
Energy scale
Nature of effect
Limiting behavior
Experimental form

T (thermal energy)
kT
Thermal broadening
d-functionas T — 0
DLTS

X (mechanical pressure)
kX
Deformation-induced shift
d-function as X — 0
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

AE,‘:(Z,'K)(, (11)

which makes it possible to estimate x and construct a map of defect centers.

The behavior of the relative resistivity p(X)/po for p-Si{B,TD) and p-Si(B,Mn) is illustrated in Fig. 3. For p-Si(B,TD)
the resistivity decreases from p/po=~ 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 ~ 1.55p¢, which indicates enhanced localization
and growth of the fluctuation potential.

In the case of n-Si(Ni), experimental data for p,/po show a two-step increase 1 — 9 — 15, which corresponds to a
two-step decrease in N(P)/No (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

N3(P) Aq Az
No [1 + 1+exp (—(P—P1)/AP;) + 1+exp (—(P—PZ)/APZ)] (12)

where 4, and A4, are the amplitudes of the steps, and P, P, 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.

Relative resistivity vs pressure at T=77 K

1.5 — p-Si(B,TD)
p-Si(B,Mn)

0 1 2 3 4 5 6
Pressure X (10° Pa)

Figure 3. Calculated dependences of relative resistivity p(X)/po on uniaxial pressure X at T =77 K for p-Si(B,TD) (decreasing
curve) and p-Si(B,Mn) (increasing curve)



243
Determination of the Energy Spectrum of the Density of States Under Uniaxial Pressure EEJP. 2 (2026)

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 E;= xX describes a mechanical analogue of the thermal energy k7, 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 «k on the order of 1.0x107'° eV/Pa, while the relative resistivity
changes from p/po = 1 to ~0.74 for thermal donor centers and increases up to ~1.55po 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 p(X). These opposite
trends are reflected in the sign of the sensitivity coefficient ai and characterize the difference in the mechanisms of
interaction between defects and the lattice.

A linear dependence AE; = aikX is established, which makes it possible, using the spectrum Ng(E,X), to determine
the deformation potentials k and the type of active centers. Thus, the map N(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-SiO; 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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BU3HAYEHHSA EHEPTETUYHOI'O CIIEKTPA I'YCTUHHU CTAHIB 11 OJTHOOCHUM TUCKOM
M.A. Paxmanos!, LT. Typcynos!, 0.0. Mamarkapimos?, H.FO. llapi6aes?, C.C. lllapin6aes?
"Qupuukcoxuti depacaenuii nedazoziunuti ynisepcumem, 111702, Tawkenm, Y36exucman
’Kaghedpa enepeemuunozo mawunobyoyeanns, Hamaneancokuii Oepcasnuti mexnivnuil ynisepcumem, Hamanean, Y3bexucman

V wiit po6oTi PO3MIISLAAETHCS BILIMB TiAPOCTATUYHOIO TUCKY HA €HEPreTHYHUI CIIEKTpP I'yCTHHH JIOKAII30BaHUX CTaHIB y JIETOBAHOMY
kpemHii n-Si, n-Si(Ni) ta p-Si(B,Mn). Ha ocHOBI ekcriepiMeHTaIbHOI 3aIeKHOCTI BiTHOCHOTO onopy pp/p0 Bix THCKY MoOymZ0OBaHO
MOJeNb, B sIKiil THCK BXOAuTh uepe3 eHeprio nedopmarii Ed = «P, mo mpusBoanTs 10 miHiiiHOro 3cyBy piBHiB mactok Ei(P) =
Ei(0)+aiEd. IToka3aHo, mo aist pi3HUX goMimKkoBux neHTpis (Mn, Ni) nedopmamniiina 9y TIIMBICTb PiBHIB BiAPi3HAETHCS SK 3a 3HAKOM,
TaK 1 32 BEIMYHHOIO, IO MPOSIBISETHCS B SKICHO Pi3HIN moBeniHmi pp/po(P). 3ampomoHoBaHo mporenypy peKOHCTPYKIii BiZTHOCHOL
xoHuenTpanii enexTponiBs N(P)/NO ta nos's3anoro 3 Heto crekrpy Nss(E,P) 3 excnepumenransuux xpusnx pp/p0(P). IIpoBeneno
TIOPIBHSHHA 31 3BUYAifHOIO TeMneparypHoio Moxemto DLTS Ta o6rpyHTOBaHO MOKIMBICTH BUKOPHCTAHHS IMiAXomy «TeH30-DLTS»
JUIs ineHTH(IKAIlT JOHOPHUX Ta aKIENTOPHUX IIEHTPIB, iX AedopManifiHUX MOTCHIIANIB Ta CUMETpil. Pe3ynbTaT AEMOHCTPYIOTH, 1110
TiIPOCTaTHYHUI THUCK € HEe JIMIIE 30BHIIIHIM 30ypeHHsM, aje i eheKTHBHUM HapameTrpoM (opMyBaHHS CHEKTpa ISl KOHTPOIIO
SJICKTPOHHHX BJIACTMBOCTEH JIETOBAHOT'O KPEMHIIO.

KurouoBi ciioBa: siecosanuil kpemuiil; ciopocmamudnuil muck, enepeisi degpopmayii; cnekmp 2yCmuHu CMamie; 10KAA306aHi PiGH;
men30-DLTS; numomuil onip; n-Si(Ni); p-Si(B,Mn); oomiwrosi yenmpu nepexionux memanie
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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 = kX, a mechanical analog of kT. Ata
fixed temperature 7= 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
p(X) and p(X).
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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 p(X), and opposite changes in the mobility x(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 p, 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 Ng(E) at the Si—
SiO: 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.c., 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 e¢V. 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.
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Figure 1. Map of N(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/SiO-2 nanostructures. It was shown that local
stresses and thermomechanical gradients redistribute electronic levels and increase the density of surface states Ngs(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 Ng(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 N(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 = kX that shifts levels without necessarily
increasing their widths. This makes it possible to regard pressure as a spectrum-forming factor and to reconstruct Ng(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:

E; = kX, E;(X) = E® + a;E,, (1)

where k is the deformation-potential coefficient, and o; is the pressure sensitivity of level I (a; > 0 for TD centers, a; < 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):

1 E—E;(X))
Noo(E; X) = L As gmmep |- 2, @

where A; are proportional to the concentrations of centers, and or = 2.5 k BT. As T — 0 K, the kernel approaches a
o-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 ¢ and strain tensor € are related by Hooke’s
law, 0 = C : ¢,
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:

AE, = EqTre +E, (nTen —3Tre), 3)

AE, = a4Tre + bB(¢), (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 (¢) accounts for
valence-band splitting by symmetry. For localized trap levels in the band gap we introduce an effective deformation energy:
Ed = kX. &)

This scalar reduction of Egs. (3—4) is valid in the linear strain regime (no plastic deformation).
Let the band gap contain a family of localized levels E;(0) at X = 0. Under pressure X their energies shift linearly:
EX) = E® + a;Ey = E® + a;kX, a; €R (6)

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

22X, T) = o _TXT) + 6_{X,i}*(X), 0_.T =~ c_Tk_BT, o_{X,i} = B:X. (7)

Here ¢ T'= 2-3 (in the adopted Gaussian approximation), and [§; describes additional broadening due to the distribution
of local microstresses and microstructural inhomogeneity.
At fixed temperature 7, the spectrum can be written as a convolution of discrete levels with a narrow kernel:

Nos(E; X,T) = % AK (E — E;(X); 3,(X, T), ®)
where A; are proportional to the density of states of a given type, and K(4E;2) is a kernel (usually Gaussian or Lorentzian)
normalized to unity. In the simplest Gaussian case:

A52]

1
K(AE,Z) =ﬁexp [_E .

®

In the limit 7= 77 K and small X we obtain quasi-discrete peaks (2; — 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,u_F,T) dE. (10)

Here f e is the Fermi—Dirac distribution (or, in a crude approximation, the Boltzmann distribution for E — pu_F >
k_B T). The conductivity is a(X,T) = q u(X,T) n(X,T), and the resistivity is:

1

peLT) = quX,Tn(X,T) an
The mobility p(X,T) can be expressed through relaxation times as:
X T) = upn (T + iy (N4 Np) + it (Nss (5 X, T)) (12)

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

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

d. a
= = [ N (EYW (E; X)dE, W(E; X) = 5= [0(E; X,T)] (13)

where @ 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:

nar.window

W(E; X) i S(E-E*(X)), E*(X) = E© + akX. (14)
and hence:
" ds
Nss(E (X))ooa (15)

This yields an almost direct reconstruction of Ny(E) from the pressure derivative. In the general case (finite 7 and a
broad window) Eq. (13) is solved using Tikhonov regularization:

N = arg min{|WN — s||3 + AlILN |13}, (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 A is the regularization parameter (chosen, for example, by the L-curve/GSVD
criteria).

RESULTS AND DISCUSSION

Modeling of the density-of-states spectrum N (E,X) was performed for the pressure range X = (0-6) x 10®* Pa at a
fixed temperature 7 = 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 < 10® Pa) the spectrum N(E, X) retains the initial discreteness typical
of weakly strained samples. With increasing X, the levels systematically shift according to Ei(X) = Ei(0) + o; 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 p on uniaxial pressure X for p-Si{B,TD) and p-Si(B,Mn) samples. For
thermodonor centers (TD), the resistance decreases to 0.74po at X = 6x10® Pa, reflecting increased conductivity due to
strain-stimulated carrier generation. For Mn centers, by contrast, p increases to 1.55po 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) + a; k Xwith a_TD >0 and o._Mn< 0.

17
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Figure 2. Dependence of the resistivity ratio p/po on uniaxial pressure X at 77 K.

Figure 3 presents cross-sections of the density-of-states spectrum for three pressure values: X = 0, 3x10%, and
6x108 Pa.
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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® + a;xeX. (17)
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The mobility x(X) (Fig. 4) increases for TD centers (1/uo = 1.45) and decreases for Mn centers (/o =~ 0.77). The
correlation p(X) ~ 1/(n e p) confirms the internal consistency of the model.

For TD-containing samples, the resistance decreases to 0.74 po at X = 6x10® 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 po, which is associated with a higher recombination probability at deep
levels. The mobility x(X) shows a mirror trend: growth for TD (up to 1.45u0) and a drop for Mn (down to 0.77po).

Thus, a clear correlation is observed: changes in u(X) serve as an indicator of the reconstruction of the spectrum
Nu(EX).
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Figure 4. Dependence of the mobility ratio p/po 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 (i > 0) shift upward in energy, whereas manganese levels (a; < 0) shift
downward. The energy shifts 4E; = o; k X in the range 0.01-0.06 ¢V 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 Ny(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 kX

Main effect level broadening level shift

Limiting case dasT—0 dasX—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 (o_TD > 0, a_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 p(X), w(X), and spectra Ny(E,X) reproduce the qualitative trends observed in
experiments [1,7] and are quantitatively consistent with deformation potentials in the range k = (0.5-1.5)x107'° 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 Ni(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 = kX and a linear shift of trap levels Ei(X) = E(0) + oixX, 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 (o; > 0), pressure
induces level shifts toward the conduction band, resulting in increased mobility and decreased resistivity. For Mn centers
(o < 0), the opposite behavior is observed, with enhanced localization and increased resistivity.

