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In this work, the current-voltage characteristics of p-Si-n-Si1-δSnδ structures at room temperature were investigated to clarify the role 
of injection effects in the formation of electrical properties of heterostructures obtained based on the Si1-δSnδ (0 ≤ δ ≤ 0.04) solid 
solution. It is shown that the sub linear sections observed on the current-voltage characteristics are well described within the framework 
of the theory of the injection depletion effect. The value of the parameter “a” was determined directly from the sub linear section of 
the current-voltage characteristic, which in the following allowed determining the concentration of deep impurities responsible for the 
appearance of the sub linear section. With this it was proved that the investigated structure can be considered as p-Si-n-Si1-δSnδ–n+-Si1-

δSnδ (0 ≤ δ ≤ 0.04) - a junction with a high-resistance n-Si1-δSnδ layer. An analysis of the results obtained allowed us to conclude that 
in this Si1-δSnδ (0 ≤ δ ≤ 0.04) solid solution, scattering of charge carriers not only on complex complexes, but also on nanoformations 
plays a significant role in the formation of electro physical properties. Based on the results of the studies, it was concluded that the use 
of epitaxial films of Si1-δSnδ (0 ≤ δ ≤ 0.04) solid solutions, obtained on silicon substrates, as promising materials, when developing 
diodes based on them, operating in the double injection mode. 
Key words: Liquid-phase epitaxy; Solid solution; Current-voltage characteristic; Sub linear region; Effect of injection depletion 
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INTRODUCTION 
In connection with the development of nanotechnology and the relevance of research into nano-objects, in particular, 

the production of semiconductor quantum dots is of interest both for fundamental physics and for potential applications 
in micro- and nanoelectronics devices [1-3]. This situation has led to intensive research into growing, for example, 
crystalline perfect solid solutions (SS) of “silicon + tin” with quantum dots (QDs) [4]. 

Semiconductor p-n-n+ structures based on the “silicon+tin” solid-state transistor are of significant interest for solid-
state electronics and it is very important to have a clear understanding of the current-voltage characteristic (CVC) of these 
structures [5-6]. Interest in these objects is due to their unique physical properties associated with the atomic-like energy 
spectrum of QDs and the possibility of producing various semiconductor devices based on them [7-8]. 

Based on this, the goal of this work was set to study the features of the room CVC of p-n-n+ structures based on the 
solid solution “silicon+tin”. 

The studied p-n-n+ structures were produced by liquid-phase epitaxy from a tin melt solution [9]. To improve 
structural perfection, growth was carried out at temperatures below 11000 C. The solution-melt composition for low-
temperature epitaxy was determined from phase diagrams, which showed that the most suitable component was antimony. 
In addition, the addition of antimony to the melt solution ensures reliable pouring of the melt solution into the gap between 
the silicon substrates and the necessary wet ability. The substrates were KDB washers, 40 mm in diameter, oriented in 
the (111) direction. The growth was carried out from a solution-melt confined between two horizontally located substrates. 
The grown layers had n-type conductivity with a specific resistance of 0.8 Ohm⋅cm and a current carrier concentration of 
1017 cm-3, at room temperature. 

MATERIALS AND METHODS 
Formation of solid solutions of “silicon – tin”. It is appropriate to add here that before this work we did not find 

any data in the literature on the synthesis of a substitution solid solution based on silicon (Si) and tin (Sn) [9]. 
Taking into account the charge state and geometric factors of the components, we discuss the possibilities of forming 

a solid solution based on Si1-δSnδ. To do this, we will first consider the possibilities of forming solid substitution solutions 
based on Si and Sn, associated with the conditions for the formation of continuous solid substitution solutions based on 
molecular-statistical and crystallochemical concepts. These conditions are given in the work [9] in the form ∆𝑧 = ∑ 𝑧௜௠ −௜ୀଵ ∑ 𝑧௜௡௜ୀଵ = 0 (1)∆𝑟 = |∑ 𝑟௜௠ −௜ୀଵ ∑ 𝑟௜௡௜ୀଵ | ≤ 0.1∑ 𝑟௜௠௜ୀଵ = 0 (2)

where 𝑧௜௠, 𝑧௜௡ - valency, 𝑟௜௠,  𝑟௜௡ covalent radius of the atoms of the solvent m and dissolved n chemical element or 
elements that form the molecules of the solvent and dissolved compounds, respectively, i=1, 2, 3, 4.  
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Condition (1) presupposes the electrical neutrality of the dissolved chemical elements or compounds in the solvent 
semiconductor material. It is satisfied when the dissolved elements are isovalent with respect to the solvent 
semiconductor.  

Condition (2) provides for the proximity of the geometric parameters of the solvent m and soluble n compounds, 
which excludes the occurrence of significant distortions of the crystal lattice in solid solutions. The smaller, the smaller 
the energy of elastic distortions of the crystal lattice and, consequently, the greater the crystalline perfection of the solid 
solution and the solubility n in m. When the difference in the sum of the covalent radii of the atoms of the molecules 
forming the solution is greater than 10%, the formation of a solid substitution solution of these components is 
insignificant. Based on the equality of the sum of the valences of the atoms of the Si2 and SiSn molecules, it is easy to 
verify that the conditions of electroneutrality (1) are met for them: 

 ∆𝑧 = ሺ𝑧ௌ௜ + 𝑧ௌ௜ሻ − ሺ𝑧ௌ௜ + 𝑧ௌ௡ሻ = 0, (3) 

where zSi and zSn - valences of silicon and tin atoms, respectively. The sums of the covalent radius of the atoms of the Si2 
and Sn molecules have close values, then from condition (2) we can obtain: 

 ∆𝑟 = หሺ𝑟ௌ௜ + 𝑟ௌ௜ሻ − (𝑟ௌ௜ + 𝑟ௌ௡)ห = ห2.34Å − 2.51Åห = 0.17Å ≈ 0.073 ∙ (𝑟ௌ௜ + 𝑟ௌ௜) < 0.1(𝑟ௌ௜ + 𝑟ௌ௜), (4)  

where rSi and rSncovalent radius of silicon and tin atoms according to Pauling, respectively. 
From (4) it is evident that the difference in the sum of the covalent radii of the atoms of the Si2 and SiSn molecules 

is about 7.3%, therefore, these components satisfy the condition for the formation of a continuous substitution solid 
solution presented in [10]. Thus, the substitution of Si2 by a SiSn molecule does not greatly deform the crystal lattice, 
while the energy of elastic distortions of the crystal lattice will be insignificant and the substitution solid solution in the 
form of Si1-δSnδ is a stable solid phase. 

A model explaining the formation of tin quantum dots. It is in this process that the driving force of synthesis is 
the gradient of chemical potentials of the atoms of the crystallized substance in two phases: liquid (μL) and solid (μS). 

Since the lattice constant of the quantum dot material a2 (aSn) differs significantly from the lattice constant of the 
base semiconductor a1 (aSi), shear mechanical stresses arise at the boundary of subcrystallites (blocks) and epitaxial layers 
during the formation of QDs [1]. These mechanical stresses can be expressed through the elastic energy U(x) per one QD 
atom with coordinate x, where 0 ≤ x ≤ R, R– is the radius of the QD base [3]. Then the difference in chemical potentials 
will be determined by the expression [11]: ∆𝜇ௌ் = 𝜇௅ − 𝜇ௌ − 𝑈(𝑥) = ∆𝜇 − 𝑈(𝑥) 

Under condition ∆𝜇 < 𝑈(𝑥), the crystallization process is replaced by a dissolution process, since ∆𝜇ௌ்  becomes a 
negative value. 

The equality ∆𝜇 = 𝑈(𝑥) defines the maximum allowable mechanical stresses in a quantum dot. Under these growth 
conditions, the lattice parameter of the base semiconductor aSi and the quantum dot material aSn do not depend on 
temperature.  It is in this situation, when calculating the maximum value of the radius of the base (R) of the nascent 
quantum dot, that we use the expression determined from the condition ∆𝜇 = 𝑈(𝑅), given in the literature [3]: 

 𝑅 = ටேೞ∆ఓ(௔భା௔మ)௔భ௔మீ(௔భି௔మ)మ , (6) 

here NS is the number of atoms per unit surface area; G is the shear modulus. 
Since the nuclei formed at the boundary of subcrystallites (blocks) of epitaxial layers are spherical segments whose 

radius of curvature corresponds to the radius of a homogeneous critical nucleus formed in the liquid phase under the same 
crystallization conditions, the calculation of the radius of curvature of the nucleus is calculated using the formula: 

 𝑟 = ଶఙெఘோ೎் 𝑙𝑛 ஼బ஼ , (7) 

where σ is the interfacial surface energy in the liquid phase; ρ, M are the density and molar mass of the nucleus substance, 
respectively; RC is the universal gas constant; C, C0 are the concentrations of the base semiconductor (Si) and QD (Sn) in 
supersaturated and equilibrium solutions, respectively. Then the height h of the heterogeneous CT nucleus will be 
determined by the expression: 

 ℎ = 𝑟 ቂ1 − ቀ1 − ோమ௥మቁቃ. (8) 

During the growth of the QD nucleus, the mechanical stresses in the QD material layer (Sn) adjacent to the 
heterointerface increase to values corresponding to the elastic constants of the bulk Si layer [11]. 

Due to the fact that the stresses in the QD have a gradient directed along the normal to the plane of the base 
semiconductor, a curvilinear etching front of the lateral surface of the QD is formed at the base of the QD at μST< 0. This 
in turn changes the condition of local phase equilibrium near the heterointerface compared to a flat etching front [12]. 
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Thus, when a mechanically stressed wetting layer is formed, arrays of QDs of the surface regions of the base 
semiconductor are formed.To confirm the above-described model, an analysis of surface images obtained using AFM 
was carried out [13]. 

To confirm the above, the surface properties of these films were investigated using an industrial atomic force 
microscope (AFM) “Solver-NEXT”, which allows studying the surface relief. 

Figure 1 shows a two-dimensional image (a) and a surface profilogram (b) of an epitaxial film of substitution solid 
solutions Si1-δSnδ. It is evident (Fig. 1a) that individual nanoislands of different sizes are formed on the surface of the 
films. Analysis (Fig. 1b) showed that the diameter of the base of the nanoislands varies in the range from 50 to 70 nm, 
and the height from 3 to 15 nm. 

 
а) 

 
b) 

Figure 1. Two-dimensional image (a) and surface profilogram (b) of an epitaxial film of Si1-δSnδ solid solutions 

The data obtained by the atomic force microscope show that at the growth stage, the Sn nanoislands in the Si1-δSnδ 
solid solution have a geometric shape of a dome, the so-called dome islands with a characteristic lateral size of 50-70 nm 
with a round base. The appearance of such forms of tin nanoislands is usually explained by strong relaxation of elastic 
stresses in the dome- phase configuration. According to the data presented in [13], these nanoclusters are called hut-
clusters with lateral dimensions of 15 ... 25 nm, they are absorbed by dome-clusters. Such a process is often accompanied 
by a bimodal distribution of islands by size, corresponding to the coexistence of hut- and dome-phases [14]. Based on 
these data, it can be concluded that the observed nanoislands on the surface of epitaxial layers are caused by Sn quantum 
dots with dimensions R = 25 ÷ 35 nm and height h = 3 ÷ 15 nm. 

Sample preparation and research methods. As is known, a very important indicator of a p-n junction is its current-
voltage characteristic. The appearance of the current-voltage characteristic curves allows us to reason about certain 
properties of the p-n junction. Since usually, the creation of p-n junctions is complicated by the formation of various types 
of surface states, which sharply reduce the electrical parameters of devices manufactured on their basis.   The resulting p-
n junction in a single technological cycle causes a decrease in the density of surface defects. Taking this circumstance 
into account, the studied pSi-nSi1-δSnδ structures were obtained in a single technological cycle using the liquid-phase 
epitaxy method [9-10]. 

  
a b 

Figure 2. Straight branches of the VAX of pSi–nSi1-δSnδ heterostructures (a) and their sublinear sections (b) at room temperature 

Therefore, to determine some electrophysical characteristics of pSi-Si1-δSnδ structures, experiments were conducted 
to measure the I–V characteristics. For this purpose, pSi-nSi1-δSnδ (0 ≤ δ ≤ 0.04) structures with a base n-layer thickness 
of d ≈ 20 μm were fabricated. During the study, ohmic contacts were created to the structure using the vacuum deposition 
method of silver - solid on the back side and quadrangular with an area of 12 mm2 on the side of the epitaxial layer. 
During the experiments, dark CVC were measured (Fig. 2). The I–V measurements were carried out at room temperature 
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T = 293 K in the forward current mode (Fig. 2a). The direct direction of current in the structure was considered to be 
when a positive potential was applied to the contact from the rear side. 

 
RESULTS AND DISCUSSION 

According to the obtained experimental results, CVC of the studied samples contains a sublinear region. Figure 2b 
shows the sublinear region CVC reconstructed on a semi-logarithmic scale. It is easy to see that in these coordinates the 
sublinear section straightens out. This indicates that it is satisfactorily described by an exponential dependence of the type 

 𝑉 ≈ 𝑉଴ ∙ exp (𝐽𝐴). (9) 

Theoretical studies of the processes of ambipolar transport of nonequilibrium carriers in p-n-n+ structures show that 
VAX, described by expression (9), can arise under the conditions of the injection depletion effect, first predicted by 
Leiderman, Karageorgiy-Alkalaev [15]. 

This effect occurs under conditions of developed carrier accumulation at the n-n+- junction of the n-base, causing 
opposite directions of diffusion and drift. In this case, due to the injection modulation of the charge of deep impurities, 
there is a decrease in the concentration of nonequilibrium current carriers n, a linear increase in the ambipolar drift velocity 
va with an increase in current in the form 

 𝑣௔ = 𝑎 ∙ 𝐷௣ ∙ 𝐽, (10) 

 𝑎 = (2𝑞𝑁௧𝐷௡)ିଵ, (11) 

where q is the electron charge, Dn, Dp are the diffusion coefficients of electrons and holes, respectively; Nt is the 
concentration of deep impurities. 

As shown in [16, 17], the coefficient A in (9) is determined by the formula 

 𝐴 = 𝑎 ∙ 𝑑, (12) 

where W is the length of the n-base. 
The I(V) graph in Fig. 2b allows us to estimate the parameter “a” using the formula 

   

 𝑎 = ୪୬ (௏మ ௏భൗ )(ூభିூమ)∙ௗ  (13) 

where S is the cross-sectional area of the sample. Calculation using formula (11) shows that the values of the parameter 
a = 6.58∙103 cm/А and the concentration of deep impurities responsible for the appearance of the sublinear section in the 
form (9), at room temperature, the value of which was Nt = 5.3∙1012 cm-3. 

It is appropriate to add here that the specific resistance of the epitaxial layer, determined by the Hall method, is 0.8 
Ohm∙cm, but all the characteristics obtained indicate that a layer with other characteristics is formed between the epitaxial 
film and the substrate, otherwise such VAX are not observed, and, therefore, the exponential dependence (9) cannot be 
observed. 

This allows us to reason that the studied structure can be considered as a p-Si–n-Si1-δSnδ-n+-Si1-δSnδ (0≤δ≤0.04) 
junction with a high-resistance n-Si1-δSnδ layer (Fig. 3). 

 
Figure 3. Scheme of pSi-nSi1-δSnδ-n+Si1-δSnδ– structures 

1 – ohmic current collector contacts; 2 – pSi layer (substrate); 3 – pSi-nSi1-δSnδ junction volume charge region; 4 – high-resistance 
epitaxial layer of pSi - nSi1-δSnδ solid solution; 5 – nSi1-δSnδ- n+Si1-δSnδ junction volume charge region; 

6 – low-resistance epitaxial layer of pSi - nSi1-δSnδ solid solution 
 

CONCLUSIONS 
The obtained results allow us to conclude that the presence of a sublinear region in VAX p-n-n+ structures based on 

silicon-tin solid solutions is associated with the effect of injection depletion [18]. 
Thus, the epitaxial films of Si1-δSnδ, solid solutions obtained on silicon substrates that we studied, can be used as an 

active element for developing injection diodes. The structures obtained on this basis and the description of the mechanisms 
of physical processes occurring in them are of both theoretical and practical interest for semiconductor materials 
science [19]. 

As a result, it can be assumed that the epitaxial films of Si1-δSnδ solid solutions studied in the work may be promising 
materials for the manufacture of diodes operating in the double injection [4, 20]. 
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СТАТИЧНІ СТРУМИ p-Si–n-Si1-δSnδ–n+-Si1-δSnδ (0≤δ≤0.04)-СТРУКТУР З КВАНТОВИМИ ТОЧКАМИ ОЛОВА 

Авазбек Ш. Ікромова, Азізбек А. Абдурахмоновb, Хуршиджон М. Мадамінова 
аАндижанський державний університет, вул. Університетська, 129, Андижан, Узбекистан 

bФерганський державний університет, вул. Мураббійлар, 19, Фергана, Узбекистан 
У цій роботі досліджено вольт-амперні характеристики структур p-Si-n-Si1-δSnδ за кімнатної температури з метою з'ясування ролі 
ефектів інжекції у формуванні електричних властивостей гетероструктур, отриманих на основі твердого розчину Si1-δSnδ 
(0≤δ≤0,04). Показано, що сублінійні ділянки, що спостерігаються на вольт-амперних характеристиках, добре описуються в рамках 
теорії ефекту виснаження інжекції. Показано, що сублінійні ділянки, що спостерігаються на вольт-амперних характеристиках, 
добре описуються в рамках теорії ефекту виснаження інжекції. Значення параметра «а» визначалося безпосередньо з сублінійної 
ділянки вольт-амперної характеристики, що надалі дозволило визначити концентрацію глибоких домішок, що відповідають за 
появу сублінійної ділянки. Цим було доведено, що досліджувану структуру можна розглядати як p-Si-n-Si1-δSnδ–n+-Si1-δSnδ 
(0≤δ≤0,04) – перехід з високоомним шаром n-Si1-δSnδ. Аналіз отриманих результатів дозволив зробити висновок, що в цьому 
твердому розчині Si1-δSnδ (0≤δ≤0,04) розсіювання носіїв заряду не лише на складних комплексах, але й на наноутвореннях відіграє 
значну роль у формуванні електрофізичних властивостей. На основі результатів досліджень було зроблено висновок про 
використання епітаксійних плівок твердих розчинів Si1-δSnδ (0≤δ≤0,04), отриманих на кремнієвих підкладках, як перспективних 
матеріалів при розробці діодів на їх основі, що працюють у режимі подвійної інжекції. 
Ключові слова: рідкофазна епітаксія; твердий розчин; вольт-амперна характеристика; сублінійна область; вплив 
виснаження інжекції 
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In this paper, the photovoltaic properties of (Ge2)1-x-y(ZnSe)x(GaAs1-δBiδ)y solid solutions grown on silicon substrates are investigated. 
It is found that the solid solutions (Ge2)1-x-y(ZnSe)x(GaAs1-δBiδ)y possess selective photosensitivity due to the presence of ZnSe, Ge2, 
and GaAs1-δBiδ components, as well as the difference in the ionisation energy of their covalent bonds. The photoconductivity 
mechanisms in n-Si-p-(Ge2)1-x-y(ZnSe)x(GaAs1-δBiδ)y heterostructures were analysed based on the Ei values that provided the best fit 
to the experimental spectrum and Gaussian approximation curves. Photopeaks corresponding to Gaussian curves at the energy levels 
1.23 eV, 1.45 eV, 1.64 eV, 1.91 eV, 2.21 eV, and 2.45 eV were observed in the photon energy range: Eph,1 - 0.98÷1.75 eV, Eph,2 - 
1.01÷2.03 eV, Eph,3 - 1.15÷2.28 eV, Eph,4 - 1.34÷2.52 eV, Eph,5 - 1.75÷2.71 eV and Eph,6 - 2.1÷2.77 eV. The observation of intermediate 
states in the photosensitivity spectrum of this solid solution confirmed the presence of nano-objects formed based on ZnSe and Ge2 
molecules, as well as GaAs1-δBiδ compounds in these films. It was found that solid solutions (Ge2)1-x-y(ZnSe)x(GaAs1-δBiδ)y have the 
potential to be used as selective photoactive materials operating in the ranges of infrared and visible radiation. 
Keywords: Silicon; Solid solution; GaAs1₋δBiδ compound; Covalent bonding; Photosensitivity 
PACS: 78.30.Am 

INTRODUCTION 
High-performance photovoltaic and optoelectronic devices are largely controlled by the capability of semiconductor 

materials to react to a wide spectral range effectively. Winding of the photosensitivity range of photoactive elements is 
one of the major functional parameters of a device. Extending this range not only enhances the efficiency of energy 
conversion but also widens the use of such devices in various technological applications, including solar energy 
harvesting, photodetection, and optical communications. Among the most commonly utilized techniques of broadening 
the spectral response is introducing specific impurities into semiconductor material, especially within the active parts of 
p-n junctions [1]. This method enables the creation of other energy levels within the bandgap and thus enhances the
interaction between incoming photons and charge carriers [2].

There has also recently been a developing interest in adding isovalent impurities into epitaxial semiconductor films. 
When carefully chosen and controlled, these impurities have been shown to add localized energy levels inside the valence 
or conduction bands of the host semiconductor material. These newly added levels are of great importance for optical 
absorption, carrier recombination rates, and transport characteristics, and, in turn, bring about enhancements of 
photoelectric responses. Such effects need to be investigated for the development of future semiconductor heterostructures 
optimized for operation under high efficiency in various irradiation conditions [3,4].  

This study focuses on a novel class of solid-solution heterostructures based on the (Ge2)1-x-y(ZnSe)x(GaAs1-δBiδ)y 
composition, epitaxially grown on silicon substrates. Such multi-component alloys comprise several semiconductor elements 
of different bandgaps and ionization strengths that may be engineered to blend together in an array of permutations to yield 
a required set of electronic and optical properties. Insertion of GaAs1-δBiδ, for instance, provides deep-level isovalent dopants 
that serve essentially to redefine the valence band edge along with augmenting infrared absorption. Wide-bandgap response 
is brought into the matrix with ZnSe and Ge₂ atoms provide long-wavelength sensitivity in virtue of lower bandgap response. 

Among the distinctive features of the solid solutions of this kind is the occurrence of nano-objects based on GaAs1-δBiδ 
components incorporated into films, as inferred from the occurrence of intermediate states in the photosensitivity spectrum. 
Nanoscale structures are responsible for creating localized energy states, which alter the energy band diagram of the 
heterostructure and develop new channels of photon absorption. These features lead to increased selective photosensitivity, 
especially in the visible and infrared regions of the spectrum. Such selectivity also arises due to variations in ionization 
energy of covalent bonds of the element constituting it, producing uneven energy levels as well as specific optical transitions. 

Through detailed experimental analysis, this research demonstrates the potential of (Ge2)1-x-y(ZnSe)x(GaAs1-δBiδ)y 
heterostructures as high-performance photoactive materials. Their ability to operate efficiently across a wide spectral 
range, including both infrared and visible regions, highlights their suitability for next-generation optoelectronic 
applications [5]. Additionally, the use of silicon substrates ensures compatibility with existing semiconductor processing 
technologies, further enhancing the practical relevance of the findings. 
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We believe that the understanding gained in this work provides new insights to the mechanistics of impurity induced 
spectral tuning and nanostructure enhanced photoresponse. This work is part of the larger field of semiconductor device 
engineering, enabling the design of bespoke materials with controlled band structures and localized optoelectronic 
properties. The findings highlight the potential of such heterostructures in high-performance photovoltaic devices, 
infrared sensors and phase-locked photonic integrated circuits, where it is crucial to independently control the charge 
carrier properties and spectral sensitivity. 

 
MATERIALS AND METHODS 

Silicon wafers with a radius of 10 mm and an approximate thickness of 350 µm were used as substrates. These 
wafers had a specific resistivity of 10 Ω·cm, a charge carrier concentration of 4.4·1014 cm-3, and carrier mobility of 
1439 cm²/(V·s). The possibility of obtaining high-quality solid solutions was established by controlling the thickness of 
the epitaxial films, the initial and final crystallization temperatures, as well as the cooling rate. Based on preliminary 
electron microscopic investigations, optimal technological conditions were determined: the initial crystallization 
temperature of the layers was set at 750°C, the crystallization rate of the epitaxial layers was υₖ = 0.15 µm/min, and the 
forced cooling rate was 1°C/min. 

The initial electrophysical properties of (Ge2)1-x-y(ZnSe)x(GaAs1-δBiδ)y epitaxial films were measured at room 
temperature using the Van der Pauw method. The type of electrical conductivity was identified using a thermal zone and 
the Hall constant. It was established that undoped films exhibited predominantly p-type (hole) conductivity. 
Measurements revealed that at room temperature, the specific resistivity, charge carrier concentration, and mobility of the 
epitaxially grown films were approximately 10 Ω·cm, 1.8·1015 cm-3, and 368 cm2/V·s, respectively. Furthermore, based 
on the preliminary electrophysical parameters, the mobility of minority carriers was estimated to be 4673 cm2/V·s. 

Ohmic contacts for the (Ge2)1-x-y(ZnSe)x(GaAs1-δBiδ)y heterostructures were formed using gold (Au) and silver (Ag). 
The ohmic nature of these contacts was initially confirmed using a characterograph, followed by voltage drop and 
resistance measurements. Taking into account the p-type conductivity of the (Ge2)1-x-y(ZnSe)x(GaAs1-δBiδ)y solid 
solutions, optimal ohmic contacts with low resistance and linear I–V characteristics were obtained by thermally 
evaporating Au and Ag onto the epitaxial surface at 150°C under vacuum conditions. 

The spectral dependence of the photosensitivity of the resulting n-Si–p (Ge2)1-x-y(ZnSe)x(GaAs1-δBiδ)y 
heterostructures was investigated using an optical spectrometer equipped with a CARL ZEISS JENA monochromator and 
quartz optics. This setup allowed for the study of the samples within the photon energy range of 1 to 3 eV. 
 

RESULTS AND DISCUSSION 
Figure 1 presents the photosensitivity spectrum of n-Si–p (Ge2)1-x-y(ZnSe)x(GaAs1-δBiδ)y heterostructures based on 

epitaxial layers with a thickness of approximately 10 µm. For comparative analysis, the spectrum of a reference n-Si–p-
Si structure is also shown (Figure 1, Spectrum 2). The comparison reveals that the presence of ZnSe and GaAs₁₋δBiδ 
compounds within the epitaxial layers shifts the sensitivity spectrum toward shorter wavelengths (higher photon energies, 
Eph ≥ 1.45 eV), while the incorporation of Ge atoms causes a redshift toward longer wavelengths. 

 
Figure 1. Photosensitivity spectra of the n-Si–p-((Ge2)1-x-y(ZnSe)x(GaAs1-δBiδ)y (1) and n-Si-p-Si (2) structures 

The maximum photosensitivity peak is observed at a photon energy of 1.26 eV (Figure 1, Spectrum 1), which 
suggests that the heterostructure includes a thin Ge buffer layer on the silicon surface. Subsequent formation of the 
(Ge2)1-x-y(ZnSe)x(GaAs1-δBiδ)y epitaxial layers involve partial atomic substitution between ZnSe molecules and Ge₂ atom 
pairs, resulting in a solid solution with a bandgap of approximately 1.26 eV. This bandgap value was experimentally 
determined using the following equation [6]: 

 Eg,s.s.=(1-x-y)Eg,Ge+(x)Eg,ZnSe +(y)Eg,GaAs/Bi -ξ1(x)(1-x-y)-ξ2(y)(1-x-y). (1) 

Here, x=0.31 and y=0.12 are the molar fractions of ZnSe and GaAs₁₋δBiδ, determined from X-ray microanalysis. The 
micmatch parameters between the lattice constants of Ge, ZnSe, and GaAs₁₋δBiδ are given by 
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ξ1 =2|aGe-aGaAs| / ( aGe + aZnSe) = 0.0017 and ξ2 =2|aGe–aGaAs/Bi| / ( aGe+aGaAs/Bi) = 0.037. For the given composition, the 
calculated bandgap of the (Ge2)1-x-y(ZnSe)x(GaAs1-δBiδ)y epitaxial layers is 1.248 eV, which is in excellent agreement with 
the experimentally observed values. 

In addition, the photosensitivity spectrum of the n-Si–p(Ge2)1-x-y(ZnSe)x(GaAs1-δBiδ)y heterostructures exhibited 
several weak sensitivity peaks at photon energies of 1.45, 1.64, 1.91, 2.21, and 2.45 eV. During the spectral analysis, 
significant overlapping of multiple photoresponse peaks of varying intensities was observed, which is likely associated 
with the close proximity of the absorption energies of the film constituents. 

To further explore the photoconductivity mechanicms in the n-Si–p-(Ge2)1-x-y(ZnSe)x(GaAs1-δBiδ)y heterostructures, 
the photosensitivity spectrum was reanalyzed using the Gaussian approximation method implemented in Wolfram 
Mathematica 7. The resulting spectrum was deconvoluted into Gaussian components. The initial energy values (Eₑ) of 
each individual photopeak were selected based on the experimentally observed maximum sensitivity points on the original 
curve. As a result, the photosensitivity spectrum was successfully modeled using six Gaussian components with optimal 
fitting to the experimental and total Gaussian curves. The deviations between the calculated peak energies and the 
tabulated values did not exceed 0.01 eV, confirming high accuracy. 

All six photopeaks corresponding to the Gaussian fits were observed in the following photon energy ranges: Eph,1 – 
0,98-1,75 eV, Eph,2 − 1,01-2,03 eV, Eph,3 − 1,15-2,28 eV, Eph,4 − 1,34-2,52 eV, Eph,5 − 1.75-2.71 and Eph,6 − 2.1-2,77 eV 

The corresponding maximum sensitivity peaks were identified at 1.23, 1.45, 1.64, 1.91, 2.21, and 2.45 eV, 
respectively (Figure 2). 

As seen in Figure 2, the primary Gaussian curve's (dashed line 1) onset at 0.98 eV suggests a shallow level, which 
can be explained by covalent bonding resulting from a partial substitution of ZnSe molecules and Ge₂ atomic pairs during 
the early stage of the Ge buffer layer crystallization and the latter epitaxy portion [7]. Also, research works [8] has pointed 
out that atoms of Zn, in particular, which are constituent of the germanium layer, as well as the other Zinc along with 
Molecule of Selenium, are able to act as recombination centers bearing acceptor type features, which corresponds with a 
very large increase of sensitivity to the spectrum starting at approximately 1.0 eV. Also, in another study [9], it was noted 
that minor atomic substitution between the molecules of ZnSe and pairs of Ge₂ causes the spontaneous formation at 
nanocrystals with variable dimension and shape positioned in regions of the crystal lattice with a high density of defects. 
Related study [10] reported an energy level in the 1.23 eV region in the bandwidth of absence of (GaAs)1–x–y(ZnSe)x 
structures. This energy matches with what has been identified as the first maximum of the first Gaussian component in 
our work. In addition, other literature [11] has also indicated that nanocrystals of ZnSe implanted in monocrystals of 
germanium produce levels of energy which are similar to acceptor. 

 
Figure 2. Photosensitivity spectrum of n-Si–p-(Ge2)1-x-y(ZnSe)x(GaAs1-δBiδ)y heterostructures in Gaussian approximation; 

- experimental points – solid line – general Gaussian approximation line; continuous (dotted) lines – general Gaussian 
approximation line organizers 

The maximum of the second Gaussian component (Figure 5.4.2, dashed line 2) was observed at a photon energy of 
1.53 eV. This corresponds to the known photoluminescence range of p-GaAs crystals, typically within 1.35–1.65 eV, and 
confirms their spectral contribution to the heterostructure’s response [12] 

The third Gaussian component showed its peak sensitivity at 1.64 eV (Figure 2, dashed line 3), which can be 
attributed to the formation of isovalent Ge–Se valence-band-related impurity states in the GaAs layers. The study [13] 
reported three distinct photoresponse peaks in GeSe-doped GaAs layers at 1.43, 1.63, and 2.25 eV, all of which were also 
observed in the current study. Among these, the first peak in our sample shifted toward longer wavelengths, while the 
second peak matched the third Gaussian component at 1.64 eV. 

Two additional Gaussian components were identified in the photosensitivity spectrum of the 
n-Si-p-(Ge2)1-x-y(ZnSe)x(GaAs1-δBiδ)y heterostructure within the 1.34–3.71 eV photon energy range, showing maximum 
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photoresponse at 1.91 eV and 2.21 eV (Figure 2, dashed lines 4 and 5). According to [14] the photoluminescence spectrum 
of (GaAs)1-x(ZnSe)x solid solutions grown by liquid-phase epitaxy spans almost the entire visible spectrum (400–760 nm). 
Moreover, [15] identified deep energy levels associated with GaSe (hνₘₐₓ = 1.88 eV), ZnAs (hνₘₐₓ = 2.15 eV), and ZnSe 
(hνₘₐₓ = 2.69 eV). In the present study, three photoresponse peaks were detected at 1.91 eV and 2.21 eV, suggesting that 
atomic-scale modifications of GaSe and ZnAs within the crystal lattice may be responsible for the observed spectral shifts 
toward shorter wavelengths. 

Furthermore, a sixth Gaussian peak was observed at 2.45 eV. Although the bandgap energy of pure ZnSe is 
Eg,ZnSe = 2.70 eV, in these solid solutions, covalent bonds within ZnSe molecules are weakened due to interaction with 
Ge₂ and GaAs1-δBiδ components. This interpretation is consistent with findings by Zainabidinov et al. [16], who reported 
that in such solid solutions, tetrahedral ZnSe crystal structures undergo partial substitution with GaAs or Ge₂, thereby 
weakening Zn–Se bonds due to interactions with Ga, As, and Ge atoms. Additional support comes from Saidov et al. [17], 
who observed that continuous substitution in (GaAs)1-x(ZnSe)x(Ge2)y leads to the emergence of impurity states below the 
valence band edge (ΔEᵢ = Eₚₕ − Eg,ₜ.ᵣ) of ZnSe. Given ZnSe’s direct bandgap nature and its molar concentration in the 
present material (~1020 cm-3), these structures exhibit photosensitivity at photon energies above 2.4 eV. 
 