The calculated spectra Ny (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 p(X) and u(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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MOJEJIOBAHHSI CHEKTPA TYCTUHH CTAHIB IIJT YAC TE®OPMAIIIT
B JJETOBAHOMY KPEMHII p-Si<B, Mn>
M.A. Paxmanog!, L.T. Typcynos', 0.0. Mamarkapimor?, H.IO. Illapi6acs?, C.C. lllapin6acs?
"Yupyurcoxuii deporcasnuti nedazozivnuii ynisepcumem, 111702, Tawkenm, Y3bexucman
’Kagedpa enepeemuunozo mawunobyoysanns, Hamaneancoxuii depaicanuti mexuiunuil ynisepcumem, Hamanean, Ysbexucman

Ipencrasneno nedopmariiiny (aedopmaniiiny) Mojenb crekTpa rycTuHH JjokanizoBanux craniB Nss(E,X) B p-Si(B,Mn) mig
onHooch0oBUM THUCKOM X. IlokazaHo, 1m0 3MilIeHHS piBHIB MacTOK MOXKHa omucatu eHepriero aedopmanii Ed = kX, MexaHiyHEM
angaigorom kT. Ilpum dikcoBaniii Temmepatypi T = 77 K 30inpmienns X Ipu3BOAXTH OO 3MIIIEHHS Ta IepeOyNOBH CIIEKTpa:
tepMoznoHopHi (TD) piBHI pyXaloThCs 10 30HU NIPOBIXHOCTI, TOAl SIK piBHI Maprasifo (Mn) 3MIIIyIOTBCS O BaJICHTHOI 30HH, IO
Y3rOIKYEThCS 3 MPOTHIICKHUMH TEHIICHIIISIMHY, 1110 criocTepiraroTbes B p(X) ta w(X).

KurouoBi ciioBa: ecosanuil kpemHitl, enepeis oeghopmayii; 00HOOCbO8ULl MUCK,; eheKmu, CIUMYIbOGAHI dehopMayicio; 2yCmuna
cmanie,; enepeemuynuti cnekmp 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 10'*~10"® cm* 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 5x10'7 cm™, 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, B-Ga:0;, 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
(~3.7W/ecm-K for SiC; ~2200 W/m-K for diamond), while f-Ga:0s (~4.8 V) 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 B-Ga:Os (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/cm?, 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 Ill-nitride
heterostructures (AIN/GaN, AlGaN/GaN, InAIN/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 AlIGaN/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 10! to 10*® cm™ 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 A, ¢ =
5.185A) and a direct bandgap of 3.39¢V at 300K, 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 mo and the hole effective
masses to 1.0 mo (heavy) and 0.3 mo (light), corresponding to high electron mobility (~1500 cm?/V-s) and moderate hole
mobility (~100 cm?/V-s). GaN exhibits a low intrinsic carrier concentration (~1x107° cm™3), relative permittivity € =~ 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 (~10° cm™ 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: 5x10'7 cm™, O: 1x10'" cm3, S: 5%10'° cm™) with low
activation energies (~20-32 meV) and p-type acceptors (Mg: 1x10®¥ cm™, Zn: 1x107 cm™3, Be: 5x10' cm3) 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 pm and the n-GaN layer to 3—5 um, 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 1, = 1, = 1-10 ns and trap densities of 10'*~10" cm™. 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.

—Zp 0 Tn
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 —x,, 0, and —x, correspond to the p-side depletion



253
Modeling the Impact of Incomplete Dopant [onization on Built in Potential... EEJP. 2 (2026)

boundary, metallurgical junction, and n-side depletion boundary, respectively. Electrons and holes indicate the distribution
of mobile carriers. Near the junction x =0, 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 N/ (T) and N (T)were

calculated as a function of temperature using the Fermi—Dirac distribution (1a) and (1b):

N
N,(T)= Z la
@) g, p,(T) AE, (1)
-exp
B,(T)-N,(T) kT
+ ND
Mo gp-n,(T) AE) )
+ -exXp
B,.(T)-N.(T) kT

where Npand Njare the total donor and acceptor concentrations, Epand E,the dopant energy levels, Epthe Fermi level,
kgthe Boltzmann constant, Tthe temperature, and gj,, 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
B,(T) and ,b’p (T") 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):

a-T?
T+6,

Where: E,(0)is the bandgap at 0 K (~3.51 eV for GaN), « is the Varshni coefficient (~0.909 meV/K for GaN), Op 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.

ky-T (N,-N,
V,(T)==2—.In| 42| 3
=Ll Ay ] o)

The built-in potential V;;0f 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
Vpierras defined in expression (4), which incorporates the temperature-dependent fraction of ionized acceptors and donors
in both p- and n-type regions.

E/(T)=E,(0)-

2
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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.

C, =8 [0 u ©)
2.(NA+ND).(I/bi(T)_Vp—n)

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).

_ q-£-€ N, N
Cpﬂz =S- p (T) AE 0 4 L (T) AL (6)
2| Ny 14 B P ol BB Ly 1 S0 ) [85 |y () )
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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—400K, with
experimental calibration points in the 200—400 K range. The fitted parameters, Eg(0) = 3.51 eV, o = 0.00091 eV/K, and
0p = 630 K, yield a coefficient of determination R? = 0.9721, demonstrating excellent agreement between the model and
experimental data [39,40]. The results indicate an approximately linear decrease of Egbelow 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 =
1x10' cm™) 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 ~ 10'® cm™. 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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(a) Classical built-in potential (b) Effective built-in potential model
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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, Vj;increases

. . k o .
monotonically with temperature due to the %T prefactor and the strong temperature dependence of the intrinsic carrier

concentration n;(T). For the considered doping levels (N, = Np =5 X 1017 cm™3), the classical model predicts
Vpivalues 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}; .grobtained 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,; o 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 Vy; o¢r. 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 Vj,;, with deviations below 5 % at 400 K.

A clear hierarchy among acceptors is observed: Zn-doped GaN (120 meV) exhibits the highest V}; ¢grat 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,; o¢¢ 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 I1I-
nitride heterostructures, and high-field operation, as well as experimental validation through temperature-dependent C-V
and [-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 Ny ~ 10*7-10%8 cm™3, 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 4400 K range.

— (a) (b)
T 096 & 0.96

E |

2 084 § 0.84
< g = =]
= 0722 &9 0.72 .5
g 5 = g
= 0.60 & § 0.60 S
E 048 § 5 048 §
g 036§ & 0.36 §

- - Q —

@) 2 o =
= 0249 © 0.24.5
= 5

@ 0.12 g 0.12

< i

< ; 000 = oK : . 0.00

200 300 100 200 300 400

Temperature (K) Temperature (K)

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 10**-108 ¢cm™, (b) Donor ionization probability
Py (T, Np)for Si, O, and S over the same temperature and concentration ranges.
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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 (10'*-10'® cm™). Figure 5(a)
presents the classical capacitance assuming complete dopant ionization, while Figure 5(b) accounts for the incomplete
ionization of Mg acceptors (Ex = 160 meV) and Si donors (Ep = 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 = Np = 10 cm™3).
Temperature dependence is relatively weak, with C,-, decreasing slightly at higher temperatures due to the increase in
intrinsic carrier concentration and the logarithmic dependence of the built-in potential Vyi(T). Across the full temperature
range, the variation in capacitance for mid-range doping (Na= Np = 10”7 cm™) 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%107cm™ and n-type doping of 5x10'7cm™3, the capacitance drops from ~3.2 pF at 400K to ~1.5pF at 77K,
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 > 10'® cm™), where the capacitance reduction reaches ~60% at cryogenic
temperatures. These results emphasize that classical capacitance models overestimate C,., 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 10'° to 10'® cm™ 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 5x10'7 em™, 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 (R? = 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 (=10'7 cm™). 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/cm?, as well as for high-power
and radiation-resilient electronic devices operating across extreme environments.
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HenoBHa ioHi3awis JOMIIIOK Yy HAIiBIIPOBIJHUKAX i3 IIMPOKOIO 3a00POHEHOI0 30HOIO Biirpae KPUTHYHY POJb y BU3HAYCHHI
KOHIIEHTpALil HOCIIB 3apsjy, eJeKTPOCTaTHYHHUX BJIACTUBOCTEH i 3araJibHOI MPOAYKTUBHOCTI NMPUCTPOIB; OAHAK ii BIUIMB Ha p—n
nepexoqn GaN st onTnuHHX (oToBONbTaiyHMX meperBopoBadiB (OPC) 3anmimaeTbcss HENOCTaTHBO BHUBYCHHM. Y 1iH poOOTi
BuKopucTano MoaentoBanHs SCAPS-1D s cucteMaTndHOro J0CTipKeHHs p—n niepexoaiB GaN i3 TpboMa P-THIIOBUMH aKIEITOPaMU
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(Mg, Zn, Be) i TppoMa n-tunoBumu goHopamu (Si, O, S) y aianasoni konuentpauiit serysanus 10'°—10"® cm2 i remmneparyp Bin 77 K
10 400 K. TemmneparypHa 3ae)XHICTh LIMPUHK 3a00pOHEHOT 30HH OIHMCYETHCS 3a OMOMOTOI0 criBBigHouIeHHs: Bapuini (R? = 0,9721),
TOZI SIK 10HI3aLlisl TOMILIOK MOJIEIIOETHCS K (DYHKIIIS TEMIepaTypH Ta PiBHI JIETyBaHHsI U BpaxyBaHH ii BIUTHBY Ha PO3IMOALT HOCIIB,
BOynoBaHuit moteHuian i Bonsr-apansi (C—V) xapakrepuctiku. Pe3ynbrati JeMOHCTPYIOTh CYyTTEBE 3MEHILCHHS €MHOCTI IEPEX0y
3a HIDKYHMX TeMIIepaTyp depe3 HeloBHY ioHi3awito akientopis. [yt xapakTepHOro piBHsi jieryBanHs 5% 10'7 cM™® eMHICTh 3MEHIIIY€ThCS
npu6an3so 3 3,2 nd npu 400 K o 1,5 n® npu 77 K (=53% 3HMKEHHS), 1110 IEPEBAKHO 3yMOBJICHO YaCTKOBOIO 10HI3ALlI€I0 aKLENTOPIB
Mg, Tozi sk JOHOPHI JOMIIIKHY 3aJIMIIAIOTHCS Maibke NOBHICTIO i0Hi30BaHMMHU. Lli pe3ynbraTi MOKa3yloTh, 0 TPAAULIAHI Moze, sSKi
ITHOPYIOTh HEINOBHY 1OHI3aIlif0, CYTTEBO MEPEOIIHIOITh €EMHICTh MEPEXOAy 3a HU3BKHUX TeMmreparyp. Xoda aHami3 0asyeTbcs Ha
OJJHOBUMIpHIiH MOJIeIi, BiH Hagae Gi3n4HO y3ro/pKeHe PO3yMiHHS POl NIMOOKHUX TOMIIIKOBHX PIiBHIB 1 3aKJ1aiac OCHOBY JJIst MAaiOy THIX
6araroBumipanx TCAD-gocnimkenb. Lle moCmimKeHHs MiAKPECIoe HeoOXiIHICTh ypaxyBaHHs e(eKTiB HEMOBHOI i0Hi3amii i yac
MPOEKTYBaHHS Ta ONTUMi3alii BUCOKOCPEKTUBHUX, CTiMkux n0 paniarii OPC Ha ocHoBi GaN, 1[0 MpaioTh B €KCTPEMATbHUX
YMOBaXx.

KuarwuoBi cioBa: GaN; ionizayisi domiwiox; Henogna ionizayis, onmuyti pomosonvmaiuni nepemeoprosaui (OPC); memnepamypro-
3ANENHCHA AKMUBAYIsi HOCIIB, 80NbM-PAPAOHT XapaKmepucmuku,; 86y008aHull NOMeHyial, wWupoko3onti Hanienposionuku (WBG);
padiouacmomui XapaKmepucmuxu
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Evaluating the structural, optoelectronic, and photovoltaic performance of the Cu.SnSs 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 Cu2SnS; 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: Imm?2) 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 Cu.SnS;
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: CuxSnSs3; 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 Cu,ZnSnSe, (CZTSe) and Cu,ZnSnS, (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 Cu,SnSes, an example of a current low-cost
solar cell. [17,18]. Cu,SnSe; (CTSe) is a p-type semiconductor with an absorption coefficient greater than 10*cm™ and
a direct band gap between 0.8 and 1.1 eV. [19,20]. Compared to other solar cells, those based on CZTS (Cu,ZnSnS,)
have achieved a maximum photovoltaic conversion efficiency of 12.6%. [21]. The CTS (Cu,SnS3) is a semiconductor
interlayer compound that can be doped with zinc for the synthesis of CZTS (CuzZnSnS,). [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 Cu,SnS3 (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 Cu,SnSes [31].
The Cu,SnSe; compound formed has a congruent melting point of 963 K [32] or 968 K [33].

Cu,SnS3 (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
Cu,Sng.g3Geg.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=5.696A [41], tetragonal 14-2d with
a=b=5.689A and c=11.370A [42], monoclinic Clcl with a=6.967A, b=12.049A, and c=6.945A [31], and monoclinic
superstructure Clcl with a=6.961A, b=12.043A, and ¢=26.481A [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 Cu,SnS3; compound exists in cubic, tetragonal, and monoclinic structures [34]. Furthermore, with the
identification of copper-rich phases such as CusSnS,, CusSnS,, and Cu,S, 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 2.103Q.cm to
5.103Q.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™ to 0.8 S em™ 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 10°cm![36, 52].

The originality of this study lies in the evaluation of the structural and optoelectronic properties of the Cu,SnS3
compound in both monoclinic (Cc) and orthorhombic (Imm?2) 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 Cu2SnSs
(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 Cu,SnS3-Cc and Cu,SnS3-Imm?2 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 Imax=10.

The muffin-tin sphere radii (Rmt) for Cu,SnS;-Cc of the Cu, Sn, and S atoms are 2.26 u.a., 2.14 v.a., and 1.95 u.a,,
respectively; for Cu,SnS;-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 13x11x13 for the Cu,SnS3-Ccand and
11x9x11 for the Cu,SnS3-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™* 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]:

AV =L (Ng = Ng +p—n) ()

where V is the potential, q is the elementary charge of electrons, N4 and N, 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]:

on_ o _n on 9, p on
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where n and p are the concentrations of electrons and holes, G, and G, are the electron and hole generation rates, and 1,
and 1, 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].

dn(x)

Jn(x) = quanE(x) + qDp— =, Q)
Jp() = quyPE @) + qD, T2 5)

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

3. RESULTS AND DISCUSSIONS
3.1 Structural properties

In this study, the crystal structure of the Cu,SnS; compound belongs to the orthorhombic space group (Cc) or
monoclinic space group (Immz2), as shown in Figures 1a and 1b. In the unit cell of the CTS compound with the structure,
the Cu* and Sn** cations occupy distinct sites in the crystal lattice, while the S~ 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.

(a)

(b)

z

g

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:

_ v g (1 - ) 4 (%)
£ = 6o+ ] B (1)« (97 -1 ©
where B and B' denote the compression modulus and its derivative, respectively. Vy is the volume of the ground state.
The modulus of compressibility (B) and its derivative (B¢') are defined by:
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optimized using (c) GGA-PBE and (d) LDA approximations

As illustrated in Figures 2a, b, ¢, and d, the predicted variation of the total energy versus the cell volume for Cu,SnS3-

Cc and Cu,SnS3-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, ¢) in (A), bulk modulus B (GPa), the derivative and £ (Deg), of Cu2SnS3-Cc and
Cu2SnS3-Imm2

a(A) |

b(A) | c(A) | B(GPa) | B’ | B (Deg)
Cu2SnS;-Ce
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*
6.65", 1154 6.67", - - 10939,
6.654 11.534 6.654 - - 109.67
Other Calcul 6.653¢ 11.536° 6.665¢ . . -
6.714 11.620¢ 6.74¢ - -
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a(A) | b(A) | c(A) | B(GPa) | B’ | B(Deg
Cu2SnS;-Ce
6.079° | | 6.741° | - | - |
Cu,SnS;-Imm?2
LDA 3.76* 5.18* 11.24* 91.48* 5.52% -
GGA 3.91%* 5.42% 11.65 71.46* 4.47* -
Other Calcul 3.92¢ 5.434 11.61¢ - - -
3.923¢ 5.428°¢ 11.612¢ - - -

*Present calculations, *Ref [67] Experimental (photoreflectance spectroscopy (PR), PRef [68] Experimental, “Ref [69] X-ray diffraction
method, ‘Ref [50] PBE-GGA and TB-mBJ approximations, °Ref [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 Cu,SnS;-Cc and Cu,SnS3;-Imm?2 structures, we investigate the
electronic characteristics of Cu,SnS; 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).
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Figure 3. The band structures of Cu,SnS; in the Cc phase (left panel) were computed using:
(a) PBE-GGA, (c) Hubbard correction, and (¢) TB-mBJ+U, while those of Cu,SnS3 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 ¢V for Cu,SnS3-Cc-Cc and 0 eV for Cu,SnS3-Imm?2
at the high symmetry point /". 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 Cu2SnS;

Energy gap Eg (eV)
Compound GGA Hubbard TB-mbj +U .
U0 = Upa U6 Um0 U2 Uyt U6 Other Calaculations
Cu:SnS;-Ce 0.086 | 0.086 0.13 0.19 0.26 0.29 0.36 0.52 0.70 0.7011,0.881™1 0.951"3!
CuzSnS3; Imm?2 0 - - - .0065 - - - 0.73 0.60""!

The obtained electronic band structures of Cu,SnS3;-Cc and Cu,SnS;-Imm?2 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 (I'-T") of 0.70 eV for Cu,SnSs-
Cc and 0.732 eV for Cu,SnS3;-Imm?2. 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 Cu,SnS3, where we find that the energy region between [-14, -6] eV.
30
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Figure 4. The density of states (DOS) partial and total of Cu2SnS3-Cc and Cu2SnS3-Imm?2 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 Cu,SnS3-Cc and Cu,SnS3-Imm?2,
respectively. Eventually, the Cu,SnS; 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]:

£(w) = & (w) + ig(w). &)
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The imaginary component €z(®) of the dielectric function, at a given angular frequency o, 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]:

8
3nw?

2 dSy

i 1P 01 50 (10)

&(w) =

Where P;; (k) represent the components of the dipole moment matrix between |nk)and |7ik)

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]:

oosz((u')a)’d(u" (11)
where P the principal part of the Cauchy integral and o 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(w) which
are given by the equation:

() =1+2P |
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n(0) = S(e () + & (@) + @), (12)
K(@) = £ [(e7 (@) + 82%(0) )2 — & @) ]2 (13)

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

Re o(w) = %ﬂlm e(w), (14)

a(w) %nk(w). (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 Cu,SnS; 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 Cu,SnS3 in both the Cc (red curve) and Imm2 (blue curve) crystal phases, Fig. 5(a) shows the real component
of the dielectric function, &;(®), and Fig. 5(b) the imaginary part, €,(®). The material's dispersion and polarization
behavior can be inferred from the g;(w®) spectrum. Both phases exhibit positive g;(®) 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 Cuz2SnS; 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 €,(®)
spectrum in Fig. 5(b). There is a great similarity between the spectra in the two phases, with the &;(®) values of the Imm2
phase usually appearing at slightly larger values. The onset of absorption (first non-zero €, 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 Cu,SnS3; 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 Cu,SnS; for the Cc
(red curve) and Imm?2 (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
negl_li%ible 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 Cuz2SnS;-Imm?2 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 10°> cm™. 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 Cu,SnS3
in the Cc (red line) and Imm?2 (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 Cu,SnS; compound in its
Cu,SnS3-Cc and Cu,SnS3;-Imm?2 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, Cu,SnS;-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 (CuSnSs), 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 Cu,O, 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/m? 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.

Sunlight

o g

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] | CwSnS; | Cuw:0[78] | D-PBTTT-14[78] | P3HT [79]
Eg (eV) 3.5 3.05 0.88 2.17 2.16 2

7, (eV) 4 4.16 3.9-43 32 3.2 3.2

£ 9 10 1020 7.11 10 3

Nc (em™) 2.2x10™® 5x10' 2.2x10™® 2.02x10"7 2.8x10° 1020
Nv (em™) 1.8x10"° 5x10'8 2.9x10™® 1.1x10" 2.5x107! 1020
pa (em? V1 s 20 15 10" - 10° 200 10 10
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Parameters FTO[76] | IGZO[77] | Cu:SnS: | CwO[78] | D-PBTTT-14[78] | P3HT [79]
ph (em? V1 s 10 0.1 10 - 100 80 104 104
ND (cm™) 2x107 101 106- 10 0.0 0.0 0.0
NA (ecm?) 0.0 0.0 1018-1020 1013 1018 1016
Nt(em) 1015 2.0x1015 101 104 101 1015

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 Cu,O HTL have the best energy conversion efficiency (PCE). Thedifferenceof bandgap between
perovskite and the Cu,O layer is significant; however, it is possible to achieve high conversion efficiency (Pcg) 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.

Cuw;0 | P3HT | D-PBTTT-14
Voc (V) 0.833 0.824 0.831
Jsc (mA/cm?) 49.44 94,44 49,44
FF (%) 8440 | 79.05 84.36
PCE (%) 3479 | 3221 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 CuSnS; 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 Cu,0, 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.
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Figure 8. Variation of photovoltaic parameters as a function of the thickness of Cu2SnS3: a) Conversion efficiency (Pck), 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 10'? to 10*! cm™, as illustrated in Fig. 9.
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Figure 9. Impact of doping on variations in solar cell performance: a) PCE, b) FF, ¢) Voc and d) Jse

The results reveal that efficiency increases with dopant concentration up to 10%° cm™, Notably, in the cases of P3HT
and Cuy0, the values reach 37.85% and 37.3%, respectively. The fill factor (FF) increases slightly to 10" ¢cm for D-
PBTTT-14, while for P;HT and Cu,O, it remains almost constant at 10'° cm™, 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 Cu,O and P;HT as HTLs, for D-PBTTT-14, exhibits a crossover up to
10%%cm3. The Voc is stable between 10'2 and 10'® cm™, then increases for HTL P3HT and D-PBTTT-14, and remains
stable for HTL Cu,O. 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 (Pcg) 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 (Jo). This leads to a decrease in open-circuit voltage (Voc). This finding corresponds well

with our simulation results.
AKT
Voe = 2L 1n ’L”+1]. (16)
e Jo
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).
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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)
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5. CONCLUSIONS

This work has enabled the achievement of the objectives set for studying the structural, optoelectronic, and
photovoltaic performance of the Cu2SnSs 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 (Cu2SnS;) 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 Cu2SnS:s 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 (/-I") of 0.7 eV and 0.7 eV, respectively. Regarding the study of optical
properties, the compound Cu.SnSs exhibits increased polarization in the ultraviolet spectrum at high photon energies in
both phases. It is also characterized by positive &(®) 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 Cu.SnSs 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 Cu.SnSs 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.