CONCLUSIONS 
The n-Si–p-(Ge2)1-x-y(ZnSe)x(GaAs1-δBiδ)y heterostructures showed results of spectral photosensitivity analyses 

which suggest that the (Ge2)1-x-y(ZnSe)x(GaAs1-δBiδ)y solid solutions have selective photosensitivity because of integrated 
ZnSe and Ge constituents and the ionic bond covalent energies’ differences in their ionization. The energy band diagram 
reveals the presence of impurity-related states that indicate the existence of nano-objects based on on GaAs1-δBiδ 
compounds within the films. In conclusion, these results prove that the obtained solid solutions are likely barrier-layer 
structures and can also be utilized as selective photoactive materials for hyper/MW and visible optoelectronic devices in 
the infrared radiation spectrum. 
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ФОТОЕЛЕКТРИЧНІ ВЛАСТИВОСТІ ГЕТЕРОСТРУКТУР n-Si–p-(Ge2)1-x-y(ZnSe)x(GaAs1-δBiδ)y 

Акрамджон Й. Бобоєв, Улугбек Р. Карімбердієв, Нурітдін Й. Юнусалієв, Джамшидбек С. Мадамінов 
Андижанський державний університет імені З.М. Бабура, Андижан, Узбекистан 

У цій статті досліджуються фотоелектричні властивості твердих розчинів (Ge2)1-x-y(ZnSe)x(GaAs1-δBiδ)y, вирощених на 
кремнієвих підкладках. Встановлено, що тверді розчини (Ge2)1-x-y(ZnSe)x(GaAs1-δBiδ)y мають селективну фоточутливість 
завдяки наявності компонентів ZnSe, Ge2 та GaAs1-δBiδ, а також різниці в енергії іонізації їх ковалентних зв'язків. Механізми 
фотопровідності в гетероструктурах n-Si-p-(Ge2)1-x-y(ZnSe)x(GaAs1-δBiδ)y були проаналізовані на основі значень Ei, які 
забезпечили найкраще наближення до експериментального спектру та кривих гауссового наближення. Фотопіки, що 
відповідають гауссовим кривим на рівнях енергії 1,23 еВ, 1,45 еВ, 1,64 еВ, 1,91 еВ, 2,21 еВ та 2,45 еВ, спостерігалися в 
діапазоні енергій фотонів: Eph,1 - 0,98÷1,75 еВ, Eph,2 - 1,01÷2,03 еВ, Eph,3 - 1,15÷2,28 еВ, Eph,4 - 1,34÷2,52 еВ, Eph,5 - 1,75÷2,71 еВ 
та Eph,6 - 2,1÷2,77 еВ. Спостереження проміжних станів у спектрі фоточутливості цього твердого розчину підтвердило 
наявність нанооб'єктів, сформованих на основі молекул ZnSe та Ge2, а також сполук GaAs1-δBiδ у цих плівках. Було виявлено, 
що тверді розчини (Ge2)1-x-y(ZnSe)x(GaAs1-δBiδ)y мають потенціал для використання як селективні фотоактивні матеріали, що 
працюють у діапазонах інфрачервоного та видимого випромінювання. 
Ключові слова: кремній; твердий розчин; сполука GaAs1₋δBiδ; ковалентний зв'язок; фоточутливість 
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The surface morphology of undoped ZnO as well as 3 at. % sulfur-doped ZnO (ZnO:S) thin films were examined utilizing atomic 
force microscopy (AFM). Surface characteristics evaluations and comparisons were made based on 2D and 3D AFM images, line 
profile analyses, and roughness parameters; Ra, Rq, Rz, Rt Rsk, and Rku. The undoped ZnO medium showed a smooth surface, with 
moderate height fluctuations and a comparatively narrow Gaussian-like height. On the other hand, ZnO:S film showed much higher 
surface roughness and topographical alternation with larger and more symmetrical height histograms. Both the Rq/Ra ratios for both 
started at around the theoretical Gaussian value (~1.25) with the skewness and kurtosis parameters showing distinctly different degrees 
of surface symmetry and texture. Sulfur incorporation was shown to change the grain morphology, to introduce peak-to-valley contrast 
and to increase the overall surface area. The morphological improvements further show that ZnO:S thin films could be more adequate 
for applications where high surface activity is essential, provided by gas sensing and catalysis. This study presents a quantitative and 
qualitative evaluation of the influence of sulfur doping on the surface morphology of ZnO at the nanoscale level. 
Keywords: Morphology; Histogram; Atomic force microscopy; Roughness; Doping; Sulfur 
PACS: 78.30.Am 

INTRODUCTION 
Thin films of zinc oxide (ZnO) have been extensively studied for their diverse applications in optoelectronics, gas 

sensors, catalysts, and so on, because of their excellent optical, electrical, and catalytic properties [1–3]. The surfaces 
have a key influence on their performance as they affect surface area, grain boundaries, and active sites for surface 
reactions [4,5]. Atomic force microscopy (AFM) is a proven dominant tool for the morphological characterization of 
surfaces that offers the images of surface textures in nanoscale and also allows a quantitative determination of surface 
roughness parameters [6,7]. Dopants like Al, S, and N into ZnO thin films were also studied which had considerable 
implications on the structural, electrical, and optical properties [8–11]. Especially, the sulfur doping can increase the 
surface area and modify the grain boundaries of ZnO, which can improve the gas-sensing property and catalytic activity 
[12,13]. Zainabidinov et al. investigated the influence of gamma radiation on the electrophysical characteristics of sulfur-
doped ZnO films, noting that irradiation caused structural changes [14]. Likewise, structural and morphological properties 
of Al-doped ZnO films have been studied and it has been exhibited that the doping in ZnO causes a change in the grain 
size and its distribution [15]. Additional studies performed in our laboratory focused on elucidating structural properties 
by means of X-ray diffraction and electron microscopy, demonstrating significant morphological changes produced by 
sulfur doping in ZnO films synthesized by ultrasonic spray pyrolysis [16]. Moreover, Zainabidinov et al. have tuned an 
ultrasonic spray pyrolysis system for the deposition of metal oxide films with improved uniformity and structure [17]. 
Other investigations have elucidated defect formation in metal-insulator-semiconductor (MIS) structures based on silicon 
doped with rare-earth elements, potentially up to moderate concentrations, opening the pathway for understanding how 
doping modifies morphological and electrophysical properties. However, notwithstanding a number of studies, a broad 
statistical description of the morphological differences amongst undoped and sulfur-doped ZnO thin films at the nanoscale 
is undocumented. More advanced characterizations employing amplitude parameters like average roughness (Ra), root 
mean square roughness (Rq), skewness (Rsk), kurtosis (Rku), and peak-to-valley height (Rt) are required to provide a 
complete understanding of surface structure–function relationships. This paper studies the influence of sulfur doping on 
those surfaces using atomic force microscopy (AFM), in an effort to fill this gap in the literature. In summary, by carefully 
analyzing statistical parameters of surface roughness and relating them with probable functional dynamism, this work 
sheds valuable light in pathways for future exploration and evolution of ZnO materials for emerging technological 
domains. 

MATERIALS AND METHODS 
As the base material, monocrystalline n-type silicon (Si) wafers with a (100) crystallographic orientation were selected 

due to their high purity and compatibility with thin film deposition. The wafers were cut into rectangular pieces measuring 
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approximately 2 mm × 2 mm × 5 µm for experimental use. To improve surface smoothness and cleanliness, a multi-step 
treatment was performed. Initially, the substrate surface was mechanically polished using abrasive papers with 3 µm and 0.5 
µm grit sizes, sequentially. This process significantly reduced the surface roughness. After polishing, substrates were rinsed 
with deionized (DI) water. To remove organic, inorganic, and metallic contaminants, the wafers were subjected to standard 
RCA cleaning. In the RCA-1 step, substrates were immersed in an NH₄OH:H₂O₂:H₂O (1:1:5) solution at ~75 °C for 15 
minutes, followed by thorough DI water rinsing. The RCA-2 step involved immersion in HCl:H₂O₂:H₂O (1:1:6) at the same 
temperature and duration to eliminate metal ions. Finally, the native SiO₂ oxide layer on the wafer surface was etched in a 
5% HF solution for 1 minute, and the cleaned substrate was immediately rinsed and dried to prevent reoxidation. Zinc acetate 
dihydrate (Zn(CH₃COO)₂·2H₂O, >99%, Sigma-Aldrich) was used as the zinc source. For the undoped ZnO films, precursor 
solutions of 0.5 M and 1 M concentrations were prepared by dissolving the appropriate amount of zinc acetate in deionized 
water and stirring until complete dissolution. Specifically, 10.97 g of Zn(CH₃COO)₂·2H₂O was dissolved in 100 mL of DI 
water to obtain a 0.5 M solution. For sulfur doping, thiourea (CH₄N₂S, >99%, Sigma-Aldrich) was used as the sulfur source. 
A doping concentration of 3 atomic percent (at%) was targeted by calculating the required thiourea amount relative to the 
total anion content in the solution. Based on a 1:1 molar ratio of Zn to O in ZnO, 0.0015 mol of sulfur atoms were needed 
for 3 at% doping, which corresponds to approximately 0.114 g of thiourea for 0.05 mol of Zn precursor. Thiourea was added 
to the prepared zinc acetate solution and stirred thoroughly to ensure homogeneity. Thin films of ZnO and sulfur-doped ZnO 
(ZnO:S) were deposited on the prepared Si substrates using the ultrasonic spray pyrolysis technique [17]. The deposition 
was performed under controlled conditions, with optimized parameters for spray rate, substrate temperature, and carrier gas 
flow (not detailed here). Immediately after the HF etching step, substrates were transferred for coating to minimize surface 
reoxidation and maintain chemical reactivity. 

Atomic Force Microscopy (AFM) was used to analyze the surface morphology and topography of the deposited 
films. 2D and 3D AFM images were acquired over a 500 × 500 nm scan area. Roughness parameters such as Ra, Rq, Rt, 
and Rz were calculated, along with statistical descriptors like skewness (Rsk) and kurtosis (Rku). Additionally, line profiles 
and histogram analyses were used to assess height distribution symmetry and uniformity across the samples. 

 
RESULTS AND DISCUSSION 

2D AFM Images of Surface Morphology for Undoped ZnO and 3 at. Topography images of ZnO:S thin films with 
a concentration of 3 at.% sulfur, obtained on an area of 500 nm × 500 nm scale (Figure 3 but with two samples showed 
in comparison), show fundamental differences in surface structure. The surface of undoped ZnO film is smoother and 
more uniform, with larger grains available, lacking noticeable grain boundaries. This means that the crystallites merged 
into a surface with a much lower height difference during the film growth. This sample shows low surface roughness, 
suggesting that the height across the scanned point is not fluctuating heavily. In sharp contrast to this, the ZnO:S sample 
shows a highly textured surface and well separated fine nanograins that are very densely packed. You have multi-grain 
with smaller size, which can lead to a surface structure that is more heterogeneous and complex. The improved 
nanostructuring is probably a result of the effects of sulfur doping on the nucleation kinetics during the formation of the 
film, leading to a higher amount of nucleation centers. The distinct morphologies suggest that the sulfur doping has a 
strong influence on the surface growth of the ZnO films, which results in denser coalescence of the grains, sharper grain 
boundaries, and higher surface area. In-contrast to pure ZnO, where the surface activity is depicted by a relatively low 
rate of charge reaction, several such modifications have been reported introducing higher surface-related functionalities, 
making ZnO:S more favorable in the context of high surface activity applications. 

  
a) b) 

Figure 3. 2D AFM surface morphology images of thin films scanned over a 500 nm × 500 nm area. a) ZnO; b) S doped ZnO 

Figure 4 shows 3D AFM topography images will reveal even more details of the surface features for each sample. 
The 3D perspectives give a better sense of peak-to-valley height differences as well as surface texture roughness. 
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A typical moderately textured surface can be seen in the undoped ZnO film featuring a clear grain elevation although the 
features seem less defined and broader. There are fewer grain peaks which are also more widely separated from each 
other, which is consistent with the earlier identification of a relatively smooth, low-roughness morphology. Contrasting 
with it, the rough surface of ZnO:S film, with an arrangement of sharp peaks and valleys uniformly in the scanned area, 
is very noticeable. The nanograins are smaller, denser, and well separated which assists in better vertical variation in the 
Z-axis. Higher density of nucleation sites during film growth arising from incorporation of sulfur leads to again higher 
surface roughness as indicated here. ZnO:S provides a highly complex surface with an increased surface area which 
should have functional benefits. The enhanced light scattering, increased surface reactivity and better sensitivity of the 
rougher and rougher morphology in optoelectronic and sensing applications [18]. 

 

  
a) b) 

Figure 4. 3D AFM topography of ZnO and ZnO:S thin films over a 500 nm × 500 nm area, revealing differences in vertical 
surface features and roughness. a) ZnO; b) S doped ZnO 

Before delving into the quantitative surface profile results, it is essential to understand the key amplitude parameters 
used in AFM surface topography analysis. These parameters provide critical insights into the statistical features of a 
surface, including average height levels, asymmetry, and extreme height variations. One of the most widely used metrics 
is the average roughness (Ra), which quantifies the mean deviation from the central line and serves as a general indicator 
of surface uniformity and quality. The root mean square roughness (Rq) provides a more sensitive measure by considering 
the squared deviations from the mean line and is particularly important in high-precision optical surface evaluation. The 
maximum peak-to-valley height (Rt) defines the total relief of the surface and indicates the full vertical range of 
topographic variation. In contrast, the ten-point height roughness (Rz) calculates the average difference between the five 
highest peaks and the five deepest xvalleys, making it suitable for assessing local irregularities. To evaluate the shape and 
symmetry of the height distribution, skewness (Rsk) and kurtosis (Rku) are employed. A negative Rsk implies a surface 
dominated by valleys, while a positive Rsk suggests dominant peaks. The kurtosis Rku indicates whether the surface 
texture is spiky (Rku > 3), flat and bumpy (Rku < 3), or normally distributed (Rku ≈ 3). Together, these parameters form a 
comprehensive statistical framework to evaluate and compare surface characteristics across thin film samples.  

Table 1 demonstrates that the changes in average roughness (Ra) and ten-point mean height (Rz) correspond closely 
with the variations observed in RMS roughness (Rq) across all examined samples. The maximum peak-to-valley height 
(Rt) remains a key indicator of surface topography, as it effectively captures the overall vertical relief of the surface. 
Furthermore, it is evident from Table 1 that higher Rt values are typically associated with increased Rz values, indicating 
a strong relationship between Rz and the extreme height differences in the surface profile. The mathematical expression 
for Rz is given below: 

 𝑅௭ ൌ ଵ௡ ሺ∑ 𝑃௜௡௜ୀଵ െ ∑ 𝑉௜௡௜ୀଵ ሻ  (1) 

where n is the number of sampling points along the assessment length, which is 5 in this study, Pi is the height of the ith 
peak and Vi is the depth of the ith valley with respect to the line profile. In addition, Rq values for all the samples are 
higher than Ra values, which can be mathematically explained according to the following equation: 

 𝑅௭ ൌ ଵ௅ ׬ |𝑦ሺ𝑥ሻ| 𝑑𝑥௅଴   (2) 

 𝑅௤ ൌ ටଵ௅ ׬ |ሺ𝑦ሺ𝑥ሻሻଶ| 𝑑𝑥௅଴   (3) 

where L is the length of the profile on the x-axis used for measurement and y(x) is the variation of the height from the 
profile line for each data point. 



322
EEJP. 3 (2025) Akramjon Y. Boboev, et al.

For surfaces exhibiting Gaussian height distributions, theoretical models suggest that the ratio of root mean square 
roughness (Rq) to average roughness (Ra) approaches a value of 1.25. According to Ward [19], many engineering surfaces 
can be reasonably approximated by a Gaussian distribution, with typical Rq/Ra ratios extending up to around 1.31. In our 
study, as shown in Table 1, the calculated Rq/Ra values for all three materials—Si, ZnO, and ZnO:S—are in close 
agreement with the theoretical prediction, indicating that the surface profiles follow an approximately Gaussian 
distribution at the nanometer scale. his finding validates the use of standard statistical surface roughness descriptors in 
characterizing the samples. Additionally, the skewness values provide insight into the asymmetry of the height 
distribution. Negative skewness reflects a surface dominated by valleys, while positive skewness indicates a prevalence 
of elevated features. In our results, skewness variations between the samples suggest different degrees of surface 
uniformity and grain structure. Furthermore, the kurtosis (Rku) parameter reveals the nature of surface texture—whether 
it is spiky or bumpy. A value of Rku less than 3 corresponds to a bumpy surface with fewer extreme features, while Rku 
greater than 3 indicates a spikier texture with pronounced peaks and valleys. For instance, the ZnO:S sample demonstrated 
a Rku value close to 3, suggesting a balanced distribution of surface features, whereas undoped ZnO exhibited a higher 
Rku, indicative of a more irregular and spiky morphology. These trends are consistent with the Rt and Rz  values, as kurtosis 
is strongly influenced by the amplitude of surface extremes. 

 𝑅௞௨ ൌ ଵேோ೜ర ሺ∑ 𝑌௜ସே௜ୀଵ ሻ  (4) 

Where Rku is the RMS roughness parameter and Y is the height of the profile at point number i 
Table 1. Roughness parameters. 

Materials Ra nm Rq nm Rt nm Rz nm Rq/Ra Rsk Rku 
ZnO 2.5976 3.7144 79.9983  43.6536 1.4299 -0.6842 8.2098 

S doped ZnO 8.4809 10.8674 100.0075 49.9415 1.2814 -0.005 3.3892 

Such observation is confirmed by the computed roughness parameters presented in Table 1. The S-doped ZnO 
sample has much larger average roughness (Ra) and root mean square roughness (Rq) values than undoped ZnO as the 
incorporation of sulfur clearly increases the complexity of the surface (no flake-like structure). For both samples, the 
Rq/Ra ratio approaches the theoretical limit of the nominal Gaussian distribution (~1.25), as evident by the ratios of 
1.4299 for ZnO and 1.2814 for ZnO:S, confirming that both surfaces yield approximately the same Gaussian distribution. 
Values for skewness (Rsk) also indicate asymmetry of surface features. The ZnO film shows a negative skewness value 
of -0.6842, indicating a surface with deep valleys predominating. On the other hand, the near zero skewness (-0.005) of 
the ZnO:S film reflects an approximately even topographical structure without a strong dominance of peaks or valleys. 
Another parameter is kurtosis (Rku), which enhances the interpretation. The high value of Rku = 8.21 of ZnO sample 
indicates that this surface is also spiky and irregular with very extreme value of height variation. In contrast, the ZnO:S 
display a kurtosis value of 3.39, which is significantly closer to the Gaussian ideal (Rku ≈ 3) indicating a distribution that 
has more uniformity, morphology-wise, which is bumpier. This, in addition to the maximum peak-to-valley height (Rt) 
and ten-point roughness (Rz), confirms the topographically balanced and statistically homogeneous surface resulting from 
sulfur doped Si core. Such surface features can improve selected functions, like an increased surface area for sensing or 
catalytic interactions. 

  
a) b) 
Figure 5. Height distribution histograms. a) ZnO; b) S doped ZnO 

In an effort to gain insight into the statistical behavior of the surface morphology, we analyzed the height 
distribution histograms and numerical roughness parameters of both the ZnO and S-doped ZnO thin films. The histogram 
(Figure 5) provides a visual clear depiction of the distribution of topographical features on the scanned surface.  
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The crystalline particle size distribution of the ZnO gives a very narrow and sharply peaked distribution centered 
around 55 nm which means a relatively less rough surface with a relatively more even distribution. In comparison, the 
histogram of the S-doped ZnO sample displays a wider, more symmetrical distribution centered around 50 nm, implying 
a surface with more topographical deviation and a greater diversity of nanostructures. 

  
a) b) 

Figure 6. Line profile analysis showing the surface height fluctuations. a) ZnO; b) S doped ZnO 

The line profile analysis for the as-deposited ZnO and S-doped ZnO thin films are depicted in Figure 6 and is useful 
to evaluate the vertical surface height variations within a span of 100 nm. Moderate variations in height (4 nm to 10 nm) 
can be seen in the ZnO film (Figure 6a), indicating a relatively smooth and uniform surface with minor topographical 
irregularities. This was also observed in the histogram data, as we saw a narrow and symmetric height distribution 
centered at 50 nm, indicating an overall less complex surface morphology. Compared to the ZnO:S film (Fig. 6b), which 
exhibits obviously bigger vertical fluctuations with a thickness of 5 nm to 25 nm. It implies that the water bodies could 
adjust to an increase in surface roughness indicating a surface with a more intricate structure featuring peaks and valleys. 
These results help confirm the above observations, as also evidenced by the broader and more symmetrical histogram 
distribution of the S-doped sample, indicating the more complex feature of the surface brought by the nitrogen doping. 
The increased height fluctuations of the ZnO:S film are due to sulfur incorporation and modification of the grain structure, 
increasing the surface roughness. In summary, analysis of the line profiles supports the histogram results and confirms 
the higher surface complexity of the ZnO:S thin films. The enhanced roughness values indicate that sulfide doping 
increases the surface area, potentially useful for applications such as gas sensors or catalysis, where high surface reactivity 
is favorable. 

 
CONCLUSIONS 

In this study, the surface morphology of ZnO and S-doped ZnO thin films was analyzed using atomic force microscopy 
(AFM) and key statistical parameters such as average roughness (Ra), root mean square roughness (Rq), peak-to-valley height 
(Rt), and skewness (Rsk). The results indicate a clear contrast in the surface characteristics between undoped ZnO and S-
doped ZnO films. ZnO films exhibited a relatively smooth and uniform surface with moderate height variations ranging from 
4 nm to 10 nm. These results were supported by the narrow height distribution observed in the histograms, indicating a less 
complex surface morphology. On the other hand, the ZnO:S films demonstrated significantly higher surface roughness, with 
height variations reaching up to 25 nm. The broader and more symmetrical histogram distribution confirmed the increased 
surface complexity brought about by sulfur doping. The analysis of the line profiles and histograms indicated that sulfur 
incorporation into ZnO modifies the grain structure and increases surface roughness. The Rq/Ra ratio for both films 
approached the theoretical Gaussian value, confirming the Gaussian distribution of surface height. The skewness and kurtosis 
values further highlighted the differences in surface symmetry and texture. ZnO:S films exhibited more pronounced surface 
features with balanced peaks and valleys, while ZnO films showed a dominance of valleys. 

These results suggest that sulfur doping enhances the surface area and complexity of ZnO films, making them 
potentially more suitable for applications that require high surface reactivity, such as in gas sensing or catalytic processes. 
The findings provide a comprehensive understanding of how surface morphology can be tailored through doping and 
offer valuable insights for optimizing functional thin film applications. 

 
Conflict of Interests 

The authors declare that they have no conflict of interests 
 

Funding 
The present research work was financed under the project FZ-292154210 granted by the Ministry of Innovative Development of the 
Republic of Uzbekistan 



324
EEJP. 3 (2025) Akramjon Y. Boboev, et al.

ORCID 
A.Y. Boboev, https://orcid.org/0000-0002-3963-708X; N.Y. Yunusaliyev, https://orcid.org/0000-0003-3766-5420 
 Kh.A. Makhmudov, https://orcid.org/0009-0004-8845-8741; F.A. Abdulkhaev, https://orcid.org/0009-0004-3933-5171 
G.G. Tojiboyev, https://orcid.org/0009-0000-5022-8108; M.O. G‘ufurjonova, https://orcid.org/0009-0009-8830-9371 

 
REFERENCES 

[1] Z. Zhang, Y. Chen, H. Liu, et al., Sens. Actuators B Chem. 344, 130218 (2021). https://doi.org/10.1016/j.snb.2021.130218 
[2] R. Kumar, and O. Al-Dossary, J. Mater. Sci. Mater. Electron. 33, 927 (2022). https://doi.org/10.1007/s10854-021-07491-8 
[3] X. Chen, H. Yu, J. Sun, et al., Catal. Sci. Technol. 13, 734 (2023). https://doi.org/10.1039/D2CY01807D 
[4] M. Hasanpour, S. Hatamie, and H. Zare, Appl. Surf. Sci. Adv. 2, 100025 (2020). https://doi.org/10.1016/j.apsadv.2020.100025 
[5] D. Sharma, K.M. Batoo, and S. Singh, Mater. Sci. Semicond. Process. 151, 106986 (2022). 

https://doi.org/10.1016/j.mssp.2022.106986 
[6] P. Eaton, and P. West, Atomic Force Microscopy, (Oxford University Press, 2020). 
[7] S. Moreno-Flores, Prog. Mater. Sci. 120, 100816 (2021). https://doi.org/10.1016/j.pmatsci.2021.100816 
[8] A. Wei, Y. Huang, Y. Wang, et al., Thin Solid Films 713, 138341 (2020). https://doi.org/10.1016/j.tsf.2020.138341 
[9] H. Hamrouni, H. Saidi, and A. Bouzidi, Mater. Today Commun. 26, 102019 (2021). 

https://doi.org/10.1016/j.mtcomm.2020.102019 
[10] R. Mohan, and V. Krishnakumar, J. Mater. Sci. Mater. Electron. 32, 14053 (2021). https://doi.org/10.1007/s10854-021-06044-9 
[11] C. Jayachandraiah, V. Sreenivasulu, and M. Sundararajan, Optik 219, 165051 (2020). https://doi.org/10.1016/j.ijleo.2020.165051 
[12] H. J. Kim, S. Y. Kim, and J. H. Lee, Sens. Actuators B Chem. 307, 127675 (2020). https://doi.org/10.1016/j.snb.2019.127675 
[13] Y. Liu, X. Wang, and M. Zhang, J. Alloys Compd. 867, 158986 (2021). https://doi.org/10.1016/j.jallcom.2021.158986 
[14] S. Zainabidinov, A.Y. Boboev, and N.Y. Yunusaliyev, East Eur. J. Phys. (2), 321 (2024). https://doi.org/10.26565/2312-4334-

2024-2-37 
[15] S. Zainabidinov, Sh.Kh. Yulchiev, A.Y. Boboev, et al., East Eur. J. Phys. (3), 282 (2024). https://doi.org/10.26565/2312-4334-

2024-3-28 
[16] S. Z. Zaynabidinov, ShU Yuldashev, A. Y. Boboev, and N. Y. Yunusaliyev, Her. Bauman Moscow State Tech. Univ. Ser. Nat. 

Sci. 1, 78 (2024). 
[17] S.Z. Zainabidinov, A.Y. Boboev, N.Y. Yunusaliyev, and J.N. Usmonov, East Eur. J. Phys. (3), 293 (2024). 

https://doi.org/10.26565/2312-4334-2024-3-30 
[18] M.K. Karimov, U.O. Kutliev, S.B. Bobojonova, and K.U. Otabaeva. Physics and Chemistry of Solid State, 22(4), 742 (2021). 

https://doi.org/10.15330/pcss.22.4.742-745 
[19] M. Nosonovsky, and B. Bhushan, J. Appl. Phys. 105, 104303 (2009). https://doi.org/10.1063/1.3130404 
 

МОРФОЛОГІЯ ПОВЕРХНІ ТА ШОРСТКІСТЬ ТОНКИХ ПЛІВОК ZnO, ЛЕГОВАНИХ СІРКОЮ: 
АНАЛІЗ НА ОСНОВІ АТОМНО-СИЛОВОЇ МІКРОСКОПІЇ 

Акрамджон Й. Бобоєвa, Нурітдін Й. Юнусалієвa, Хушрой А. Махмудовb, Файзулох А. Абдулхаєвa, 
Гайбулло Г. Тоджибоєвa, Мохлароїм О. Гофурджоноваa 

aАндижанський державний університет імені З.М. Бабура, Андижан, Узбекистан 
bАндижанська філія Кокандського університету, Андижан, Узбекистан 

Морфологію поверхні нелегованого ZnO, а також тонких плівок ZnO (ZnO:S), легованого 3 ат.% сіркою, досліджували за 
допомогою атомно-силової мікроскопії (АСМ). Оцінку та порівняння характеристик поверхні проводили на основі 2D та 3D 
АСМ-зображень, аналізу профілю ліній та параметрів шорсткості; Ra, Rq, Rz, Rt Rsk та Rku. Нелеговане середовище ZnO 
мало гладку поверхню з помірними коливаннями висоти та порівняно вузькою гаусівською висотою. З іншого боку, плівка 
ZnO:S показала значно вищу шорсткість поверхні та топографічне чергування з більшими та симетричнішими гістограмами 
висоти. Обидва співвідношення Rq/Ra починалися приблизно з теоретичного гаусівського значення (~1,25), причому 
параметри асиметрії та ексцесу демонстрували чітко різні ступені симетрії поверхні та текстури. Було показано, що введення 
сірки змінює морфологію зерен, вводить контраст між піками та западинами та збільшує загальну площу поверхні. 
Морфологічні покращення також показують, що тонкі плівки ZnO:S можуть бути більш адекватними для застосувань, де 
важлива висока поверхнева активність, що забезпечується газовим зондуванням та каталізом. Це дослідження дає кількісну 
та якісну оцінку впливу легування сіркою на морфологію поверхні ZnO на нанорівні. 
Ключові слова: морфологія; гістограма; атомно-силова мікроскопія; шорсткість; легування; сірка 
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The possibility of fabricating a heterosystem based on А2В6 compounds with potential barriers (Au)CdS/Si/CdTe(Au) with a 
minimum density of surface states is presented, confirmed by measurements of the potential barrier height based on capacitance-
voltage methods. Various exponential dependences of the current on the voltage at forward biases associated with a change in the 
kinetic parameters of the CdS/Si/CdTe structure base are determined, and it is revealed that at current densities of 
2.1×10−7 ÷ 0.35×10−6 A/cm−2 in the studied CdS/Si/CdTe structure, the current is limited by recombination in the space charge layer. 
It is shown that when a reverse bias is applied to the structure, the structure base is completely covered by the space charge 
accompanied by electron injection from the rear contact, which in turn determines the mechanism of current transfer of the structure. 
Keywords: Heterosystem; Deposition; Base; Layer; Barrier; Photodiode; Current density; Capacity; SEM, Band diagram 
PACS: 64.70.kg, 73.40.Kp, 68.37.Hk 

INTRODUCTION 
The prospect of using phenomena occurring in the volume of a semiconductor to increase the functional 

capabilities, improve the reliability of semiconductor and microelectronic devices and expand the ranges of their 
operating frequencies and powers allows for a significant simplification of the technology of semiconductor instrument 
making [1]. In recent years, there has been particular research interest in the creation of heterojunctions based on А2В6 
compounds, in particular based on cadmium sulfide and telluride. Heterostructures based on these materials are 
proposed as photoelectric converters of solar energy [2-4], photodetectors [5-7], and detectors [8-11, 28].  

However, for high-quality optoelectronic devices (photodetectors), such heterojunctions are combined with silicon 
in the CdTe-Si and CdS-Si systems. These heterojunctions are difficult to manufacture, since the crystal lattice 
parameters of CdS, CdTe and Si differ by 15%, which leads to the formation of a high density of surface defects at the 
Si-CdTe, Si-CdS interfaces. Nevertheless, the possibility of obtaining high-quality Si-CdTe-CdS heterojunctions with 
low surface density by forming an intermediate transition layer that acts as a buffer in the nSi-pCdTe, pCdTe-nCdS, 
CdTe-Si structure has been demonstrated in [12, 13].  

For А2В6 semiconductors, including CdS and CdTe, it is technologically difficult to obtain a p-i-n structure on its basis 
due to the self-compensation effect. As is known, when manufacturing heterojunctions, a high-resistance i-layer is often 
formed at the heterointerface due to mutual diffusion of atoms of one semiconductor into another [14, 32]. To avoid this 
problem, we created a two-side sensitive thin-base structure (Au)CdS/Si/CdTe(Au) with heterojunctions grown by 
compositionally differentiated layers of CdTe and CdS on n-type Si substrates, with certain layer compositions depending on 
their thickness. It is well known that thin films of CdTe and CdS can be grown on various substrates using different methods 
[15,16]. Basically, such films are obtained by thermal deposition in vacuum, that is, by growing from the vapor phase [17]. 

In this work, CdTe and CdS layers were grown using this method because it allows obtaining various 
photosensitive structures with fast response. 

There is no information in the sources about the creation of two-way sensitive photodiodes with CdS/Si/CdTe with a 
heterosystem with internal amplification, which are tuned to the required wavelengths of optical radiation by external 
action, i.e. with different supply of bias voltage. Their production is a topical task, since such a photodiode replaces several 
photodetectors that are sensitive in different regions of the wavelength of optical radiation and are rigidly connected with 
the width of the forbidden zone. In the CdS/Si/CdTe semiconductor system, the counter currents of nonequilibrium carriers 
are regulated, due to which the inversion of the sign of photosensitivity occurs at different base thicknesses [18, 19]. This 
paper presents the results of studies to identify the role of high-resistance and low-resistance heterolayers in the current 
transfer mechanism in the CdS/Si/CdTe heterosystem by studying the electrophysical characteristics of heterosystems. 
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EXPERIMENTAL PART 
The investigated heterosystem CdS/Si/CdTe photodiode structure [20, 28] was fabricated by successive vacuum 

thermal evaporation [21] of CdS and CdTe powders onto a substrate - the surface of a wafer of single-crystal n-type 
silicon. During deposition of the CdS film onto the surface of the silicon substrate, the evaporator temperature was 
850÷950°C, which is necessary for congruent evaporation of CdS particles, and a CdTe film was deposited on the back 
side of the substrate at an evaporator temperature of 580 °C. During film deposition, the substrate temperature was 
270÷290°C, the film growth time was 5 min. at a rate of 16.7 Å/s, at which the thickness of each film was 0.55 μm. To 
obtain a rectifying contact on the surface of the film layers of the heterosystem, metal-semiconductor junctions made of 
Au with a thickness of 70 Å were formed in the vacuum post VUP-4 at a temperature of 435°C. The contact area of Au 
on the surface is 0.29 cm2. The technological route for manufacturing the heterosystem is given in [22, 23]. The 
manufactured structure of a photodiode based on the CdS/Si/CdTe heterosystem with contacts made of Au is shown 
in Fig. 1. 

 

Figure 1. Design of a lateral bidirectional photodiode based on (Au)CdS/Si/CdTe(Au) 
 

ELEMENTAL ANALYSIS OF SAMPLES 
The morphology of the CdS/Si/CdTe heterostructure samples based on silicon substrates was studied using a 

scanning electron microscope SEM EVO MA 10 (Carl Zeiss, Germany). The elemental composition was studied using 
an energy-dispersive analyzer EDX (Oxford Instruments) - Aztec Energy Advanced X-act SDD. During the 
measurements, an accelerating voltage of 15 kV was applied to the filament of the device, while the working distance 
from the structure was 8.5 mm. 

Fig. 2-4 show the surface morphology of a sample of a two-side sensitive CdS/Si/CdTe heterosystem. 
Measurements were carried out on both sides of the heterostructure. 

 

 
a 

 
b 

Figure 2. SEM images of the surface (a) and elemental analysis (b) of single-crystal n-type silicon heterostructure CdS/Si/CdTe  
The results of the scanning electron microscope (SEM) analysis, presented in Figure 2, confirm that silicon is the 

predominant element in the sample composition, as evidenced by the intensity of its main peak. The presence of 
low-intensity oxygen peak (O) indicates the formation of oxide compounds or surface contamination, which may have 
occurred during sample growth or storage. Quantitative analysis shows that the mass fraction of silicon is 99.4%, 
oxygen – 0.6%. 

Fig. 3 shows an image of a thin-base CdS film grown on a silicon substrate of an n-type heterostructure. 
According to the quantitative analysis, it is clear that the mass fraction of cadmium (Cd) is 52.9%, sulfur (S) is 15.1%, 
silicon (Si) is 32.1% and, accordingly, the amount of Cd significantly exceeds the amount of S. However, point defects 
can form near the boundary of Si and CdS [24,25]. 
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a 

 
b 

Figure 3. SEM images of the surface (a) and elemental analysis (b) of a thin base layer based on CdS of the n-type CdS/Si/CdTe 
heterostructure  

Fig. 4 shows an image of a thin-based CdTe film grown on a silicon substrate of an n-type heterostructure. The 
mass fractions of cadmium (Cd) and tellurium (Te) are 47.8% and 52.2%, respectively, the amounts of these elements 
are almost identical. It can also be seen that the back side of the sample, consisting of silicon, is completely covered 
with a thin CdTe film, as evidenced by the absence of Si in the spectra. 

a 
 

b 
Figure 4. SEM images of the surface (a) and elemental analysis (b) of a thin base layer based on CdTe p-type heterostructure 

CdS/Si/CdTe  

The CdS/Si/CdTe heterosystem structures obtained by vacuum thermal evaporation in a quasi-closed volume are a 
simple, effective and inexpensive method for microelectronic devices. However, intensive research is required to fully 
reveal its potential. The presented results demonstrate compactness, the ability to grow in one direction and obtain rod- 
or columnar-type grains with normal properties for growing substrates [26,27]. 

The current-voltage characteristics (CVC) of the manufactured CdS/Si/CdTe photodiode heterosystem were 
measured with forward and reverse current directions in the dark and in the light at room temperature. The operating 
voltage was supplied from a B5-48 and B5-50 power supply with a step of 0.05 volts. The voltage and current were 
recorded with a B7-21A and B7-35 universal voltmeter. The minimum current was 2 nA, the relative measurement error 
was 0.2÷0.4%. The structures were illuminated with a JDSU850 laser with a radiation power of 2.3 W and a wavelength 
of 850 μm, as well as with a SIRSh 6-100 incandescent lamp with a power of N=100 W, which in its parameters is 
identical to the reference white light lamp [23]. In such a lamp, the power of electromagnetic radiation in the visible 
spectrum in one lumen is 9.1×10−3 W [28]. 

The capacitance-voltage characteristics of the studied CdS/Si/CdTe heterosystems were measured with a 
capacitance value within the range of (0.1÷50 nF) at a room temperature of 300 K in the forward and reverse switching 
modes in the frequency range f=0.4÷50 kHz, since in this frequency range they are identical in shape. A detailed 
description of the CVC measurement technique for the studied structure is given in [23]. 

 
RESULTS AND DISCUSSION 

Establishing the patterns and processes of current flow through homo- and heterojunction structures is the initial 
stage of studying semiconductor devices based on them. Under the condition of electrical activity of defects, the 
analysis of the current-voltage characteristics allows us to draw conclusions about the defectiveness of the 
heterostructures formed [29]. 
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Fig. 5 shows the forward and reverse branches of the CVC of the CdS/Si/CdTe heterosystem with potential 
barriers. The dependence is plotted on a semi-logarithmic scale. The conducted analysis of the CVC indicates that the 
structure has pronounced rectifying properties. At a voltage of 18 V, the rectification coefficient is ~ 10, which confirms 
the presence of diode-like behavior of the structure [30, 31]. 

 

 
Figure 5. Forward (I) and reverse (II) branches of the CVC of the CdS/Si/CdTe heterosystem with potential barriers at t=20 °C 

Analysis of the direct branch of the CdS/Si/CdTe heterosystem current-voltage characteristic shows that the curve 
consists of four characteristic sections (Fig. 6). Each of the sections: the first, second, third and fourth – is described by 
an exponential dependence of the current on the applied voltage and is represented by an analytical equation [32]:  

 I = I0[exp(qV/ckT)-1]  (1) 
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Figure 6. Direct branch of the CdS/Si/CdTe heterosystem with potential barriers on a semi-logarithmic scale in the dark 

As can be seen in Fig. 6, in the first section of the direct branch of the I-V characteristic at a current density within 
the range of I≈2.02×10⁻⁸÷0.52×10⁻⁷ A/cm², an exponential dependence is observed with the exponent c₁= 1.028 and 
the pre-exponential factor I₀₁=2.2×10⁻⁷ A/cm². The current flowing in this section of the structure is caused by 
thermionic emission [32]. Such a current transfer mechanism is typical for structures with a Schottky barrier and metal-
insulator junctions. The thermionic current is described by the following equation [33, 39]:  

 I01 = AT2exp(−VD/kT)  (2) 

Using the experimentally determined value of the pre-exponential factor I₀₁=2.2×10⁻⁷ A/cm², obtained from the 
analysis of the first section of the I-V characteristic based on expression (2), the value of the potential barrier height was 
calculated: VD=0.843 ± 0.02 eV. The obtained value is in good agreement with the barrier value determined from the 
results of the I-V characteristic given below. From the given data, it can be said that in the first section of the direct 
branch of the I-V characteristic, the main current mechanism is thermionic emission, which is caused by the emission of 
electrons from the gold contact Au into the CdTe (or CdS) layers. 

In the second section of the current-voltage characteristic, at current densities I=2.1×10⁻⁷÷0.35×10⁻⁶ A/cm² for 
the Si/CdTe heterojunction, the dependence of the current on the voltage is also exponential. In this case, the exponent 
is c2=1.98, and the pre-exponential factor is I02=6.1×10⁻⁷ A/cm² (Fig. 6, straight line 2). 

The value c2 ≈ 2 indicates that the current in this mode is limited by carrier recombination in the space charge 
layer [34]. In wide-gap semiconductors, especially at low temperatures, recombination processes have a significant 
effect on the shape of the current-voltage characteristic even at forward voltage. 
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The carrier concentration, including nonequilibrium, in the space charge layer changes by a factor of e over a 
characteristic distance l, at which the potential changes by kT/q. At a low injection level, the recombination rate is 
determined by the product of the electron and hole concentrations, and maximum recombination occurs at the boundary 
of the p- and n-regions. 

Calculations show that the bulk of carriers in the space charge layer recombine into a layer less than 0.55 μm thick, 
located near the geometric boundary of the CdTe (Au) potential barrier. The expression l=kT/qEmax is used to determine 
the diffusion displacement length in neutral regions. For the structure under study, the maximum electric field strength is 
5.23×10² V/cm [32]. Recombination processes are especially noticeable in semiconductors containing metastable 
complexes [35]. Similar patterns are observed in A2B6 compounds, where excitation causes chemical reactions that lead to 
the disintegration of complex complexes, such as a shallow donor – vacancy [36]. Despite the differences in the 
mechanisms, the following remains common to all cases: the recombination of nonequilibrium carriers occurs with a delay, 
and the inertia of the electron exchange within the recombination complex leads to the appearance of an additional term in 
the denominator of formula (3), which, at a high level of excitation, can become the dominant factor [37, 38]. 

 𝑈 = 𝑁ோ ௖೙௖೛(௣௡ି௡೔మ)௖೙(௡ା௡భ)ା௖೛(௣ା௣భ)ାаఛ೔௣௡ . (3) 

Since at sufficiently high values of forward voltage the recombination current increases with increasing bias more 
slowly than the diffusion current, the main contribution to the current begins to be made by carrier diffusion in the 
quasi-neutral regions of the base. In such a situation, the applied voltage is redistributed between the potential barrier 
and the quasi-neutral part of the base, which is reflected in the value of the exponent c in the I-V equation. The value of 
the exponential factor depends on the ratio of the base thickness to the diffusion length of minority carriers. For 
different ratios of these parameters, the exponent can take different values, which allows us to judge the dominant 
mechanism of current transfer in the heterosystem. 

In Fig. 6, sections 3 and 4 of the I-V characteristics are described by the dependence: I=exp(qV/ckT), where the 
values of the exponent c significantly exceed 2 and are 12.7 for section 3, and 48.3 for section 4, and the pre-
exponential factors are 4.4×10⁻⁶ A/cm² and 1.1×10⁻⁵ A/cm², respectively. Such high values of c indicate the presence 
of complex recombination processes occurring through several channels. This indicates that at a given injection level, 
certain types of recombination centers participate in recombination, probably representing complex formations in which 
carriers are retained for a certain time. Such a model is valid for a high-resistance compensated base of the Si/CdTe 
heterosystem. Electrons are injected into the quasi-neutral part of the CdS/Si base from the metal contact (Au)CdS, and 
the resistance of this contact makes a significant contribution to the shape of the I–V characteristic [39]. 

It is worth noting that no holes are injected from the CdS/Si heterojunction into the base, as shown in [34], since 
this effect is characteristic only of ideal heterojunctions. In real conditions, surface states at the interface of 
semiconductors can act as recombination or tunneling centers for holes. 

Based on the above, the main contribution to the structure current is made by the flow of electrons injected from 
the (Au)CdS contact. At the same time, as the analysis of the second section of the I-V characteristic shows, diffusion 
currents flow in the base, caused by non-main nonequilibrium holes coming from the Si/CdTe heterojunction to 
compensate for the charge and ensure the electrical neutrality of the injected electrons. 

According to literature data [40], with an insignificant accumulation effect, in the diffusion mode only two 
characteristic types of current-voltage dependences can be realized: I∼exp(qV/kT) and I∼exp(qV/ckT). 

Under forward bias near the CdTe(Au) contact, electrons and holes accumulate to maintain electroneutrality. This 
is due to the presence of a high potential barrier of 0.843 eV, which promotes the accumulation of nonequilibrium 
charge carriers and the formation of a positive concentration gradient: dn/dx>0. As a result, diffusion and drift carrier 
flows directed in opposite directions arise in this region. Upon reaching a certain bias level (about 1.5 V), these flows 
mutually compensate, which leads to an increase in the base resistance and the appearance of a sublinear dependence of 
current on voltage [28, 41]. 

The CdS/Si/CdTe heterosystem may contain point defects, such as cadmium (Cd), sulfur (S) or tellurium (Te) 
atom vacancies. Despite the difference in composition and type, the recombination of nonequilibrium electrons and 
holes in the structure occurs with a delay. This behavior is due to the inertia of the electron exchange inside the 
recombination complex, which manifests itself at a sufficiently high excitation level. This inertia leads to a 
recombination delay, which must be taken into account when analyzing the dynamic characteristics of the structure. 

As is known, in CdTe and CdS compounds, cadmium atoms are volatile components, as a result of which 
cadmium atom vacancies are easily formed in their crystal lattice: both singly charged Vେୢି and doubly charged Vେଶୢି, and 
the appearance of interstitial cadmium atoms (Cdi) is also possible. [41-43]. These complexes represent deep acceptor 
levels, similar to gold atoms, and probably play an important role in recombination processes. There is a high 
probability that such defect-impurity formations form recombination complexes of the type: negatively charged 
acceptor - positively charged interstitial ion, positively charged donor - negatively charged vacancy [44, 45]. 
Recombination of nonequilibrium charge carriers through such complexes occurs with a characteristic delay due to the 
inertia of the electron exchange inside the complex. At high current densities, it is these processes that become 
dominant in recombination, especially in Si/CdTe base layers. 
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As a rule, the height of the potential barrier at the metal-semiconductor interface is determined by the difference in 
the work function between the metal and the semiconductor. According to [29], the work function of gold (Au) is in the 
range of 4.0÷5.2 eV, and its exact value largely depends on the state of the metal surface.  

Next, we will analyze the behavior of the reverse branch of the CdS/Si/CdTe heterosystem’s I–V characteristic 
(Fig. 7). 
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Figure 7. I-V characteristics of the reverse-biased CdS/Si/CdTe heterosystem in double logarithmic scale 

The geometric parameters of the space charge region, in particular its thickness, as well as leakage currents through 
the rectifying contact and the characteristics of the ohmic contact, have a significant effect on the formation of the 
spectrometric parameters of the photodiode [46]. In this regard, it is of interest to study the electronic processes occurring 
in the space charge layers formed in the base layers of the CdS/Si/CdTe heterosystem with potential barriers. An important 
task of the study is to study the influence of the properties of the rear ohmic contacts on the nature and intensity of these 
processes, since they also significantly affect the overall efficiency and stability of the photodiode structures [47]. 

Analyzing the reverse branch of the current-voltage characteristic (Fig. 7) by power dependences of the type - I=АVα 
with different values of the exponent α, at room temperature, we have three clearly defined sections: in the voltage range 
from 0 to 0.01 V – J∝V0.78 (recombination process) in section 1, in the range from 0.02 V to 3 V – J∝V2.44 (injection 
depletion effect) in section 2, in the range from 4 to 13 V – J∝V5.55 (pre-breakdown) in section 3.  

According to the theory [48], diode structures have a power-law dependence of current on voltage of the type J∝Vα, 
(α≥2), including a section of sharp current growth when, in addition to point defects, complex defect-impurity complexes 
participate in recombination processes, within which electron exchange occurs, determined by formula (3). 

According to the theory presented in [41], in structures with developed accumulation, the sublinear section of the I–V 
characteristic appears when the conditions Jad≥2 is met. This shows that for samples of structures based on CdS/Si/CdTe, 
the value of Jad=3 at T=300 K. 

This section of the I–V characteristic can be well described within the framework of the above-described theory of 
the injection depletion effect [40]: 

 𝑉 = 𝑉଴ 𝑒𝑥𝑝(𝑎𝐽𝑑)  (4) 

where, 𝑎 = ଵଶ௞்ఓ೙ே೟ is a parameter that depends only on the mobility of the majority carriers – electrons (μn) and the 
concentration of deep impurities – Nt. Using expression (4), the value of the parameter “a” can be determined directly from 
the sublinear section of the current-voltage characteristic, as shown in Fig. 5. With forward and reverse bias on a 
logarithmic scale: 

 𝑎 = ௌ⋅௟௡(௏మ ௏భ⁄ )(ூమିூభ)⋅ௗ ,  (5) 

The value of the parameter “a” in expression (5), determined on the basis of the experimental data of the 
CdS/Si/CdTe structure I–V characteristics, was at room temperature a=5.22×104 cm/A, then, accordingly, 
μn×Nt=2.31×1015 V-1∙cm-1∙s-1. The mobility of the majority carriers was μn≈500 cm2/V∙s, and that of the minority carriers 
μp≈60 cm2/V∙s, therefore, the concentration of deep impurities leading to the appearance of the injection depletion effect 
was Nt ≈4.62×1012 cm-3 [30,31]. 

In section 1 of the current-voltage characteristic, the dependence of the current on the voltage is close to I ∼ V¹ᐟ². 
Such a dependence is typical for cases when, with an increase in the reverse bias, the expansion of the volume charge 
region occurs [36]. When the diode operates with potential barriers in the reverse direction, the reverse current density can 
be described by the following expression [34]:  

 I0 = qLn(np/τn) + qd(ni/2τ0),  (6) 
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The first term of expression (6) describes the current resulting from thermal generation of charge carriers at a rate 
np/τn in a base layer of width Ln behind the space charge region, and the second part of formula (6) represents the current 
resulting from generation of charge carriers in the space charge region. Since the space charge region is depleted of 
carriers, pn ≤ n2

i and the Shockley-Read statistics [49] are written as r-g=-ni/2τ0, i.e., under reverse bias, carrier generation 
in the space charge region predominates over recombination. In semiconductors with a large band gap, such as silicon, 
gallium arsenide, and cadmium telluride, ni is small, and therefore the generation current clearly predominates. 

In section (1) of the reverse I–V characteristic (Fig. 7), the current is indeed limited by the generation of carriers in 
the space charge layer, and the contribution to it of the current of the space charge region is insignificant. Further on the 
I–V characteristic, there is section (2), where the dependence of the current on the voltage has the form I=АVα, α=2.44. 
Such a section of the I–V characteristic can take place in long diodes at low and high levels of injection of minority 
carriers. Consequently, electrical neutrality is ensured at each point in the base of such diodes. However, the studied 
diodes with a Schottky barrier are connected in the reverse direction, and the space charges in them are quite thick. 
Therefore, it is assumed that there is an injection of nonequilibrium electrons into the space charge layer. The injection 
of electrons into the space charge layer can occur from the interlayers of the grain boundary, as in [50], or from the rear 
contact made of Au, when a negative bias is applied to this contact. The appearance of the linear section of the current-
voltage characteristic is because the thickness of the volume charge is filled with injected nonequilibrium electrons. As 
a result, the resistance of the entire part of the base is equalized. However, the concentration of nonequilibrium 
electrons injected from the rear contact (Au) is still less than the concentration of equilibrium carriers in the quasi-
neutral part of the base layer of the structure. 

After the section I ∼V2.44 on the I-V characteristic (Fig. 7) there is a section I ∼V5.55. With further increase in voltage, 
as can be seen from Fig. 7, a sharp increase in current is observed, and the exponent α≈5.55. Such a section is called pre-
breakdown. The section of sharp current growth appears with monopolar injection [51], when the sticking levels intersect 
with the Fermi quasi-level, or are at a very close distance. Electrons injected from the rear contact will affect the leakage 
currents and the noise characteristics of semiconductor devices.  

One of the methods for obtaining information on the substantiated electrophysical parameters of semiconductors 
(the concentration of charge carriers and its distribution across the thickness of the sample; the concentration of 
impurities and defects; the density of surface states; the surface potential; the interface) is the frequency voltage-
capacitance characteristic (VCC) method [52]. In the manufacture of electronic devices, the above-mentioned 
parameters of semiconductors are essential. 

The capacitance-voltage characteristics of the structure under study show the presence of a metal-insulator-
semiconductor structure (MIS structure) (Fig. 8). 
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Figure 8. Volt-capacitive characteristics of the CdS/Si/CdTe heterosystem at a frequency of f=50 kHz and t = 20℃ 
In the CdS/Si/CdTe heterosystem, the CdS layer is a high-resistance and compensated material, therefore this layer 

and the oxide layers formed during the deposition of CdS on the surface of the silicon wafer in vacuum behave as a 
dielectric, and the surface state densities NSS in the heterojunction are slow surface states. The surface state density of 
the MIS structure is determined by the shift of the experimental VCC relative to the calculated curve at the same 
capacitance value [32]. It follows that Nss=ΔVC/q. The structure has a high surface state density at positive values of the 
surface potential, and the value of Nss ∼ 9.2×1010cm−2. 

When CdS type films are deposited on the silicon surface and manifest themselves as a high-resistance i-layer, it 
makes it possible to form transition i-layers of the CdS/Si and Si/CdTe interfaces on the boundary layer. 
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In Fig. 8.a it is seen how the thickness di=0.011 µm was determined from the capacitance Ci=217 nF using the 
formula for a flat capacitor C=εε0S/d. The thickness of the space charge W≈0.103 µm was determined from the minimum 
capacitance of the structure Cmin≈23.3 nF. At thermodynamic equilibrium, its thickness, which was calculated from the 
capacitance of 31.7 nF in the absence of bias voltage, is equal to ~ 0.073 µm.  

As is known, the thickness of the space charge narrows in the forward direction of the current. In the reverse 
direction, on the contrary, it expands with an increase in the bias voltage. From these experimental data, it also follows that 
the resistance of the space charge is the determining resistance of the entire structure, as evidenced by the coincidence of 
the value of its capacitance with the value of the dielectric capacitance in the C(U) characteristic. 

The concentration of equilibrium electrons n0 is determined by the capacity of flat bands and the steep section of the 
VCC characteristic (Fig. 8, b). To determine n0 by the VCC characteristic, a steep section with two slopes is constructed in 
the C-2(U) coordinates: section 1 and section 2 (Fig. 8, b). According to the well-known formula (7) [51]: 

 𝑛଴ =  ଶ୯கబக౏ୗమ ୢ୚ీୢ(େషమ), (7) 

The concentration of equilibrium electron carriers was determined. The concentrations of equilibrium electron 
carriers are Nc ≈ 3.3×1015 cm-3 and Nv ≈ 4.1×1014 cm-3. By extrapolating the C-2(U) dependence onto the voltage axis U 
(Fig. 8, b) with the value of the structure capacitance C = 24 nF, VD = (0.843 ± 0.02) eV was determined for n0 in nSi. In 
addition, the value of the equilibrium electron concentration was estimated from the capacitance of flat bands [32]. The 
value of n0 determined by VCC is consistent with the value of the equilibrium electron concentration of 3.6∙1012 cm-3 
for nSi. 

The effective concentration of charged acceptor centers is determined from the smoothly decreasing section of the 
volt-capacitance dependence C−2(U) of the heterostructure under study (Fig. 8, b), which has kinks and consists of three 
straight lines. This indicates the non-uniformity of the surface layer of the CdTe thin-base layer. The values of the lifetime 
τ01 and τ02 of nonequilibrium charge carriers are in agreement with the data given in the literature [36] for the lifetimes of 
carriers in CdTe with intrinsic conductivity.  

The value of the lifetime of nonequilibrium carriers is determined by formula (8) [32]: 

 𝜏଴ = ௡೔(ଶ௤ఌఌబ)భ మ⁄  (௏మభ మ⁄ ି௏భభ మ⁄ )ଶேಲ,೐೑೑భ మ⁄  (ூೝమିூೝభ)  (8) 

and is τ01≈3.13×10−7 s, τ02≈0.52×10−7 s. The appearance of two values of τ0 is due to two concentrations of charged local 
immobile centers. These centers were determined from the rapidly decreasing section of the dependence C-2(U), consisting 
of two straight lines 2 and 3 (Fig. 8, b), which indicates the inhomogeneity of the base layer of the CdTe film structure. 
The obtained results show that with an increase in the specific resistance of the base of the structure, the lifetime of 
equilibrium current carriers increases, therefore, the concentration of unfilled recombination centers decreases. 

For the calculated C(U) characteristic, the concentration of equilibrium holes p0 was determined by the capacitance of 
flat bands and by the steep section of the C−2(U) characteristic (Fig. 8, b), using the well-known formula (9) [53]. 

 𝑃଴ = ଶ௤ఌబఌೞௌమ ௗ௏ௗ(஼షమ) (9) 

and it is 8.3×1010 cm−3 and 2.6×1012 cm−3. The capacity decreases with increasing reverse voltage (Fig. 8, b), which 
confirms the expansion of the space charge layer. This C−2(U) characteristic reaches a plateau at voltages of ∼ 2÷2.5 V. 
This means that the space charge already at these voltages completely covers the entire thickness of the base (Si/CdTe) of 
the structure. When applying reverse bias to the thin-base CdS/Si heterojunction, the process of space charge expansion is 
compensated by the process of electron injection from the heterojunctions. 

The experimental results confirm the formation of a CdS/Si heterojunction with a comparatively low density of 
surface states, despite the fact that the lattice constants of cadmium sulfide and silicon differ by more than 7%. The 
experimental results obtained become explainable if we take into account that an intermediate layer is formed in the 
heterojunction, which smooths out the difference in the lattice constants of cadmium sulfide and silicon [54]. Such 
intermediate layers can be solid solutions of these semiconductors or thin oxide layers that are present on the silicon 
surface during the formation of the CdS/Si heteropair.  

Based on these data, a band diagram of the structure of (Au)CdS/Si/CdTe(Au) was constructed, shown in Fig. 9 (a 
complete description and calculated data of the band diagram of the structure are given in [28,31]). 

The calculations of the electronic band structure performed are based on the density functional theory [29,55]. It is 
evident from the diagram that the reverse and forward currents at the interface of the CdS/Si and Si/CdTe heterojunction 
are limited by the resistance of the space charge layer. The space charge contains negatively charged mobile and immobile 
donor centers located at the interface between the layer and silicon due to the donor concentration in nSi, which is ten 
orders of magnitude greater than the carrier concentration in the chalcogenide layers. The isotypic CdS/Si junction has a 
contact potential difference with a value of Δφ=0.204 eV. Consequently, an enriched space charge layer appears at the 
interface of the CdS and Si junction, since the value of the metal work function A(Au)=4.9 eV located in the CdS layer is 
less than the work function A(Si)=5.01 eV. 
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Figure 9. Energy band diagram of the heterosystem (Au)CdS/Si/CdTe(Au) [22,23] 

From the band diagram of the structure (Au)CdS/Si/CdTe (Au) it is seen that the forward and reverse currents are 
limited by the resistance of the space charge layer at the interface of the heterojunction CdS/Si and Si/CdTe. This space 
charge consists of positively and negatively charged fixed donor (acceptor) centers, mobile holes and electrons, which 
are located in the surface layer of CdS and CdT. Since the concentration of electrons in nSi is ten orders of magnitude 
greater than the concentration of holes in the layer of CdS and CdT. Therefore, the external potential applied to the 
structure, including the contact potential difference, mainly falls on the space charge layer formed between Si and 
CdTe, and the surface states of Nss at the interface of the contacting semiconductors cadmium telluride and silicon can 
affect the height of the potential barrier, the nature of which is due to the difference in the constants of the crystal 
lattices of the heteropair and the technological conditions during the creation of heterojunctions [39,55-57]. The results 
of the VCC show that the structure under study behaves as an MIS structure and in it the main potential barrier is 
created in the near-surface layer of CdS at the interface of the CdS/Si heterojunction. These data also show that one of 
the reasons for the high concentration of nonequilibrium electrons in the high-resistance base (CdS) in the forward 
direction of the current is the relatively low density of surface states in the lower half of the silicon band gap, which is 
explained by the fact that in the forward direction of the current, nonequilibrium charge carriers interact with Nss located 
in the lower half of the band gap, and in the reverse direction - with surface states located in the upper half of the silicon 
band gap. 

 
CONCLUSIONS 

Thus, the possibility of obtaining a heterosystem based on A2B6 compounds with potential barriers – 
(Au)CdS/Si/CdTe(Au) with a minimum density of surface states is shown, which is confirmed by measuring the height 
of the potential barrier, volt-capacitance methods. It is established that at current densities of 
2.1×10−7÷0.35×10−6 A/cm−2 in the studied CdS/Si/CdTe structure, the current is limited by recombination in the space 
charge layer. In this case, the difference of almost an order of magnitude between the calculated value of the lifetime of 
nonequilibrium carriers and its experimental value is explained by the participation of complex centers in the 
recombination processes, inside which the carriers are retained. Using the study of the current-voltage characteristics, it 
was determined that the CdS/Si/CdTe heterosystem has three sections at a constant temperature caused by the 
recombination process: a power-law section - I∝V2.44 (the effect of injection depletion), a sublinear section - I∝V0.78 
(the recombination process), and a pre-breakdown section - I∝V5.55, which are explained by the fact that at low current 
densities the recombination of nonequilibrium carriers occurs through local centers, while complexes with internal 
electron exchange are responsible for recombination processes at high current densities. It was established that the 
CdS/Si heterojunction has a low density of surface states at the interface, which is evidenced by the high value of the 
rectification coefficient of the CdS/Si/CdTe structure and the appearance of a sublinear section in the reverse current-
voltage characteristic in a wide range of bias voltages.  

By studying the VC characteristics of the structure when turned on in the reverse direction, it was shown that after 
the complete coverage of the structure base by the space charge, electrons are injected from the rear contact, which 
determine the mechanism of charge transfer of the structure. In the compounds, Si is the source of electron injection. 
The results of VCC measurements of CdS/Si/CdTe heterostructures showed that the thickness of the space charge 
narrows in the forward bias, and in the reverse bias, it expands with increasing bias voltage. In addition, the resistance 
of the space charge is the determining resistance of the entire structure, since the CdS layer in the heterosystem is a 
high-resistance and strongly compensated material, which is evidenced by the fact that the structures belong to 
semiconductor MIS structures. 
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МЕХАНІЗМ ПЕРЕНОСУ СТРУМУ В ТОНКОСНОВНІЙ ГЕТЕРОСИСТЕМІ НА ОСНОВІ СПОЛУК A2B6 

Ш.Б. Утамурадоваa, Ф.А. Гіясоваb, Х.Н. Бахроновс, М.А. Юлдошевd, М.Р. Бекчановаf, Б. Ісматове 
aІнститут фізики напівпровідників та мікроелектроніки Національного університету Узбекистану. Ташкент, Узбекистан 

bМіжнародний університет Кімьо в Ташкенті, Узбекистан 
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Представлено можливість створення гетеросистеми на основі сполук А2В6 з потенційними бар'єрами (Au)CdS/Si/CdTe(Au) з 
мінімальною густиною поверхневих станів, що підтверджено вимірюваннями висоти потенційного бар'єру на основі 
вольтажних методів. Визначено різні експоненціальні залежності струму від напруги при прямих зміщеннях, пов'язані зі 
зміною кінетичних параметрів бази структури CdS/Si/CdTe, і виявлено, що при густинах струму 2,1×10⁻⁷ ÷ 0,35×10⁻⁶ А/см⁻² у 
досліджуваній структурі CdS/Si/CdTe струм обмежується рекомбінацією в шарі просторового заряду. Показано, що при 
прикладенні до структури зворотного зміщення база структури повністю покривається просторовим зарядом, що 
супроводжується інжекцією електронів з тильного контакту, що, у свою чергу, визначає механізм передачі струму структури. 
Ключові слова: гетеросистема; осадження; база; шар; бар'єр; фотодіод; густина струму; ємність; SEM; зонна діаграма 



336
EAST EUROPEAN JOURNAL OF PHYSICS. 3. 336-342 (2025)

DOI:10.26565/2312-4334-2025-3-32            ISSN 2312-4334

ELECTRICAL, OPTICAL, AND STRUCTURAL PROPERTIES OF SILICON n+-p STRUCTURES 

Mykola S. Kukurudziaka,b*, Dmytro P. Koziarskyia, Ivan P. Koziarskyia, 
Eduard V. Maistruka, Maria I. Ilashchucka, Dmytro V. Kysilc

aYuriy Fedkovych Chernivtsi National University, Kotsyubyns'kogo str. 2, 58012, Chernivtsi, Ukraine 
bRhythm Optoelectronics Shareholding Company, Holovna str. 244, 58032, Chernivtsi, Ukraine 

cV.E. Lashkaryov Institute of Semiconductor Physics, NAS of Ukraine, Pr. Nauky 41, 03028, Kyiv, Ukraine 
*Corresponding Author E-mail: mykola.kukurudzyak@gmail.com

Received April 14, 2025; revised May 7, 2025; accepted August 2, 2025 

The article investigates the structural, optical, and electrical properties of silicon n+-p structures. The experimental samples were made 
from high-resistance single-crystal silicon using two-stage phosphorus diffusion from solid-state planar sources. It was found that the 
introduction of phosphorus impurities with a concentration of 1.2∙1020 cm-3 provokes the formation of dislocations with a surface 
density of 2∙103-3∙103 cm-2 due to the formation and relaxation of mechanical stresses. The formation of a lightening oxide film on the 
silicon surface reduces the reflection coefficient by 25%. However, the formation of an n+-layer reduces the transmittance coefficient 
of the structure. It was established from the voltage-current characteristics of the n+-p structure under forward and reverse voltage bias, 
that in the temperature range T = 295–346 K, these structures have rectifying properties. At room temperature, the height of the potential 
barrier is 0.6 eV and decreases with temperature and its height at 0 K is 1.32 еV. At low forward biases, the dominant mechanism of 
current transport in the structure is superbarrier emission. With an increase in forward voltage from 0.1 V to 0.6 V, the generation-
recombination mechanism prevails, and with an increase in temperature, an increase in the contribution of tunnel current is observed. 
At low reverse voltages, the I-V characteristics of diodes are well described by the formula for the generation current. The depth of 
occurrence of donor energy levels, from which thermal generation of charge carriers occurs is 0.15 eV. 
Keywords: Semiconductors; Thin film; SEM; Electrical conductivity; Structural defects; Reflection; Electromagnetic field sensor; 
Sensors; Ion implantation; Doping 
PACS: 61.72. Ji, 61.72. Lk, 85.60. Dw 

The functioning of virtually all semiconductor devices is based on the physical phenomenon of p-n junction – the 
boundary between two semiconductor regions with different types of conductivity. Silicon n⁺-p junctions are one of the 
fundamental elements of modern electronics and photonics, due to the high technological capabilities and widespread 
availability of the base material [1, 2]. Thanks to the combination of a heavily doped n-region (n⁺) with p-type silicon, this 
structure provides unique electrophysical properties that are widely used in power semiconductor devices such as 
rectifiers [3, 4], thyristors [5, 6], and Schottky diodes [7, 8]. At the same time, n⁺-p structures are important for photovoltaic 
devices, particularly in solar cells [9, 10] electromagnetic field sensors, photodetectors or another sensors [11, 12]. This 
structure creates an electric field in the depletion region, which allows for effective control of charge carrier movement [13]. 
Special attention to n⁺-p junctions is due to their important role in reducing energy losses, increasing device speed, and 
improving energy conversion efficiency.  

With the growing demand for energy-efficient and compact electronic components, as well as the development of 
micro- and nanofabrication technologies, n⁺-p junctions remain the focus of scientists and developers. Current research 
focuses on improving doping technologies [14], reducing surface defects [15], passivation [16], and integrating silicon 
structures with new materials – particularly in the context of creating high-efficiency solar cells and powerful 
new-generation electronics [17]. 

Silicon n⁺-p junctions can be formed by various methods, including ion implantation and thermal diffusion doping. 
We have established that the method of doping silicon substrates to create n⁺-p junctions and the concentration of the dopant 
significantly affect the photovoltaic properties of the final products [18]. In particular, phosphorus diffusion from solid-state 
planar sources [19] allows for low structural defects densities even at high impurity concentrations compared to doping 
from liquid-phase sources [20]. However, the kinetic and electrical properties of silicon n⁺-p structures based on high-
resistance base material have not been studied, since most of the work is devoted to low-resistance silicon, which is mainly 
used for solar cells [9,10, 14, 17]. Thus, the aim of this work is to study the electrical properties of planar n⁺-p structures 
based on high-resistance silicon obtained by phosphorus diffusion from solid sources, and also to investigate the change in 
the optical and structural properties of silicon after doping. 

EXPERIMENTAL 
The base material was monocrystalline p-Si with a resistivity of ρ = 18-19 kΩ∙cm and crystallographic 

orientation [111]. The experimental samples were silicon substrates with an n+-p junction formed by two-stage 
phosphorus diffusion from solid planar sources using the modes given in [18]. The area of the substrates was 28.3 mm2 
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and 500 μm thick. Surface resistance (RS) was measured using a four-probe method. The surface resistance after 
phosphorus pre-deposition reached RS ≈ 4.1-4.2 Ω/□, and after phosphorus driving-in reached RS ≈ 2.7-2.8 Ω/□. The 
antireflective SiO2 on the surface of the experimental samples was formed by oxidation in a dry oxygen atmosphere 
during phosphorus driving-in and reached dSiO2 = 180-200 nm. 

The depth of the diffusion layer (xn+-p) was measured using scanning electron microscopy (SEM, Tescan Lyra 3). 
To investigate the defective structure of the silicon substrates chemical treatment was performed in selective Sirtle`s 
etchant [20] with the following composition: HF—100 cm3, CrO3 50 g, H2O—120 cm3. The density of dislocations was 
calculated by the metallographic method [21]. The transmission spectra were investigated using NIKOLET 6700 and SF-
2000 spectrophotometer at room temperature. For measuring reflection (R) UV-Vis spectrophotometer Specord 210 plus 
was used. Reflection spectra were measured in total reflection geometry using additional equipment – an integrating 
sphere. The I-V characteristics (at T = 295-346 K) of the samples were measured using a hardware-software complex 
implemented on the basis of the Arduino platform, an Agilent 34410 A digital multimeter and a Siglent SPD3303X 
programmable power source, which were controlled by a personal computer using software created by the authors in the 
LabView environment. Experimental studies of kinetic phenomena in silicon n+-layers were conducted in the temperature 
range T = 290-380 K based on measurements of the Hall effect in film structures [22], considers that the n+-layer is a thin 
film. 

 
RESULTS OF THE RESEARCH AND THEIR DISCUSSION 

A) Structural and optical properties of silicon n+-p structures 
After phosphorus pre-deposition, the depth of the diffusion layer reached xn+-p = 0.8–1 μm, and after driving-in, it 

reached xn+-p = 4.2–4.4 μm (Fig. 1). The measurements correlate well with the values obtained by the layer-slab method. 
The density of dislocations in the base silicon reached about Ndis = 10-20 cm-2 (Fig. 2a). After phosphorus diffusion, 

the density of structural defects increased to Ndis = 2∙103-3∙103 cm-2 (Fig. 2b). The increase in the density of structural 
defects is caused by the introduction of an impurity with a larger atomic radius than silicon, which leads to the emergence 
of mechanical stresses. Accordingly, their relaxation during heat treatment occurs with the formation of dislocations [23]. 
However, such an increase in defect density does not lead to a significant deterioration in the electrophysical 
characteristics of structures [24]. 

   
Figure 1. SEM photo of a silicon 

substrate chip with an n+-layer 
a b 

Figure 2. Images of dislocations on the surface of p-Si (a) and n+-Si (b) 

  
Figure 3. The transmission spectrum of silicon and its n+-p 
structure (without SiO2) (inset the range of λ = 1-1.1 μm) 

Figure 4. Reflection spectrum of Si and SiO2 
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The formation of n+-layers on the Si surface causes a significant decrease in the transmission coefficient of structures 
(Fig. 3), which is negative in the case of the need to ensure radiation absorption in the high-resistance region of the 
structure, for example, in the manufacture of p-i-n photodiodes [25]. Thus, in the range of λ = 1-1.1 μm (Fig. 3 inset), the 
difference in the transmittance coefficients of Si and silicon n+-p structure reaches about 30%. This difference increases 
with increasing wavelengths. 

However, the formation of SiO2 on the surface of n+-p structure significantly reduces the coefficient of radiation 
reflection compared to the case without thin film of oxide (Fig. 4). Thus, in the case under study, the difference in 
reflection coefficients in the range of 950-1050 nm reached about 25%, since the obtained thickness of SiO2 corresponds 
to the condition of minimum reflection for these wavelengths [26]. 

 
B) Kinetic properties of silicon n+-layers 

Studies of silicon n+-layers at T = 290-380 K showed that the Hall coefficient in this temperature range remains 
practically unchanged (Fig. 5). This indicates that at these temperatures, the concentration of charge carriers does not 
change (Fig. 5 inset), due to the depletion of impurity levels at these temperatures [22]. The electron concentration reached 
about n ≈ 1.2∙1020 cm-3, which correlates well with the phosphorus concentrations determined in [19]. 

With increasing temperature, a decrease in electrical conductivity is observed (Fig. 6) due to a decrease in Hall 
mobility (Fig. 6 inset), since in this temperature range, charge carriers are scattered by thermal vibrations of the crystal 
lattice. 

  
Figure 5. Temperature dependence of the Hall coefficient and 

electron concentration (inset) in a silicon n+-layer 
Figure 6. Temperature dependence of electrical conductivity 

and Hall mobility (inset) of a silicon n+-layer 
 

C) Electrical properties of silicon n+-layers 
From the voltage-current characteristics of the n+-p structure at forward (Fig. 7) and reverse (Fig. 8) bias voltages, 

it can be seen that in the temperature range T = 295 – 346 K, these structures have rectifying properties. The rectification 
coefficient determined at T = 295 K and voltages |V| = 0.6 V is equal to RR ~ 105. 

  
Figure 7. I-V characteristics of the n+-p junction at forward 

biases in the temperature range from 297 K to 346 K 
Figure 8. I-V characteristics of the n+-p junction at reverse 

biases in the temperature range from 297 K to 346 K 

The height of the potential barrier (qφk) was estimated by extrapolating the linear sections of the I-V characteristics 
in the forward voltage bias region. At room temperature, the height of the potential barrier is qφk ~ 0.6 eV and decreases 
with temperature (Fig. 9).  
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When the temperature is increased from T = 295 K to T = 346 K (Fig. 9), there is a linear decrease in the energy qφk 
from 0.6 eV to 0.49 eV. This dynamic change occurs as a result of a decrease in the height of the potential barrier and is 
described by the equation [27]: 
 qφk(T) = qφk(0) - βφT (1) 

where βφ is the temperature coefficient of the potential barrier height, and qφk(0) is the value of the potential barrier height 
of the n+-p structure at absolute zero temperature. 

Using equation (1) and Fig. 9, we find the temperature coefficient of change in the height of the potential barrier 
and its height at 0 K, which are equal to d(qφk )/dT = – 2.45·10-3 еV/К і qφk(0 К) = 1.32 еV, respectively. 

Based on the values of the sequential resistance RS of the structure determined at different temperatures along the 
linear sections of the direct branches of the I-V curve, the temperature dependence lnRS = f(103/T) was constructed 
(Fig. 10) and the activation energy EA = 0.25 eV was determined, which characterizes the temperature dependence of the 
electrical conductivity of the structure components. 

  
Figure 9. Temperature dependence of the height of the potential 
barrier 

Figure 10. Temperature dependence of series resistance 

To determine the mechanism of current flow through the junction at forward bias, the I-V characteristics are plotted 
in the coordinates lnI = f(V) (Fig. 11). Fig. 11 shows two straight segments with different angles of inclination to the 
voltage axis. Based on the tangents of these angles, we determine the coefficient of n+-p junction imperfection n (Fig. 12). 

  
Figure 11. Temperature dependencies of lnI = f(V) n+-p 

junction at forward bias 
Figure 12. Temperature dependence of the imperfection 

coefficient at forward bias: 
1 - 3kT/q < V < 0.1 V; 2 – 0.1 V < V < 0.6 V 

At small forward biases 3kT/q < V < 0.1 V, the slope to the voltage axis of linear dependencies lnI = f(V) is 
characterized by the value of the imperfection coefficient n ≈ 1 (Fig. 12-1), accordingly, the dominant mechanism of 
current transport is superbarrier emission. With an increase in direct voltage 0,1 V < V < 0.6 V, the imperfection 
coefficient is equal to n ≈ 2.5 - 3 (Fig. 12-2), which indicates the predominance of the generation-recombination 
mechanism of current transport at room temperatures and an increase in the contribution of the tunnel current with 
increasing temperature. 

It can be assumed that, in some approximation, the I-V characteristics of diodes are described by the equation for 
the recombination current density [23]: 

 𝑗 = ௤௡೔ௐ೔ఛ ቀ𝑒 ೜ೇమೖ೅ − 1ቁ = ௡೔ఛ ටଶ௤ேಲ ሺ𝜙௞ − 𝑉ሻ ቀ𝑒 ೜ೇమೖ೅ − 1ቁ, (2) 
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where q is the charge of electron, ni is the value of the intrinsic concentration of charge carriers, Wi is the thickness of 
the depleted region, τ is the lifetime of charge carriers in this region, and NA is the concentration of acceptor impurities. 