ORCID
Boualem Kada, https://orcid.org/0009-0007-2817-4167; ©Benyahia Karima, https://orcid.org/0000-0001-8690-8949
Beloufa Nabil, https://orcid.org/0009-0004-8612-3948; ©®Hamza Rekab Djabri, https://orcid.org/0000-0002-2458-1335
Djamel Eddine Belfennache, https://orcid.org/0000-0002-4908-6058; ©Alami Ahmed, https://orcid.org/0000-0001-7000-8292
Hamad M. Adress Hasan, https://orcid.org/0000-0002-6739-8311

REFERENCES

[1] R. Ouldamer, D. Madi, and D. Belfennache, in: Advanced Computational Techniques for Renewable Energy Systems. IC-AIRES
2022. Lecture Notes in Networks and Systems, vol. 591, edited by M. Hatti, (Springer, Cham. 2023). pp. 700-705,
https://doi.org/10.1007/978-3-031-21216-1_71

[2] S. Mahdid, D. Belfennache, D. Madi, M. Samah, R. Yekhlef, and Y. Benkrima, J. Ovonic. Res. 19(5), 535-545 (2023).
https://doi.org/10.15251/JOR.2023.195.535

[3] D. Belfennache, N. Brihi, and D. Madi, in: Proceedings of the IEEE xplore, 8" (ICMIC) (IEEE, 2017). pp. 497-502.
https://doi.org/10.1109/ICMIC.2016.7804164

[4] A.C. Lokhande, P.T. Babar, V.C. Karade, M.G. Gang, V.C. Lokhande, C.D. Lokhande, and J.H. Kim, J. Mater. Chem. A, 7,
17118-17182 (2019). https://doi.org/10.1039/C9TA00867E

[5] C. Xing, Y. Lei, M. Liu, S. Wu, W. He, and Z. Zheng, Phys. Chem. Chem. Phys. 23, 16469 (2021).
https://doi.org/10.1039/D1CP02067F

[6] F. Saker, L. Remache, D. Belfennache, K.R. Chebouki, and R. Yekhlef, Chalcogenide Lett. 22(2), 151 (2025).
https://doi.org/10.15251/CL.2025.222.151

[7] Q. Zhao, R. Han, A.R. Marshall, S. Wang, B.M. Wieliczka, J. Ni, J. Zhang, er al., Adv Mater. 34, 2107888 (2022).
https://doi.org/10.1002/adma.202107888

[8] F. A. Boukhelkhal, N. Selmane, A. Cheknane, M. Noureddine, A. Zoukel, N. Baydogan, B. Giinalan, and H. S. Hilal, Chem.
Phys., 601,112952 (2026), https://doi.org/10.1016/j.chemphys.2025.112952

[91 A. Saoudi, Y. Bouznit, F. Chouikh, and G. Leroy, Chem. Phys. 600, 112894  (2026).
https://doi.org/10.1016/j.chemphys.2025.112894



272
EEJP. 2 (2026) Boualem Kada, et al.

[10]J. Chi, H. Wei, L. Chu, L. Han, T. Liu, X. Zhong, D. Kou, et al., Energy Environ. Sci. 18, 8366 (2025).
https://doi.org/10.1039/D5EE02706C
[11] S. Tao, H. Wang, M. lJia, J. Han, Z. Wu, J. Zhou, M. Baranova, et al., Adv. Funct. Mater. 35(23), 2423251 (2025).
https://doi.org/10.1002/adfm.202423251
[12] P.A. Fernandes, P.M.P. Salomé, and A.F. Da Cunha, J. Phys. D: Appl. Phys. 43, 215403 (2010). https://doi.org/10.1088/0022-
3727/43/21/215403
[13] A.G. Chronis, E. Karantagli, F.I. Michos, C.S. Garoufalis, and M.M. Sigalas, Solid. State. Commun. 332, 114326 (2021).
https://doi.org/10.1016/j.ss¢.2021.114326
14] X. Wu, Z. Zhang, and H. Soleymanabadi, Solid. State. Commun. 306, 11377 (2020). https://doi. /10.1016/j.ss¢.2019.113770
15] E.J. Skoug, J.D. Cain, D.T. Morelli, J. Alloys. Compd. 506, 18 (2010). https://doi.org/10.1016/j.jallcom.2010.06.182
16] L.K. Samanta, Phys. Status Solidi a, 100, K93 (1987). https://doi.org/10.1002/pssa.2211000165
17] G. Marcano, C. Rincon, L.M. De Chalbaud, D.B. Bracho, and G.S. Perez, J. Appl. Phys. 90, 1847 (2001).
https://doi.org/10.1063/1.1383984
[18] S.K. Biswas, M.M. Ahmed, M.F. Orthe, M.S. Sumon, and K. Sarker, Eur. J. Electr. Eng. Comput. Sci. 7, 63 (2023).
https://doi.org/10.24018/ejece.2023.7.5.558
[19] P.P.J. Helan, K. Mohanraj, G. Sivakumar, Iran. J. Sci. Technol. Trans. A Sci. 42, 1677 (2018). https://doi.org/10.1007/s40995-
017-0355-1
[20] G.H. Chandra, O.L. Kumar, R.P. Rao, and S. Uthanna, J. Mater. Sci. 46, 6952 (2011). https://doi.org/10.1007/s10853-011-5661-y
[21] T.J. Huang, X. Yin, G. Qi, Phys. Status. Solidi RRL, 8, 735 (2014). https://doi.org/10.1002/pssr.201409219
[22] A. Ali, J. Jacob, M.I. Arshad, M.A. Nabi, A. Ashfaq, K. Mahmood, N. Amin, et al., Solid. State Sci. 103, 106198 (2020).
https://doi.org/10.1016/j.solidstatesciences
[23] U.V. Ghorpade, M.P. Suryawanshi, S.W. Shin, I. Kim, S.K. Ahn, J.H. Yun, and J.H. Kim, Chem. Mater. 28, 3308 (2016).
https://doi.org/10.1021/acs.chemmater.6b00176
[24] B. Saparov, Chem. Rev. 122, 10575 (2022). https://doi.org/10.1021/acs.chemrev.2c00346
[25] U.A. Shah, A. Wang, M.I. Ullah, M. Ishaq, L.A. Shah, Y. Zeng, and K. Sun, Small, 20, 2310584 (2024).
https://doi.org/10.1002/sml11.202310584
[26] Lalarukh, S.M. Hussain, S. Ali, A.F. Zahoor, H. Azmat, N. Nazish, M.A. Alshehri, ef al., Polym. Adv. Technol. 35, e6471 (2024).
https://doi.org/10.1002/pat.6471
[27]1 H. Zhou, W.C. Hsu, H.S. Duan, B. Bob, W. Yang, T.B. Song, and Y. Yang, Energy Environ. Sci. 6, 2822 (2013).
https://doi.org/10.1039/C3EE41627E
[28] Y. Bellal, A. Bouhank, D. Belfennache, R. Yekhlef, East Eur. J. Phys. (1), 170 (2025). https://doi.org/10.26565/2312-4334-
2025-1-16
[29] A. Urbina, J Phys Energy, 2, 022001 (2020). https://doi.org/10.1088/2515-7655/ab5eee
[30] M.F. Islam, N.M. Yatim, P. Chelvanathan, M.T. Ferdaous, M.A. Hashim, A.K. Modak, N. Amin, Malaysian J. Sci. Health.
Technol. 7, 110 (2020). https://doi.org/10.33102/mjosht.v7io0.117
[31] M. Wang, M. He, L. Zhu, B. Ma, F. Zhang, P. Liang, X. Chao, et al., J. Mater. Chem. A., 10, 12946 (2022).
https://doi.org/10.1039/D2TA02888C
[32] M.H. Sayed, M.M. Gomaa, and M. Boshta, Results. Opt. 12, 100499 (2023). https://doi.org/10.1016/j.ri0.2023.100499
[33] O.V. Parasyuk, L.D. Olekseyuk, and O.V. Marchuk, J. Alloys Compd. 287, 197 (1999). https://doi.org/10.1016/S0925-
8388(99)00047-X
[34] S.B. Jathar, S.R. Rondiya, Y.A. Jadhav, D.S. Nilegave, R.-W. Cross, S.V. Barma, M.P. Nasane, ef al., Chem. Mater. 33, 1983
(2021). https://doi.org/10.1021/acs.chemmater.0c03223
[35] A.C. Lokhande, R.B.V. Chalapathy, M. He, E. Jo, M. Gang, S.A. Pawar, and J.H. Kim, Sol. Energy. Mater. Sol. Cells, 153, 84
(2016). https://doi.org/10.1016/j.s0lmat.2016.04.003
[36] A.C. Lokhande, K.V. Gurav, E. Jo, C.D. Lokhande, and JH. Kim, J. Alloys. Compd. 656, 295 (2016).
https://doi.org/10.1016/j.jallcom.2015.09.232
[37] A.C. Lokhande, K.V. Gurav, E. Jo, M. He, C.D. Lokhande, and JH. Kim, Opt. Mater. 54, 207 (2016).
https://doi.org/10.1016/j.0ptmat.2016.02.040
[38] T.A. Kuku, and O.A. Fakolujo, Energy Mater. 16, 199 (1987). https://doi.org/10.1016/0165-1633(87)90019-0
[39] J. Koike, K. Chino, N. Aihara, H. Araki, R. Nakamura, K. Jimbo, and H. Katagiri, Jpn. J. Appl. Phys., 51, 10 (2012).
https://doi.org/10.1143/JJAP.51.10NC34
[40] M. Umehara, Y. Takeda, T. Motohiro, T. Sakai, H. Awano, and R. Maekawa, J. Neurol. Sci. 146, 167 (1997).
https://doi.org/10.1016/S0022-510X(96)00301-2
[41] GE. Delgado, A.J. Mora, G. Marcano, and C. Rincéon, Mater. Res. Bull. 38, 1949 (2003).
https://doi.org/10.1016/j.materresbull.2003.09.017
[42] A.D. Dugarte, N.R. Pineda, L. Nieves, J.A. Henao, G.D. Delgado, and J.M. Delgado, Acta. Cryst. B, 77, 158 (2021).
https://doi.org/10.1107/S2052520620016571
[43] C. Wu, Z. Hu, C. Wang, H. Sheng, J. Yang, and Y. Xie, Appl. Phys. Lett. 91, 143104 (2007). https://doi.org/10.1063/1.2790491
[44] D. Avellaneda, M.T.S. Nair, and P.K. Nair, J. Electrochem. Soc. 157, D346 (2010). https://doi.org/10.1149/1.3384660
[45] M. Adelifard, M.M.B. Mohagheghi, and H. Eshghi, Phys. Scr. 85, 035603 (2012). https://doi.org/10.1088/0031-
8949/85/03/035603
[46] X. Chen, H. Wada, A. Sato, and M. Mieno, J. Solid. State. Chem. 139, 144 (1998). https://doi.org/10.1006/jssc.1998.7822
[47] V. Roblés, J.F. Trigo, C. Guillén, and J. Herrero, J. Alloys. Compd. 642, 40 (2015). https://doi.org/10.1016/j.jallcom.2015.04.104
[48] R. Bodeux, J. Leguay, and S. Delbos, Thin Solid Films, 582, 229 (2015). https://doi.org/10.1016/j.tsf.2014.09.023
[49] J. Chang, and E.R. Waclawik, Cryst. Eng. Comm. 15, 5612 (2013). https://doi.org/10.1039/C3CE40284C
[50] Y.T. Zhai, S. Chen, J.H. Yang, H.J. Xiang, X.G. Gong, A. Walsh, J. Kang, et al., Phys. Rev. B, 84, 075213 (2011).
https://doi.org/10.1103/PhysRevB.84.075213
[511Y. Dong, J. He, X. Li, W. Zhou, Y. Chen, L. Sun, P. Yang, et al., Mater. Lett. 160, 468 (2015).
https://doi.org/10.1016/j.matlet.2015.08.028