At low reverse voltages, the I-V characteristics of struscures are well described by the formula for the generation 
current (the multiplier before the brackets in expression 2), which is confirmed by the linear nature of the dependencies 
I = f(φk- V)1/2 (Fig. 13).  

Determined from the dependence lnIrev= f(103/T) (Fig. 14), obtained at a constant voltage value, the depth of the 
acceptor energy levels from which thermal generation of charge carriers occurs was ∆Е ≈ 0.15 eV at -100 < V < 0 V. 

  
Figure 13. Reverse branches of I-V characteristics in 
coordinates I = f(φk- V)1/2 at different temperatures 

Figure 14. Dependence of lnIrev= f(103/T) at reverse bias 

The reverse branches of the I-V characteristic at temperatures T = 295–346 K are described by the equation for 
tunnel current [27]: 

 𝐼௧ = 𝑎଴ 𝑒𝑥𝑝൫−𝑏଴ሺ𝜙௞ − 𝑉ሻିଵ/ଶ൯, (3) 

where a0 is a parameter, whose value is determined by the probability of filling the energy levels from which electron 
tunneling occurs, b0 is determined by the rate of change of the current with voltage.  

According to (2), the reverse I-V curves in the coordinates ln(Irev ) = f(φ k -qV)–1/2 will be linear, as observed in 
Fig. 15. 

  
Figure 15. Dependence of tunnel current on reverse external 

displacement in the temperature range T = 295-346 K 
Figure 16. Dependence lga0 = f(103/T) at reverse bias 

The energy level value at large reverse biases (-100 < V), from which electron tunneling occurs, was calculated from 
the temperature dependence of the parameter a0, which in the coordinates lga0 = f(103/T) is approximated by a straight 
line (Fig. 16). The parameter a0 was determined by extrapolating the straight sections ln(Irev ) = f(φk -qUзм)–1/2 to the 
current axis. The established depth of the energy level was 0.2 eV. 

 
CONCLUSIONS 

The structural, optical, and electrical properties of n+-p structures of high-resistance silicon were investigated. The 
following conclusions were made during the research:  

1. The introduction of phosphorus impurities with a concentration of 1.2∙1020 cm-3 provokes the formation of 
dislocations with a surface density of 2∙103-3∙103 cm-2  

2. The formation of anti-reflective SiO2 on the silicon surface reduces the reflection coefficient by 25%.  
3. The formation of an n+-layer reduces the transmittance coefficient of the structure relative to the transmittance 

coefficient of silicon. 
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4. At room temperature, the height of the potential barrier of the n+-p structure is 0.6 eV and decreases with 
increasing temperature, and its height at 0 K is 1.32 eV.  

5. At low forward voltages, the dominant mechanism of current flow in the structure is superbarrier emission. With 
an increase in forward voltage, the generation-recombination mechanism prevails, and with an increase in temperature, 
an increase in the contribution of tunnel current is observed. 

6. At low reverse voltages, the generation mechanism of current transport prevails. 
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ЕЛЕКТРИЧНІ, ОПТИЧНІ ТА СТРУКТУРНІ ВЛАСТИВОСТІ КРЕМНІЄВИХ n+-p СТРУКТУР 
Микола С. Кукурудзякa,b, Дмитро П. Козярськийa, Іван П. Козярськийa, Едуард В. Майструкa, 

Марія І. Ілащукa, Дмитро В. Кисільc 

aЧернівецький національний університет імені Юрія Федьковича, 58002, м. Чернівці, вул. Коцюбинського, 2, Україна 
bАТ «Центральне конструкторське бюро Ритм», 58032, м. Чернівці, вул. Головна, 244, Україна 

cІнститут фізики напівпровідників ім. В.Е. Лашкарьова, НАН України, 03028, м. Київ, пр. Науки, 41, Україна 
У статті досліджено структурні, оптичні та електричні властивості кремнієвих n+-p структур. Експериментальні зразки були 
виготовлені з високоомного монокристалічного кремнію з використанням двостадійної дифузії фосфору з твердотільних 
планарних джерел. Було встановлено, що введення домішок фосфору з концентрацією 1,2∙1020 см-3 провокує утворення 
дислокацій з поверхневою густиною 2∙103-3∙103 см-2 внаслідок утворення та релаксації механічних напружень. Утворення 
противідбиваючої оксидної плівки на поверхні кремнію зменшує коефіцієнт відбиття на 25 %. Однак утворення n+-шару 
зменшує коефіцієнт пропускання структури. З вольт-амперних характеристик n+-p структур при прямому та зворотному 
зміщенні напруги було встановлено, що в діапазоні температур T = 295–346 K ці структури мають випрямні властивості. При 
кімнатній температурі висота потенційного бар'єру становить 0,6 еВ і зменшується з підвищенням температури, а його висота 
при 0 К становить 1,32 еВ. При низьких прямих напругах домінуючим механізмом струмопереносу в структурі є надбар'єрна 
емісія. Зі збільшенням прямої напруги від 0,1 В до 0,6 В переважає механізм генерації-рекомбінації, а зі збільшенням 
температури спостерігається збільшення внеску тунельного струму. При низьких зворотних напругах вольт-амперні 
характеристики діодів добре описуються формулою для струму генерації. Глибина залягання енергетичного донорного рівня, 
з якого відбувається теплова генерація носіїв заряду, становить 0,15 еВ. 
Ключові слова: напівпровідники; тонкі плівки; SEM; електропровідність; структурні дефекти; відбиття; датчик 
електромагнітного поля; датчики; іонна імплантація; легування 
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In this study, the formation and reduction mechanisms of radiation defects resulting from the incorporation of dysprosium (Dy) atoms 
during the growth process of silicon crystals (FZ) were investigated. Deep-level defects formed after doping n-type silicon with 
dysprosium and irradiating it with 60Co γ-rays were analyzed using Deep Level Transient Spectroscopy (DLTS). The research revealed 
that in the presence of dysprosium, the concentration of defects such as A-center (vacancy-oxygen complex) and E-center (vacancy-
phosphorus complex) decreased significantly - by 2-4 times - compared to control samples. EDS spectral analysis was conducted to 
determine the concentration of surface element atoms in the sample, which demonstrated that the Dy element was uniformly distributed 
on the silicon surface and present in sufficient concentration. These results substantiate that Dy atoms in silicon play a passivating role, 
inhibiting the kinetics of radiation defect formation, consequently increasing the radiation resistance of silicon-based structures. 
Keywords: Dysprosium-doped silicon; Radiation defects; Gamma radiation; DLTS (Deep-Level Transient Spectroscopy); Neutron 
activation analysis; EDS (Energy Dispersive Spectroscopy); A-center; E-center; Crystal growth; Oxygen-vacancy complex; Radiation 
stability 
PACS: 61.72.Cc, 61.80.Ed, 61.82.Fk, 68.37.Lp 

INTRODUCTION 
With the rapid advancement of modern electronics, particularly in the fields of micro- and nanoelectronics, there is 

a growing demand for materials with enhanced physicochemical, structural, and electrical properties. In this context, 
silicon (Si) holds a leading position as the most widely used primary semiconductor material. Silicon crystals are utilized 
to produce highly integrated circuits, high-speed photodiodes, radiation-resistant detectors, memory elements, as well as 
solar cells and numerous other electronic devices. One of the key factors determining the reliability and stability of such 
devices is the nature of internal and external defects in the material [1-3]. 

Defects that directly affect the performance of semiconductor materials, especially in silicon, are formed as a result 
of the interaction between vacancies (V) created by high-energy particles (such as γ-rays, protons, neutrons, and alpha 
particles), substitutional donors and acceptors (P, As, B), and oxygen atoms (O) present in the crystal lattice. 
Consequently, complex radiation defects with deep energy levels emerge. These defects lead to the recombination of 
electron-hole pairs and significantly impact the sensitivity, noise level, and operational lifespan of devices [4-5]. 

Modern scientific research is exploring numerous approaches to reduce the formation of radiation defects, decrease 
their stability, or neutralize them completely. One such approach is the method of doping silicon with rare earth elements 
(REE) [6-11]. This approach aims, in particular, to limit the activity of defects by gettering them, that is, removing them 
from the active parts of the crystal lattice and binding them in structural voids or peripheral regions. Due to their large 
ionic radius and chemical inertness, REE atoms do not actively bond with oxygen atoms or donor elements [7]. However, 
they strongly interact with existing defects, reducing their energetic activity. For example, scientific literature reports that 
it is possible to reduce the density of A- and E-centers formed in silicon by 2-4 times using elements such as Sm, Gd, Er, 
and Tm [12-14]. 

Among rare-earth elements, dysprosium (Dy) stands out with its unique physical properties. Primarily, Dy possesses 
a relatively large magnetic moment, which makes it a potential material for spintronic devices. Additionally, Dy atoms 
easily oxidize in the crystal lattice of silicon, forming oxide nanophases in the form of Dy2O3[2]. These phases bind 
oxygen atoms to themselves, preventing the formation of vacancy oxygen complexes. As a result, the crystalline structure 
of silicon becomes more stable, the occurrence of defects decreases, and its radiation resistance increases. However, the 
new defect states that arise during the Dy doping process and their kinetic behavior have not been thoroughly studied, 
necessitating further research in this direction [9]. 

The results of this study can be applied in the development of radiation-resistant electronic devices based on silicon, 
including optoelectronic detectors, photodiodes, and high-reliability integrated circuits [15-18]. Additionally, through in-
depth analysis of the properties of defects arising from Dy doping, new possibilities for the application of rare-earth 
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elements in silicon materials science are identified. This holds significant importance not only for fundamental science 
but also for applied device technologies. 

 
MATERIALS AND METHODS 

For the study, samples of ultra-pure n-type monocrystalline silicon were used. Their resistivity ranged from 10 to 
65 Ω×cm, and the concentration of optically active interstitial oxygen atoms in the crystal lattice was in the range of 
(5×1016 - 7×1017) cm-3. The element dysprosium (Dy) was introduced into the silicon structure as a dopant during the 
growth process - at the stage of crystal growth from the solution. The samples were irradiated at room temperature (300 
K) using γ-quanta emitted from the 60Co isotope [16,19]. The radiation intensity was 3.1×1012 quanta/cm2×s. For 
comparison, silicon samples (control samples) with the same oxygen content, but without dysprosium introduction, were 
irradiated under the same conditions. 

Deep-level capacitance spectroscopy (DLTS) was used to detect radiation defects [8,10,21]. Schottky barriers were 
formed by evaporating gold (Au) onto the silicon surface under high vacuum conditions. Chemically deposited nickel 
(Ni) was used as the ohmic contact, and in some cases, antimony (Sb) or aluminum (Al) was additionally evaporated [20]. 
DLTS measurements were conducted in constant capacitance and constant voltage modes. 

In addition, energy-dispersive X-ray spectroscopy (EDS) techniques were employed to evaluate the surface 
morphology and elemental composition of silicon samples doped with dysprosium [22,24,25]. 

 
RESULTS AND DISCUSSION 

The energy characteristics of deep levels in silicon samples doped with dysprosium and in undoped control samples, 
both obtained by growth from solution, were determined using the DLTS method before and after each irradiation stage. 
The analysis revealed that the oxygen concentration differs significantly depending on the silicon composition: in oxygen-
free silicon samples, the amount of optically active oxygen (NO

OA) was approximately 5×1016 cm−3, while in oxygen-
containing crystals, this amount reached up to 7×1017 cm−3. This is considered an important factor directly influencing 
the formation of radiation defects and the emergence of deep levels. 

Fig. 1 (curve 2) shows a newly identified deep-level defect revealed by DLTS spectra of γ-irradiated n-Si<Dy> 
samples. This level exhibits an ionization energy of Ec − 0.17 eV and an electron capture cross-section of approximately 
σn ≈ 1×10-14 cm2. Based on the extracted parameters, this defect is attributed to the well-known A-center, corresponding 
to a vacancy–oxygen (V–O) complex [15,23]. 

As shown in Fig. 1 (curve 1), the presence of A-centers was observed in oxygen-containing n-Si control samples 
after gamma irradiation. Notably, the concentration of these centers in undoped silicon changes linearly with increasing 
radiation dose, while doped samples do not exhibit this characteristic. Additionally, comparative analysis revealed that 
the quantity of A-centers in the control samples is significantly higher compared to samples doped with dysprosium. 

DLTS analysis of oxygen-free control silicon samples revealed the formation of an additional radiation defect - an 
E-center - in these samples under the influence of γ-radiation. The ionization energy of this defect is Ec-0.43 eV, and its 
electron capture cross-section is 1.8×10-15 cm2. Interestingly, in silicon doped with dysprosium, a significant decrease in 
the concentration of E-centers was observed compared to the control samples - almost tenfold (Fig. 2, curves 1 and 2). 

  
Figure 1. DLTS spectra of n-Si and n-Si<Dy> samples after γ-

irradiation (NОOA =7×1017 сm−3): 1 - control sample (n-Si); 
2 - dysprosium-doped sample (n-Si<Dy>) 

Figure 2. DLTS spectra of n-Si and n-Si<Dy> samples after γ-
irradiation (NОOA =7×1017 сm−3): 1 - control sample (n-Si); 

2 - dysprosium-doped sample (n-Si<Dy>) 

Based on the obtained samples, neutron activation analysis and EDS analysis were conducted to determine the 
concentration of Dy atoms on the surface and in the volume of the sample. The results of neutron activation analysis 
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indicate the presence of dysprosium atoms in the silicon sample at a high concentration - approximately 
(3×1016 – 4×1018) cm-3. 

In Fig. 3, the concentration of elements on the surface of an oxygen-free silicon sample was studied using the energy-
dispersive X-ray spectroscopy (EDS) method. 

 
Figure 3. Image of the EDS spectral analysis for the n-Si sample. 

Based on the analysis results, we can conclude that dysprosium atoms are evenly distributed on the surface of the 
silicon sample and in its adjacent regions. The mass fraction of dysprosium was found to be 0.16%, while its atomic 
fraction was 0.02%, which corresponds to the neutron activation analysis results (Table 1). These findings indicate the 
presence of Dy atoms both on the surface and within the volume of the silicon sample, demonstrating that their distribution 
is sufficiently homogeneous. 
Table 1. Elemental composition of the surface of the n-Si<Dy> sample as determined by energy-dispersive X-ray spectroscopy (EDS). 

Element Line Mass% Atom% 
C K 10.27±0.10 21.09±0.20 
O K 0.37±0.01 0.57±0.02 
Si K 89.20±0.09 78.32±0.08 
Dy L 0.16±0.02 0.02±0.00 

Total  100.00 100.00 
 

CONCLUSIONS 
In this work, a thorough analysis was conducted on the incorporation of dysprosium (Dy) as a dopant into ultra-pure 

n-type single-crystal silicon samples during the crystal growth stage (solution growth method) and its effect on radiation 
stability. The study utilized silicon samples with specific resistivity ranging from 10 to 65 Ω×cm and concentrations of 
optically active interstitial oxygen atoms between (5×1016 - 7×1017) cm-3. 

Deep levels of samples exposed to gamma radiation (60Co, 3.1×1012 quanta/cm2×s) were studied using the DLTS 
method. The results showed that in silicon doped with Dy, after γ-radiation, A-centers with an ionization energy of  
Ec-0.17 eV were detected. These centers correspond to oxygen-vacancy (O-V) complexes. Additionally, the concentration 
of A-centers in silicon with Dy doping was significantly lower compared to the control samples, indicating a decreased 
formation rate of radiation defects. 

In oxygen-free silicon, E-centers with an energy of Ec-0.43 eV were detected as a result of irradiation. The quantity 
of these centers was observed to be up to 10 times higher compared to samples doped with Dy. This clearly demonstrates 
the inhibitory effect of the Dy element on the mechanisms of defect formation. 

EDS and neutron activation analyses confirmed the incorporation of the element dysprosium into the silicon 
structure. According to the EDS results, Dy atoms are uniformly distributed on the silicon surface with a mass fraction of 
0.16% and an atomic fraction of 0.02%. Neutron activation analysis showed that the Dy concentration is in the range of 
(3×1016 - 4×1018) cm-3. Despite such high concentration, it was determined that Dy atoms are electrically passive and are 
positioned in the crystal lattice without forming deep energy levels. 
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In general, the conducted research indicates that doping silicon with a rare-earth element such as dysprosium during 
the growth stage from solution enhances its radiation stability and significantly reduces the probability of deep-level 
defect formation under the influence of γ-radiation. 
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ВПЛИВ АТОМІВ ДИСПРОЗІЮ, ВВЕДЕНИХ НА ЕТАПІ ВИРОЩУВАННЯ, НА ФОРМУВАННЯ РАДІАЦІЙНИХ 
ДЕФЕКТІВ У КРИСТАЛАХ КРЕМНІЮ 

Ходжакбар С. Далієвa, Шарифа Б. Утамурадоваb, Шахрух Х. Далієвb, Жонібек Ж. Хамдамовb, 
Шахрійор Б. Норкуловb* 

aФілія Федеральної державної бюджетної освітньої установи вищої освіти «Національний дослідницький університет 
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bІнститут фізики напівпровідників і мікроелектроніки Національного університету Узбекистану, вул. Янгі Алмазар, 20, 
Ташкент, 100057, Узбекистан 

У цьому дослідженні проаналізовано механізми формування та зменшення радіаційних дефектів, що виникають у результаті 
впровадження атомів диспрозію (Dy) під час вирощування кристалів кремнію методом зонного плавлення (FZ). Глибокі рівні 
дефектів, що утворилися після легування n-типу кремнію диспрозієм і опромінення його γ-променями ізотопу ⁶⁰Co, були 
проаналізовані методом глибокорівневої ємнісної спектроскопії (DLTS). Встановлено, що у присутності диспрозію 
концентрація дефектів типу A-центр (вакансійно-кисневий комплекс) і E-центр (вакансійно-фосфорний комплекс) значно 
зменшується — у 2–4 рази у порівнянні з контрольними зразками. Спектральний аналіз методом EDS показав, що атоми Dy 
рівномірно розподілені по поверхні кремнію та присутні в достатній концентрації. Отримані результати підтверджують, що 
атоми Dy у кремнії відіграють пасивуючу роль, уповільнюючи кінетику формування радіаційних дефектів і підвищуючи 
радіаційну стійкість кремнієвих структур. 
Ключові слова: кремній, легований диспрозієм; радіаційні дефекти; гамма-випромінювання; DLTS (глибокорівнева ємнісна 
спектроскопія); нейтронно-активаційний аналіз; EDS (енергетично-дисперсійна рентгенівська спектроскопія); A-центр; 
E-центр; вирощування кристалів; киснево-вакансійний комплекс; радіаційна стійкість 
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This study presents the fabrication and resistive switching (RS) performance of bilayer SnO₂/ZnO thin films deposited via ultrasonic 
spray pyrolysis on p-type silicon substrates. The heterostructures were post-annealed at 450°C to enhance crystallinity and interfacial 
contact. Electrical characterization using I–V measurements revealed clear bipolar RS behavior without the need for an initial 
forming process. The devices exhibited a stable high resistance state (HRS) and low resistance state (LRS) across multiple cycles, 
with an ON/OFF ratio exceeding 10². The switching mechanism is attributed to the formation and rupture of conductive filaments 
likely induced by oxygen vacancies at the SnO₂/ZnO interface. Bandgap estimation using Tauc plots showed values of approximately 
3.17 eV and 3.41 eV for ZnO and SnO₂, respectively. These findings confirm the potential of SnO₂/ZnO heterojunctions as efficient 
materials for next-generation non-volatile memory applications. 
Keywords: SnO₂; ZnO; Resistive switching; Memristor; Thin films; Heterojunction; Non-volatile memory; Oxygen vacancies 
PACS: 73.40.-c; 85.30 Tv; 73.6 Ga 

INTRODUCTION 
In recent years, memristors have become a highly relevant research topic due to their potential in neuromorphic 

computing, artificial intelligence hardware, and next-generation non-volatile memory systems. Memristors are 
considered the fourth fundamental passive circuit element—alongside resistors, capacitors, and inductors—and are 
capable of remembering their resistance state based on the history of electrical charge passed through them. This unique 
feature enables memristors to retain information even when the power is turned off, making them ideal candidates for 
low-power, high-density memory devices [1-3]. 

Metal oxide-based memristors, particularly those formed from binary oxides such as ZnO and SnO₂, have drawn 
substantial interest due to their low fabrication cost, ease of synthesis, and compatibility with flexible substrates. Both ZnO 
and SnO₂ are wide-bandgap n-type semiconductors, with bandgaps of approximately 3.4 eV and 3.6 eV, respectively. ZnO 
offers high electron mobility and good surface reactivity, while SnO₂ is chemically stable and exhibits strong electrical 
conductivity in its doped forms [4,5]. Combining these materials into a bilayer or heterojunction structure can enable new 
resistive switching mechanisms, such as interface-modulated filament formation and oxygen vacancy migration. 

Prior investigations by Pant et al. [6] have revealed strong bipolar resistive switching and pronounced negative 
differential resistance (NDR) characteristics in SnO₂/ZnO heterojunctions synthesized via magnetron sputtering. These 
effects were attributed to enhanced grain boundary diffusion and the emergence of quantum confinement phenomena at 
the nanoscale interface. In a more recent study, Saha et al. [7] demonstrated reliable resistive switching in one-
dimensional SnO₂ nanofiber-based memristors, where switching dynamics were effectively analyzed and predicted 
using artificial neural network (ANN)-based computational models, further supporting the applicability of data-driven 
approaches in oxide-based memory device engineering. Furthermore, Co-doped SnO₂ memristors fabricated on p-type 
silicon substrates have been shown to exhibit tunable negative differential resistance behavior, highlighting the role of 
doping in modulating the electronic properties of oxide-based heterostructures [8]. 

In this study, we investigate the resistive switching behavior of a p-Si/SnO₂/ZnO heterostructure fabricated using 
ultrasonic spray pyrolysis (USP), an accessible and scalable thin-film deposition technique. The SnO₂ and ZnO layers 
were sequentially deposited on both p-type silicon and quartz substrates, with post-annealing at 450°C. Current–voltage 
(I–V) measurements were performed using a Keithley 2460 SourceMeter. The results show a clear hysteresis loop, 
indicative of memristive switching. However, the relatively close bandgap values of ZnO and SnO₂ may limit the 
strength of the switching contrast, as both layers are n-type semiconductors. This study contributes to the ongoing effort 
to optimize binary oxide heterojunctions for low-power memory devices. 
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METHODS 
The p-Si/SnO₂/ZnO heterostructure thin films were fabricated using the ultrasonic spray pyrolysis (USP) technique 

due to its cost-effectiveness, simplicity, and suitability for oxide thin film deposition. In this study, p-type silicon 
substrates were used. Prior to deposition, the substrates were cleaned sequentially by rinsing in deionized (DI) water, 
followed by ethanol and then acetone, and finally rinsed again in DI water. This multi-step cleaning process was 
performed to remove organic and inorganic contaminants and to ensure uniform and adherent film growth. After 
cleaning, the substrates were dried naturally under ambient laboratory conditions. 

The schematic structure of the fabricated memristor device is illustrated in Figure 1. The device consists of a bilayer 
SnO₂/ZnO heterostructure deposited on a p-type silicon substrate. Silver (Ag) top contacts were applied as electrodes. 
The ZnO layer serves as the intermediate interface layer, while SnO₂ is the top oxide layer. The bottom electrode is the 
p-Si substrate itself. This vertical "sandwich-like" configuration enables charge transport across the oxide layers under 
applied bias, which is essential for studying resistive switching behavior. 

After the chemical cleaning steps, the substrates were rinsed 
thoroughly with deionized (D.I.) water to remove any remaining 
traces of solvents and impurities. Finally, the cleaned substrates 
were dried using nitrogen gas. This multi-step cleaning process 
was crucial for achieving a uniform film morphology and 
ensuring reproducible electrical performance of the memristor 
devices. Compared to a simple rinse method, this procedure 
significantly reduced surface contamination, thereby improving 
the quality and reproducibility of the SnO₂ and ZnO films 
deposited via ultrasonic spray pyrolysis (USP) [9]. 

The SnO₂ precursor solution was prepared by dissolving 15 
mL of stannous chloride dihydrate (SnCl₂·2H₂O) in double-
distilled water. For the ZnO layer, 15 mL of zinc acetate 
dihydrate [Zn(C₂H₃O₂)₂·2H₂O] was similarly dissolved in double-
distilled water. Each solution was atomized using a 2.5 MHz 

ultrasonic transducer and carried toward the heated substrates using oxygen gas as the carrier. 
The deposition process was conducted at a substrate temperature of 450 °C, which was maintained using a 

controlled hotplate. The SnO₂ layer 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 
sweep protocol of 0 → +5 V → 0 → –5 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 electrical response of the p-Si/SnO₂/ZnO heterostructure was evaluated through current–voltage (I–V) 

measurements using a Keithley 2460 SourceMeter. A voltage sweep in the range of 0 → +5 V → 0 → –5 V → 0 was 
applied. As shown in Figure 2, the device exhibits a pronounced hysteresis loop, which is characteristic of bipolar 
resistive switching behavior. Notably, the switching occurred without the requirement of an initial forming voltage, 
suggesting the presence of intrinsic defect states – most likely oxygen vacancies – within the oxide layers that facilitate 
the conductive filament formation. 

 
Figure 2. Linear-scale I–V characteristics of the SnO₂/ZnO heterostructure, showing memristive switching. 

 
Figure 1. Schematic illustration of the 

Ag/SnO₂/ZnO/p-Si memristor device structure 
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This behavior is consistent with the findings of Pant et al. [6], who observed similar bipolar switching in 
SnO₂/ZnO interfaces attributed to the diffusion of ZnO into SnO₂ at the grain boundaries, forming a resonant tunneling-
like interface. The observed switching behavior here can be explained by the formation and rupture of conductive 
filaments in the oxide layers, likely modulated by the applied electric field and the associated drift of oxygen vacancies. 

However, due to the small bandgap difference between ZnO (~3.4 eV) and SnO₂ (~3.6 eV), and the fact that both 
are n-type semiconductors, the overall barrier height at the interface may be low. As a result, the current contrast 
between the high resistance state (HRS) and the low resistance state (LRS) is moderate, though stable. The ON/OFF 
current ratio was estimated to be >10², which is suitable for low-power memory applications. 

 
B. Optical Bandgap Estimation 

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

 

Figure 3. Tauc plot used for bandgap estimation of ZnO (3.17 eV) and SnO₂ (3.41 eV) 

These values closely match literature-reported data [6,7], confirming the successful synthesis of phase-pure oxide 
layers. The slight narrowing of the SnO₂ bandgap compared to the nominal 3.6 eV may be attributed to oxygen 
vacancy-related subgap states, which can affect the switching performance by serving as electron trapping centers. 

 
C. Structural Characterization (XRD Analysis) 

The crystallographic properties of the synthesized SnO₂/ZnO 
bilayer thin films were investigated using X-ray diffraction (XRD). 
Figure 4 presents the XRD pattern of the heterostructure deposited on 
a p-type Si substrate. The diffraction peaks observed at 2θ ≈ 31.7°, 
34.4°, 36.2°, 47.5°, 56.6°, and 62.8° are assigned to the (100), (002), 
(101), (102), (110), and (103) planes of hexagonal wurtzite ZnO, 
respectively (JCPDS Card No. 36-1451). Additional peaks located at 
approximately 26.6°, 33.9°, 37.9°, 51.7°, and 54.8° correspond to the 
(110), (101), (200), (211), and (220) planes of the tetragonal rutile 
phase of SnO₂ (JCPDS Card No. 41-1445). 

These results confirm the successful formation of a 
polycrystalline bilayer structure containing both ZnO and SnO₂ phases 
without detectable secondary impurities. The predominance of ZnO 
peaks is attributed to its top-layer placement in the heterostructure, 
which contributes to stronger X-ray signal intensity. The sharp and 
well-defined diffraction peaks indicate good crystallinity, while the 
absence of unidentified peaks affirms the high phase purity of the 
deposited films. 

The confirmed crystallographic structure supports the electrical 
measurements, as high crystallinity and structural integrity at the 
interface are known to influence the stability and reproducibility of 
resistive switching behavior. The SnO₂/ZnO heterointerface, 
therefore, provides a favorable platform for the formation and rupture 
of conductive filaments, modulated by oxygen vacancy migration, as 
discussed in the preceding electrical characterization section. 

 
Figure 4. XRD pattern of the SnO₂/ZnO 

heterojunction thin film 
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D. Mechanism Interpretation 
The resistive switching mechanism in this heterostructure is likely governed by oxygen vacancy migration and 

associated filament formation at the SnO₂/ZnO interface. When a positive bias is applied, oxygen ions drift away from 
the anode, leaving behind oxygen vacancies that accumulate to form conductive paths (filaments). The application of a 
reverse bias disrupts these paths, returning the device to the high-resistance state. 

 
Figure 5. Multi-cycle I–V measurements demonstrating reproducibility and stability of resistive switching behavior 

Figure 5 shows multi-cycle I–V measurements, clearly demonstrating the reproducibility and stability of the 
resistive switching behavior over several cycles. The overlapping hysteresis loops indicate consistent switching between 
high-resistance and low-resistance states, confirming the non-volatile nature and endurance of the memristor device. 

 
Figure 6. Log-scale I–V curve showing clear bipolar switching characteristics of the SnO₂/ZnO heterojunction 

Figure 6 presents the log-scale I–V characteristics of the SnO₂/ZnO heterojunction device. The plot clearly 
illustrates the bipolar switching behavior, with distinct transitions between the high-resistance and low-resistance states 
under opposite bias polarities. This logarithmic representation helps to highlight the exponential nature of current 
conduction and the stability of the switching behavior across several orders of magnitude. 

The heterointerface, supported by a p-type Si substrate, may also induce additional band bending or depletion 
effects, modulating the switching threshold. Although both oxide layers are n-type, their slightly different work 
functions and bandgaps still create an asymmetric potential barrier that contributes to the observed resistive switching 
(RS) behavior. 

 
CONCLUSION 

In this study, a p-Si/SnO₂/ZnO heterojunction thin film was successfully fabricated using the ultrasonic spray 
pyrolysis technique. The electrical analysis of the device revealed clear bipolar resistive switching behavior with a 
stable hysteresis loop observed in the I–V characteristics. The switching occurred without the requirement for a forming 
step, suggesting that oxygen vacancies and interface effects play a critical role in the RS mechanism. 

Tauc plot analysis showed that the optical bandgaps of ZnO and SnO₂ were approximately 3.17 eV and 3.41 eV, 
respectively, consistent with reported values in the literature. Although the small band offset between the two n-type 
oxides may reduce the overall switching contrast, the device demonstrated repeatable ON/OFF cycles and reasonable 
resistance state separation. 
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These findings confirm that the p-Si/SnO₂/ZnO heterostructure is a viable platform for exploring low-cost, 
oxide-based memristors. Future studies may focus on interface engineering, doping, or inclusion of buffer layers to 
enhance RS characteristics and device scalability for neuromorphic and non-volatile memory applications. 
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РЕЗИСТИВНА ПЕРЕМИКАЛЬНА ПОВЕДІНКА ТОНКОПЛІВКОВОГО ГЕТЕРОПЕРЕХОДУ SnO₂/ZnO 

ДЛЯ ЗАСТОСУВАНЬ В ЕНЕРГОНЕЗАЛЕЖНІЙ ПАМ'ЯТІ 
Джамоліддін X. Муродовa,b, Шавкат У. Юлдашевb, Азамат О. Арслановc, Нойба У. Ботіроваb, 
Джавохір Ш. Худойкуловc,e, Рано Ш. Шаріповаb, Рафаель А. Нусретовa, Андрій А. Небеснийc, 

Мухаммад П. Пірімматовd 
aТашкентський державний технічний університет імені Іслама Карімова, Ташкент, Узбекистан 

bЦентр розвитку нанотехнологій, Національний університет Узбекистану, Ташкент, Узбекистан 
cНаціональний університет Узбекистану імені Мірзо Улугбека, Ташкент, Узбекистан 

dІнститут фізики та технологій, Ташкент, Узбекистан 
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У цьому дослідженні представлено виготовлення та властивості резистивного перемикання (РС) двошарових тонких плівок 
SnO₂/ZnO, нанесених за допомогою ультразвукового розпилювального піролізу на кремнієві підкладки p-типу. 
Гетероструктури були відпалені при 450°C для покращення кристалічності та міжфазного контакту. Електрична 
характеристика за допомогою вольт-амперних вимірювань виявила чітку біполярну РС-поведінку без необхідності 
початкового процесу формування. Пристрої демонстрували стабільний стан високого опору (HRS) та стан низького опору 
(LRS) протягом кількох циклів, зі співвідношенням увімкнення/вимкнення, що перевищує 10². Механізм перемикання 
пояснюється утворенням та розривом провідних ниток, ймовірно, викликаних вакансіями кисню на межі розділу SnO₂/ZnO. 
Оцінка ширини забороненої зони за допомогою графіків Таука показала значення приблизно 3,17 еВ та 3,41 еВ для ZnO та 
SnO₂ відповідно. Ці результати підтверджують потенціал гетеропереходів SnO₂/ZnO як ефективних матеріалів для 
застосування в енергонезалежній пам'яті наступного покоління. 
Ключові слова: SnO₂; ZnO; резистивне перемикання; мемристор; тонкі плівки; гетероперехід; енергонезалежна пам'ять; 
кисневі вакансії 
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The self-heating effect on the fin field effect transistor (FinFET) is investigated. The dependence of the lattice temperature in the 
channel center of the transistor on the thickness of the gate oxide, as well as the back oxide, is simulated. Different types of the most 
used oxide materials (SiO2, HfO2, and Si3N4) and their combination, SiO2+Si3N4, are considered for gate and back oxides. 3D 
simulation is performed using Sentaurus TCAD. It is shown that the lattice temperature slowly and monotonically decreases with 
increasing gate oxide thickness. However, the lattice temperature is monotonically increasing with the thickness of the back oxide. 
This behavior of the lattice temperature depends on the relation between heat generation and dissipation rates in the transistor channel. 
A difference in the heat conductivity of the oxide materials explains the obtained behavior of the lattice temperature. Also, the lattice 
temperature dependence on the gate oxide thickness is explained by the increase in the contact area between the gate oxide and the gate 
with increasing gate oxide thickness. Besides this, it is accounted that the Joule heat generation rate depends on the drain current, which 
also depends on the oxide materials. 
Keywords: 3D simulation; FinFET; Self-heating effect; Gate oxide; Back oxide 
PACS: 85.30.Tv 

INTRODUCTION 
One of the main tasks of nanoelectronics is to reduce power consumption and increase the degree of integration of 

integrated circuits (ICs). This task is connected with the considerable reduction in size of the transistors that make up the 
integrated circuit. Along with other elements, metal-oxide-semiconductor field-effect transistors (MOSFETs) are one of 
the most important components of ICs. The reduction in the size of MOSFETs leads to the appearance of various 
degradation effects, including short-channel effects (SCE), self-heating effect (SHE), Negative Bias Temperature 
Instability (NBTI), etc.  

SCEs are strongly manifested in MOSFETs based on planar technology, which is one of the initial technologies for 
manufacturing MOSFETs. To increase the resistance of MOSFETs to short-channel effects, a structure of a vertical (or 
Fin) MOSFET (FinFET) was proposed instead of planar MOSFETs, with gate lengths of the order of 20 nm and lower, 
which operate in the inversion mode [1]. FinFET has three gates and, as a consequence, has a high degree of electrostatic 
integrity that ensures high immunity against short-channel effects [2]. 

One of the features of the FinFETs is that they are based on silicon-on-insulator technology. This feature is 
characterized by the fact that the channel of the transistor borders an oxide layer, the so-called back oxide layer (BOX). 
This feature leads to the manifestation of a self-heating effect in FinFET due to the low thermal conductivity of the oxide 
layer, leading to a low dissipation rate of heat generated in the channel of the transistor [3], [4], [5]. As a result, increasing 
the temperature in the transistor channel leads to changing the drain current and, as a consequence, degradation of the I-
V characteristics of the FinFET.  

Therefore, finding the oxide materials that increase the immunity of the transistors against SHE and that are 
compatible with FinFET fabrication technology is a very important task. In this work, the impact of the BOX materials, 
as well as gate oxide materials, on the temperature in the transistor channel is investigated [6], [7]. SiO2, HfO2, Si3N4, and 
combination SiO2+Si3N4 are mainly used in FinFET fabrication technology, and therefore, in this research, these materials 
are considered as BOX as well as gate oxide materials. 

TRANSISTOR STRUCTURE PARAMETERS AND SIMULATION MODELS 
The cross-section along the channel of the 3D structure simulated in this work, a silicon-based FinFET, is shown in 

Fig. 1. The silicon-based transistor’s channel is n-type. TiN is used as a gate material. Geometrical sizes of the different parts 
of the transistor and channel doping level are presented in Table 1. In the simulation, the gate oxide thickness varies between 
1 and 1.5 nm, while the back oxide thickness varies between 10 and 1000 nm. 