[
[
[
[



273
Investigation of Structural, Optoelectronic and Photovoltaic Performance of Cu,SnS.... EEJP. 2 (2026)

[521 Q. Chen, X. Dou, Y. Ni, S. Cheng, and S. Zhuang, J. Colloid Interface Sci. 376, 327 (2012).
https://doi.org/10.1016/j.jcis.2012.03.015
[53] Y. Benkrima, D. Belfennache, R. Yekhlef, and A.M. Ghaleb, Chalcogenide Lett. 20, 609-618 (2023).
https://doi.org/10.15251/CL.2023.208.609
[54] K. Schwarz, P. Blaha, Comput. Mater. Sci. 28, 259 (2003). https://doi.org/10.1016/S0927-0256(03)00112-5
[551 Y. Achour, Y. Benkrima, I. Lefkaier, and D. Belfennache, J. Nano- Electron. Phys. 15(1), 01018(5pp) (2023).
https://doi.org/10.21272/jnep.15(1).01018
[56] Y. Benkrima, D. Belfennache, R. Yekhlef, M.E. Soudani, A. Souiga, and Y. Achour, East Eur. J. Phys. (2), 150 (2023).
https://doi.org/10.26565/2312-4334-2023-2-14
[571 Y. Benkrima, S. Benhamida, and D. Belfennache, Dig. J. Nanomater. Bios. 18(1), 11 (2023)
https://doi.org/10.15251/DJNB.2023.181.11
[58] Y. Benkrima, M.E. Soudani, D. Belfennache, H. Bouguettaia, and A. Souigat, J. Ovonic. Res. 18(6), 797 (2022).
https://doi.org/10.15251/JOR.2022.186.797
[59] A. Djemli, M. Reffas, K. Bouferrache, F. Benlakhdar, R. Yekhlef, D. Belfennache, S.I. Ahmed, et al., Phys. Solid State, 67(5),
356 (2025). https://doi.org/10.1134/S1063783425600499
[60] K. Madoui, A Ghechi, S. Madoui, R. Yekhlef, D. Belfennache, S. Zaiou, and M.A. Ali, East Eur. J. Phys. (3), 390 (2024).
https://doi.org/10.26565/2312-4334-2024-3-48
[61] E. Danladi, M. Kashif, A. Ichoja, and B.B. Ayiya, Trans. Tianjin. Univ. 29, 62 (2023). https://doi.org/10.1007/s12209-022-00343-w
[62] A. Maoucha, T. Berghout, F. Djeffal, and H. Ferhati, Sol. Energy, 287, 113251 (2025). https://doi.org/10.1016/j.solener.2025.113251
[63] 1.D. Mayergoyz, J. Appl. Phys. 59, 195 (1986). https://doi.org/10.1063/1.336862
[64] P. Lazzeretti, J. Chem. Phys. 151, 114108 (2019). https://doi.org/10.1063/1.5124250
[65] A.N. Tuama, L.H. Alzubaidi, M.H. Jameel, K.H. Abass, M.Z.H. Mayzan, and Z.N. Salman, J. Sol-Gel. Sci. Technol. 110, 792
(2024). https://doi.org/10.1007/s10971-024-06385-x
[66] F.D. Murnaghan, 30, 244 (1944). https://doi.org/10.1073/pnas.30.9.244
[67] T. Raadik, M. Grossberg, J. Krustok, M. Kauk-Kuusik, A. Crovetto, R.B. Ettlinger, O. Hansen, et al., Appl. Phys. Lett. 110,
261105 (2017). https://doi.org/ 10.1063/1.4990657
] T. Nomura, T. Maeda, T. Wada, Prog. Photovolt. Res. Appl. 20, 520 (2012). https://doi.org/10.1002/pip.2183
] M. Onoda, X.A. Chen, A. Sato, and H. Wada, Mater. Res. Bull. 35, 1563 (2000). https://doi.org/10.1016/S0025-5408 (00)00347-0
] M. Mesbahi, M.L. Benkhedir, UPB Sci. Bull. Ser. A, 79, 293 (2017). https://doi.org/10.1103/PhysRevResearch.4.033067
] A. Kanai, K. Toyonaga, K. Chino, H. Katagiri, and H. Araki, Jpn. J. Appl. Phys. 54, 08KCO06 (2015).
https://doi.org/10.7567/JJAP.54.08KC06
[72] J.D. De Wild, E.V.C. Robert, B.E. Adib, D. Abou-Ras, and P.J. Dale, Sol. Energy. Mater. Sol. Cells. 157, 259 (2016).
https://doi.org/10.1016/j.s0lmat.2016.04.039
] V.I. Anisimov, J. Zaanen, and O.K. Andersen, Phys. Rev. B, 44, 943 (1991). https://doi.org/10.1103/PhysRevB.44.943
] A. Shigemi, T. Maeda, and T. Wada, Phys. Status Solidi B, 252, 1230 (2015). https://doi.org/10.1002/pssb.201400346
] V.L. Shaposhnikov, A.V. Krivosheeva, V.E. Borisenko, and J.L. Lazzari, Sci. Jet. 1, 1-4 (2012).
]1T. Ouslimane, L. Et-taya, L. Elmaimouni, and A. Benami, Heliyon, 7, e¢06379 (2021).
https://doi.org/10.1016/j.heliyon.2021.e06379
[771 A.A.  Kanoun, M.B. Kanoun, AE. Merad, and S. Goumri-Said, Sol. Energy. 182, 237 (2019).
https://doi.org/10.1016/j.solener.2019.02.041
[78] M.K. Das, S. Panda, and N. Mohapatra, Mater. Today Proc. 74, 756 (2023). https://doi.org/10.1016/j.matpr.2022.11.031
[79] S. Ahmed, F. Jannat, M.A K. Khan, and M.A. Alim, Optik, 225, 165765 (2021). https://doi.org/10.1016/j.ijle0.2020.165765
[80] ANN. Abena, A.T. Ngoupo, F.A. Abega, and JM.B. Ndjaka, Chinese J. Phys. 76, 94 (2022).
https://doi.org/10.1016/j.cjph.2021.12.024
[81] M. Burgelman, P. Nollet, and S. Degrave, Thin Solid Films, 361-362, 527 (2000). https://doi.org/10.1016/S0040-6090(99)00825-1
[82] F.E. Ikuemonisan, Y.0. Kayode, and 0O.B. Odubote, Next Materials, 8, 100870 (2025).
https://doi.org/10.1016/j.nxmate.2025.100870
[83] D. Belfennache, D. Madi, N. Brihi, M.S. Aida, and M.A. Saeed, Appl. Phys. A, 124, 697 (2018). https://doi.org/10.1007/s00339-
018-2118-z
[84] R. Ouldamer, D. Belfennache, D. Madi, R. Yekhlef, S. Zaiou, and M.A. Ali, J. Ovonic. Res. 20(1), 45 (2024).
https://doi.org/10.15251/JOR.2024.201.45
[85] D. Belfennache, D. Madi, R. Yekhlef, L. Toukal, N. Maouche, M.S. Akhtar, and S. Zahra, Semicond. Phys. Quant. Optoelectron.
24(4), 378 (2021). https://doi.org/10.15407/spqe024.04.378

JOCJIJKEHHS CTPYKTYPHHX, ONITOEJTEKTPOHHUX TA ®OTOBOJIbTAITYHUX XAPAKTEPUCTHK
CIIOJIYKH Cu2SnS3: KOMIVIEKCHE DFT TA SCAPS-1D MOJAEJIIOBAHHSA
Byasem Kana!, Kapima Benbsixin', Haoin Beayda®3, Xamza Pekad-[:xaopi?, /1. Bendenname’, AGneankanep Byxennal,
Cawmip Bekxeiipa?, A. Anami®, Xamag M. Anpece Xacan’, Xamai A. Xara6 Auib
! JTabopamopis mamepiarosnaecmea ma sacmocysans (LSMA), @axynomem nayx i mexnonoziti, Ynieepcumem Auin-Temywenm, Anoicup
2Jlabopamopis mixpo- ma nanodizuxu (LaMiN), Hayionanena nonimexniuna wixona Opan,
ENPO-MA, BP 1523, Env-M'Hayep, 31000, Opan, Anocup
3Tiopomemeoponoaiunuti incmumym naeuanns ma oocnioscens IHFR, 161y Powo. Bp 7019, Opan, Anoicup
‘Daxynbmem nayk npo npupody ma sxcumms ma Hayk npo 3emmo, Yuisepcumem AxniMoxano-Ynvxaoxc, 10000, Byiipa, Anocup
3 ocnionuyoxuti yenmp npomuciosux mexnonoziti (CRTI), nowmoea ckpunvika 64, Yepaza 16014, Anocup, Anoicup
0Jlabopamopis mexnono2iunux npoyecie, Mamepianie ma HAEKOMUMHBO20 cepedosuwya, Texnonoziunuii paxyremem, Yuieepcumem
JDrcunnani Jliabec, nowmosa ckpurnvka A/c 89, Cioi-bBenv-Ad6ec 22000, Andcup
"Kaghedpa ximii, paxyremem npupoonuuux nayx, Yunieepcumem Omapa anv-Myxmapa, Jlieis
8Kaghedpa ximii, paxynemem oceimu (Anob-Mapoaic), yrnieepcumem beneasi, Jlisia



274
EEJP. 2 (2026) Boualem Kada, et al.

OwiHka CTPYKTYPHHX, ONTOGJICKTPOHHUX Ta (DOTOECIEKTPUYHHMX XapakTepUCTHK croiaykd Cu:SnS; € BaxIMBOIO Ul PO3POOKH
MatepiaiB sl COHSYHOI eHepreTukH. L{ei moTpiiiHui XanbKOreHiJHUIl HAIBIPOBIIHUK BHUPI3HAETHCS CHUIBHUM IOTEHIIAIOM Y
(OTOCNEKTPUYHHX 3aCTOCYBAHHSAX 3aBASKU IIHMPOKOMY Jialla30Hy MOTJIMHAHHS CBITJa Ta XiMiuHii cTabiapHOCTI. Y Wil cTaTTi Mu
JIOCTITMITA CTPYKTYPHI Ta ONTOCIEKTPOHH] BIaCTHBOCTI MOTPIHHUX HAIIBIPOBIIHUKIB HA OCHOBI MiJli, 30KpeMa THX, 1[0 BXOISATH A0
cximany cromykn Cu2SnSs, a Takox iXHIO e()eKTUBHICTD y (POTOETEKTPUIHHX 3aCTOCYBaHHAX. OCKUIBKH B TOTIEPEAHIX JOCHTIIKEHHIX
ICHyBaM 3HAa4HI BIAMIHHOCTI II0JI0 3Ha4YeHb MHMPHUHH 3ab6opoHeHoi 30uu (0,65-1,35 eB), Oyio 3pobieHo cpoly 3HANTH BigIOBiIHE
HaOMMKEHHS JUIl BUBYCHHS IBOrO THUIYy CHoiykd. CTPYKTYpHI BIaCTHBOCTI IOCIIDKYBAIHCS 3 BHKOPUCTAHHSAM SIK (OpMHU
y3arajabHeHoro rpagientHoro HabmmkenHs (GGA) Ilepapio-bepka-Epaueproda (PBE), Tak i HabmkenHs nokanbHoi ryctuan (LDA),
10 JO3BOJISIE TPOBECTH IOPIBHSUIBHY OLIHKY BIUIMBY PIi3HUX OOMIHHO-KOPEJSIHHMX (YHKLIOHATIB Ha CTPYKTYpy Marepiaiy.
BpaxoBytoun Ba)JIHBHIl BIUIMB, siKuii qeenekTpoHr Cu BifirpaioTh Ha BU3HAYEHHS TXHIX €JICKTPOHHUX BIACTHBOCTEH, SIK OKa3aHO
pe3ysibTaTaMy, OTPUMaHUMHU NIPY BUKOPUCTAHHI pi3HUX QYHKI[IOHATIB OOMIHHOT KOpessiii eHeprii, A CHCTeMaTHYHOT ONTUMI3aLil
PO3paxoBaHOTO 3MIIICHHS aHIOHIB Oyll0 BHUKOpPHCTaHO KOMOiHOBaHy (yHKIi0 moTteHuiary bekke-J[oHcoHa, MOIU(IKOBaHOTO
Tpanom Ta bnaxoro, Ta morenmiany Xa66apaa (TB-mBJ+U). Po3paxynku nany 3HaueHHs mMpHHU 3a00poHEeHOI 30HH. EHepris
HaIliBIPOBITHUKOBOI KBa3i9aCTUHKK B MOHOKJIIHHIHN cTpykTypi (m-CTS; SG: Cc) cranoButs 0,7 €B, a B opropomOiuHiil cTpyKTypi
(3onmoto-CTS; SG: Imm2) — 0,73 eB, mo 3Ha4YHOIO MIpOIO Y3TOKYETHCS 3 EKCIIEPUMEHTAIBHUMH 3HAUCHHSIMH. JlOCIiKeHHS
ONTHYHUX BJIACTHBOCTEH, BKIIIOYAIOYH AieJIEKTPUUHY (YHKIIIO, TAKOXK BUSBWIO KOe(DillieHT BiIOWUTTS, KoeillieHT MOriIvHaHHS Ta
MOKa3HUK 3ayioMiIeHHs crioryku Cu.SnSs y 1Box ii ¢pa3ax. OcTaHHIO BBOXKAIOTh NIEPCIIEKTHBHUM KaHMAATOM JUISl ONTOCJICKTPOHHUX
3acTocyBaHb. J[ns mepeBipku nporo Mu Bukopuctanu nporpamy SCAPS, i pesynbraté Oynu xopommmu. Komu ms crosmyka
BHUKOPHUCTOBYETHCS SIK a0COpOYI0Umii miap y poToeneKTpuIHOMY eJIeMEHTI, TyCTuHa cTpyMy (Jsc) 301IbIIYETHCsSI, JOCIATal0uH MKy pU
ToBIIMHI 800 HM.

Kurouosi cinoBa: CuxSnSs; FP-LAPW; LDA; TB-mBJ+U; ¢homoenexmpuuni enemenmu
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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 SnO.. These results confirm that Si/TiO nanothin films are promising materials for next-generation fast, energy-efticient, 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 SnO>—have gained substantial attention due to their low fabrication cost, straightforward synthesis
routes, and excellent compatibility with flexible electronic substrates. Both TiO and SnO. 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 SnO. 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 SnO- 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 SnO., 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 (SnO:) contacts were used as the top electrode. The TiO
layer serves as an intermediate interface layer, while SnO: 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].

Ti depositon (RF\DS sputtering 200°C)

Thermal oxidation

Ti pSi

[

Spray process

420°C
TiO deposition

<=

E-beam Evaporator

Tio

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

To obtain the SnO: 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 SnO: 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 (SnO,) 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— -3V — 0 was applied to investigate the current—voltage (I-V) characteristics. The hysteresis loop
observed in the [-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 SnO, 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.
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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 ¢) 900°C

B. Optical Bandgap Estimation
The optical bandgaps of the individual TiO and SnO: layers were estimated using Tauc plot analysis derived from
UV-Vis absorbance spectra (see Figure 3). By plotting (ahv)? versus photon energy (hv) 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), SnO: layer (3.41 eV)

-TiO

(ethv)?

T T
1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4
Energy (eV)

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

These values closely match literature-reported data confirming the successful synthesis of phase-pure oxide layers.
The slight narrowing of the SnO- 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) Imin, b) Smin, 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.
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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 SnO: 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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PE3UCTUBHA MOBEJAIHKA MEPEMUKAHHS TOHKHUX IIJIIBOK Si/TiO AJISI 3BACTOCYBAHHS
EJEKTPOHE3AJIEXKHOI TAM'SITI
Mypaay.uia T. Hopmyponos!, Ouin Ouinos?, O3oa0ek I0. FOnnamen?, 3apuirop A. Kapuiesa?, Hyp6ex Y. Tom6oes?
! Kapwuncoxuii Oepoicagnuti ynisepcumem, Y3bexucman
’[lenmp poseumxy nanomexnonozii, Hayionanonuil ynisepcumem Yzbexucmany, Tawxenm, Ysbexucman

Y upoMy DOCIiIKEHH] PEICTaBICHO BUTOTOBICHHS TOHKHX ILTiBOK Si/Ti0, HaHECEHUX Y peXUMi MOCTIHHOTO CTPYMY 32 JOOMOTOI0
MarHeTpOHHOI'O HANMJICHHS Ha KPEMHI€BI MiJKIaJK{A P-THIY, a TAKOX JOCIIDKEHO IX TEMIIepaTypHO-3aJIC)KHI XapaKTePHCTHUKU
pesuctuBHOro nepemukanus (RS) ta mmspkoomuoro crany (LRS). Hanoctpykrypu Oymu Bimnaneni npu 420°C mist mokparieHHs
KPHUCTATIYHOCT] Ta MiK(a3HOro KOHTaKTy. EnexkTpuyHa XxapakTepHCTHKa, OTpUMaHa 3a JIONOMOIOI0 BOJIBT-aMIIEPHUX BHMIpIOBaHB,
BHSIBWJIA UIiTKY OinossipHy moBeninky RS 6e3 HeoOxinHOCTI moyaTkoBoro nporecy Gopmysanss. [Ipuctpoi geMoHcTpyBaiu cTabinbHi
cranu Bucokoro (HRS) ta Huspkoro (LRS) onopy mpoTsirom Kinbkox HHKIiB. MexaHi3M MepeMUKaHHsI MOSICHIOETBCSI YTBOPSHHSM 1
PO3pHBOM MPOBIJHUX HUTOK, IHIYKOBaHMX BaKaHCisIMH KHCHIO Ha Mexi po3ainy Si/TiO. 3HaueHHs MIUPHHU 3a00POHEHOI 30HH,
orpuMaHi 3 rpadikiB Tayma, cranoBmim npudamsao 3,24 eB mia TiO ta 3,41 eB mng SnOs. Lli pesynsTaté miaTBEpAKYIOTH, 10
HaHOTOHKI 1oTiBKH Si/Ti0 € nmepcreKTHBHUMH MaTepiajaMu JUTS IIBUAKHX, CHEProe()eKTUBHUX 1 Mepe3anuCyBaHUX MPUCTPOIB MaM'aTi
HACTYIHOTO MOKOJIHHSL.

Kuarouosi cnoBa: TiO; macnemponne posnunents; mempucmop,; weuoxuii mepmiunuii gionan (RTA)
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The structural, mechanical, and optoelectronic properties of cubic halide perovskites AHgCl; (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 RbHgCl; and CsHgCl; 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 AHgCl; (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
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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 ABX; 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 (ABOs3), 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 Pb**, Sn?*,
and Ge?* [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].
ChloroperovskitesABCl; 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 CsZnClz and KHgCls. 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
CsHgCl; exhibits metallic behavior. In the same vein, we have thoroughly investigated the perovskites RbHgCl; and
CsHgCls. These compounds are documented as stable in the Open Quantum Materials Database (OQMD) [14-15]. We
present theoretical calculations on AHgCl; (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, AHgCls (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 14x14x14, which corresponds to a dense mesh of 3000 k-points in the first Brillouin zone. The
cutoff of the plane waves, RMTxKmax = 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.) ~ !, and the cutoff energy was chosen to be — 6.00 Ryd. The self-consistent cycles
converged when the total energy was stable within 10 ~° 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 AHgCls (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 AHgCls
(A =Rb, Cs) perovskites.

Table 1. Computed lattice parameters (A"), volume V (a.u®), bulk modulus B (GPa), pressure derivative B’, minimum energy Eo
(Ryd), formation energy Eform (¢V/atom) values for AHgCls (A= Rb, Cs)

Compound XC a \% B B’ Eo Eform t u
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
CsHgCls PBE 541 | 1068.74 27.74 531 -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

b © m@g @‘

! .

P a

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 p. These two quantities are related to the ionic radii using the following equations [26, 27]:

_ R,+Ry 0
V2(Ry +Ry)
o= Rp )

Ry
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For the cubic perovskite structure, the tolerance factor must lie within the range of 0.8 <t < 1.0, and p is known to
be between 0.377 and 0.895 [26, 27]. The values of t and p 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.

1

E, =§[E,;‘,ch’3 ~(Ef+Ef +3EC )J 3)

where Eg’:g a3represent the total energy of the AHgCl; compound and EZ, E,f 9andES" are the total energies of A, Hg,
and Cl, respectively.

The calculated formation energies of RbHgCl; and CsHgCl; 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 AHgClsperovskites
corresponds to the GGA-PBE, that is, — 48056.066643 Ryd (RbHgCl3) and — 57673.688577 Ryd (CsHgCls), indicating
that RbHgCI3 and CsHgCl; remain stable in the GGA-PBE. Fig. 2 illustrates the structural optimization curves for

RbHgCl3 and CsHgCl; compounds using a GGA-PBE approximation.

-48056,035 _57673,670
(@) RPHGCl; | semera - (b) CsHgCl,
-48056,040 -
57673,674 -
-48056,045 -57673,676
—
%, 57673,678 |-
D, _48056,050 |-
> -57673,680 |
2
O -48056,055 |
e -57673,682 |-
L
-48056,060 - 57673,684 |-
-57673,686 -
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-57673,688 |-
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Figure 2. The variation of the total energy as a function of volume for (a) RbHgCls, (b) CsHgCl; with GGA-PBE

3.2 ELECTRONIC PROPERTIES

To investigate the electronic properties of cubic halide perovskites AHgCl; (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 RbHgCl; 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 I" point (L-I"). 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 RobHgCls and
CsHgCl; 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).