In the simulation, Sentaurus TCAD software is used. For the estimation of the self-heating effect, the drift-diffusion 
transport model in conjunction with the thermodynamic transport model was used. To account for quantum effects, the 
quantum correction Density gradient was also used. The doping-dependent mobility model and velocity saturation in the 
high field are taken into account. Coulomb and phonon scatterings are included in the simulation model to consider the 
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mobility degradation at the interface as the high-k material HfO2 is used as the gated oxide. A simulation drift-diffusion 
transport model was calibrated by comparing the I-V characteristics of the simulated transistor with experimental results 
presented in [8], [9], [10]. The results of the comparison given in Fig. 2 show a good agreement. 
Table 1. Geometrical and physical parameters of the considered transistor 

Parameter Designation Value 
Source and drain doping level Nd 5×1018 cm-3 (n-type) 
Channel doping level Na 1×1016 cm-3 (p-type) 
Gate oxide (HfO2, Si3N4) thickness tox tEOT = 1.0-1.5 nm 
Channel thickness Tsi 9 nm
Channel width Wb 22 nm
Back oxide layer (SiO2, HfO2, SiO2+Si3N4) thickness Tbox 10-1000 nm
Gate length Lgate 10 nm
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Figure 1. Simulated FinFET cross-section structure Figure 2. Comparing the I-V characteristics of the simulated and 
experimental transistors for Lgate = 25 nm and Vds = 50 mV 

SIMULATION RESULTS AND DISCUSSION 
The dependence of the temperature in the channel center on the thickness of gate oxide in FinFET for HfO2 and 

Si3N4 as gate oxide, and SiO2, HfO2, and SiO2+Si3N4 as back oxide is simulated. The results of the simulation are shown 
in Fig. 3. Results show, that the lattice temperature very slowly decreased with increasing the gate oxide thickness for all 
considered oxide materials, while the contact area between the gate oxide and the channel increased monotonically with 
increasing the gate oxide thickness (Fig. 4). Increasing the contact area lead to increasing heat dissipation rate, however 
drain current, and as consequence heat generation rate, practically is not changed with increasing the gate oxide thickness. 
Obviously, in this case, the heat generation rate has a greater effect than the heat dissipation rate. 
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Figure 3. Dependence of the lattice temperature in the 
channel center on the gate oxide equivalent thickness for 

different gate oxide and back oxide materials.

Figure 4. Contact area and drain current dependence on the gate 
oxide equivalent thickness. BOX is HfO2

It is seen in Fig. 3 that in the case of using HfO2 as gate oxide, the lattice temperature is lower than at using Si3N4, 
for all BOX materials. This dependence correlates with drain current dependence on the gate oxide thickness (Fig. 4). 
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The temperature dependence on the gate oxide thickness is the result of the combined effect of the dielectric constant, 
thermal conductivity, and the thickness of the gate oxide 

Lattice temperature dependence on the BOX thickness Tbox is monotonous, and the temperature grows with 
increasing BOX thickness for all considered BOX materials. This dependence is in agreement with [11], [12] and at higher 
thicknesses is expressed by the formula (1). 

 𝛥𝑇 = (௉೟ ∙ ்್೚ೣ )௄್ ∙஺ , (4) 

where Pt stands for the heat power generated by the current in the channel, Kb is the heat conductivity of the oxide layer, 

and А represents the area of the contact surface between the oxide layer and the channel.  
Fig 5 shows the dependence of the lattice temperature in the FinFET channel center on the back oxide thickness 

(TBOX) for different oxide materials. It can be seen that the lattice temperature increases monotonically with increasing 
TBOX, regardless of the material type. This is explained by the fact that a thicker BOX layer increases the distance 
between the heat source (channel) and the heat sink (metal contact), thereby reducing the heat dissipation efficiency. 
Among the considered materials, the combination SiO₂+Si₃N₄ shows the lowest temperature values, which can be 
attributed to its highest thermal conductivity, as indicated in Table 2. 
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Table 2. Thermal Conductivity of the oxide materials 

Oxide Material Thermal Conductivity 
Kb (W m-1 K-1) 

HfO2 2.3 
SiO2 1.4 
Si3N4 

(SiO2+Si3N4) 18.5 

Figure 5. Lattice temperature dependence on the thickness of the 
BOX for different materials 

 
CONCLUSION 

Results of the simulation show that the lattice temperature in the center of the FinFET channel depends on the gate 
oxide as well as the back oxide material. More considerable dependence on the temperature of the materials is seen for 
back oxide, where the maximal difference in the temperatures lies in the range between 50 and 170 K for BOX thicknesses 
from 100 to 1000 nm. The maximal temperature difference in using different considered gate oxide materials is 
approximately 10K in all considered ranges of oxide thicknesses. The material of the oxide layers influences the drain 
current, but a substantial influence on the temperature is the thermal conductivity of the back oxide material. 

The highest immunity against the self-heating effect is achieved using HfO2 as gate oxide material and SiO2+Si3N4 
as back oxide material in the considered range of oxide materials in this work. 
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ВПЛИВ МАТЕРІАЛІВ ОКСИДУ ЗАТВОРУ ТА ОКСИДУ ЗВОРОТНОГО ШАРУ НА ЕФЕКТ 

САМОРОЗІГРІВУ У FinFET 
М.М. Халіллоєвa, Б.О. Джаббароваa, Ф. Єщановb, А.Є. Атамуратовa 

aУргенчський державний університет, імені Абу Райхана Беруні, Ургенч, Узбекистан 
bАгентство з оцінки знань та навичок, Хорезмське регіональне відділення, Ургенч, Узбекистан 

Досліджено ефект саморозігріву польового транзистора з ребрами (FinFET). Моделюється залежність температури решітки в 
центрі каналу транзистора від товщини затворного оксиду, а також оксиду зворотного шару. Для затворних та зворотних 
оксидів розглядаються різні типи найбільш використовуваних оксидних матеріалів (SiO2, HfO2 та Si3N4) та їх комбінація 
SiO2+Si3N4. 3D-моделювання виконано за допомогою Sentaurus TCAD. Показано, що температура решітки повільно та 
монотонно зменшується зі збільшенням товщини затворного оксиду. Однак, температура решітки монотонно зростає зі 
збільшенням товщини зворотного шару оксиду. Така поведінка температури решітки залежить від співвідношення між 
швидкістю тепловиділення та розсіювання в каналі транзистора. Отримана поведінка температури решітки пояснюється 
різницею в теплопровідності оксидних матеріалів. Також залежність температури решітки від товщини затворного оксиду 
пояснюється збільшенням площі контакту між затворним оксидом та затвором зі збільшенням товщини затворного оксиду. 
Крім того, враховується, що швидкість джоулевої тепловиділення залежить від струму стоку, який також залежить від 
оксидних матеріалів. 
Ключові слова: 3D-моделювання; FinFET; ефект самонагріву; затворний оксид; зворотний оксид 
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In this work, the influence of the local oxide trapped charge on the transfer 𝐼𝑑 −𝑉𝑔 characteristics and capacitance of the gate-to-source
(drain) connection of the silicon-on-insulator (SOI) structure-based FinFET is simulated. 𝐼𝑑 − 𝑉𝑔 characteristics are simulated by
using the drift-diffusion transport model. Capacitance-Voltage characteristics of the gate-to-source capacitance are simulated by using
a small AC signal method. The 𝐼𝑑 − 𝑉𝑔 characteristics and gate-to-source (gate-drain) capacitance are investigated at different linear
sizes and positions of the local oxide trapped charge along the channel. The results of the simulation show that the threshold voltage
monotonically decreases with an increase in the linear size of the local charge, and gate-to-source capacitance monotonically increases
with an increase in the distance between the source-channel border and the center of the local charge.

Keywords: FinFET; Lokal charge; Gate-to-source capacitance; p-n junction; C-V dependence

PACS: 85.30.Tv, 73.40.Qv, 85.30.De

1. INTRODUCTION
One of the main devices of nanoelectronics is field effect transistors, particularly Fin Field Effect Transistors (FinFET),

which is continuously scaled over the last several decades. As a result of scaling, the characteristics of the transistors are
being degraded due to short channel effects [1], [2], self-heating effect [3], [4], impact of oxide (interface) trapped charge
[5], [6]. Among these degradation effects can be noted as appreciable the effects of hot carrier injection [7], [8], bias
temperature instability [9]–[11], off-stress [12], and the impact of the radiation-induced charge [13]. These degradation
effects are mainly connected with injection or/and generation charges in the oxide layer or at the oxide-semiconductor
interface. In nanoscale FETs the random telegraph noise, induced by a single oxide (or interface) trapped charge, can also
be considerable [14], [15]. The impact of these effects should be taken into account at designing and using analog as well
as digital integrated circuits based on FETs.

The oxide trapped charge can affect MOSFET parameters such as threshold voltage and subthreshold slope of the
transfer characteristics. Consequently, it leads to degradation of the transistor characteristics. Therefore, to determine
the mechanisms and reasons of the charge trapping it is expediently develop the methods of estimation the position and
distribution of the trapped charge along the channel.

Well-known methods for detecting the oxide and interface trapped charge in planar MOSFETs are methods con-
nected with measuring current-voltage and capacitance-voltage dependencies [16]–[18]. Particularly, for this purpose,
measurements of subthreshold drain current [16] and gate-to-substrate capacitance-voltage dependence [17], [18] are used.
However, these methods should be modified in the case of SOI FinFET, because of specific features of the transistor’s
structure connected with the presence of the back oxide layer between channel and substrate. Therefore, it is important to
consider and study the features of the impact of trapped charges on I-V and C-V dependences in SOI FinFET.

One of the simple and fast methods of diagnostics to detect the charge trapped in the oxide layer or at the interface
is based on measurements of the capacitance-voltage characteristics of lateral source (drain)-channel p-n-junctions [19].
Experimental evidence of this method is presented in [13], [20], [21]. It is shown that the non-uniform distribution of
the charge in the oxide layer or at the semiconductor-oxide interface is appropriately reflected in source-channel (drain-
channel) p-n-junction capacitance [13], [19], [20], [22]. Thus, the distribution along the channel of the trapped charge
should also be reflected in other capacitances connected with lateral source-channel (drain-channel) junctions.

In this work, dependencies of the drain current and threshold voltage on linear size and position of the oxide trapped
charge, along the channel, are considered for SOI FinFET. The capacitance method mentioned above and first suggested
for planar MOSFET [19] is modified for application in SOI FinFET. The modified method will be used to simulate the
dependence of the gate-to-source capacitance, 𝐶𝑔𝑠, on the position of the local oxide trapped charge.
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This paper is organized as follows. In Section 2, we present the description of the considered transistor parameters,
simulation conditions, and approaches used. Simulation results with discussions are presented in Section 3. Finally, some
concluding remarks are formulated in Section 4.

2. TRANSISTOR PARAMETERS, SIMULATION CONDITIONS, AND APPROACHES
The structure of the simulated SOI FinFET is shown in Figure 1. The geometry and parameters of the simulated

FinFET are shown in Table 1.

Figure 1. 3D structure of the simulated SOI FinFET

3D simulation were conducted using Advanced TCAD Sentaurus software. Transfer characteristics of the FinFET
were simulated by using drift-diffusion as well as thermodynamic transport models to choose an adequate transport model.
The results of the simulation are shown in Figure 2. It is shown in the figure that at gate voltages up to 𝑉𝑔 − 1𝑉 , both
𝐼𝑑 − 𝑉𝑔 curves are the same. And at higher gate voltages drain current is lower at using the thermodynamic transport
model, which is connected with increasing the temperature in the channel. In simulation, the range of the gate voltages
was limited to 1V; therefore, the use of the drift-diffusion and thermodynamic transport models is equivalent. We used a
simple drift-diffusion transport model to save resources (power and time).

Table 1. Here is the caption of your table

Parameter Designation Value
Channel doping level (p-Si) 𝑁𝑎 1 · 1015𝑐𝑚−3 (n-type)
Source and drain doping level (n-Si) 𝑁𝑑 1 · 1020𝑐𝑚−3 (n-type)
Gate oxide (𝐻 𝑓𝑂2) thickness 𝑡𝑜𝑥 2.5 nm
Channel thickness 𝑇𝑆𝑖 30 nm
Channel width 𝑊 12 nm
Back oxide layer (𝑆𝑖𝑂2) thickness 𝑇𝑏𝑜𝑥 100 nm
Gate length 𝐿𝑔𝑎𝑡𝑒 25 nm

Density gradient quantum corrections were used to account for quantum effects because transistor sizes are on the
nanometer scale. In the mobility model, the doping dependence and velocity saturation at high fields were taken into
account. The model used in the simulation was calibrated by comparing 𝐼𝑑 −𝑉𝑔 characteristics with experimental results
presented in [23] (Figure 3). The experimental 𝐼𝑑 −𝑉𝑔 curve presented in [23] was normalised to the width of the channel;
therefore, to compare with the simulation results, it was recalculated for the whole transistor width.

In this work, the dependencies of the drain current Id and threshold voltage Vth on the position, L, and width, D,
along the channel of the local oxide trapped charge were considered. The dependence of the capacitance 𝐶𝑔𝑠 of the
gate-to-source (drain) connection on the position L was also considered. At considering the dependence on the position L,
the width of the local oxide trapped charge D is fixed and equal to 5 nm. At considering the dependence on the width, the
local oxide trapped charge is located at the drain end of the gate oxide layer and expands to the center of the oxide layer
(Figure 4). The homogeneously charged area models local oxide trapped charge in the oxide layer. Charge density in the
charged area is 1 · 1012𝑐𝑚−2 (or 4 · 1018𝑐𝑚−3), and it corresponds to the value that can take place in MOSFETs [18].

The choice for consideration of the gate-to-source capacitance 𝐶𝑔𝑠 is based on the following. The main idea of
the capacitance method suggested in [20] to detect the oxide (interface) trapped charge is connected with the impact of
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Figure 2. Transfer 𝐼𝑑 −𝑉𝑔 characteristics simulated using
thermodynamic (TD) and drift-diffusion (DD) transport
models.

Figure 3. Calibration of the simulation model by compar-
ing simulated and experimental [23] 𝐼𝑑 −𝑉𝑔 characteristics
of the SOI FinFET transistors with 𝐿𝑔𝑎𝑡𝑒 = 25 nm and 𝑉𝑑

= 50 mV.

the oxide or/and interface trapped charge on lateral source-channel (drain-channel) p-n-junction capacitance, 𝐶𝑝−𝑛, in
planar MOSFET. In the case of SOI FinFET, 𝐶𝑝−𝑛 capacitance can not be measured directly because of the presence BOX
layer between the source and substrate. However, this capacitance is included in the capacitance of the gate-to-source
(gate-to-drain) connection (Figure 5). Therefore, changes in 𝐶𝑝−𝑛 capacitance due to oxide trapped charge should be
reflected in 𝐶𝑔𝑠 capacitance.

Figure 4. Cross-section of the FinFET showing local oxide
trapped charge. Figure 5. Cross-section of the simulated SOI FinFET with

pictured capacitances between contacts.

The gate-to-source connection as well as the gate-to-drain connection contains the following capacitances connected
in series: gate oxide capacitance Cox, oxide-semiconductor interface depletion layer capacitance, 𝐶𝑑𝑒𝑝 , source-to-channel
p-n-junction capacitance, 𝐶𝑝−𝑛. Only in depletion mode, the depletion layer capacitance, 𝐶𝑑𝑒𝑝 , significantly contributes
to 𝐶𝑔𝑠 capacitance. However, in the considered case, a transistor is in accumulation mode, because in the simulation, the
p-type source (drain) region is biased by the positive pole of the voltage source relative to the gate. Thus, establishing
the accumulation mode at the semiconductor surface, near the oxide-semiconductor interface, results in dismissing the
capacitance 𝐶𝑑𝑒𝑝 . Consequently, the resulting capacitance 𝐶𝑔𝑠 can be expressed by the following formula (1):

𝐶𝑔𝑠 =
𝐶𝑝−𝑛 · 𝐶𝑜𝑥

𝐶𝑝−𝑛 + 𝐶𝑜𝑥

(1)

here, 𝐶𝑜𝑥 is gate oxide capacitance per unit area, which does not depend on the applied voltage. Estimations show,
that 𝐶𝑝−𝑛 is significantly less than Cox because width of the depletion layer of the source-to-channel (drain-to-channel)
p-n-junction is approximately 0.1 µm while gate oxide thickness 𝑡𝑜𝑥 = 2.5 nm. Thus, in accordance with the formula
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(1) 𝐶𝑔𝑠 is determined mainly by 𝐶𝑝−𝑛, which is very sensitive to the distribution of oxide trapped charge [13], [20].
Consequently, in this work, it is simulated the dependence of the 𝐶𝑔𝑠 on the position of the local oxide trapped charge
along the channel.

C-V dependence of the gate-to-source (gate-to-drain) capacitance were simulated with using the small AC signal
method. Signal with frequency 1 MHz is used in simulation. The capacitance 𝐶𝑔𝑠 is simulated at different position of the
local oxide trapped charge along the channel.

The local charge with fixed width D=5 nm, in the oxide layer at a distance L from the source-channel border (Figure
4) impacts on the carrier distribution in the channel. Consequently, this impact should be reflected in the source-to-channel
junction capacitance and hence in the C-V dependence of the gate-to-source capacitance.

FinFET has symmetry relative the channel center, hence the gate-to-source and gate-to-drain capacitances should be
same. Therefore, in the following, mainly the gate-to-source capacitance is considered.

3. SIMULATION RESULTS AND DISCUSSIONS
3.1. Impact of the local charge on electrical characteristics

Figures 6 and 7 illustrate the simulation results regarding the dependence of drain current on the gate voltages at
different positions and the width of the local oxide trapped charge. The figures demonstrate that the local oxide trapped
charge considerable influence on the transfer 𝐼𝑑 −𝑉𝑔 curve, especially in the region above the threshold voltage.

Figure 6b presents the simulation results depicting the dependence of the drain current above threshold voltage on
the position L of the local oxide trapped charge. The figure demonstrates that the dependence is nonmonotonic. The
drain current is maximal at the position of the local charge near the channel center. However, the dependence of the drain
current on the width D is monotonic with saturation at higher D (Figure 7b). The observed behaviors of the drain current
can be attributed to the appropriate behavior of the threshold voltage (Figure 8).

(a) (b)

Figure 6. (a) 𝐼𝑑 −𝑉𝑔 characteristics at various position, L, of the local oxide trapped charge. (b) Dependence of the drain
current, at 𝑉𝑔=1V, 𝑉𝑑=0.75V, on the position, L, of the local oxide trapped charge. Point A corresponds to the case of
without oxide trapped charge.

The behavior of the drain current at the change of the position and linear size of the local oxide trapped charge is
correlated with the behavior of the threshold voltage. A decrease in the threshold voltage leads to an increase in the drain
current and vice versa; an increase in the threshold voltage leads to a decrease in the drain current. The observed changes
of threshold voltage with change of the position and width of the local oxide trapped charge can be understood in terms
of the change of the distribution of channel surface potential and the corresponding inversion layer carrier concentration
along the channel, induced by the field of the local trapped charge.

Originally, in case of absence, the local oxide trapped charge, potential distribution along the channel surface has a
bell-shape with a maximum in the middle of the channel and with approximately zero value near the metallurgical border
of the source-channel and drain-channel p-n junctions [25]–[27]. Hence, the maximal impact of the local oxide trapped
charge on potential distribution and consequently on threshold voltage, can take place at the position of the local charge in
the center of the channel. Figure 8a illustrates an appropriate relationship between threshold voltage and position of the
local oxide trapped charge.

The threshold voltage shows a monotonic dependence on the linear size of the local charge, D (Figure 8b). This
behavior of the threshold voltage is the same as the dependence of threshold voltage on the value of oxide trapped charge in
planar long-channel MOSFET [15]. Hence, determining the shift of threshold voltage allows estimating the value of oxide
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(a) (b)

Figure 7. (a) 𝐼𝑑 − 𝑉𝑔 characteristics at various widths, D, of the local oxide trapped charge. (b) Dependence of the drain
current, at 𝑉𝑔=1V, 𝑉𝑑=0.75V, on the width, D, of the local oxide trapped charge. Point A corresponds to the case of
absence of the oxide trapped charge.

(a) (b)

Figure 8. Threshold voltage dependencies on the position, L, (a) and the width, D, (b) of the local oxide trapped charge.
Point A corresponds to the case of absence of the oxide trapped charge.

trapped charge in SOI FinFET using the method suggested in [16]. In case of a change in the slope of the subthreshold I-V
curve, it also should be accounted for in estimating the change in threshold voltage.

3.2. Impact of the local charge on gate-to-source (gate-to-drain) capacitance
Figure 9 illustrates the simulation results regarding the C-V dependence of the gate-to-source capacitance, 𝐶𝑔𝑠, for

different position, L, of the local oxide trapped charge. The figure demonstrate that the capacitance 𝐶𝑔𝑠, at high applied
voltages is significantly and monotonically depends on L (Figure 10). The position corresponding L=2.5 nm (point B in
Figure 10) is an exception in this dependence. This is attributed to the fact that in this position the local charged area
is in contact with the end of the oxide layer. Consequently, the edge effect is manifested, leading to a considerably high
capacitance 𝐶𝑔𝑠 ,

The observed increase in the capacitance𝐶𝑔𝑠 is linked to the impact of the local trapped charge on carrier concentration
within the channel. Indeed, Figure 11 demonstrates that trapping of the charge in the oxide layer leads to an increase in
the carrier concentration near the channel surface at all positions of the local charge. In accordance with the definition of
capacitance, this results in higher capacitance 𝐶𝑔𝑠 . In fact, by definition, the capacitance is defined in accordance with
formulas (2),

𝐶𝑔𝑠 =
𝑑𝑄𝑉

𝑑𝑉
(2)
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Figure 9. C-V dependence of gate-to-source capacitance
𝐶𝑔𝑠 at different positions of the local trapped charge.

Figure 10. 𝐶𝑔𝑠 dependence on L at 𝑉𝑔𝑠=4.5 V. Point A
corresponds to𝐶𝑔𝑠 when the local trapped charge is absent,
point B corresponds to the position of the local trapped
charge at the source end and is in contact with the oxide
end ( L=2.5 nm).

where 𝑑𝑄𝑉 is a change of the charge in the capacitor 𝐶𝑔𝑠 at a change in the applied voltage by 𝑑𝑉 . Trapping of
the local charge into the gate oxide layer leads to adding a charge 𝑑𝑄𝐿𝐶 in capacitance 𝐶𝑔𝑠 , besides 𝑑𝑄𝑉 Therefore, the
formula (2) can be rewritten by the following expression (3)

𝐶𝑔𝑠 =
𝑑𝑄𝑉 + 𝑑𝑄𝐿𝐶

𝑑𝑉
(3)

It follows from this expression that the capture of local charge leads to an increase in the capacitance 𝐶𝑔𝑠

Figure 11. Distribution of electron density along the chan-
nel at depth 2nm from the channel surface, at different po-
sitions L of the local oxide trapped charge. 𝑉𝑔𝑠 = 4.5 V

Figure 12. Dependence of the electron density in the chan-
nel at a depth of 2 nm from the surface on the position of the
local oxide trapped charge. Point A corresponds to the case
without oxide trapped charge, and point B corresponds to
the position of local charge L=2.5 nm. 𝑉𝑔𝑠 = 4.5 V

The charges 𝑑𝑄𝑉 and 𝑑𝑄𝐿𝐶 are caused by applied voltage and trapped charge, respectively, which are proportional
to the change of carrier concentration in the channel. Figure 12 illustrate dependence of the electron density in the channel
at a depth 2 nm from the surface on position of the local oxide trapped charge. This dependence correlate with dependence
of 𝐶𝑔𝑠 on the position of local trapped charge shown in Figure 10.
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The structure of FinFET has symmetry relative vertical axis passing through the channel center, therefore dependence
of gate-to-drain capacitance, 𝐶𝑔𝑑 , on position L should be the same as the dependence of 𝐶𝑔𝑠 on position L, but with
reversed character. It means that 𝐶𝑔𝑑 should decrease with increasing L. Indeed, such a character of the dependence is
seen in the dependence of 𝐶𝑔𝑑 on L, carried out from simulation (Figure 13). The relationship between 𝐶𝑔𝑠 and 𝐶𝑔𝑑

dependences on the L can be used to estimate the position of the local trapped charge along the channel. For this purpose,
the dependence of the ratio 𝐶𝑔𝑠/𝐶𝑔𝑑 on L can be used (Figure 14).

Figure 13. Dependence of 𝐶𝑔𝑠 and 𝐶𝑔𝑑 on the position of
the local oxide trapped charge, L, along the channel.

Figure 14. Dependence of the ratio 𝐶𝑔𝑠/𝐶𝑔𝑑 on the posi-
tion of the local oxide trapped charge, L, along the channel.

Figure 14 demonstrates that in the case of trapping the local charge at the source side relative to the channel center,
the ratio 𝐶𝑔𝑑/𝐶𝑔𝑠 is less than 1. Value of the ratio 𝐶𝑔𝑑/𝐶𝑔𝑠 is more than 1 in case of localisation the trapped charge at
drain side relative the channel center. In case of localization the trapped charge in the center between source and drain
end, the value of the ratio 𝐶𝑔𝑑/𝐶𝑔𝑠 is equal to 1.

4. CONCLUSIONS
Simulation results show, that the threshold voltage monotonically depends on the linear size, D, along the channel of

the charge trapped at drain end of the oxide layer. It allows to estimate integral value of trapped charge in oxide layer in
the SOI FinFET as well as in planar MOSFET.

At high applied voltages, gate-to-source capacitance, 𝐶𝑔𝑠 , monotonically depends on the position of the local oxide
trapped charge along channel. 𝐶𝑔𝑠 monotonically increase with increase distance between source and center of the local
charge. Such dependence is explained by the influence of the local charge on the carrier distribution at the surface of the
channel. The position of the local charge at the end of the oxide layer is an exception in the mentioned above dependence
due to edge effect.

It is shown that the ratio 𝐶𝑔𝑑/𝐶𝑔𝑠 depends linearly on the position of the local oxide trapped charge along the
channel in SOI FinFET. This dependence allows to develop a method to detect the charge in oxide layer and to estimate
the distribution of the oxide trapped charge along the channel.
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ВПЛИВ ЛОКАЛЬНОГО ЗАРЯДУ, ЗАХОПЛЕНОГО В ОКСИДI, НА ЕЛЕКТРИЧНI ТА ЄМНIСНI
ХАРАКТЕРИСТИКИ SOI FinFET

Атабек Атамуратовa, Iброхiмжон Карiмовb,Мiрзабахром Фозiлжоновb, Азамат Абдiкарiмовa,
Одiлбек Атамуратовc,Махкам Халiллоєвa

𝑎Державний унiверситет Ургенчу iменi Абу Райхана Бiрунi, вул. Х. Алiмджана, 14, Ургенч, 220100, Узбекистан
𝑏Андiжанський державний унiверситет, вул. Унiверситетська, 129, Андiжан, 170100, Узбекистан

𝑐Ташкентський iнститут iнженерiв iригацiї та механiзацiї сiльського господарства – Нацiональний дослiдницький
унiверситет, вул. К. Нiєзiя, 39, Ташкент, 100000, Узбекистан

У цiй роботi моделюється вплив локального заряду, захопленого в оксидi, на передавальнi характеристики Id-Vg та ємнiсть мiж
затвором i витоком (стоком) транзистора FinFET на основi структури кремнiю на iзоляторi (SOI). Характеристики Id-Vgмоделю-
ються з використанням моделi дрейф-дифузiйного переносу. Ємнiсно-напруговi характеристики затвор-виток моделюються за
допомогою методу малого змiнного сигналу (AC). Дослiджено залежнiсть характеристик Id-Vg та ємностi затвор-виток (затвор-
сток) вiд рiзних лiнiйних розмiрiв i положень локального заряду в оксидi вздовж каналу. Результати моделювання показують,
що порогова напруга монотонно зменшується зi збiльшенням лiнiйного розмiру локального заряду, а ємнiсть затвор-виток
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On the basis of density functional theory, the structural, electronic, magnetic and thermoelectric properties of the d0 new quaternary 
Heusler alloys RbCaYF (Y= C and N) have been analyzed by means of first-principles calculations. The results predict a stable atomic 
arrangement in Y-type (III) phase with a ferromagnetic order. The two compounds were found to be half-metallic ferromagnets (HMFs) 
with an integer magnetic moment of 2µB for RbCaCF and 1µB for RbCaNF. The ferromagnetism observed is originated from the 
polarization of the p-Y orbitals with an sp-hybridization. In addition, RbCaCF and RbCaNF display large half metallic (HM) gaps of 
0.879, 0.672 eV using Generalized Gradient Approximation (GGA), and 1.730, 1.934 eV with Generalized Gradient Approximation 
Modified Becke and Johnson (GGA-mBJ) respectively demonstrating stable half metallic features. Besides, thermoelectric properties 
were computed over a wide range of temperatures. The two Heusler alloys exhibit high values of electric conductivity and figure of 
merit especially at high temperatures. RbCaCF and RbCaNF d0 Heusler alloys present high spin polarization, robust half-metallicity 
and high thermoelectric coefficients, which makes them good candidates for spintronic and thermoelectric applications leading to 
promising enhancements for embedded systems in telecommunications. 
Keywords: Half-metallic; d0 Heusler Alloys; Embedded systems; Thermoelectric Properties; Telecommunications; Wien2k 
PACS: 71.20.Be; 75.50.Cc; 07.07.Df; 73.50.Lw; 42.79.Sz; 71.20.-b 

1. INTRODUCTION
Human activities such as automotive exhaust and industrial processes, along with the emission of CO2, contribute 

significantly to adverse climate changes. Thermoelectric (TE) materials are crucial in global efforts toward sustainable 
energy solutions. They are being studied not only for their ability to convert waste thermal energy directly into useful 
electrical energy but also for their potential to efficiently mitigate environmental pollution.  

In recent years, Heusler alloys have emerged as key materials in spintronic devices [1] due to their high Curie 
temperature and 100% spin polarization at the Fermi level [2-4]. They have shown promising advancement in spintronic 
applications, offering strong spin transport properties and enabling efficient spin currents manipulation. The greater part of 
predicted half-metallic ferromagnets (HMFs) [5, 6] are found among Heusler compounds, particularly ternary X2YZ 
materials that crystallize in the L21 structure [7, 8], where X and Y represent transition metals and Z denotes a main s-p 
group element. Nevertheless, in some ternary Heusler compounds, disordering effects often compromise their half-metallic 
nature and impact the magneto-resistance ratio [9, 10]. In response to this challenge, recent research has focused on exploring 
quaternary Heusler alloys to reduce these limitations. The new alloys can be obtained by replacing one of the X atoms in 
X2YZ with another atom X′, crystallizing in the LiMgPdSn-type crystal structure [11, 12] withF-43m symmetry [13]. In 
these compounds, the valence of X’ is lower than that of X, and the valence of Y is lower than that of both X and X’. 

Over the past few decades, quaternary Heusler alloys have garnered significant attention for their low toxicity and 
unique properties, including half-metallic ferromagnetism (HMF) and high thermoelectric performance. These 
characteristics placed them as promising materials for applications in spintronics and thermo-electrics devices. Many 
scientists have concentrated on confirming the half magnetic characteristics in quaternary Heusler alloys that include 
magnetic transition-metal elements, such as quaternary Heusler ferromagnets CoFeYGe (Y=Cr and Ti) [14], CoFeScZ 
(Z=P, As, Sb) [15], CoFeCrZ (Z = Al, Si, Ga and Ge) [16]and VZrReZ (Z= Si, Ge and Sn) [17]. Additionally, Ozdogan 
et al. theoretically investigated 60 quaternary Heusler alloys, finding that 41 of them exhibited half-metallic properties. 
In today's spintronic research, there is rising attention in materials with high spin polarization at Fermi energy, promising 
enhanced magneto-resistance and reduced signal-to-noise ratios in devices. The current trend is to explore new types of 
half-metallic (HM) compounds, specifically d0 or sp HM compounds, which do not include transition metal elements. 
Compared with the traditional (HMF) quaternary Heusler materials containing transition metal elements that often exhibit 
large stray magnetic fields, d0 materials are more practical for real-world applications due to their smaller magnetic 
moments especially in embedded systems in telecommunication applications. Many d0 quaternary Heusler compounds 
have been predicted, including those studied by Bouabça et al [19] who examined the structural, electronic, magnetic, 
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and thermal properties of the new quaternary Heusler alloys CsSrCZ (with Z = Si, Ge, Sn, P, As, and Sb), Du et al [20, 21] 
investigated the electronic structures and magnetic properties of quaternary alloys KCaCZ (Z=F and Cl) and KCaNZ 
(Z = O, S, and Se) where, all the compounds were found to be HM ferromagnetic materials. Rezaei et al [22] studied 
RbCaNZ (Z = O, S, and Se) quaternary Heusler compounds. These materials exhibit many interesting features, such as a 
rather large HM gap and a high Curie temperature, and are robust to the change of the lattice parameter. Moreover, d0 
Heusler materials have excellent thermoelectric (TE) properties [23, 24], since they convert efficiently waste heat into 
electricity, offering benefits such as cost-effectiveness, abundance in nature, and environmental friendliness by avoiding 
toxic elements. 

Nevertheless, to the best of our knowledge, up to now, there is no work on RbCaYF (Y= C and N) compounds on 
the basis of quaternary Heusler structure that has been done and reported. This is why, in this article, quaternary Heusler 
compounds RbCaYF (Y= C and N) were predicted by means of density functional calculations. We investigated the 
structural, electronic, magnetic and thermoelectric properties of the two Heusler alloys to verify the possibility of their 
application in the fabrication of embedded systems for telecommunication engineering. The organization of this work is 
as follows: Section 1 provides an overview of previous studies on d0 quaternary Heusler alloys. Section 2 offers a brief 
description of the crystal structure and computational methods used. Section 3 presents the results and their 
interpretations. Finally, Section 4 summarizes the key findings of the study. 

 
2. COMPUTATIONAL DETAILS 

The full potential linearized augmented plane-wave (FP-LAPW) [25, 26] method of density functional theory (DFT), 
as implemented in WIEN2k code [27] was employed to study the different properties of the new quaternary Heusler alloys 
RbCaYF (Y = C and N). The exchange and correlation potential were treated using generalized gradient approximation 
within the parameterization of Perdew–Burke– Ernzerhof (GGA-PBE) [28, 29] and generalized gradient approximation 
plus Modified Becke and Johnson (GGA-mBJ) [30, 31]. The muffin-tin sphere radii (RMT) were chosen equal to 2 (a.u) 
for Rb, Ca, Y = (C and N), and F. The plane wave cut-off (K max) was chosen as 8.0/RMT for the expansion of the wave 
functions in the interstitial region. The choice of this value is due to the fact that it is usually sufficient to converge the 
total energy to few meV. The Fourier-expanded charge density was truncated at Gmax=12 (a.u)-1 to allow a correct 
convergence of charge density and to keep a reasonable time of calculation. To achieve self-consistency, a k -points in 
the irreducible wedge of the Brillouin zone generated from a 14 × 14 × 14 mesh which permit to well describe electronic 
properties. The cut-off energy was limited by -6 Ry value, which defines the separation of valence and core states, this 
value is the threshold energy below which states are considered core (deep core) and do not participate in chemical bonds. 
The energy convergence criterion was set to 10-6 Ry per formula unit and the criterion for charge convergence was 10−4 
electrons during self-consistency cycles. These values are used to stop iterations since the system is considered as 
convergent with great precision.  

The thermoelectric properties are calculated with the BoltzTrap code [32], using 120000 k points. 
 

3. RESULTS AND DISCUSSIONS 
3.1. Structural properties 

The quaternary Heusler compounds are adopted in LiMgPdSn-type crystal structure designated as Y (space group 
216). There are three possible different types of atom arrangement in the quaternary Heusler compound XX’YZ: Y-
type(I): X (0, 0, 0), X’ (0.25, 0.25, 0.25), Y (0.5, 0.5, 0.5), and Z (0.75, 0.75, 0.75); Y-type(II): X (0.25, 0.25, 0.25), X’ 
(0, 0, 0), Y (0.5, 0.5, 0.5), and Z (0.75, 0.75,0.75); Y-type(III): X (0.25, 0.25, 0.25), X’ (0.75, 0.75, 0.75), Y (0, 0, 0), and 
Z (0.5, 0.5, 0.5). The crystal structures are shown in Fig. 01. 

   
(a) (b) (c) 

Figure 1. Visualization of unit cell structure of the RbCaYF (Y = C and N) compounds for (a) Y-type(I) (b) Y-type(II) and (c) Y-
type(III) structures using VESTA package 

In other to verify the structural and magnetic ground states of the three configurations, the total energies of the non-
magnetic (NM) and ferromagnetic (FM) states as a function of the volume were calculated and fitted to the Birch-
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Murnaghan’s equation of state [33]. The obtained curves are shown in Figures 2 and 3. The results show that Y-type (III) 
phase is the most favorable structure for both RbCaCF and RbCaNF due to the lowest total energies of equilibrium states. 
Additionally, the two compounds have the lowest energy in the ferromagnetic state (FM), which indicates that RbCaCF 
and RbCaNF compounds are most stable in the ferromagnetic state (FM) with the LiMgPdSn-type (III). The energy 
differences make obvious the significant FM coupling under normal conditions. 
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Figure 2. Total energy as a function of unit cell volume for the RbCaCF (a) and RbCaNF (b) compounds in the type-I, type-II, 

and type-III structures 
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Figure 3. Total energy as a function of unit cell volume in the type-III structures for non-ferromagnetic and ferromagnetic 

structure for the RbCaCF (a) and RbCaNF (b) compounds 

In Table 1, we report our calculated equilibrium lattice constant a0, along with bulk modulus B, derivative of bulk 
modulus B’ and the total energies Etot in their different structural and magnetic configurations. As we can see, the 
obtained equilibrium lattice constant increases with the increase of the atomic radius of anion: 6.49 and 6.74 Å, for 
RbCaNF and RbCaCF respectively. Moreover, the highest calculated bulk moduli for RbCaYF (Y = C and N) compounds 
in FM- Y-type (III) configuration confirm the stability of this structure. 
Table 1. The calculated bulk parameters, including lattice parameter a0 (Å), bulk modulus B (GPa), derivative of bulk modulus B’, and 
the total energies Etot (in Ry) per formula unit, of RbCaYF (Y = C and N) compounds in Y-type(I), Y-type(II) and Y-type(III) structures 

Alloy Structure Phase a0(Å) B(GPa) B’ 𝑬𝐭𝐨𝐭(Ry) 

RbCaCF 

Y-type(I) FM 6.76 31.36 4.78 -7599.471666 
Y-type(II) FM 6.67 28.06 5.49 -7599.428816 

Y-type(III) FM 6.74 36.09 4.27 -7599.645574 
NM 6.69 38.32 4.23 -7599.605348 

RbCaNF 

Y-type(I) FM 6.51 44.53 5.10 -7632.951160 
Y-type(II) FM 6.52 42.43 4.97 -7632.910680 

Y-type(III) FM 6.49 49.14 4.52 -7633.151506 
NM 6.48 50.20 4.47 -7633.138173 

 
3.2. Electronic properties 

Using GGA and GGA-mBJ approximations, the spin-polarized electronic band structures of RbCaCF and RbCaNF 
for both spin-up and spin-down with equilibrium lattice parameters considered in the high symmetry directions of the 
first Brillouin zone are calculated and shown in Fig. 4 and 5, the Fermi level is set to 0 eV. We can see clearly, that the 
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spin-up electronic bands exhibit a semiconducting behavior with an indirect band gap where the top of the valence bands 
is at X point and the bottom of conduction bands is at Г point. The spin down energy bands have an overlap with the 
Fermi level and show a metallic characteristic. The two approaches give a similar band structure form with a difference 
in the gap value. The results obtained, illustrate that the two Heusler alloys are d0 half-metallic ferromagnetic materials 
with 100% spin polarization and the spin-specific carriers should be sufficiently mobile. 
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Figure 4. The spin-polarized band structures at the equilibrium lattice parameter of RbCaCF(a) and RbCaNF (b)by using PBE-
GGA. Black and red solid lines represent spin-up and spin-down channels, respectively. The dashed line at zero eV indicates the 
Fermi energy (EF) 

The predicted half-metallic gaps EHM are listed in Table 2. This gap is known to be essential to describe the stability 
of magnetism of a half-metal [34]. RbCaCF and RbCaNF display large half metallic gaps of 0.879, 0.672 eV using GGA, 
and 1.730, 1.934 eV with GGA-mBJ respectively illustrating stable half metallic features. Unfortunately, no experimental 
or theoretical data for the investigated compounds are available for eventual comparison. The calculated density of states 
(DOS) and partial density of states (PDOS) of RbCaCF and RbCaNF using GGA and GGA-mBJ approximations are 
shown in Fig. 6 and 7. In order to understand the contribution of each orbital in these atoms we have plotted the angular 
momentum decomposition of partial density of states. The two compounds have a similar structure. The DOS confirm 
that majority spin states show semiconducting nature and minority spin states are metallic demonstrating 100% spin 
polarization at the Fermi level, which is in a good agreement with the band structure calculations. For RbCaCF, and using 
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GGA the lowest structure extended from -5 eV to -4.5 eV originates mainly from F-p states. The second region from -
2eV to 1eV is due to C-p states with a little contribution of Ca-d states. 

a 

W L Γ X W K
-8

-7

-6

-5

-4

-3

-2

-1

0

1

2

3

4

5

6

7

8

En
er

gy
 (e

V
)

Ef

Λ Δ Z

Majority spin state

Spin up

 W L Γ X W K
-8

-7

-6

-5

-4

-3

-2

-1

0

1

2

3

4

5

6

7

8

En
er

gy
 (e

V
)

Ef

Spin dn

Λ Δ Z

Minority spin state

 
b 

W L Γ X W K
-8

-7

-6

-5

-4

-3

-2

-1

0

1

2

3

4

5

6

7

8

En
er

gy
 (e

V
)

Ef

Spin up

Λ Δ Z

Majority spin state

 W L Γ X W K
-8

-7

-6

-5

-4

-3

-2

-1

0

1

2

3

4

5

6

7

8

En
er

gy
 (e

V
)

Ef

Spin dn

Λ Δ Z

Minority spin state

 
Figure 5. The spin-polarized band structures at the equilibrium lattice parameter of RbCaCF(a) and RbCaNF(b) by using PBE-

GGA-mBJ. Black and red solid lines represent spin-up and spin-down channels, respectively. The dashed line at zero eV indicates 
the Fermi energy (EF) 

Table 2. The virtual semiconducting gap Eg (eV), the half-metallic gap 𝐸ுெ (eV) in quaternary Heusler compounds RbCaYF (Y= C 
and N) 

Alloy Approximations VBM CBM 𝑬𝒈 𝑬𝑯𝑴 
RbCaCF GGA -0.879 1.814 2.693 0.879 
RbCaCF GGA-Mbj -2.351 1.730 4.081 1.730 
RbCaNF GGA -0.672 1.966 2.639 0.672 
RbCaNF GGA-Mbj -1.934 2.800 4.734 1.934 

Hence, the spin polarization is mainly attributed to the contribution of p-d hybridization between C and Ca atoms. 
The structure from the conduction band minima and above presents a large contribution from Ca-d states. For RbCaNF, 
the same trend is observed. To realize more realistic electronic density of states, and to overcome the well-known 
deficiency of DFT regarding energy gap underestimation with GGA functional, and to obtain the exact energy gaps, we 
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employ the GGA-mBJ as exchange correlation potential and recalculate the spin polarization band structures. The 
bandgap values computed according to GGA–PBE and GGA–mBJ are listed in Table 02. The major difference observed 
between GGA–PBE and GGA–mBJ calculations is that the GGA–PBE has underestimated the band gap. By using 
GGA-mBJ functional corrections, we can see clearly that F-p and C-p states in spin up channels, are shifted downwards 
Valence Band Maximum (VBM) (from -0.879 eV with GGA to -2.351 eV with GGA–mBJ for RbCaCF and 
from -0.672 eV with GGA to -1.934 eV with GGA–mBJ for RbCaNF) since GGA–mBJ produces better band splitting. 
The conduction band still predominantly composed from Rb-d and Ca-d states. 
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Figure 6. The total and orbital spin-density of states (DOSs) of ferromagnetic forRbCaCF (a) and RbCaNF (b) compounds by 

using PBE-GGA. Black and red solid lines represent spin-up and spin-down channels, respectively 

-8 -6 -4 -2 0 2 4 6 8
-19,6

-9,8

0,0

9,8

-4
-2
0
2

4

-5

-2,5

0,0

2,5

-5,0

-0,25

0,00

0,25

-0,50

0,50

-13

0

13

-25

25

F-p

Total

Energy (eV)

D
O
S 

(S
ta

te
s/
eV

)

C-p

Ca-d

 

Rb-d

 

 a

 

-8 -6 -4 -2 0 2 4 6 8

-11

0

11

-22

20
-6
-3
0
3
6
9

-3,5

0,0

3,5

7,0

-0,25

0,00

0,25

-13

0

13

-26

26

F-p

Total

Energy (eV)

D
O
S 

(S
ta

te
s/
eV

)

N-p

Ca-d

 

Rb-d

 

 b

 
Figure 7. The total and orbital spin-density of states (DOSs) of ferromagnetic for RbCaCF (a) and RbCaNF (b) compounds by 

using PBE-GGA-mBJ. Black and red solid lines represent spin-up and spin-down channels, respectively 
 

3.3. Magnetic properties 
The calculated magnetic moments of Rb, Ca, Y = (C and N), and F along with total and interstitial magnetic moments 

are reported in table 3. So, the total magnetic moments µtot of RbCaCF and RbCaNF compounds are integer with 2µB and 
1µB values respectively. The integer total magnetic moment is a characteristic of (HMFs). We can easily explain these 
values from the electronic configurations of the two compounds. There are 14 (15) valence electrons in RbCaCF and 
RbCaNF respectively: (Rb: 5s1, Ca: 4s2, N: 2s2, 2p3, F: 2s2, 2p5 and C: 2s2, 2p2) which contribute to the magnetism and 
bond formation. So, 4 valence electrons occupy the F-2s states in the lowest energy states. 6 of the remaining 10 (11) 
valence electrons occupy the majority spin p states, which results in the 6 fully filled majority spin bands. The remaining 
4 (5) valence electrons partially occupy the 6 lowest minority spin bands. The 2 (1) holes remaining are responsible for 
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the magnetic moments of 2µB and 1µB, respectively. In addition, the total magnetic moment of RbCaYF (Y = C and N) 
contains five contributions: Rb atom, Ca atom, F atom, Y atom and the interstitial region. We can see clearly from Table 3, 
that the magnetic moments of the two compounds originate mainly from the p electrons of C and N atoms. The magnetic 
moment of the Y atom is parallel to that of Rb atom which confirms the ferromagnetism of the 2 full Heuslers. Since the 
total magnetic moments are integer, they verify the Slater-Pauling rule which is described by the following formula: 
μTot = 12-Nv; where μTot means the total spin magnetic moment and Nv is the total number of valence electrons per 
unit-cell. The RbCaYF (Y = C and N) compounds have 10 and 11 valence electrons respectively, so the calculated µtot 
for the two compounds satisfy the formula cited above.  
Table 3. The calculated atomic magnetic moments M (µB) for the RbCaYF(Y=C and N) alloys 

Alloy  Mtot MRb MCa MY  MF Mint  
RbCaCF 2.00 0.048 0.047 1.169 0.039 0.699 
RbCaNF 1.00 0.016 -0.004 0.794 0.009 0.184 

 
3.4. Thermoelectric properties 

Continuing research focuses on finding new Heusler structures and compositions with enhanced thermoelectric 
performance, by exploring different combinations of X, Y, and Z elements, in addition to examining the effects of several 
synthesis and processing techniques. Thermoelectric Efficiency is classically measured by the dimensionless figure of 
merit ZT, which is given by the formula: ZT=S2σT/k where S is the Seebeck coefficient (thermo-power), σ is the electrical 
conductivity, T is the absolute temperature, and k is the thermal conductivity. Heusler alloys can exhibit high Seebeck 
coefficients depending on their composition and the temperature range. A high Seebeck coefficient is attractive for 
efficient thermoelectric materials as it indicates a large voltage for a given temperature difference. Since quaternary 
Heusler materials are regarded as the alternate sources of energy because of their aptitude to convert waste heat into 
electricity and are used for power generation as they are abundant in nature, and principally environmentally friendly, we 
report in this study and for the first time, Seebeck coefficient: S, electrical conductivity: σ/τ, thermal conductivity: k/τ and 
figure of merit ZT of the new d0 quaternary Heusler compounds RbCaYF (Y= C and N) using BoltzTrap code. The 
different parameters are presented on Figures 8 (a), (b), (c) and (d). 
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Figure 8. The variation of total electrical conductivity σ/τ (a), total thermal conductivity k/τ (b), total Seebeck coefficient S (c) 

and figure of merit ZT (d) as a function of temperature for RbCaYF (Y= C and N) compounds 

The temperature variation of electrical conductivity σ/τ is reported in Fig. 8 (a). We observe that the electrical 
conductivity of the two compounds is nearly zero at room temperature but increases exponentially with increasing 
temperature, at 1000 K it attains 4.24×1014 /Ωms and 102.56×1014 /Ωms for RbCaCF and RbCaNF, respectively, so 
RbCaNF shows high electric conductivity comparing to RbCaNF which is consistent with the band structure 
investigations. In Fig. 8(b), we present the variation of total thermal conductivity k/τ with temperature. It is obvious 
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that k/τ plots follow a similar trend as those of electrical conductivity σ/τ. The k/τ values show a negligible variation up 
to 750 k and increases at higher temperatures. It reaches 5.65×1010 /WK2ms and 77.31×1010 /WK2ms for RbCaCF and 
RbCaNF, respectively. Figure 8 (c) displays the variation of Seebeck coefficient with the temperature. As we can see, the 
Seebeck coefficient RbCaYF (Y= C and N) of the two Heusler compounds is positive for the entire temperature range 
which explains that the holes are dominant charge carriers, therefore RbCaYF are p-type materials essential in 
thermoelectric applications, such as power generation from waste heat and energy-efficient cooling devices. S decreases 
exponentially with increasing temperature. The values of Seebeck coefficient are 1150 μV/K and 862 μV/K for RbCaCF 
and RbCaNF at 1000 K respectively. Finally, we calculated the figure of merit ZT which is an essential parameter for 
assessing the efficiency of thermoelectric materials and devices. High ZT value indicates a more efficient thermoelectric 
material. A figure of merit ZT equal to 1 signifies that a thermoelectric material has achieved equilibrium between 
electrical conductivity, Seebeck coefficient, and thermal conductivity [35]. The variation of ZT with temperature for the 
two Heuslers alloys, is shown on Fig. 8(d), ZT decreases slightly in the large temperature range 200-1000 K, it stills close 
to the unity for the two compounds. These results suggest the excellent thermoelectric performance of these two d0 
Heuslers alloys signifying that they could be promising materials for applications in thermoelectric technologies in 
particular at high temperatures for example in industrial processes or power plants, so these materials can convert excess 
heat into electrical power which improves efficiency with reducing energy waste or in space Exploration, they can be 
very benefit, where they power spacecrafts and rovers.  
 

4. CONCLUSION 
To summarize, the structural, electronic magnetic and thermoelectric properties of new d0 quaternary Heuslers 

compounds RbCaYF (Y = C and N) are predicted using full-potential linearized augmented plane wave (FP-LAPW) 
method of density functional theory (DFT) within the generalized gradient approximation (GGA) and generalized gradient 
approximation plus Modified Becke and Johnson (GGA-mBJ). The stable type Y-type (III) configuration structure in the 
ferromagnetic state (FM) was energetically more favorable due to the lowest total energies of equilibrium states. The two 
systems are predicted to be HM ferromagnets with a large half metallic gap of 0.879, 0.672 eV using GGA, and 1.730, 
1.934 eV with mBJ for RbCaCF and RbCaNF respectively. The use of the modified Becke–Johnson exchange potential 
approximation (GGA-mBJ) improves the results found by the standard-GGA since it gives an apparent picture of the 
electronic structure at the Fermi level. The total magnetic moments µtot of RbCaCF and RbCaNF compounds are integer 
with 2µB and 1µB values respectively. The origin of ferromagnetism is the polarization of the p-orbitals of N and C atoms 
with an sp-hybridization. Additionally, the transport properties of the two compounds predict that the two compounds 
may perform well particularly at high temperatures. These materials exhibit high values of electric conductivity and figure 
of merit at 1000K where their application becomes particularly interesting nevertheless, further investigations are required 
to minimize thermal conductivity and enhance Seebeck coefficient at high temperatures. RbCaCF and RbCaNF d0 
Heusler alloys present high spin polarization, robust half-metallicity and high thermoelectric coefficients which makes 
them good candidates for spintronic and thermoelectric applications. In addition, our Heusler alloys have significant 
potential for enhancing embedded systems used in telecommunications through their use in spintronics, magnetic sensors, 
magnetoresistive devices and high-frequency applications. A good number of the investigated properties are reported for 
the first time and are opened for experimental verification. 
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МАГНІТНІ ТА ТЕРМОЕЛЕКТРИЧНІ ВЛАСТИВОСТІ СПЛАВІВ ГЕЙСЛЕРА RbCaYF(Y = C та N): 

ПЕРСПЕКТИВНІ КАНДИДАТИ ДЛЯ ВБУДОВАНИХ СИСТЕМ У ТЕЛЕКОМУНІКАЦІЯХ 
Хейра Банесa,b, Саліха Резініb, Амель Аббадa,b, Віссам Бенстааліa,b, Нуреддін Саїдіa,b, Омар Беларбіa,b 

aЛабораторія технологій та властивостей твердих тіл, Факультет наук і технологій, Університет Абдельхаміда Ібн 
Бадіса, Мостаганем, Алжир 

bФакультет наук і технологій, BP227, Університет Абдельхаміда Ібн Бадіса, Мостаганем (27000), Алжир 
На основі теорії функціоналу густини було проаналізовано структурні, електронні, магнітні та термоелектричні властивості 
нових четвертинних сплавів Гейслера d0 RbCaYF (Y = C та N) за допомогою розрахунків з перших принципів. Результати 
передбачають стабільне розташування атомів у фазі Y-типу (III) з феромагнітним порядком. Було виявлено, що дві сполуки є 
напівметалевими феромагнетиками (HMF) з цілочисельним магнітним моментом 2 µB для RbCaCF та 1 µB для RbCaNF. 
Спостережуваний феромагнетизм походить від поляризації p-Y орбіталей з sp2-гібридизацією. Крім того, RbCaCF та RbCaNF 
демонструють великі напівметалеві (HM) щілини 0,879, 0,672 еВ за допомогою узагальненого градієнтного наближення 
(GGA) та 1,730, 1,934 еВ відповідно за допомогою узагальненого градієнтного наближення модифікованого методу Бекке-
Джонсона (GGA-mBJ), демонструючи стабільні напівметалеві характеристики. Крім того, термоелектричні властивості були 
розраховані в широкому діапазоні температур. Два сплави Гейслера демонструють високі значення електропровідності та 
коефіцієнта якості, особливо за високих температур. Сплави Гейслера RbCaCF та RbCaNF d0 мають високу спінову 
поляризацію, стійку напівметалевість та високі термоелектричні коефіцієнти, що робить їх хорошими кандидатами для 
спінтроніки та термоелектричних застосувань, що призводить до багатообіцяючих удосконалень вбудованих систем у 
телекомунікаціях. 
Ключові слова: напівметал; d0 сплави Гейслера; вбудовані системи; термоелектричні властивості; телекомунікації; 
Wien2k 
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The diffusion profile of the RuO2 into silicate glass and the electrical resistance distribution across diffusion layer have been studied 
by beveled sample method and energy dispersion spectroscopy. The distribution of content of Ru atoms in the diffusion layer is 
described by the erfc(x) what means that the diffusion coefficient is independent of the content of Ru atoms. The correlation of the 
distribution of Ru atom content and the resistance distribution in the diffusion layer showed that it is the diffusion doping of glass that 
is responsible for the conductivity of thick-film resistors. Thickness of the diffusion layer is more than 100 μm while average distance 
between RuO2 particles is about 0.5-2 μm. It means that all volume of the thick-film resistor comes conductive in firing process at 
850°C in 10 minutes. 
Keywords: Beveled sample; Diffusion layer; Diffusion coefficient; Resistance distribution; Diffusion profile 
PACS: 72.80.Ng 

INTRODUCTION 
The conduction mechanism of thick film resistors has been the subject of research for more than 50 years [1-15]. 

The main efforts of researchers were aimed at explaining the mysterious minimum in the temperature dependence of 
resistance. Variable range hopping (Mott mechanism), percolation, tunneling through a thin layer of glass between 
crystalline dopant particles (conducting phase, mainly RuO2 or ruthenates) and combinations of these mechanisms have 
been proposed. All these proposals are based on the structure of thick-film resistors observed in an electron microscope 
and X-ray diffraction patterns, in which crystalline particles of the conducting phase are distributed almost uniformly in 
a glass matrix. Unfortunately, all these proposals could not explain experimentally observed temperature dependence of 
resistance, including “metallic” conductivity [13-15]. 

The maximums of resistance and Seebeck coefficient of thick-film resistors at a temperature of about 1000 K [16] 
have not attracted researchers. 

In [17, 18], based on a set of experimental data, another conductivity mechanism for thick-film resistors was 
proposed, suggesting 1) the existence of nanocrystals in the glass itself; 2) structural transitions in nanocrystals at high 
temperatures; 3) diffusion of atoms of the conducting phase into the glass during sintering and the formation of an impurity 
zone near the top of the valence band of the glass; 4) the conductivity of a thick-film resistor is the sum of activation 
conductivity along the impurity band and hopping conductivity across nanocrystals. This mechanism made it possible to 
qualitatively explain the temperature dependence of the conductivity of thick-film resistors in the temperature range from 
liquid helium to 1100 K. 

However, the assumption about the correlation between the diffusion of atoms of the conducting phase into glass 
and the conductivity of the glass itself has not been confirmed experimentally. 

The aim of this article is to experimentally confirm the correlation of the diffusion of atoms into glass and the 
electrical conductivity of the glass itself. 

EXPERIMENTAL METHOD 
Sample of glass for experiments has a composition (mass %) SiO2 – 33; PbO – 67 and was boiled at a temperature 

1773 K for 1 hour and cast into a steel mold with dimensions 20×4×4 mm. Cooled glass sample was annealed at 723 K for 
3 hours with cooling in a switched off furnace. The opposite wide faces of the sample were grinded parallel to each other 
and polished to mirror finish. A layer of RuO2 from an aqueous suspension (1 mass %) was deposited on one of the wide 
faces of the glass prism for 1 min and dried at 423 K for 1 hour. RuO2 diffusion into glass was carried out at 923 K for 5 
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hours (Fig. 1a). This low diffusion temperature was chosen to avoid softening the glass and changing the shape of the sample. 
After diffusion, the sample was polished at an angle of 0.5 degrees to the glass surface (beveled sample, Fig. 1b). 

At small polishing angles about 0.5° of a beveled sample, the distance x deep into the diffusion layer is related to 
the distance l along the surface of the sample as x = l tg φ ≈ l·φ = l·φ·π/180° ≈ l·0.5°/57.3° ≈ l/115, i.e. the diffusion length 
appears to be increased by approximately 115 times, and a displacement of 0.5 mm along the l axis (Fig. 1b) corresponds 
to a displacement along the x axis of 4.4 μm. This makes it possible to correlate the measured resistance distribution R(l) 
along the glass surface to the resistance distribution R(x) deep into the diffusion layer and compare the profiles of the 
distribution of atoms in the diffusion layer with the resistance distribution there. 

  
a b 

Figure 1. Sample of the glass after diffusion (a) and the beveled sample (b) 

The distribution of Ru atoms along and across the glass surface was measured on a JEOL JSM-IT200 scanning 
electron microscope with energy dispersive spectrometer (Uzbek-Japanese Innovation Center of Youth, TSTU, Tashkent, 
Uzbekistan). The resistance Rs distribution along the sample surface (Fig. 2) was measured using a simple-probe 
(spreading resistance probe – SRP) method [19, 20] with a digital multimeter Rigol DM3058E. The radius a of the tip of 
the tungsten carbide probe was about 50 μm. The resistivity ρ of the diffusion layer was calculated from the measured 
resistance Rs as ρ = 4aRs [19, 20].  

 
Figure 2. Simple-probe method. 

1 – mobile probe, Ω - ohmmeter (multimeter). Noise of the energy dispersive spectra was filtered by Fourier and inverse Fourier 
transform in Wolfram Mathematica 13 program, which also used to design all graphs 

 
RESULTS AND DISCUSSION 

Two types of experiments were carried out to determine the diffusion profile of Ru atoms into glass. In the first 
experiment, the diffusion profile was measured across the interface between the RuO2 layer and the glass surface (Fig. 3). 

  
a b 

Figure 3. The sample of the glass in the SEM chamber (a) and the scanning line (b): 1 – sample holder; 2 – glass sample; 3 – two-
sided conductive scotch tape. The scanning line in the Fig. 3b is perpendicular to the plane of Fig. 3a (along the x-axes in Fig. 2) 
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The sample of the glass after diffusion is shown in Fig. 3a in the SEM chamber and the scanning line for EDS 
analysis is in Fig. 3b. This experiment is basic for comparison with the profile, obtained in the second experiment – along 
the glass surface in beveled sample. Such a comparison is necessary due to the fact that it is impossible to measure the 
resistance distribution in a diffusion layer with a thickness of units and tens of micrometers, and to obtain this distribution 
we are forced to use a beveled sample. 

The original distribution of the EDS spectra of components in the diffusion layer (across the interface between the 
RuO2 layer and the glass surface, line 001 in the Fig. 3b) are shown in the Fig. 4. Note that the number of counts (intensity) 
in Fig. 4 and below is proportional to the concentration of the corresponding atoms (oxygen, silicon, lead and ruthenium). 

 
Figure 4. The original EDS spectra of the sample components along the line 001 in the Fig. 3b 

The total content of components in the diffusion layer is given in the Table. The content of SiO2 and PbO oxides, 
recalculated from these data, corresponds to the initial composition of the glass, while the RuO2 content is about 4 wt. %. 
Last fact contradicts to conclusion [21, 22], that solvability of RuO2 in a silicate glass is less 10-4 atomic %, and conforms 
results of Abdurakhmanov [23], Flachbart et al. [24].  
Table. The total content of the sample components from EDS analyses 

Element Line Mass% Atom% 
O K 44.38±0.15 82.47±0.28 
Si K 10.05±0.06 10.64±0.06 
Ru L 2.36±0.09 0.69±0.03 
Pb M 43.20±0.21 6.20±0.03 
Total  100 100 
Line_001_wholespectrum Fitting ratio 0.2875 

Apparently, the conclusion about the weak solubility of ruthenium dioxide in silicate glass arose from studies of the 
solubility of metallic ruthenium in various silicate melts, including those used for nuclear waste disposal [25-27]. Indeed, 
pure metals are poorly soluble in silicate melts, but the solubility of oxides of the same metals can be tens of wt. %. For 
example, the solubility of metallic lead in a silicate melt is hundredths of a percent, while PbO with SiO2 forms 
homogeneous glass with a PbO content of up to 90 wt. %. The glass we study in this article contains 67 wt. % PbO 

EDS spectrum of Ru with very intensive noise (Fig. 4) after filtration is shown in Fig. 5. The wide double maximum 
at 0,25 mm < x < 0,55 mm corresponds to the RuO2 layer (see Fig. 3b). Distribution of the Ru atoms in diffusion layer, 
described as I(x) = 10 + 320 erfc(1.8 x), indicates that the diffusion coefficient is constant (does not depend on the 
concentration of ruthenium atoms at the point in question).  

 
Figure 5. Filtered EDS spectrum of Ru across the diffusion layer (see Fig. 4).  

The dotted line is the approximation by the function 10 + 320 erfc(1.8 x) 

It is also seen that the diffusion length in the glass (about 0.335 mm) under diffusion conditions (873 K, 5 h) 
significantly exceeds the thickness of the glass layer (about 25 μm) and the diameter of the glass powder particles 
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(0.1-0.2 μm) in thick-film resistors. Standard firing duration of the thick-film resistors at peak temperature is τs = 10 min, so 
diffusion length ld will be shorter: 𝑙ୢ = 0.335ඥ𝜏ୱ/𝜏 = 0.06 mm. This once again confirms the conclusion of our previous 
studies [23, 30] that during sintering the entire volume of glass is doped almost uniformly and becomes conductive.  

In the second experiment, the distributions of the concentration of ruthenium atoms I(l) and the spreading resistance 
R(l) along the beveled sample were measured (Fig. 1b and Fig. 6). Since the length of the beveled sample is more than 
15 mm, and the maximal electronic scanning zone in the SEM is 3 mm, the total EMF was compiled by stitching together 
5 separate spectra (Fig. 6). This spectrum has been filtered by Fourier transform as well (Fig. 7). 

  
Figure 6. The original EDS spectrum of the Ru along the diffusion 
layer, stitched from 5 separate scan sections 

Figure 7. The filtered EDS spectrum of the Ru along the 
diffusion layer. The dotted line –function 5 + 1600 
erfc(0.195 l). The meaning of the lower and upper scales, see 
Fig. 1b 

One can estimate the diffusion coefficient D(873 K) from the data in Fig. 7, keeping in the mind that erfc(0) = 1 and 
erfc(1) = 0.1559. The initial intensity of the EDS spectra I0 = I(x = 0.53) ≈ 55 counts, therefore the intensity 
I0·erfc(1) = 55·0.1559 = 8.57 is achieved at the point x = 1.2 – 0.53 = 0.67 mm. Taking into account the fact that the 
argument of the function erfc(z) is equal to z = x/2ld, we have ld = x/2 ≈ 0.335 mm. Then 𝐷ሺ873 Kሻ = 𝑙ௗଶ/𝜏 ≈ ሺ3.35 ∙ 10ିସሻଶ/18000 ≈ 6.2 ∙ 10ିଵଶ m2/s, which is in good agreement with data on diffusion in oxide glasses [28, 29]. 

The rescaled distribution of the Ru atoms in Fig. 7, described as 5 + 1600 erfc(0.195 l), agrees well with the similar 
distribution in Fig. 5. The double maximum at 0,25 mm < x < 0,55 mm corresponds to unpolished layer of RuO2 (see 
above on Fig. 5). This confirms the possibility of using a beveled sample to establish a correlation between the 
concentration of ruthenium atoms and the resistivity distribution in the diffusion layer. 

 
Distribution of resistivity in the diffusion layer 

Distribution of spread resistance Rs(l) and resistivity ρ(l) along beveled sample is shown in Fig. 8. This distribution 
consists of two parts: 1) a linear part at x < 5 mm, corresponding to the unpolished RuO2 layer on the glass; 2) nonlinear 
part at x > 4 mm, described by the function 𝑅ୱሺ𝑙ሻ = 0.9 + 0.185 𝑙 ((1 − 0.065 𝑙)erfc(0.023 𝑙))⁄ . 

 
Figure 8. The spread resistance Rs and resistivity ρ distribution along (lower scale) and across (upper scale) the diffusion layer 
(Fig. 2). The dotted line is the function Rs(l) = 0.0011 + 0.551 l, the solid line is the function 𝑅ୱ(𝑙) = 0.9 +0.185 𝑙 ((1 − 0.065 𝑙)erfc(0.023 𝑙))⁄ . See text for explanations of these functions 

We are not interested in the linear part of R(l) in the context of this article, and let us consider its second part in more 
detail. The nonlinear function R(l) above may be expressed as 



379
Impact of Ruthenium Diffusion on the Electrical Properties of Thick Film Resistors   EEJP. 3 (2025)

 𝑅ୱ(𝑙) = 0.9 + 0.185𝑙(1 − 0.065𝑙)ିଵ/erfc൫𝑙/√𝐷𝜏൯, (1) 

with 1/√𝐷𝜏 = 0.023 mmିଵ. Here coefficient 0.185 includes all the constant parameters of the experiment, i. e. radius a 
of the movable probe for the spread resistance Rs = ρ/4a, geometric factors (namely, the constant width of the beveled 
sample), elementary charge e and the mobility of charge carriers (holes) μh, etc. The material resistivity ρ is considered 
to be inversely proportional to the charge carrier concentration p, which in turn is proportional to the concentration of 
ruthenium atoms or intensity of EDS spectrum for Ru (Fig. 6). This consideration is expressed by the multiplier 1/erfc൫𝑙/√𝐷𝜏൯. 

The factor 𝑙/(1 − 0.065𝑙) reflects a change in the geometry of the beveled sample – an increase in the distance 
between the fixed contact and moving probe (l in the numerator) and a decrease in the cross-section of the sample with 
distance (1 – 0.065 l in the denominator) in accordance with the definition of the conductor resistance R = ρ·l/s (s is the 
cross-sectional area of the conductor). 

The distribution of ruthenium atoms in the diffusion layer (Fig. 5 and 8) and the distribution of resistivity in the 
same layer (Fig. 9) are in good agreement with each other. This means that the entire volume of the thick-film resistor is 
involved in electrical conductivity, but not only conducting chains (endless clusters) formed from dopant (conducting 
phase) particles. 

The fact that the entire volume of a thick-film resistor is electrically conductive is also evidenced by an experiment 
with laser scribing along current lines [30] and a study of the distribution of piezosensitivity on the nanoscale across the 
interface glass-RuO2 layer [31-33]. 

Totokawa et al. [31-33] have showed that thin film of bismuth-borosilicate glass, doped with ruthenium, 1) contents 
trivalent as well as tetravalent states of ruthenium; 2) exhibits electrical conductivity, that can be described as variable 
range hopping; 3) has high strain sensitivity due to the spatial expansion of wave functions of charge carriers (holes) in 
localized states; 4) ruthenium atoms diffuse into the glass during firing; 5) the diffusion coefficient of Ru into bismuth-
borosilicate glass is about 1.4⋅10−13 m2/s and the diffusion length is about 100 nm; 6) piezoresistive properties depend on 
the distance from the interface of layers of glass and RuO2. 

It should be noted based on the results of works [31-33] that the dependence of piezoresistive properties on the 
distance from the interface between glass and RuO2 layers indicates a correlation of these properties with the concentration 
of Ru atoms, but the distribution of resistance depending on this distance has not been studied. 

Abe et al. [34, 35] studied the diffusion of atoms from a RuO2 layer into a glass and vice versa, glass atoms into a 
ruthenium dioxide layer, using energy dispersive spectrometry. It turned out that ruthenium atoms diffuse into glass to a 
depth of more than 1 μm, while the diameter of glass particles in pastes for thick-film resistors is less than 1-2 μm, i.e. 
the entire layer of glass between the dopant particles is doped fairly uniformly. However, the correlation between such 
glass doping and the electrical conductivity of resistors has not been studied by these authors.  

The series of temperature characteristics of resistance for thick film resistors and their analyses from the point of 
view of possible mechanisms responsible for R(T) are discussed in [13, 36]. The consideration is carried out mainly with 
an emphasis on the metallic conductivity of RuO2, as in many other publications [1-15], [37-41] and therefore sufficient 
correlation with experimental data was not achieved. 

The authors hope that the results presented here can help in elucidating the role of glass phase and dopant particles 
in the mechanism of electrical conductivity of thick film resistors. 

In the future, it is necessary to study in more detail the diffusion of transition metal atoms from their oxides into 
glass for a better understanding of the mechanism of electrical conductivity of thick film resistors. 

 
CONCLUSIONS 

The experiment showed that in silicate glass the distribution of the concentration of ruthenium atoms N(x) and the 
electrical conductivity σ(x) = 1/ρ(x) along the depth of the diffusion layer obey the same law erfc(x). This confirms that 

1) the diffusion coefficient D of ruthenium atoms in silicate glass is constant and does not depend on their 
concentration; 

2) due to the diffusion of ruthenium atoms, the glass itself becomes electrically conductive;  
3) the electrical conductivity of glass is proportional to the concentration of ruthenium atoms. At 873 K over a 

duration of 5 hours, the diffusion length of Ru atoms in lead-silicate glass was determined to be ld = 0.335 mm based on 
energy-dispersive spectroscopy data. This value significantly exceeds the diameter of the glass particles typically used in 
thick-film resistor pastes, indicating that the entire glass volume is uniformly doped. The corresponding diffusion 
coefficient was estimated to be D(873 K) = 6.2 × 10⁻¹² m²/s, in good agreement with known values for diffusion in oxide 
glasses. 
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Профіль дифузії RuO2 у силікатне скло та розподіл електричного опору по дифузійному шару досліджували методом скошеного 
зразка та енергетично-дисперсійної спектроскопії. Розподіл вмісту атомів Ru в дифузійному шарі описується erfc(x), що означає, 
що коефіцієнт дифузії не залежить від вмісту атомів Ru. Кореляція розподілу вмісту атомів Ru та розподілу опору в дифузійному 
шарі показала, що саме дифузійне легування скла відповідає за провідність товстоплівкових резисторів. Товщина дифузійного 
шару становить понад 100 мкм, а середня відстань між частинками RuO2 становить близько 0,5-2 мкм. Це означає, що весь об'єм 
товстоплівкового резистора стає провідним в процесі випалу при 850°C протягом 10 хвилин. 
Ключові слова: скошений зразок; дифузійний шар; коефіцієнт дифузії; розподіл опору; дифузійний профіль 
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The research studied ZnO thin films containing 3 at.% sulphur (S) on silicon (1 μm) through Geant4 simulations for radiation analysis. 
Analysis of ZnO thin films (400 nm) doped with 3 at.% sulphur (S) on a 1 μm thick silicon substrate through Monte Carlo simulation 
platform Geant4 considered energy absorption together with particle penetration depth and ionization and secondary electron 
generation and optical property changes as the study examined different electron radiation energies from 3 keV to 10 keV. The ZnO:S 
layer absorbed most of the incoming electron energy in the 3-5 keV range which produced increases in defects near the surface while 
ionization occurred. When electrons used 9-10 keV energies they penetrated the full substrate layer which caused silicon to receive 
most of the energy absorption. The highest change in parameters occurred at the film-substrate junction when the energy reached 7 
keV. All modeling findings demonstrated that the total absorbed energy together with secondary electron production and defect density 
reaching up to 10⁷ increased rapidly with electron energy acceleration. The decrease in optical properties occurs because defects exist 
at different depths while energy absorption takes place. Electrical and optical characteristics of ZnO:S/Si can be regulated through 
electron irradiation procedures according to this research. Results from this study will function as fundamentals for creating sensors 
and optoelectronic devices and protective coatings which operate effectively under high radiation conditions. 
Keywords: Monte Carlo; Energy absorption; Electron energy; Depth; Displacement; Simulation 
PACS: 78.30.Am 

INTRODUCTION 
The development of modern technology demands improved material resistance against extreme conditions which 

include high radiation and hadron beam and cosmic particle exposure [1]. The long-lasting operational stability and reli-
ability of materials important for equipment which serves nuclear power applications as well as space exploration and 
medical radiation therapy. Material surfaces along with atom structures remain the most radiation-sensitive features be-
cause exposure produces drastic shifts in electrophysical and optical and mechanical properties [2]. Materials science 
focuses on developing functional materials operating under radiation conditions while predicting their responses which 
poses a key challenge for modern research. 