Structural, Optoelectronic and Mechanical Properties of AHgCl, (A=Rb, Cs) Perovskites...

283
EEJP. 2 (2026)

Table 2. Calculated indirect band gaps (eV) for RbHgCls and CsHgCls using GGA-PBE and TB-mBJ

Compound XC Bandgap Other works
PBE 0.00 0.00[14-15]
RbHgCl 3 TB-mB]J 1.25
PBE 0.00 0.00[13-14-15]
CsHgCl3 TB-mB] 1.16
(a) RbHgCl,
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Figure 3. Band structure and DOS for(a) RbHgClzand (b) CsHgClscompounds

Figure 4. Computed partial densities of states of AHgCls 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]: C; — C12> 0, C44> 0, C11> 0, (Ci1 + 2Cy2) > 0, and C2< B < Cy;. 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 Egs. (4)—(8).

2
B=C“+ Ci 4)
3
C,+3C, —C
G, =1 44 —C1o )
5
5(C,—C,)C
G, = (C1=Cpy)Cyy )
3(Cy = Cpy)+4Cy,
1
G=2(Gy +Gy) )
Fe 9BG ®)
3B+G

The shear modulus (G) characterizes the stiffness of a material and is defined by Egs. (5) — (7), where Gy, Gg, 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 AHgCl; (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].

ool [33 ZG} )

" 2| 3B+G

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 = C;, — Ca4) [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).

A:A (10)
(Cll _CIZ)

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.
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Table 3. Elastic constants Ci1, Ci2, and Ca4 (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 v for AHgCls (A= Rb, Cs) compounds

Compound Cu1 Ciz Caa B G E A B/G Cp v

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 AHgClz (A = Rb, Cs), as shown in Fig. 5. The studied halide perovskites AHgCl;
(A =RbD, Cs) exhibit anisotropic behavior.

RbHgCls

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

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

Figure 5. (3D): Young’s modulus (a) (E(GPa)), shear modulus (b) (G(GPa)), and Poisson’s ratio v
(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 vi(m/s), transverse velocity v,(m/s), sound velocityvm(m/s), melting
temperature 7, (°K), and Debye temperature 6, (°K)

Compound Vi Ve Vm Tm 6p
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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JE

Vl = |

p

3B+4G
= (11)
1
S ] R

Where p 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 RbHgCl; is higher than that in CsHgCls, 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
0, =v, L[MT (12)
Kg| 4nM

Where Ny is Avogadro’s number, Kp is Boltzmann’s constant, h is Planck’s constant, and p is the density of thesolid's
molecular mass.

The lower sound velocity in RbHgCl; and CsHgCls 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].

K
T, :[553(K)+(5.91l(aDC“}iB»OOK (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:

(o) =¢ (w)+ie, (o) (14)

For incident photon energies ranging from 0 to 20 eV, the dielectric function &(w) was employed to determine the
fundamental optical properties using the following relations:
1

oc(a)):[\/zslz(a))+:322(a))—.91(a))}E (15)

1
n(@) = %[\/sf(w)w% (@) +sl(w)}2 (16)

S

Ry = =) +k (17)
(14n) +k
) = & (o)
MO o)vel (o) o
NEY) 1
K(w)=( - )[ 812(0))+822(w)—81(w)}2 (19)
we, (o)

(20)
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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 €2(®) of the dielectric, (b) optical conductivity o(w), (c) absorption coefficient a(w),
(d) extinction coefficient K(w), (e) the real part €1(®) of the dielectric, (f) refractive index n(w), (g) optical reflectivity R(w), and
(h) loss function L(w) of AHgCI3 (A=Rb, Cs).

3.5.1 The real €;(w) and imaginary €, (w) 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 AHgCls (A = Rb, Cs) halide perovskites are summarized in Table 5,
indicating that RbHgCl; and CsHgCl; exhibit nearly identical polarization values.

Table 5. Computed the static dielectric function &1 (0), static refractive index n (0), and reflective index R(0) for RbHgCl; and
CsHgCl; utilizing the TB-mBJ approximation

Compound €1(0) €1(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
RbHgCl; 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 RbHgCl; and CsHgCls, 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 AHgCl; (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 RbHgCl; and CsHgClg3, respectively.

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

3.5.2 The absorption coefficiento(w)
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, €,(®), as illustrated in Fig. 6f.
For RbHgCl3 and CsHgCl;, absorption begins at 2.46 eV and 2.24 eV, respectively, with maximum values of
289.93 cm™ at 19.44 eV and 306.28 cm ™ at 15.74 eV.
These results suggest that both compounds are promising candidates for optoelectronic applications in the
ultraviolet region.

3.5.30ptical conductivity 6 (w)

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 o(m), which begins at 2.46 eV for
RbHgCl; and 2.24 eV for CsHgCl;.This behavior reflects the strong correlation between o(®), the absorption
coefficient a(w), and the imaginary part of the dielectric function &,(®). The maximum optical conductivity reaches
9012.45 Q7 '-cm™" at 13.07 eV for RbHgCl3, while for CsHgCls; it reaches 9893.50 Q™'-cm™ at 15.74 eV.

These results indicate that the ternary AHgClz (A = Rb, Cs) perovskite compounds are promising candidates for
ultraviolet optoelectronic device applications.

3.5.4 The extinction coefficient K(w)and refraction indexn(w)
The propagation of electromagnetic radiation through a material can be described using the complex refractive
index [44]:

N(0) =n(o) + iK(w®) 21

where K(w)denotes the extinction coefficient and n(w)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(w)for both compounds closely follows that of the imaginary part of the
dielectric function, &(®), owing to their strong correlation, as expressed by the relation2n(m)K(w) =¢>(®) [6] .The
K(w)spectra exhibit several pronounced peaks in the ultraviolet region, indicating enhanced optical absorption in this
energy range.

The refractive index n(w)describes the phase velocity of light within the material. Furthermore, as shown in
Fig. 6d, the behavior of n(w)is consistent with that of the real part of the dielectric function, &;(®, presented in Fig. 6a.
The static values of n(w)and €1(w)listed in Table 5 further support this relationship [45—46].

no(w) = Ve (w) (22)

3.5.5 The energy loss function L(w)
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 RbHgCl; and
CsHgCl; 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(w)
Figure 6(c) illustrates the optical reflectivity, R(®), 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, €(®), decreases and becomes negative.
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The static reflectivity values R(0)for RbHgCl; and CsHgCl; are listed in Table 5. The maximum reflectivity
values are 0.50 and 0.58 for RbHgCl; and CsHgClg, 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 AHgCl; (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 RbHgCl; and CsHgCl; 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 AHgCl; (A = Rb, Cs) halide perovskites are promising candidates
for optoelectronic applications, particularly in photovoltaic devices and ultraviolet photodetectors.
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CTPYKTYPHI, OITOEJEKTPOHHI TA MEXAHIYHI BJJACTHBOCTI TEPOBCKHUTIB AHgCI3 (A=Rb, Cs):
AHAJII3 3 TEPIINX MPUHIIUIIIB GGA TA TB-mBJ
Xa0i0a Byxepaya, Eib-/I:xemai bes6aua
Jlabopamopis ¢hizuxo-ximiunux oocnioxcenv mamepianie (LEPCM), kapeopa pizuxu, gpaxyromem Hayk npo peuosuny,
VYuieepcumem bamna 1, 05000 bamna, Anxcup

CTpyKTypHi, MEXaHi4Hi Ta ONTOEJIEKTPOHHI BIAaCTHBOCTI KyOiuHuX ranoreHinquux neposckitiB AHgCL: (A = Rb, Cs) nocnimpkysanu
3a gomomororo teopii ¢pynkiionany rycruan (DFT) y pamkax MeTo[y MOBHOMOTEHIIaTbHOI JIiHEApU30BaHO! JOMOBHEHOI IJIOCKOT
xBwii (FP-LAPW), peanizoBanoro B koxi WIEN2k. CrpykTypHy cTabinbpHiCTh KyOiuHOI (ha3u HiATBEpHKYBalId 3a IJOIOMOTOIO
KoedimieHTa TonepaHTHOCTI ['oMpAIIMIATAa Ta OKTaeAPUYHOTO KoedilieHTa, TOMl SK HETaTWBHI €HEpPril YTBOPEHHS MiATBEPIUIH iX
TEepMOANHAMIUHY cTaOUIBHICTE. Po3paxoBani mapameTpu mpys>kHOCTI, BKIrodaoun koedinienT Ilyaccona, koegimient IT'to Ta THCcK
Komri, Bka3yIoTs Ha Te, 0 0OMJIBI CIIOIYKH € MEXaHIYHO CTaOUIFHUMH, ITACTHYHIMH Ta IIEPEBAKHO AEMOHCTPYIOTh 10HHY IIPUPOIY
3B"s13KiB. ONTOEICKTPOHHI BIACTUBOCTI JOCIIKYBAIN 33 TOMOMOTOK0 MoaudikoBaHoro noreHuiany bekke-/Ixoncona Tpana-bnaxa
(TB-mBJ). Pesynbratu nokasyiors, mo RbHgCls Ta CsHgCls € HaniBnpoBigHUKaMy 3 HENPSIMOIO 3a00pPOHEHOI0 30HOI0 Ta MIMPHUHOIO
3aboponenoi 30ouu 1,25 eB i 1,16 eB BignoBiguo. KpiM Toro, ontuuHi BiIacTHBOCTI OyniM MpoaHasi3oBaHi B [iama3oHi eHepril
¢doronie 020 eB. OOuaBi croNykH AEMOHCTPYIOTh CHJIbHE MOTJIMHAHHS B yiIbTpadioneToBOMy aiama3oHi Ta HU3bKY BiIOMBHY
3IaTHICTH 3a HYJIBOBOI €HEPTii (POTOHIB, IO BKAa3ye HA CIPHATINBI XapaKTEPUCTUKHU IS ONTOCICKTPOHHHUX 3aCTOCYBaHb. 3arajioM,
Ii pe3ynbTaTH CBiA4aTh mpo Te, mo raxoreHigHi meposckith AHgCls (A = Rb, Cs) € mepcHeKTHBHUMHU KaHAWAATAMH IS
3aCTOCYBaHHS Y (POTOCNEKTPHIHUX MPUCTPOSIX Ta yIABTPadioleTOBUX (OTONETEKTOpaX.

Kuarwuosi cinoBa: canocenioni neposckimu KZnXs, FP-LAPW, ab-initio; Wien2k; onmoenexmponni enacmueocmi, 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 (FASnl3) is the absorber layer, Zn(Oo.3So.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(00.3S0.7)(ETL)/FASnl3/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?, 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, Jic = 37.293mA cm?, FF = 83.01% and Power Conversion
Efficiency(PCE) =33.8%.