Zinc oxide (ZnO) represents a semiconductor material that finds extensive implementation in optoelectronics hard-
ware and sensors as well as catalytic devices [3]. Research data about the radiation stability of ZnO remains insufficient. 
Research findings indicate that ZnO gains enhanced radiation resistance through appropriate doping with sulfur together 
with aluminium and nitrogen. The addition of sulphur (S) elements demonstrates both strength in crystal lattice structure 
while modifying electronic structure which leads to enhanced radiation sensitivity. Researchers have not conducted a 
comprehensive investigation regarding the response of ZnO thin films containing sulphur (ZnO:S) to electrons across 
multiple energy levels plus their relationship with the substrate. 

The research investigates both theoretical and experimental aspects of the radiation behavior in ZnO:S films with 
3 at.% sulfur doped on a 1 µm silicon substrate measuring 400 nm thick. GEANT4 simulated the material response from 
electrons in the 3 to 10 keV energy range. The research evaluated these parameters extensively at each energy level. 

MODEL STRUCTURE AND METHODOLOGY 
Material and structure description. 
In this study, a heterostructure consisting of a thin film of sulfur-doped zinc oxide (ZnO:S) with a concentration of 

3 at.%, 400 nm thick, deposited on a 1 µm thick single-crystal silicon substrate was considered. Due to their high optical 
transparency and wide band gap, ZnO:S films are considered as a promising material for applications in optoelectronics 
and sensor technologies. Sulfur doping significantly improves both the electrical and optical properties of ZnO, making 
this material particularly suitable for use in radiation-sensitive devices [4]. 

The Geant4 modeling environment. 
Geant4 is a widely used Monte Carlo platform for modeling the interaction of particles with matter, successfully 

used in high-energy physics, astrophysics, and radiation detector design [5]. In this study, the interaction of electrons with 
energies of 3, 5, 7, 9 and 10 keV with ZnO:S/Si heterostructure was simulated using the Geant4 platform. The simulation 
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addressed key physical processes including energy absorption within the material, electron penetration depth, ionization 
and excitation probabilities from electron-atom collisions, generation of low-energy secondary electrons arising from 
primary electron interactions, and formation of radiation-induced defects such as vacancies and interstitial atoms. 
Additionally, changes in optical parameters such as transmission and absorption coefficients were monitored and analyzed. 

Simulation parameters. 
During the simulations, 10⁶ electrons for each energy level were perpendicularly directed onto the surface of the 

ZnO:S thin film. The physical properties of the ZnO:S and Si materials were precisely set in the Geant4 environment. 
The simulation results allowed a detailed analysis of the distribution of absorbed energy, particle penetration depth and 
ionization probability throughout the structure. 

Energy Absorption (Energy Deposition). 
Energy absorption (edep) is the process of electron particles transferring kinetic energy to the environment as they 

interact with matter through ionization, excitation, or other inelastic collisions. The layers of a material in which electron 
energy absorption occurs has a significant effect on its electromagnetic, thermal, and optical properties. The depth 
distribution of the absorbed energy makes it possible to determine the most radiation-sensitive regions of the material [6,7]. 

The absorbed energy profile in the Geant4 simulation is determined based on the calculation of the energy density 
distributed in each elementary layer of the material: 

 𝐸ௗ௘௣ሺ𝑧ሻ = ௗாௗ௭   (1) 

where 𝐸ௗ௘௣ሺ𝑧ሻ- is the absorbed energy at depth 𝑧 (ெ௘௏ఓ௠ ), 𝑑𝑧 – is the thickness of the elementary layer. 
 

RESULTS AND DISCUSSION 
At 3 keV, about 68% of the electron energy is absorbed in the ZnO:S film, and ~32% in the Si substrate. This indicates 

that 3 keV electrons do not penetrate far into the silicon; the ZnO:S layer absorbs the majority of their energy. At 5 keV, a 
similar trend is seen (about 62% in ZnO:S vs 38% in Si). By 7 keV, the split is roughly 56% in ZnO:S and 44% in Si, 
indicating that electrons are now depositing significant energy in the substrate as well. The interface region around the 
boundary of the film and substrate is receiving a lot of energy at this energy. The total energy absorbed also increases with 
energy (more energetic electrons have more energy to give), reaching ~125 MeV for 7 keV electrons (per million electrons). 
A dramatic change occurs at 9 keV: only ~40% of the energy is absorbed in the ZnO:S film, while ~60% is absorbed in Si. 
At 10 keV, the partition is ~42% in ZnO:S vs 58% in Si. In absolute terms, the silicon substrate at 9-10 keV is absorbing 
roughly 300 MeV from the million electrons, which is an order of magnitude more energy than it absorbed at 3–5 keV. This 
means high-energy electrons pass through the thin film and deposit most of their energy deeper in the structure (i.e., in the 
substrate). These results clearly show that lower-energy electrons primarily damage the ZnO:S thin film, whereas higher-
energy electrons primarily damage the silicon substrate. The 7 keV case is intermediate, with substantial energy deposition 
in both layers, especially near their interface. This has implications for where defects will form (discussed later). The total 
absorbed energy does not scale linearly with incident energy because not all incident energy is absorbed – some energy may 
escape as backscattered electrons or X-rays. Interestingly, the total absorbed energy at 10 keV is slightly less than at 9 keV 
in our simulation (518 MeV vs 530 MeV for 106 electrons). This is because a small fraction of 10 keV electrons likely passed 
completely through the 1.4 µm total thickness without depositing all their energy, or produced bremsstrahlung photons that 
carried energy away. Thus, 9 keV appears to be the most efficient at depositing energy in this structure (given its size), 
whereas at 10 keV some energy starts to “leak” out. The depth distribution of the energy deposition reveals more. For 3 keV 
electrons, the energy is deposited very superficially – within the first few hundred nanometers of the ZnO:S film (as 
evidenced by 400 nm being the penetration range). For 5 keV, energy deposition extends to the ZnO:S/Si interface. At 7 keV, 
a significant energy deposition peak occurs at the interface (around 400 nm depth). For 9 and 10 keV, the energy deposition 
profile peaks inside the silicon substrate (~700–800 nm deep) and then trails off. In essence, as electron energy increases, 
the zone of energy absorption (and hence potential damage) moves deeper. Practically, if one wanted to protect the substrate 
from radiation, using lower electron energies would be worse (since the film cannot stop the radiation and the substrate still 
gets hit at higher energy like 9–10 keV). Conversely, if one wanted to minimize damage to the thin film, very high energy 
electrons would mostly bypass it and deposit energy in the substrate. This trade-off needs to be considered in design: for 
example, a thin ZnO film on Si used as a sensor might be badly damaged by a few-keV electrons on its surface, whereas 
higher-energy electrons would harm the substrate electronics more. 
Table 1. Changes in energy distribution under the influence of electron energy in the ZnO:S/Si heterostructure(eal09). 

Energy of one electron Absorbed energy in the ZnO:S layer Absorbed energy in the Si substrate Total absorbed energy 

3 keV 58.6 MeV (68.1%) 27.4 MeV (31.9%) 86.0 MeV 
5 keV 62.8 MeV (62.1%) 38.4 MeV (37.9%) 101.2 MeV 
7 keV ~70 MeV ~55 MeV ~125 MeV 
9 keV 214.67 MeV 315.22 MeV 529.89 MeV 

10 keV 216.52 MeV 301.54 MeV 518.06 MeV 
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The changes in the distribution of absorbed energy between the ZnO:S layer and the silicon substrate under varying 
electron energies are summarized in Table 1. As the electron energy increases, a shift in energy absorption from the ZnO:S 
film to the Si substrate is clearly observed, confirming the dependence of energy deposition on the penetration capability 
of incident particles. 

Penetration Depth. 
The electron penetration depth is the maximum distance that particles can penetrate a material before losing all of 

their energy. This parameter plays an important role in assessing how far the effects of irradiation extend into the structure 
under investigation. The following relationship is used to estimate the penetration depth: 

 𝑅௣ ∝ ாబ೙ఘ   (2) 

where Rp is the average electron penetration depth, E0 is the initial energy of the incoming electron (keV), ρ is the density 
of the material (g/cm³), n≈1.35 is an empirical indicator depending on the nature of the material (for organic substances 
it is usually in the range of 1.3–1.7) [8]. In cases of strong scattering, electrons can deviate from the rectilinear trajectory, 
but in most cases the area of maximum energy absorption is located near the maximum penetration depth. 

The correlation between incident electron energy and the corresponding penetration depth is detailed in Table 2. 
The data indicate that low-energy electrons are primarily absorbed in the ZnO:S layer, while high-energy electrons 
penetrate deeper into the silicon substrate. 
Table 2. Penetration depth and zone of influence in films depending on electron energy (eal16, eal09, eal03, eal11) 

Energy (keV) Maximum penetration depth (nm) Depth of interaction region 
3 keV ~400–450 nm Predominantly within the ZnO:S layer 
5 keV ~600–700 nm ZnO:S + interfacial boundary 
7 keV ~800 nm ZnO:S + interface with silicon 
9 keV ~900 nm Predominantly in silicon 

10 keV ≥ 900 nm In the lower regions of the silicon substrate 

At energies of 3 keV electrons are completely absorbed within the ZnO:S layer, whereas at energies of 9-10 keV 
they penetrate entirely into the silicon substrate. In the region around 7 keV, a maximum change of parameters at the 
boundary between the film and the substrate is possible. 

Ionization and Excitation Probability (Ionization and Excitation Probability) 
Ionization and excitation probability is the probability that the interaction of particles with matter will result in the 

knocking out of an electron from an atom or molecule (ionization) or the transfer of an electron to a higher energy level 
(excitation). These processes are the main mechanisms of energy absorption during electron irradiation. 
The probability of ionization can be described using the Bethe formula [9]: 

 ௗாௗ௫ = 4𝜋 ௓஺ ேಲ௥೐మ௠೐௖మఉమ ቂ𝑙𝑛 ቀଶ௠೐௖మఉమఊమ ೘்ೌೣூమ ቁ − 2𝛽ଶቃ  (3) 

Where ௗாௗ௫ – is the energy loss for ionization (stopping power), 𝑍 – atomic number of the target, 𝐴– atomic mass of the 
target, 𝛽 = ௩௖ , 𝛾– Lorentz factors, 𝑇௠௔௫– maximum energy that can be transferred to an electron during knockout, 𝐼 – 
ionization potential of the substance (for ZnO ~103 eV, for Si ~173 eV) [10,11]. 

The ionization probability depends directly on the energy of the particle and the frequency of its collisions with the 
atoms of the substance. At higher energy, the ionization probability also increases. 

The spatial characteristics of ionization zones at various electron energies are presented in Table 3. This table 
highlights how the location and extent of ionization shift with increasing energy, moving from the film toward the 
substrate. 
Table 3. Depth ranges and peak locations of ionization zones in ZnO:S/Si heterostructure under electron irradiation (LMCG72) 

Energy (keV) Depth of ionization zone Area with maximum probability 
3 keV 200–400 nm (ZnO:S) ~300 nm 
5 keV 300–600 nm (ZnO:S–Si) ~400–500 nm 
7 keV 400–800 nm (interfeys) ~600 nm 
9 keV 500–900 nm (Si) ~750–800 nm 

10 keV 600–900+ nm (Si) ~850–900 nm 

Simulation results showed that with increasing electron energy, the ionization region shifts to the depth of the 
structure. At energies of 3-5 keV, the main number of collisions occurs in the ZnO:S film, whereas at energies of 9-10 
keV, ionization is observed predominantly in the silicon substrate. In many cases, the ionization probability is considered 
to be linearly dependent on the absorbed energy: 

 𝑃௜௢௡(𝑧) ∝ ௗாௗ௭  (4) 
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i.e., the amount of absorbed energy at a certain depth directly corresponds to the ionization probability in this region. This 
approach agrees well with the energy distribution plot obtained using simulations in Geant4. 

The ionization process leads to the generation of electron-hole pairs, which in turn enhances secondary phenomena: 
along with ionization, a significant number of secondary electrons are formed. Each act of ionization increases the 
probability of damage to the crystal lattice. 

Generation of Secondary Electrons (Secondary Electrons) 
Secondary electrons are low-energy electrons knocked out as a result of interaction of high-energy primary particles (e.g., 
electrons) with matter. Typically, the energy of such electrons is less than 50 eV and ionization processes or inelastic 
collisions [12] form them. The following expression can estimate the number of secondary electrons: 

 𝑁௦௘௖ ≈ ா೏೐೛ௐ   (5) 

where 𝑁௦௘௖ – number of generated secondary electrons, 𝐸ௗ௘௣  – absorbed energy (in eV), 𝑊  – is the average energy 
required to generate one secondary electron (for ZnO it is about 30-35 eV) [13]. 
Table 4. Total absorbed energy and estimated secondary electron yield in the ZnO:S/Si structure for different electron energies (per 106 
incident electrons) (eal16, JA09, SA03) 

Electron energy (keV) Total absorbed energy in the ZnO:S/Si structure (MeV) Estimated number of secondary electrons 
3 keV ~86 ≈ 2.9 × 10⁶ 
5 keV ~101.2 ≈ 3.4 × 10⁶ 
7 keV ~125 ≈ 4.1 × 10⁶ 
9 keV 529.89 ≈ 1.76 × 10⁷ 

10 keV 518.06 ≈ 1.73 × 10⁷ 

The estimated yield of secondary electrons as a function of absorbed energy at each electron energy level is shown 
in Table 4. As demonstrated, secondary electron production increases significantly with higher primary electron energy. 

At 3 keV, the total energy absorbed (~86 MeV) would generate on the order of 2.9 million secondary electrons (if 
30 eV generates one SE, 86 Me ≈ 2.9 × 10⁶). This means each 3 keV primary electron produces on average ~3 secondary 
electrons (since ≈ 2.9 × 10⁶ secondaries for 106 primaries). At 5 keV, this rises to about ~3.4 million secondaries, roughly 
3–4 per primary. At 7 keV, ~4.1 million secondaries (about 4 per primary). When we go to 9 keV, the number jumps 
dramatically: ~1.76×107 secondary electrons for 106 primaries, which is ~17–18 secondary electrons per primary electron. 
Similarly at 10 keV, ~1.73×107 secondaries (also ~17 per primary). The large increase from 7 keV to 9 keV correlates 
with the large increase in total energy deposited by those higher-energy electrons. This exponential increase is expected 
because higher-energy electrons undergo more collisions and travel further, thus they have more opportunities to ionize 
atoms and produce secondary electrons. Additionally, when the electrons penetrate into the higher-density Si, they may 
produce more secondaries (Si has more electrons per cc to ionize compared to ZnO). The presence of such a high number 
of secondary electrons has several consequences: 

Energy Deposition Cascade: Many of these secondary electrons (which have energies of a few eV to a few tens 
of eV) will deposit their energy very locally, causing localized heating and further ionization in their immediate vicinity. 
Surface Charging: A significant fraction of secondary electrons that are created near the surface of the ZnO film can 
escape the material entirely (especially those generated within ~10 nm of the surface). If many electrons leave the 
ZnO:S film, the film could become positively charged. Conversely, some secondaries might get trapped in defects, 
causing negative charging. This is relevant for devices, as charge buildup can alter electrical behavior. Induced 
Conductivity: Secondary electrons (and the holes left behind) can contribute to a temporary increase in electrical 
conductivity (as they are essentially free carriers until they recombine or get trapped). At high irradiation flux, this can 
lead to radiation-induced currents in the material. Imaging and Luminescence: Secondary electrons are the basis for 
SEM imaging contrast. Also, some of the excited electrons can cause luminescence (cathodoluminescence) if they 
recombine radiatively. ZnO is known to exhibit cathodoluminescence (often in the green due to oxygen vacancies), so 
electron irradiation could induce light emission from the ZnO:S film via the creation of secondary electrons and holes. 
Our simulation qualitatively noted that for 9 keV and 10 keV runs, there was a cloud of low-energy electrons near the 
surface – these are the secondary electrons being emitted. The yield of secondaries per primary (~17) at 9–10 keV is 
high but within reason for materials with moderate atomic number. (For reference, materials often have a secondary 
electron yield peak around a few hundred eV primary energy, but here we are dealing with multiple inelastic collisions 
from a keV primary leading to many secondaries in total.) In summary, as electron energy increases, not only do we 
get deeper penetration and more total damage, but we also get a disproportionately larger number of secondary 
electrons. This secondary electron avalanche effect means higher-energy irradiation can induce a lot more indirect 
effects (like charging and further local ionization) compared to lower-energy irradiation. [11]. 

Defect Formation 
As a result of particle irradiation, energetic defects are generated within the material. The main types of defects 

include: 
Vacancies (missing atoms from lattice sites), interstitials (atoms located in interstitial positions), Frenkel pairs (a 

vacancy paired with an interstitial atom), displacement damage (an atom is displaced from its lattice site). 
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Electron irradiation at keV energy levels typically has a low probability of directly displacing lattice atoms. However, 
due to high particle flux and the influence of secondary electrons, local energy density can increase, resulting in defect 
formation [15]. To estimate the number of defects, the classical formula is used: 

 N = ா೏೐೛ா೏   (6) 

where N is the number of defects, 𝐸ௗ௘௣ is the total energy deposited in the film (in eV), 𝐸ௗ is the displacement energy 
required to displace an atom from its lattice site; for ZnO: 𝐸ௗ ≈ 20 − 30𝑒𝑉 ; for Si: 𝐸ௗ ≈ 15𝑒𝑉 [16]. 
Table 5. Correlation between electron energy, deposited energy, and estimated defect count in ZnO:S/Si heterostructure (BM60, MC70, 
NHR85). 

Energy (keV) Edep (MeV) Estimated number of defects (ZnO:S + Si) 

3 keV ~86 ≈ 2.9 × 10⁶ (assuming E_d = 30 eV) 
5 keV ~101 ≈ 3.4 × 10⁶ 
7 keV ~125 ≈ 4.1 × 10⁶ 
9 keV 529.89 ≈ 1.76 × 10⁷ 

10 keV 518.06 ≈ 1.73 × 10⁷ 

The relationship between electron energy, total deposited energy, and the estimated number of radiation-induced 
defects is presented in Table 5. The results demonstrate a substantial increase in defect formation at energies above 7 keV. 
High-energy electron radiation dramatically increases the probability of defects in materials. In particular, in the energy 
range of 9–10 keV, the number of defects can reach several million, which reduces the structural stability of the material 
and has a direct negative impact on its main properties, such as electrical conductivity and optical properties. The increase 
in radiation defects occurs mainly as a result of electrons penetrating the material at high energy levels (e.g., above 7 keV). 
This phenomenon can cause structural distortions (crystal lattice deformations) and functional failures (e.g., reduction of 
electrical signals, changes in light absorption), especially in ZnO:S/Si-based devices. Also, the sharp increase in the 
number of defects with increasing energy significantly reduces the reliability and service life of the materials. 

 
Figure 1. Estimated number of radiation-induced defects in ZnO:S/Si heterostructure as a function of incident electron energy (3–
10 keV) (NSJC04, Ste03). 

The dependence of the number of radiation-induced defects on the incident electron energy is illustrated in Figure 
1. The figure reflects an exponential rise in defect count as the energy increases from 3 to 10 keV. The defect count 
increases rapidly with electron energy, indicating enhanced structural degradation at higher irradiation levels. 

Optical Properties: Transmittance and Absorbance 
After electron irradiation, the formation of defects, ionization zones, and structural disorders in the material directly 

affects its optical properties. The main changes observed include: 
- Transmittance (T): the ratio of light passing through the material to the total incident light. 
- Absorbance (A): the amount of light absorbed by the material. 

The following expression describes the relationship between these two parameters: 

 𝑇 = ூ೟ூబ, 𝐴 = −𝑙𝑜𝑔ଵ଴(𝑇) (7) 

Alternatively, the depth-dependent absorption of light is described by the Lambert–Beer law: 

 𝐼(𝑧) = 𝐼଴ ∙ 𝑒ିఈ௭, (8) 
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where I(z) is the light intensity remaining at depth z, α is the absorption coefficient, z is the material depth (nm or µm) [17]. 
In the simulation, optical behavior was analyzed based on the depth-wise energy deposition. 

The qualitative trends in optical transmittance and absorbance of the ZnO:S/Si structure following irradiation are 
listed in Table 6. It shows a clear degradation of transparency with increasing electron energy due to the growth of 
radiation-induced defects. 
Table 6. Qualitative trends in optical transmittance and absorbance of ZnO:S/Si after electron irradiation (Hub97) 

Energy (keV) Transmittance (trend) Absorbance (trend) Note 

3 keV High (>90%) Very low Defects mainly near surface; minimal optical impact in bulk 
ZnO 

5 keV Slightly reduced Slightly increased More defects through film; some haze or absorption emerging 
7 keV Moderately reduced Increased High defect density at interface; noticeable drop in transparency 

9 keV Low High Significant damage to film and substrate; film visibly less 
transparent 

10 keV Very low (<40%) Very high Severe structural damage; film likely visibly opaque/turbid 

At 3 keV, since the defects are mostly near the surface of the ZnO film and relatively fewer in number, the film’s 
transparency is mostly retained. We would expect >90% of the original transmittance to remain (for wavelengths above the 
band edge), and only a very slight increase in absorbance due to perhaps some color centers on the surface. At 5 keV, the 
ZnO:S film has more defects distributed through its thickness, so there could be a minor reduction in transparency – perhaps 
the film might show a faint coloration or scattering. The absorbance might increase a bit (maybe a few percent of light is 
now absorbed/scattered by defect states). By 7 keV, the optical clarity of the film likely degrades more noticeably. The defect 
density is high, especially near the interface (which might affect how light passes into the substrate or reflects back). The 
transmittance of the film could drop (for instance, if initially 90% it might drop to something like 70–80%, depending on 
defect types). Absorbance (or diffuse scattering) in the film increases. This means the film might appear less transparent or 
“cloudier”. At 9 keV, the ZnO:S film is heavily damaged and the substrate is also damaged. The film’s transmittance might 
become quite low – potentially it could become translucent rather than transparent. Additionally, since the substrate (Si) is 
not transparent in the visible, if one considered the whole structure, obviously it’s opaque normally. But considering just the 
film’s optical properties (like using it as a waveguide layer), the introduction of defects would increase optical losses 
significantly. At 10 keV, the film likely has so many defects (and perhaps microstructural damage) that it could appear visibly 
darker or opaquer. The term “<40%” in Table 6 is a rough estimate to indicate a large reduction. Absorbance would be very 
high – many photons would be absorbed by defect states or scattered out of the film. The structural damage at this point (like 
broken bonds, possibly nano-cracks from intense collision cascades) would drastically impair optical transmission. It is 
important to note that these are qualitative trends. For a precise assessment, one would perform optical measurements (e.g., 
measure the transmission spectrum of the film before and after irradiation). However, our simulation results strongly suggest 
the trend: higher electron energies lead to greater optical degradation. This is consistent with experimental reports on 
irradiated ZnO, where optical absorption in the visible often increases after high-dose irradiation due to defect creation. One 
particular optical effect to mention: ZnO often exhibits a characteristic green luminescence when oxygen vacancies are 
present. If our irradiation creates a lot of oxygen vacancies, the film might show increased green luminescence under UV 
excitation (or under electron excitation, i.e., cathodoluminescence). So, while transmission decreases, defect-related light 
emission might increase. The manuscript focuses on transmission/absorption, but this is an interesting side note – radiation 
can turn ZnO into a more optically active (but less transparent) material by introducing luminescent centers. In summary, the 
ZnO:S/Si heterostructure’s optical transparency is inversely related to the electron irradiation energy: low-energy electrons 
leave the film mostly transparent, whereas high-energy electrons significantly reduce its transparency. This must be 
considered for any optical applications of such films in radiation environments. The results imply that by adjusting electron 
energy (or dose), one could even tune the optical properties (though at the cost of introducing damage). (Figure 2 could 
illustrate, for example, the penetration depth vs energy, indirectly showing how deeper penetration (higher energy) correlates 
with more uniform damage through the film and thus more optical loss. However, since it’s more directly a penetration figure, 
it might not explicitly show optical changes.) 

 
Figure 2. Maximum penetration depth of electrons in ZnO:S/Si heterostructure (MC70, NHR85, BM60) 
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Figure 2 illustrates the nonlinear dependence of electron penetration depth on incident energy in the 3–10 keV range. 
As the energy increases, electrons penetrate progressively deeper into the material, with depths exceeding 1 µm at the 
highest energies. This trend confirms that high-energy electrons induce significant structural modifications within the 
deeper regions of the silicon substrate. 

 
CONCLUSIONS 

The authors use Geant4-based Monte Carlo simulations to deliver comprehensive research findings regarding the 
structural and optical effects that radiation produces in ZnO:S/Si heterostructures. All parameters examined in this study 
demonstrate dependence on electron energy levels which control the deposition of energy as well as ionization production 
and secondary electron generation and defect initiation and optical behavior changes. 

The radiation affects the semiconductor primarily at the top layers including the outer surface and the ZnO:S material 
zone when using electrons with low kinetic energies (3–5 keV). Electrons at higher energies (9–10 keV) manage to pass 
through the silicon substrate layer where they create extensive energy deposition sites along with a large amount of 
material defects. Changes in material structure lead directly to reduced transmittance along with higher absorption which 
badly impacts the optical transparency and device performance. 

The study shows that energy-adjusted electrons function as a tool to direct radiation-induced damage distribution 
throughout ZnO-based components for improving their performance level under irradiated environments. The findings 
serve as a strong base which enables experimental laboratory testing through the implementation of UV–Vis and AFM 
and XRD methods of structural and optical analysis. 

Future development of radiation-resistant optically tunable thin-film structures becomes viable based on the 
available data for advanced optoelectronic and sensor applications. Experimental validation of these simulated predictions 
will unveil better material behavior knowledge under radiation that enables designers to develop stronger electronic and 
photonic devices. 
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МОДЕЛЮВАННЯ РАДІАЦІЙНО-ІНДУКОВАНИХ СТРУКТУРНИХ ТА ОПТИЧНИХ МОДИФІКАЦІЙ 

У ТОНКОПЛІВОЧНИХ СТРУКТУРАХ ZnO:S/Si 
Акрамджон Й. Бобоєвa, Хушрой А. Махмудовb, Нурітдін Й. Юнусалієвa, Мохлароїм О. Гофурджоноваa, 

Файзулох А. Абдулхаєвa, Гайбулло Г. Тоджибоєва 
aАндижанський державний університет імені З.М. Бабура, Андижан, Узбекистан 

bАндижанська філія Кокандського університету, Андижан, Узбекистан 
У дослідженні вивчалися тонкі плівки ZnO, що містять 3 ат.% сірки (S) на кремнії (1 мкм), за допомогою моделювання Geant4 
для радіаційного аналізу. Аналіз тонких плівок ZnO (400 нм), легованих 3 ат.% сірки (S), на кремнієвій підкладці товщиною 1 
мкм за допомогою платформи моделювання Монте-Карло Geant4 враховував поглинання енергії разом з глибиною 
проникнення частинок та іонізацією, а також генерацію вторинних електронів та зміни оптичних властивостей, оскільки в 
дослідженні розглядалися різні енергії електронного випромінювання від 3 кеВ до 10 кеВ. Шар ZnO:S поглинав більшу 
частину енергії вхідних електронів у діапазоні 3-5 кеВ, що призводило до збільшення дефектів поблизу поверхні під час 
іонізації. Коли електрони використовували енергії 9-10 кеВ, вони проникали крізь весь шар підкладки, що призводило до 
отримання кремнієм більшої частини поглинання енергії. Найбільша зміна параметрів відбувалася на стику плівка-підкладка, 
коли енергія досягала 7 кеВ. Усі результати моделювання показали, що загальна поглинена енергія разом з утворенням 
вторинних електронів та щільністю дефектів, що досягала 10⁷, швидко зростала зі прискоренням енергії електронів. Зниження 
оптичних властивостей відбувається тому, що дефекти існують на різній глибині під час поглинання енергії. Згідно з цим 
дослідженням, електричні та оптичні характеристики ZnO:S/Si можна регулювати за допомогою процедур електронного 
опромінення. Результати цього дослідження слугуватимуть основою для створення сенсорів, оптоелектронних пристроїв і 
захисних покриттів, які ефективно працюють в умовах високого випромінювання. 
Ключові слова: Монте-Карло; поглинання енергії; енергія електронів; глибина; зміщення; моделювання 
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This study investigates the effect of boron (B) doping on the electrical and thermal conductivity properties of single-walled carbon 
nanotubes (DWNTs) at various temperatures (300 K to 1500 K). The incorporation of boron atoms into DWNTs (5,5)@(10,10) was 
analyzed to explore how different doping levels (ρ%) influence the partial charge distribution and thermal conductivity. Our findings 
show that boron doping increases the partial charge within the nanotube structure, with a nonlinear increase in charge as the doping 
concentration rises from 0% to 10%. This is due to the lower electronegativity of boron, which introduces hole carriers and enhances 
p-type semiconductor behavior. However, at higher doping concentrations (above 5%), defects disrupt the π-electron network,
reducing electrical conductivity. Thermal conductivity experiments indicate that the presence of boron leads to a decrease in heat
transfer efficiency, especially at higher doping levels (>6%), where defect-induced phonon scattering significantly reduces the
thermal conductivity. The results demonstrate that boron doping has a complex impact on the structural, electronic, and thermal
properties of DWNTs, with temperature and doping concentration playing critical roles in determining performance.
Keywords: Double-walled carbon nanotube; Boron doping; Reactive molecular dynamics
PACS: 61.46.-w, 02.70.Ns

1. INTRODUCTION
Carbon nanotubes (CNTs), a type of carbon-based nanostructure, continue to garner substantial research interest, 

with the body of literature on the topic growing at an exponential rate [1,2]. The carbon nanotubes (CNT) are tubular-
shaped one-dimensional sp2-hybridized carbon atoms arranged on honeycomb lattices. Since the rediscovery of CNTs 
by Iijima [3], it is one of the most explored nanomaterials. CNTs are classified as single-, double-, or multi-walled 
structures, exhibiting either semiconductor (S) or metallic (M) behavior based on their chiral indices. Approximately 
60% of all nanotube chiralities are semiconductors, while the remaining 40% are metals [4]. Various types of nanotubes 
include Carbon Nanotubes (CNTs) [5], Boron Nitride Nanotubes (BNNTs) [6], Silicon Nanotubes (SiNTs) [7], and 
Hybrid Nanotubes (such as B-CNT and N-CNT, which integrate materials like carbon and boron nitride for 
multifunctional properties) [8]. These nanotubes, celebrated for their unique properties, have a wide range of 
applications in microelectronics [8], energy storage [9], sensors [10], and drug delivery [11]. They garner interest across 
various fields, including physics, chemistry, and materials science [12], showcasing their potential in electronic 
devices [13], sensors [14], adsorbents [9,15], and numerous other applications.  

Various approaches, including functionalization, enable the customization of CNT properties [16]. 
Functionalization, accomplished through substitution reactions with comparable heteroatoms or functional groups, 
modifies CNTs’ solubility, chemical reactivity, and various other physicochemical characteristics [17]. Notably, 
functionalization aids in the isolation of nanotube bundles. Consequently, studies have extensively explored CNT 
interactions with atoms and molecules like boron (B) [18], nitrogen (N) [19], calcium (Ca) [20], palladium (Pd) [21], 
fluorine (F) [22], bromine [23], and platinum (Pt) [24].  

In recent years, boron-doped carbon nanotubes (B-CNTs) have garnered increasing interest due to their 
exceptional properties and wide-ranging applications [25]. Boron doping introduces alterations to the electronic 
structure of carbon nanotubes, enhancing their conductivity, catalytic activity, and chemical reactivity [26]. These 
unique characteristics make B-CNTs highly suitable for applications in energy storage [9], sensing, catalysis and 
nanotechnology [27]. B-doping of pristine CNTs offers the possibility to transform semiconducting tubes into metallic 
tubes by lowering the Fermi level into a valance band [28]. It also alters the crystallinity and stiffness of CNTs [29]. 
Furthermore, the incorporation of boron atoms modifies the band gap of carbon nanotubes, offering tailored properties 
for specific functional requirements. Therefore, boron (B) remain the preferred elements for substitution reactions [30]. 

Boron serves as a p-type dopant, enhancing nanotube growth by increasing oxidation resistance [31]. The similar 
atomic sizes of boron and carbon enable their seamless incorporation into the graphite network. Methods used to 
produce B-CNTs include carbon arc, laser ablation [32], substitution reactions [33], and chemical vapor deposition 
(CVD) [34]. For instance, Han et al. [35] successfully synthesized B-CNTs via substitution reactions (with a B/C ratio 
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of 4.17), while Chen et al. [36] utilized microwave plasma CVD with trimethyl borate as a doping source. Additionally, 
Wang et al. [37] fabricated B-CNTs using electron cyclotron resonance chemical vapor deposition (ECR-CVD) on 
porous silicon substrates. Despite these advancements, precise control over the boron content in CNT structures remains 
challenging. Boron not only supports nanotube growth [38] but also enhances oxidation resistance [39], making it 
valuable for adjusting nanotube morphology and properties. The comparable atomic sizes of boron and carbon facilitate 
their integration into the graphite network. Therefore, B appears to have additional properties in terms of controlling the 
morphology and properties of nanotubes. CNTs are grown from boron or its compounds using various techniques (e.g., 
CVD, ALD)  [40] and their various properties (i.e., mechanical, optical, electrical) are being studied.  

In this study, we investigated molecular dynamics (MD) methods to calculate the electronic and thermal properties 
of boron-doped double carbon nanotubes (B-DWNT).  

 
2. COMPUTATIONAL DETAILS 

We investigate the process of boron (B) doped onto DWNTs (B-DWNTs) through reactive MD simulations 
employing the LAMMPS package [41]. The ReaxFF potential describes interatomic interactions, accounting for bond 
breaking and formation [42]. The most commonly used chiral DWNTs in other research studies (5,5)@(10,10) were 
selected as model system [43,44]. Our model includes pristine metal (5,5)@(10,10) nanotubes, denoted as B-
DWNT(5,5)@(10,10) in MD simulations (Fig.1). Selected nanotubes diameters 13.64 Å-13.57 Å for (5,5)@(10,10) fall 
within experimentally observed ranges (13-16 Å) [45,46]. We apply periodic boundary conditions along the z-axis, 
allowing simulation of infinitely long B-DWNTs with lengths of 28.12 Å for B-DWNT(5,5)@(10,10) respectively. The 
(5,5)@(10,10) chiral DWNTs consist of 600 C atoms, respectively, with a B content of 0 to 10% (Fig.1).  

 

 
Figure 1. Top and side views of the B-DWNT(5,5)@(10,10) model system. Carbon (C) and Boron (B) atoms are shown in gray 

and coral, respectively 

Initially, we minimize the energy of all model systems using the conjugate gradient method. Subsequently, we 
equilibrate system temperature and pressure to desired values (300 K, 600 K, 900 K, 1200, 1500 K and 0 Pa) in the NpT 
ensemble employing a Berendsen thermostat and barostat [47]. Our chosen heating rate (1 K/ps) aligns with previously 
reported values (0.1–10.0 K/ps) [48] ensuring insignificant deviations in thermodynamic equilibrium during 
temperature changes. For chemisorption of B atoms on DWNTs, we maintain system temperature at 300-1500 K for 
100 ps using a Bussi thermostat [49]. Modeling was performed in the NVE ensemble to determine the heat transfer 
coefficient in the systems. Since the DWNTs were considered to be infinite in the modeling based on the periodicity 
conditions, the heat transfer was evaluated not by the number of B atoms, but by the content (%) of B atoms.  