Keywords: Perovskite solar cell; SCAPS; Formamidinium Tin lodide; 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, FASnl; possesses an appropriate bandgap (1.41 eV) and high mobility,
which are desirable for solar cell applications. The oxidation of Sn?" into Sn*'is the major stability problem associated with
FASnI;.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
SnF; is also an efficient method to tackle the problem of Sn?*" oxidation in FASnI;[11].The FASnI; layer fabricated with
vertical Sn** 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 FASnl; as absorber material, Spiro-OMeTAD as Hole Transport Layer (HTL)
and Zn(0Oo3S¢.7) as Electron Transport Layer forms the basis of the current work. Zn(O¢3So7) 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(Oy3So.7) has significantly greater electron mobility than the commonly used ETL TiO-, electrons
can be extracted from the perovskite absorber layer more quickly and effectively. This improves current density (Js;) 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(O03S0.7) can indirectly passivate
the perovskite surface defects[15]. Zn(Oy3S¢.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 FASnIs[15]. Ayush Tara et al. simulated the structure FTO/Zn(Og3S0.7)/FASnls/CuSCN/Au and attained
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an efficiency of 25.94%[16]. Au/NiO/FASnI3/Zn0y25S¢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(0¢3S0.7)(ETL)/FASnls/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

%£0£%= _q(p_n+ND_NA+%) M)
S=-_U,+G )
®--P_y,+6 3)

Ja = —Hang 22t
(4)
Jp = +u,pq 222 )

¢ stands for the permittivity, g, for the free space permittivity, y for the electrostatic potential, and q for the charge. n and p
represent the concentration of electrons and holes, whereas Np and N4 denote the ionized donor and ionized acceptor doping
concentrations. pgerstands for defect distribution, whereas J, and J, stand for electron and hole current densities. U, represents
the electron recombination rate, U, the hole recombination rate, G stands for the generation rate of carriers. Electron and
hole mobilities are represented by p, and pp. Er, and Ep, 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)/FASnIs/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(Oy3S¢7) is below FASnI; the HOMO level of Spiro-OMeTAD is in the same
level as FASnI;. The offset of valence band (VBO) at the Spiro-OMeTAD/FASnI; interface is zero and the offset of
conduction band (CBO) at this interface is -1.47eV. The CBO at the FASnI3/Zn(003S¢.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/FASnI; interface. Also small value of CBO and a large value
of VBO are preferable at the FASnI3/Zn(O¢3S¢.7)interface[20].
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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 10’cm/s. The defect density at the Spiro-
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OMeTAD/FASnl; as well as at the FASnI3/Zn(O3S07) interface is set at 10'° cm™. The simulation is performed at an

operating temperature of 300K under an illumination of AM1.5G spectrum with an intensity of 1000 mW/cm?.

Table 1. Simulation parameters of each layer

Parameters FTO Zn(00.3S0.7) FASnI; Spiro-OMeTAD
Thickness (nm) 500[8] 30 350021] 200022]
Band gap ,E¢(cV) 3.5[8] 283[16] 1.41[21] 2.88[22]
c-affinity (V) 478] 3.6[16] 3.52[23] 2.05[22]
Dielectric Permittivity, & 9[8] 9[16] 8.2[23] 3[22]
Effective density of states at CB(cm 3 ) 2.2 10"%[8] 22x10%[22] | 1.0 x 10[23] | 2.2x 10"%[22]
Effective density of states at VB (cm™ ) 1.8x101[8] 1.8x1019[22] 1.0x10°[23] 1.8x101[22]
e—mobility pn,(cm2V 1S 1) 20[8] 100 22[23] 2.0 x 10°[22]
h'mobility pp, (cm?V 1S 1) 10[8] 25 22[23] 2.0 x 10°[22]
Donor density Np (cm™) 2.0x10'[8] 9.0x10'° - -
Acceptor density Na (cm™) - - 7.0x10'9[23] 2.0x10"[22]
Density of defects, Ni (cm 3 ) 1.0<1055[8] 1.0x105[13] | 2.0x105[23] | 1.0x10"5[22]

Figure 3 depicts the structure's energy band diagram. Since Spiro-OMeTAD and Zn(0Oy3So7) provide adequate band
offset at the interface of FASnl;, 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.
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Figure 3. Energy band diagram Figure 4. Quantum efficiency curve
Table 2. Initial performance parameters of the cell
Voo(V) Jse(mA/cm?) 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 pm, peaks at 3.26% at 0.75 pm, 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]. Js also shows the same behaviour. V.. decreases first, becomes constant over a range and slightly decreases
after 0.75um. 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 0.75um. This is because of the decrease in V. and Jsat this
value of thickness.



295
A Numerical Simulation Study Investigating the Functionality of a Perovskite Solar Cell... EEJP. 2 (2026)

-

7

PCE(%)
o -~ M w

66 |-

55 -

L —‘//

FF(%)

J_(mArem?)
@
&

o

V_(Volts)
o
&

L L L
0.00 0.25 0.50 075 1.00
Thickness(um)

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 10'* to 10'® cm™. The results are portrayed in Figure 6. As the defect density increases,
the Vo, Jsc and efficiency decrease. Fill factor slightly rises first, but this is compensated by the decrease in V,cand Jsc and
thereby reducing the value of PCE. The defect density and the diffusion length of the carriers are related by the equation

L=+Drt (6)
L stands for the diffusion length, D for the diffusion coefficient and t for the carrier lifetime.
The equation for the diffusion coefficient is

kpT
D = HksT qB (7)

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

T=— ®)

oNtVien

o stands for the capture cross-section of carriers, N; for the defect density and Vi, 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%, 10'* cm™ is selected as the optimum value of defect density. Also, it provides a diffusion length of
1.687um and the chosen thickness lies within this limit of diffusion length.
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Figure 6. Effect of varying defect density on performance Figure 7. Variation of generation rate with depth at different
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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 10'* to 10! ¢cm™ and Figure 9 shows the variation of cell
performance parameters. The performance parameters remain almost constant with a rise in doping concentration up to
10" cm™ and then decrease. The initial doping concentration is 7x10'¢ cm™. The doping has a great impact on the cell
performance. On reducing the doping concentration to 10'* cm™, 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].
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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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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
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Both the ETL and HTL doping concentrations are varied from 10'® to 10%° cm?. All the performance parameters
increase with the ETL and HTL doping concentration. The performance parameters yield the maximum value at a doping
concentration of 102 cm™ 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 10'° to 107 cm™. 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 10'° cm at both the interfaces.
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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. V. varies from 0.39
to 0.30V. Ji slightly decreases from 14.74 to 14.71mA/cm?. 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].
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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 10"cm, absorber doping concentration of 10'*cm?, ETL thickness of 20nm, ETL doping concentration of
10%%cm, HTL thickness of 100nm, HTL doping concentration of 10%°cm=, interface defect density of 10'°%cm™ 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

Voe (V) Jse (MA/om?) 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(003S0.7)(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

Voe (V) Joe (mA/cm?) 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(O¢3S0.7)(ETL)/FASnls/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 Vo
of 1.0145 V, Js of 37.82mAcm?, fill factor of 83.31% and PCE of 31.97%. The inverted structure yielded a V. of
1.0919 V, Js. of 37.293mA cm?, 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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YUCJOBE MOJEJIOBAHHSA JOCIIIKEHHS @ YHKINIOHAJIBHOCTI HEPOBCKITHOT'O COHAAYHOT'O
EJEMEHTA HA OCHOBI FASnI3 Y 3BUYAMHIN, TA IHBEPTOBAHIN KOH®IT'YPALISIX 3 BAKOPUCTAHHAM
CYMICHOTI'O Zn(00.3S0.7) SIK IAPY EJIEKTPOHHOT' O TPAHCIIOPTY
M.B. Kagira'?, K.C. Cyaxip'?

! Tocnionuywbka nabopamopia MoOenio6anHs OnmoereKmporHUX npucmpois, kageopa gizuxu, Konedxc Xpucma (asmornommuti),
Ipinoocanaxyoa, Kanixymcokuil ynisepcumem, Kepana, Inois, PIN-680125
’Kagpeopa izuxu, Koneoxc Ilpi Hapasna, Hammixa, Karixymcoxuii ynisepcumem, Kepana, Indis, PIN-680566
3Kagpeopa hizuxu, Koneoac Cesmozo Anoisia, Tpiccyp, Kanikymcoruii ynisepcumem, Kepana, Inois, PIN-680611
Momun bopMaminuHito 010Ba € MEPCEKTHBHIM KaHIMIATOM Ha POITh TONIHHATBHOTO APy B NEPOBCKITHUX COHSAYHHMX CIEMEHTAX
3aBISKH PEryJbOBaHIl MIHMPHHI 3a00pOHEHOI 30HH, BUCOKOMY KOe]illieHTy MOTTIHHAHHS Ta JoOpid TepMmiuHiil crabinpHocTi. Bubip
BIJIIOBITHUX IIApiB MEPEHOCY 3apsAAy 3 HAICKHUM 3MIIICHHSAM 30HH MOKe e()eKTHBHO 3MEHIIUTH PeKOMOiHAIiI0 Ha MEXi PO3ALITY Ta
MiABUIIATH TPOLYKTUBHICTH COHSYHOTO eleMeHTa. JlOCHiIKeHHS 30CepePKeHO Ha MiJBHIICHHI MPOTYKTUBHOCTI MEPOBCKITHOTO
COHSIYHOTO €JIEMEHTa, B IKOMy Hoaun popmamiauito onosa (FASnls) € mormunansaum mapom, Zn(0o.3S0.7) - ETL, a Spiro-OMeTAD
- HTL, 3a momomoror 4mcioBoro MmopemoBaHHs. Lli MaTepianu mapy mepeHoCcy 3apsmy BHOpaHi Ha OCHOBI IX aJgeKBaTHOTO
BUPIBHIOBAaHHS CHEpreTH4Hoi 30HM 3 mnormmmHaueM. Crpykrypa cxisHa —1imioxka/FTO/Zn(0o3S0.7)(ETL)/FASnls/Spiro-
OMeTAD(HTL)/Au, sika € HEOCIIPKEHOI KOMOIHAII€I0 B N-i-p apXiTeKTypi, Oyia 3mMonenpoBana 3a gonomororo SCAPS-1D, ta
MPOBECHa ONTUMI3allisi apaMeTpiB KOMIPKH — TOBIIMHM IMOTJIMHAYa, KOHIEHTpALl JIeryBaHHs MOTJIMHAYa, LUITBHOCTI Ae(eKTiB
nornuHava, topumHn ETL, mineHocti nedextie ETL, ToBumaun HTL Ta minsaocti aedexris HTL. Takox nmpoaHanizoBaHO 3MiHY
rmapaMeTpiB poOOTH KOMIPKH 3aJIeXKHO BiJ IIITBHOCTI Ae()EeKTiB Ha MEXi PO3AUTY Ta TeMIIepaTypH. 3aBIsAKH Lil ONTHMI3allil KoMipKa
3a6e3nedye Hanpyry xoaoctoro xoxy (Voc) = 1,0145 B, mwiibHICTs cTpyMy KOpoTKOro 3aMukanns (Jsc) = 37,82 MA cm2, koedilieHT
3anoBHeHHs (FF) = 83,31% Ta xoedinient nepersopenns eneprii (PCE) = 31,97%. OntumizoBaHi mapaMeTpy BUKOPUCTOBYIOTHCS JUIS
MO/ICIIIOBAHHS IHBEPTOBAHOI P-i-N apXiTeKTypH, a BUXiHa Hanpyra eiemenma maka: Voc = 1,0919 B, Jsc = 37,293 mA cw?, FF =

83,01% ma KKJ[ nepemsopenns enepeii (PCE) = 33,8%.
KurouoBi cinoBa: neposckimuuii consiunuii enemenm; SCAPS; popmamiouniti-onoe'suuil tiooud,; cnipo-OMeTAD, ZnOS