Initially, the electrical conductivity (partial charge) of the doped B atoms is calculated according to their amount 
(ρ,%) and temperature (300-1500 K). We estimate the amount (%) of doped B atoms on the surfaces of pure DWNTs at 
different temperatures (300 K, 600 K, 900 K, 1200 and 1500 K) as follows: 𝜌 ൌ ୬୳୫ୠୣ୰ ୭୤ ୟ୲୭୫ୱ ୢ୭୮ୣୢ ሺ୒ಳሻ୲୭୲ୟ୪ ୟ୲୭୫ୱ ୧୬ ୟ ୮୰୧ୱ୲୧୬ୣ ୈ୛୒୘ ሺ୒಴ሻ ∗ 100%, (1) 

where, NB- number of doping boron (B) and NC- number of carbon atoms. 
In addition, the thermal conductivity coefficient was determined using the Green-Kubo formula [50]: 𝑘 ൌ ଵଷ௏௞ಳ்మ ׬ ⟨𝐽ሺ0ሻ∙ 𝐽ሺ𝑡ሻ⟩𝑑𝑡ஶ଴ , (1) 

where V is the system volume, 𝑘஻ Boltzmann constant, 𝑇 temperature, The angle brackets ⟨െെ⟩ represent the average 
value of the heat flux autocorrelation function J(t) over all atoms. The heat flux J(t) is determined by the following 
formula: 𝐽ሺ𝑡ሻ ൌ ଵଶ௏ ∑ ∑ 𝑟௜௝ ∙ ሺ𝐹௜௝ ∙ 𝑣௜ሻே௝ୀଵே௜ୀଵ , (3) 

where 𝑟௜௝and 𝐹௜௝ represent the distance and force between atoms 𝑖 and 𝑗, and 𝑣௜ represents the velocity of atom 𝑖. 
In all cases MD time step is 0.1 fs. The simulations are conducted 10 times for each study case, and the results are 

obtained by averaging the corresponding physical quantities 
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RESULTS AND DISCUSSION 
Electrical conductivity (partial charge) 

When carbon nanotubes (CNTs) are grown with boron (B) at different temperatures, several factors come into play 
that can affect their structure, properties, and performance. From current literature, boron incorporation into carbon 
materials requires a high carbonization temperature of about 600-1100 °C (873-1373 K) [51]. The effect of boron on 
CNTs at low temperatures results in a high density of defects, leading to decreased electrical and thermal properties. 
Conversely, the addition of boron at high temperatures enhances thermal stability and improves electrical and 
mechanical properties [52].  

  
a) b) 

Figure 2. (a) B atoms doping onto DWNT(5,5)@(10,10) are introduced, and system atoms exhibit partial charges from -0.8e to 
+0.8e, which range from red to blue is depicted by the color spectrum, which shows the transition from electron-rich regions to 
electron-poor regions, respectively, (b) The alteration in the partial charge of adsorbed B atoms in relation to temperature 

Therefore, this study investigated the effect of B-DWNTs at selected temperatures of 300 K, 600K, and 900 K, 
1200 K, 1500 K. The results indicate variations in the doping of B atoms on the surfaces of DWNT(5,5)@(10,10) at 
different temperatures (i.e., 300 K, 600 K, 900 K, 1200 K, 1500 K). Various factors influence the chemisorption of B 
atoms on DWNTs, including the nanotube surface curvature and the arrangement of carbon rings [53,54]. The doped 
coverage varies with temperature, and depending on their position within the hexagonal cell of the CNT, B atoms may 
detach from the surface due to temperature effects [55,56]. B atoms doping on the surface of DWNTs are affected by 
the arrival of other B atoms on the surface. This can result in the formation of molecules through the Langmuir-
Hinshelwood recombination mechanism, where two B atoms on the surface covalently bond to form a B molecule. The 
temperature range (300-1500 K) employed in this study alters the quantity of B atoms doped on the surface [57,58].  

Atoms in the system are color-coded to represent positive charges in blue and negative charges in red, while 
uncharged atoms are depicted in white (Fig. 2a). In this study, the charge distribution in the system changes with 
temperatures corresponding to 𝜌 % of B atoms added in DWNT. In particular, the change in the partial charge in the 
system with an increase in 𝜌 % in the temperature range from 300 K to 1500 K is shown in Figure 2b. It can be seen 
from the results that the partial charge in the system also increases nonlinearly with an increase in 𝜌 %. One of the 
reasons for the non-linear increase may be related to the gravitational force used to calculate the interactions between 
the partial atoms [43]. The difference in electronegativity results in a variation in partial charges of carbon nanotube 
(CNT) and B atoms. Specifically, with increasing 𝜌 % (i.e., from 300 K to 1500 K), the partial charging in DWNT 
increases due to the lower electronegativity of B (2.04) compared to carbon (2.55), causing it to lose electrons and 
generate a positive partial charge. That is, as the doping concentration (𝜌 %) increases, the number of boron atoms 
increases, leading to more changes in the electron distribution within the DWNT structure. This enhances the 
interaction with neighboring carbon atoms and other boron atoms, resulting in an increase in partial charge. The partial 
charge of B atoms in B-DWNT(5,5@10,10) increased from approximately 1%) to approximately 5.833e (10%) in the 
doped state (at temperatures between 300 and 1500 K) for 300 K, while in the case B-DWNT(5,5@10,10) nanotubes, 
the values increased from ~0.041e (1%) to ~5.868e (10%), respectively, at a temperature of 600K. At 900K, the values 
increased from ~0.065e (1%) to ~6.096e (10%). At 1200K, the increase was from ~0.065e (1%) to ~5.096e (10%). 
Finally, at 1500K, the change was from ~0.0674e (1%) to ~5.233e (10%) (Table 1).  
Table 1. Partial charge variation with boron (B) atom doping at different temperatures for B-DWNT(5,5@10,10)  

Boron doping (%) Partial charge, e 
 (5,5@10,10) 
 300 K 600 K 900 K 1200 K 1500 K 

1 0.032 0.041 0.053 0.065 0.074 
7 2.457 2.484 2.572 2.646 2.728 
10 4.830 4.867 4.996 5.096 5.233 
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This indicates that an increase in the concentration of B leads to an increase in positive partial charges of the 
DWNT. This validates the outcomes achieved in earlier investigations [40]. B-DWNTs (DWNT(5,5)@(10,10) doped 
with B atoms and subjected to different temperatures, then the changes in their partial charges (e) are compared 
(Supplementary information).  

The results indicate that at low boron doping (<1%), the increase in partial charge is not very significant (Fig. 2b). 
This is because low boron atoms create defects in the carbon lattice, which limits the free movement of π-electrons. As 
a result, electrical conductivity decreases due to increased scattering of charge carriers. As the doping of B atoms 
increases (1-5%), a slight increase in the partial charge in the B-DWNT system was observed (at 300-900 K). Since 
boron has a lower electronegativity than carbon, it introduces hole carriers into the structure, enhancing the p-type 
semiconductor properties of the B-DWNT. Under these conditions, electrical conductivity can increase. At high boron 
doping (>5%), a sharp decrease in the partial charge was observed. At very high boron concentrations (>8%), the π-
electron network of the carbon nanotube is disrupted, and the excess defects lead to scattering of charge carriers. In this 
study, the average lengths of C-C and B-C bonds were found to be 1.426 and 1.514 Å, respectively, thus supporting the 
conclusion mentioned earlier [26].  

Generally, the low electronegativity of boron introduces hole carriers, resulting in positive partial charges and p-
type behavior in DWNTs. 

 
Variation in thermal conductivity (k) 

Figure 3 shows the thermal conductivity coefficient for (5,5@10,10) doped with different amounts (ρ%) of boron 
(B) as a function of temperature (300-1500 K). 

 
Figure 3. The variation of the thermal conductivity coefficient with doping amount and temperature 

When analyzing the thermal conductivity (k) as a function of B doping concentration in B-DWNTs, at 300 K, k 
decreased noticeably by a factor of 1.012 at 1% (1%) B doping compared to the undoped case. At 600 K, the reduction 
was even greater, with k decreasing by a factor of 1.013. At higher temperatures 900 K, 1200 K, and 1500 K the 
thermal conductivity dropped by factors of 1.028, 1.058, and 1.124, respectively (Table 2). As the doping concentration 
ρ% of B atoms increases, thermal conductivity k also varies with temperature (see Supplementary Information). 
Table 2. Thermal conductivity variation with boron (B) atom doping at different temperatures for B-DWNT(5,5@10,10)  

Boron doping 
(%) Thermal conductivity coefficient (W/m·K) 

 5,5@10,10 
 300 K 600 K 900 K 1200 K 1500 K 
0  3564 2115 1313 1140 916 
1  3512 2087 1277 1077 815 
3  3321 1995 1165 936 593 
5  3173 1533 764 613 379 
8  2734 982 425 197 103 

10  2479 668 245 78 61 

Specifically, for B-DWNT(5.5@10.10), at temperatures of 300 K and 900 K, the thermal conductivity k at 1%  
doping is 3512 W/m•K and 1277 W/m•K, respectively. Likewise, at 1200 K and 1500 K, the difference increases, with 
k being 1.14 times and 1.30 times greater, respectively.  

Overall, as the concentration of doped B atoms increases, the thermal conductivity of the two nanotubes begins to 
diverge. This behavior is primarily due to the weak phonon-electron interaction of boron. At 300 K, an initial increase 
in boron concentration (ρ%) in the DWNT structure results in a slight rise in thermal conductivity (by more than 3%), 
followed by a gradual decline (exceeding 4%). When B doping reaches 4–5%, the thermal conductivity drops 
significantly. 
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One contributing factor is the increased presence of structural defects, which sharply enhances phonon scattering-
phonons being the primary heat carriers in carbon nanotubes. As the B doping concentration (ρ%) rises, so does the 
number of defects, leading to greater phonon scattering and reduced heat transfer. 

When B doping falls within the 6%-10% range, structural disorder becomes more pronounced, resulting in a 
significant drop in thermal conductivity. At 10% boron doping, particularly in B-DWNT(5.5@10.10), thermal 
conductivity nearly reaches its minimum due to maximum phonon scattering and a sharp decline in transport efficiency. 
Notably, across nearly all temperature ranges (300-1500 K), the decline in thermal conductivity typically begins around 
7%–8% doping. 

Overall, at moderate temperatures (300–400 K), increased phonon interactions amplify the influence of boron 
doping on thermal conductivity, resulting in a slight decrease in thermal conductivity as boron content rises. For 
instance, B-DWNTs doped with 1% boron exhibit higher thermal conductivity compared to those with 2% or 3% 
doping. At elevated temperatures (T > 500 K), phonon-phonon scattering becomes the dominant mechanism, leading to 
a reduction in thermal conductivity regardless of the doping level. However, in heavily doped B-DWNTs (>6%), 
thermal conductivity is significantly lower due to the inability of lattice vibrations to propagate effectively amid 
excessive structural defects. As a result, the system's thermal conductivity varies with changes in external temperature. 
Boron doping creates defects and disrupts the phonon transport network in DWNTs, leading to increased phonon 
scattering and a reduction in thermal conductivity, particularly at high doping concentrations. 

 
CONCLUSION 

The results demonstrate that the intentional introduction of boron atoms into DWNTs leads to changes in both 
electrical and thermal conductivity, specifically an increase in electrical conductivity (partial charge) and a decrease in 
thermal conductivity (k). The average partial charge (e) in the B-DWNT system increased from 0.032e to 4.830e at 300 
K for B-DWNT(5.5@10.10) as the B content (ρ%) rose. Between 600 K and 1500 K, the increase in ρ% was 2.31 and 
2.56 times greater (at 1% and the 1500 K/300 K ratio), respectively, while the increase in partial charge was 1.11 and 
1.15 times greater (at 7% and the 1500 K/300 K ratio). At the maximum B doping level (10%), the partial charge 
increased by 1.08 and 1.09 times, respectively. Therefore, the increase in partial charge with rising ρ% in B-DWNTs 
can be attributed to a combination of electronic distribution, thermal effects, structural changes, and ionic effects. 

At room temperature (300 K), the thermal conductivity of 1% doped B-DWNTs is approximately 3564 W/mK for 
(5.5@10.10) and 3651 W/mK. As the boron content (ρ%) increases, the thermal conductivity of (5.5@10.10) chiral B-
DWNTs decreases more than that of. Specifically, when 7% boron is added to (5.5@10.10) chiral B-DWNTs and 
6.75% boron is, their thermal conductivity decreases by 1.26 times, respectively, compared to the 0% case. These 
results demonstrate the potential for modifying the electrical and thermal conductivity of DWNTs through boron 
doping, enhancing their suitability for use in thermal interface materials (TIMs). 
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APPENDIX 

Supplementary information 

Table 1. Partial charge variation with boron (B) atom doping at different temperatures for B-DWNT(5.5@10.10) 

Boron doping (%) Partial charge 
300 K 

Partial charge 
600 K 

Partial charge 
900 K 

Partial charge 
1200 K 

Partial charge 
1500 K 

0% 0.00 0.00 0.00 0.00 0.00 
1% ~0.032 ~0.041 ~0.053 ~0.065 ~0.074 
2% ~0.072 ~0.088 ~0.108 ~0.128 ~0.168 
3% ~1.025 ~1.102 ~1.172 ~1.207 ~1.236 
4% ~1.188 ~1.212 ~1.258 ~1.298 ~1.327 
5% ~1.963 ~1.984 ~1.997 ~1.901 ~1.478 
6% ~2.351 ~2.382 ~2.456 ~2.516 ~2.597 
7% ~2.457 ~2.484 ~2.572 ~2.646 ~2.728 
8% ~3.563 ~3.602 ~3.711 ~3.782 ~3.891 
9% ~4.690 ~4.727 ~4.843 ~4.933 ~4.904 
10% ~4.830 ~4.867 ~4.996 ~5.096 ~5.233 
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Table 2. Thermal conductivity variation with boron (B) atom doping at different temperatures for B-DWNT(5.5@10.10)  

Boron Doping (%) Thermal conductivity coefficient (W/m·K) 
 300 K  600 K 900 K  1200 K  1500 K  

0% 3564 2115 1313 1140 916 
1% 3512 2087 1277 1077 815 
2% 3442 2052 1214 1064 783 
3% 3321 1995 1165 936 593 
4% 3257 1737 1012 751 464 
5% 3173 1533 764 613 379 
6% 2956 1395 702 478 278 
7% 2818 1067 590 346 186 
8% 2734 982 425 197 103 
9% 2577 765 282 94 73 
10% 2479 668 245 78 61 

 
ПРОВІДНІСТЬ У ДВОСТІННИХ ВУГЛЕЦЕВИХ НАНОТРУБКАХ 

Шахнозахон Муміноваa, Аброр Улукмурадовb, Хамід Ісаєвb, Ділдора Мамаєваb, Уткір Ульджаєвa,b 
aДенауський інститут підприємництва та педагогіки, м. Денау, 360, Сурхандар'їнська область, 190507, Узбекистан 

bТашкентський інститут текстильної та легкої промисловості, Ташкент, 100100, Узбекистан 
У цьому дослідженні вивчається вплив легування бором (B) на електро- та теплопровідні властивості одностінних 
вуглецевих нанотрубок (DWNT) за різних температур (від 300 K до 1500 K). Було проаналізовано включення атомів бору в 
DWNT (5,5)@(10,10), щоб дослідити, як різні рівні легування (ρ%) впливають на розподіл часткового заряду та 
теплопровідність. Наші результати показують, що легування бором збільшує частковий заряд у структурі нанотрубки, з 
нелінійним збільшенням заряду зі збільшенням концентрації легування від 0% до 10%. Це пов'язано з нижчою 
електронегативністю бору, який вводить носіїв дірок та посилює поведінку напівпровідника p-типу. Однак, при вищих 
концентраціях легування (вище 5%), дефекти порушують π-електронну мережу, зменшуючи електропровідність. 
Експерименти з теплопровідності показують, що присутність бору призводить до зниження ефективності теплопередачі, 
особливо при вищих рівнях легування (>6%), де індуковане дефектами розсіювання фононів значно знижує 
теплопровідність. Результати демонструють, що легування бором має складний вплив на структурні, електронні та теплові 
властивості DWNT, причому температура та концентрація легування відіграють вирішальну роль у визначенні 
характеристик. 
Ключові слова: двостінна вуглецева нанотрубка; легування бором; реактивна молекулярна динаміка 
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This work delivers an in-depth ab initio investigation into the electronic and magnetic characteristics of ZnSe systems doped with 
nickel, evaluated at three distinct impurity levels: 3.125%, 6.25% and 12.5%. The analysis is grounded in density functional theory 
(DFT), employing the local spin density approximation (LSDA) framework, further refined with Hubbard U corrections to 
effectively capture the pronounced electron correlation effects typical of transition metal d-electrons. The incorporation of Ni into the 
ZnSe matrix significantly modifies the electronic structure, leading to half-metallic behavior and pronounced spin polarization. Total 
magnetic moments of 4.0 µB per supercell were observed. Furthermore, energy comparisons between ferromagnetic and 
antiferromagnetic configurations confirmed that the ferromagnetic phase is more energetically stable. These results highlight the 
potential of Ni-doped ZnSe in spintronic applications where controlled magnetic and electronic properties are crucial. 
Keywords: ZnSe:Ni; Ferromagnetic; Half-metal; Magnetic moment; First-principles simulation; Density Functional Theory 
PACS: 61.72.-y; 75.50.Pp; 68.55.Ln 

1. INTRODUCTION
Diluted Magnetic Semiconductor materials (DMSMs) have significantly advanced systems science by facilitating 

the development of multifunctional compounds that exhibit a combination of magnetic behavior and semiconducting 
capabilities. These hybrid functionalities make DMSs particularly attractive for next-generation applications in 
engineering, environmental monitoring, optoelectronics, and especially in the rapidly developing field of spintronics, 
where control over electron spin is essential. 

Compared to other potential diluted magnetic semiconductor (DMS) hosts, ZnSe offers several key advantages that 
make it a particularly promising candidate for spintronic applications. For instance, ZnO, despite being widely studied, 
suffers from the formation of intrinsic defects such as oxygen vacancies and zinc interstitials, which lead to unintentional 
n-type conductivity and hinder the achievement of stable p-type behavior [1]. CdTe and ZnTe, while possessing favorable
electronic characteristics, exhibit stronger spin-orbit coupling and involve cadmium-a toxic element that raises serious
environmental and safety concerns [2]. ZnS, moreover, demonstrates limited solubility for transition metal (TM) dopants
and lacks consistent experimental confirmation of room temperature ferromagnetism [3].

In contrast, ZnSe presents a well-balanced and advantageous profile. It combines a favorable wide direct band gap 
(Exp.: ~2.7 eV [4]; 2.763 eV [5]) with relatively low spin-orbit coupling enhancing spin coherence and facilitating spin 
transport in devices [6], [7] along with excellent chemical and thermal stability. Its structural compatibility with standard 
thin-film growth techniques further enables efficient dopant incorporation and device fabrication [3]. These combined 
characteristics make ZnSe an attractive host matrix for TM-doped DMS systems aimed at spin-based applications. 

Studying the electronic and magnetic properties of ZnSe doped with transition metals such as Ni is essential for 
evaluating its potential as a functional DMS. The material’s electronic structure dictates critical device-relevant properties, 
optical response, electrical conductivity, and carrier mobility, while TM-induced magnetic behavior is key to achieving 
room-temperature ferromagnetism vital for spintronic operations. Of particular interest is half-metallicity, where one spin 
channel is metallic and the other semiconducting, enabling fully spin-polarized currents at the Fermi level. Such 
characteristics are fundamental to devices like spin valves, magnetic tunnel junctions, and spin field-effect transistors. 

This focus aligns with established theoretical and experimental advancements in DMS physics. Dietl et al. [8] 
developed a seminal mean-field model of hole-mediated ferromagnetism in tetrahedrally coordinated semiconductors, 
which underpins much of DMS theory development. Tanaka and Higo demonstrated large tunneling magnetoresistance in 
GaMnAs/AlAs/GaMnAs junctions, highlighting the functionality of ferromagnetic semiconductors in device contexts [9]. 
Foundational also are visionary perspectives on spintronics and DMSs provided by Wolf et al. [10] and Awschalom & 
Flatté [11], as well as first-principles formulations by Sato et al., which collectively guide and justify material selection and 
device design strategies [12]. 

Moreover, the role of intrinsic defects is critical in DMS performance. Defects such as vacancies and interstitials 
can dramatically influence magnetic coupling including mechanisms like bound magnetic polaron formation and may 
either stabilize or inhibit ferromagnetic ordering. Importantly, defect-dopant interactions can be harnessed to tailor band 
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gaps, control charge carrier density, and enhance magneto-optical effects. Understanding this interplay is therefore 
essential for optimizing ZnSe-based DMS materials. 

This work aims to provide a comprehensive first-principles investigation into the electronic structure, magnetic 
behavior, and defect effects in Ni-doped ZnSe supercells. By comparing undoped and doped configurations and 
analyzing spin-resolved band structures and densities of states, we identify the origins of half-metallicity and spin 
polarization in Zn1-xNixSe. These results contribute to the fundamental understanding of II–VI DMS systems and 
support the future design of spin-based optoelectronic devices. 

Zinc selenide (ZnSe), a II-VI compound semiconductor, is inherently non-magnetic and possesses a direct band 
gap of approximately 2.70 eV [4], which makes it highly suitable for various optoelectronic devices. Its applications 
span from laser diodes, lasers, and light-emitting diodes to solar cells, microwave and terahertz emitters, and mid-
infrared (IR) tunable lasers [11-13]. However, by introducing transition metal (TM) dopants such as Co or Ni into the 
ZnSe lattice, its properties can be significantly tailored to exhibit spin polarization and ferromagnetic behavior - 
transforming the material into a DMS. 

Numerous studies have focused on TM-doped Zn1-xTMxSe compounds, recognizing their potential as functional 
materials for spin-based electronic and magnetic devices [14-21]. For example, Sato et al. [12, 22] predicted high Curie 
temperatures in Cr- and V-doped ZnSe using first-principles simulations based on a zinc-blende structure. Similarly, 
theoretical investigations by Benstaali et al. [15] on Co-doped ZnSe, Mahmood et al. [23] on Ti-doped ZnSe, and Arif 
et al. [24] on Co-doped CdSe revealed half-metallic ferromagnetic phases, confirming the viability of these materials 
for spintronic technologies. 

Our earlier work [25] demonstrated that the introduction of a Zn vacancy in Mn-doped ZnSe leads to half-metallic 
ferromagnetism, supporting the idea that defects and dopants together play a critical role in tuning the magnetic 
characteristics of such systems. In the present study, we extend this line of investigation to Ni-doped ZnSe with one and 
two doping concentrations: 3.125 %, 6.25% and 12.5%. Using first-principles DFT simulations, we analyze the 
electronic structure, spin polarization, and magnetic ordering (ferromagnetic vs. antiferromagnetic) of the doped 
systems. Our findings reveal that the incorporation of Ni ions induces robust ferromagnetic ordering and high spin 
polarization, transforming ZnSe into a ferromagnetic semiconductor. This highlights its potential application in 
spintronic devices where efficient spin injection and manipulation are required. 

The primary novelty of this work lies in the systematic first-principles study of the electronic and magnetic 
properties of Ni-doped ZnSe, specifically at doping concentrations of 3.125 %, 6.25% and 12.5%. By applying spin-
polarized density functional theory (DFT), we analyze the impact of nickel doping on the electronic structure, magnetic 
ordering, and half-metallicity of ZnSe. This work offers new insights into the fundamental behavior of diluted magnetic 
semiconductors (DMS), particularly in how transition metal doping can tune the material's properties to make them 
suitable for spintronic applications. 

The purpose of this study is to explore how Ni doping influences the magnetic and electronic properties of ZnSe, 
focusing on the emergence of half-metallic ferromagnetism and spin-polarization in the material. In doing so, we 
investigate the role of nickel in modifying the band structure and inducing a spin asymmetry, which is critical for future 
spintronic devices such as spin valves and magnetic tunnel junctions. 

The motivation behind this work is rooted in the growing demand for materials that can simultaneously exhibit 
semiconducting and magnetic properties, crucial for advancing spin-based technologies. While previous studies have 
investigated other DMS systems, our work emphasizes ZnSe as an ideal candidate due to its favorable electronic 
characteristics and minimal spin-orbit coupling. Our findings contribute to expanding the understanding of Ni-doped 
ZnSe, offering a pathway for designing new materials for applications in spintronics, where controlling electron spin is 
essential for efficient device operation. 

In light of these considerations, this manuscript presents an in-depth study with a clearly defined objective, 
ensuring that the research not only contributes to the scientific community but also addresses the challenges in 
developing high-performance DMS materials for next-generation technologies. 

 
2. CALCULATION METHOD 

In this research, ab initio simulations were carried out within the framework of DFT, coupled with the 
pseudopotential method [26] for analyzing the electronic and magnetic characteristics of semiconductors, half-metals, 
and nanoscale materials. The computational framework was implemented using the Atomistix ToolKit (ATK, 
http://quantumwise.com/) integrated within the Virtual NanoLab (VNL) simulation environment. The ATK was chosen 
for DFT calculations due to its integrated real-space basis and efficient treatment of spin-polarized systems in large 
supercells. ATK has been widely used in semiconductor studies for over a decade. Its reliability is supported by strong 
agreement with both experimental data and results obtained from other well-established DFT packages, confirming its 
suitability for modeling TM-doped ZnSe systems. Moreover, the calculations were completed within a relatively short 
PC time, demonstrating the software’s computational efficiency for large-scale supercell models. 

In our study, we also continuously explored various DFT-based methods, including LDA, GGA, MGGA, and 
hybrid functionals, to investigate the electronic and magnetic properties of the materials. Our experience showed that 
LDA and GGA, when combined with Hubbard U corrections, were successfully applied in the calculations. For most of 
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our calculations, we successfully used LDA and LSDA methods to model the electronic and magnetic properties. It 
should be noted that we also tested hybrid functionals for various compositions, but due to the considerably longer 
computational time required for these calculations, we decided to discontinue their use for the current study. The many-
body interactions between electrons and atomic nuclei were treated within the Kohn-Sham formalism [27], which 
transforms the complex many-electron problem into a set of self-consistent one-electron equations. To solve these 
equations, we applied the linear combination of atomic orbitals method. The exchange-correlation effects were treated 
within the local spin density approximation, supplemented by Hubbard U corrections [28] to better account for the on-
site Coulomb interactions, particularly for the localized d-electrons of the transition metals as reported in Refs. [29, 30]. 
In this study, the magnetism of diluted magnetic semiconductor systems Zn1-xTMxSe was investigated under conditions 
similar to those used in previous works [25, 29, 30]. Supercell models were developed by replacing one or two Zn 
atoms with Ni²⁺ ions to simulate doping concentrations. Hubbard U corrections were applied to improve the accuracy of 
band gap predictions and to account for strong electron correlation effects associated with Ni 3d orbitals. In our 
calculations, the Hubbard U parameters were set as follows: Zn (3d) = 4.5 eV and Se (4p) = 3.8 eV.  

To investigate the magnetic properties of Ni-doped ZnSe, supercell models consisting of 32 and 64 atoms were 
constructed based on the wurtzite ZnSe structure with initial lattice parameters a = 3.98 Å and c = 6.53 Å, as reported in 
Refs. [31, 32]. Nickel doping was simulated by substituting one or two Zn atoms with Ni²⁺ ions, corresponding to 
doping concentrations of 3.125 %, 6.25% and 12.5%, respectively. Ni atoms were substituted at Zn sites in the ZnSe 
lattice, as the substitution is energetically favorable and commonly reported in the literature for DMS studies. Although 
Ni has a slightly smaller atomic radius (~1.24 Å) than Zn (~1.34 Å) [33], structural relaxation during DFT optimization 
showed no significant lattice distortion or clustering at the doping levels considered.  

The crystal structure of ZnSe was assumed to be hexagonal, belonging to the P6₃mc space group [29]. The 
electronic structure and spin-resolved properties were computed using norm-conserving pseudopotentials from the 
Fritz-Haber-Institute (FHI), along with a double-zeta polarized (DZP) basis set. The Brillouin zone integration was 
carried out using a 5×5×5 Monkhorst-Pack k-point grid The plane-wave energy cutoff was set to 100 Ry to ensure 
convergence of total energy and magnetic properties. In the Ni-doped ZnSe systems, the separation between Ni atoms 
depends on the size of the supercell. For the 32-atom supercell, the optimized Ni-Ni distance is 7.96 Å, while in the 64-
atom supercell, it increases to 9.50 Å. This distance corresponds to the spatial separation between the two Ni dopant 
atoms along the [001] crystallographic direction (i.e., parallel to the c-axis of the supercell).  

To illustrate this configuration, a representative figure is included below, showing the dopant positions and the 
direction along which the measurement was performed. During geometry optimization, both atomic positions and lattice 
vectors were fully relaxed. Structural relaxation was performed until the forces on each atom were below 0.001 eV/Å 
and the total stress was less than 0.001 eV/Å³. These settings ensure that the calculated Ni-Ni distances accurately 
reflect the relaxed equilibrium geometry in the ferromagnetic (FM) state of the system.  

To analyze the distribution of magnetic moments, Mulliken population analysis was used. The calculations 
allowed for a detailed investigation of the magnetic ordering, spin polarization, and stability of different magnetic 
phases. Both ferromagnetic (FM) and antiferromagnetic (AFM) configurations were considered by appropriately 
arranging the spins of the Ni atoms (Ni↑Ni↑ and Ni↑Ni↓ configurations). 

This computational approach provides a reliable basis for predicting the spin-polarized behavior of Ni-doped 
ZnSe:Ni at various doping levels and for assessing its potential use in spintronics. 
 

3. RESULTS AND DISCUSSION 
Electronic properties of ZnSe and ZnSe:Ni 

Initially, the electronic band structures and density of states (DOS) for undoped ZnSe were calculated using 
supercells containing 32 and 64 atoms. In order to accurately determine the band gap and the dispersion relations of the 
bands, first-principles calculations were performed within the local spin density approximation (LSDA) framework, 
incorporating Hubbard U corrections for the Zn d- (4.5 eV) and O p-electrons (3.8 eV). To observe the changes induced 
in the electronic band structure upon Ni doping and for comparison purposes, the band structure of undoped ZnSe with 
a 32-atom supercell is presented in Figure 1. 

It is worth noting that the band structure and band gap of the 64-atom ZnSe supercell are analogous. The 
calculated band gap of 2.70 eV for undoped ZnSe in this study is in good agreement with previous experimental results. 
For instance, wavelength-modulated spectroscopy reported a band gap of 2.70 eV [4], while other experimental studies 
have investigated the optical band gap properties of ZnSe and yielded a slightly higher value of 2.763 eV [5]. 
Additionally, optically-pumped lasing has been demonstrated in doped ZnSe epitaxial layers grown by metal-organic 
vapour-phase epitaxy [5]. 

Figure 2 illustrates the total density of states (TDOS) for undoped ZnSe using the 32-atom supercell. Based on the 
results of the band structure and DOS calculations for ZnSe, the valence band can be primarily divided into three 
distinct groups. The first group, located at the top of the valence band, mainly originates from the p-states of Se atoms. 
The second group of valence states is predominantly contributed by the d-orbitals of Zn atoms. The lowest-lying states 
(third group) are primarily derived from the s-states of Se atoms. As seen in Figures 1 and 2, the zones corresponding to 
spin-up and spin-down states in the band structure completely overlap, and the DOS curves are perfectly symmetric. 
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These results obtained for the electronic properties (electronic structure and DOS) indicate that the undoped ZnSe 
compound is a nonmagnetic material. 

 
Figure 1. Spin-polarized band structure of undoped ZnSe supercell containing 32 atoms, calculated using first-principles methods 

 
Figure 2. Spin-polarized TDOS diagram for undoped ZnSe supercell containing 32 atoms 

The band structure interpretation of ZnSe:Ni supercells reveals that the incorporation of Ni atoms substantially 
modifies the band structure of the host semiconductor. Specifically, impurity-induced states emerge near the Fermi level, 
with some of these states crossing the Fermi energy. This behavior is a clear indicator of the onset of magnetic ordering 
in the system, driven by the interaction between the localized d-electrons of Ni and the host lattice. The calculated spin-
polarized band structures for majority- and minority-spin channels, along with Figures 3 and 4 illustrate the total density 
of states (TDOS), while Figure 5 presents the partial density of states (PDOS) for Se and Ni atoms in the 32-atom Ni-
doped ZnSe supercell.  

 
Figure 3. Spin-polarized band structure of Ni-doped ZnSe supercell containing 32 atoms, calculated using first-principles methods 
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Figure 4. Spin-polarized TDOS diagram for a Ni-ZnSe supercell containing 32 atoms 

 
Figure 5. Spin-polarized PDOS diagram for Ni and Se atoms in Ni-ZnSe 32-atom supercell. 

Additionally, from first-principles calculations, we have studied the electronic properties of a ZnSe 64-atom 
supercell doped with a Ni atom. The obtained band structures (minority and majority spin) and DOS curves are shown 
in Figures 6-8. The PDOS plot shows that Ni 3d orbitals contribute significantly to the DOS vicinity of Fermi energy. A 
significant hybridization occurs between the Ni 3d orbitals and the Se 4p states, most prominently in the spin-down 
state. This orbital mixing alters the band structure by introducing spin-dependent energy levels, which manifest as a 
distinct spin asymmetry in the DOS. The spin-up states exhibit a clear band gap, characteristic of semiconducting 
behavior, whereas the spin-down states retain metallic states at the Fermi level. Such properties are of particular interest 
for spintronic applications, where the control of spin currents is essential for device performance. The magnetic moment 
primarily originates from Ni 3d orbitals, while Se atoms also contribute slightly through p-d hybridization. 

 
Figure 6. Spin-polarized band structure of Ni-doped ZnSe supercell containing 64 atoms, calculated using first-principles methods.  



403
Spin-Polarized Properties of Ni-Doped ZnSe: First-Principles Simulation and Modelling   EEJP. 3 (2025)

 
Figure 7. Spin-polarized TDOS diagram for a Ni-ZnSe supercell containing 64 atoms. 

 
Figure 8. Spin-polarized PDOS diagram for Ni and Se atoms in Ni-ZnSe 64-atom supercell. 

These findings emphasize the role of transition metal dopants and host atom interactions in tailoring the spintronic 
properties of ZnSe-based diluted magnetic semiconductors. A pronounced imbalance between the spin-up and spin-
down electronic states is observed, providing clear evidence of spin polarization in the Ni-ZnSe system. This 
asymmetry indicates that the electronic structure favors one spin orientation over the other, a critical feature for 
materials considered in spintronic device design, where spin-selective transport plays a key role. The PDOS diagrams, 
shown in Figures 5 and 8, highlights strong hybridization between the Ni 3d orbitals and the Se 4p orbitals, which plays 
a crucial role in mediating the magnetic interactions. The replacement of Zn atoms with Ni introduces significant 
changes to the electronic structure, most notably causing a reduction in the band gap of the spin-up channel and 
inducing metallic behavior in the spin-down channel.  

Table 1 presents the calculated band gap energies for both undoped and Ni-doped ZnSe supercells. For the 
undoped systems (Zn16Se16 and Zn32Se32), the band gaps are identical for both spin-up and spin-down channels 
(2.70 eV), indicating a symmetric electronic structure and confirming the non-magnetic nature of pure ZnSe. Upon Ni 
doping, significant spin polarization emerges. In the Zn15Ni1Se16 supercell (6.25% Ni), the spin-up band gap decreases 
to 2.48 eV, while the spin-down band gap closes completely (0.00 eV), indicating the onset of half-metallic behavior. A 
similar trend is observed in the Zn31Ni1Se32 supercell (3.125% Ni), where the spin-up gap further reduces to 2.24 eV, 
with the spin-down channel remaining metallic (0.00 eV). This spin-selective behavior, semiconducting in the spin-up 
channel and metallic in the spin-down, is a defining feature of half-metallic ferromagnetism. It is observed in both 32- 
and 64-atom ZnSe supercells doped with Ni, confirming that Ni incorporation introduces strong spin asymmetry and 
transforms the electronic structure of ZnSe. 
Table 1. Band gap results for undoped and doped ZnSe 

Supercells x, % Spin-up, eV Spin-down, eV 
Zn16Se16 0.0 2.70 2.70 
Zn32Se32 0.0 2.70 2.70 
Zn15Ni1Se16 6.25 2.48 0.00 
Zn31Ni1Se32 3.125 2.24 0.00 
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Such half-metallic properties, characterized by a fully spin-polarized density of states at the Fermi level, are highly 
desirable for spintronic applications, as they enable efficient spin injection and control in advanced electronic and 
optoelectronic devices. These findings establish Zn1-xNixSe as a promising candidate for next-generation spin-based 
technologies. 

 
Ferromagnetic properties of ZnSe:Ni 

The magnetic properties of Zn1-xNixSe systems were analyzed using the Mulliken population method. Both the 
total and local magnetic moments were calculated for Ni-doped ZnSe systems, including the Ni2+ ions and their 
neighboring atoms. While pure ZnSe exhibits no magnetic behavior, doping with Ni ions induces magnetic properties in 
the system. The majority of the magnetization arises from the hybridization between the p-electronic states of the host 
selenium atoms and the d states of the Ni impurity ions. 

Figure 9 presents the spin-polarization structure of the Zn15Ni1Se16 supercell from first-principles simulations. The 
black arrows indicate the magnetic moments of atoms: the lengths of these arrows are scaled according to the values of 
the corresponding magnetic moments. 

 

Figure 9. Spin-polarization map of the Ni-doped ZnSe 32-atom supercell.  

For the Ni-ZnSe systems, the computed total magnetic moment within the examined supercell configurations is 
around 4 μB per Ni dopant atom. Additionally, the local magnetic moment, primarily originating from the Ni site, 
contributes significantly to the overall magnetic behavior of the system, which localized specifically on each Ni ion is 
estimated to be about 1.2 µB. The dominant contribution to the overall magnetization primarily arises from the nickel 
ion’s 3d electronic states, which provide nearly 1.2 µB of magnetic moment. In contrast, the surrounding zinc atoms 
contribute only a negligible amount to the total magnetic moment, indicating that their role in the magnetic behavior of 
the system is minimal. Interestingly, a significant positive contribution to the magnetic moment also comes from four 
selenium atoms that are chemically bonded directly to the nickel dopant. These selenium atoms collectively contribute 
approximately 0.85 µB, highlighting the strong p-d hybridization between Se p orbitals and Ni d orbitals plays a crucial 
role in mediating and amplifying the magnetic characteristics of the ZnSe:Ni system. This orbital interaction not only 
facilitates magnetic exchange coupling but also significantly contributes to the stabilization of the observed 
ferromagnetic ground state in the material. 

Figure 10 represents the spin-polarized density of states (DOS) for the four selenium (Se) atoms chemically 
bonded to a nickel (Ni) atom in the ZnSe:Ni supercell. The asymmetry between the spin-up and spin-down states near 
the Fermi level (εF) indicates a significant spin polarization, suggesting a contribution of these Se atoms to the overall 
magnetic behavior of the system. 

 

 
Figure 10. Spin-polarized DOS diagrams of the four selenium atoms chemically bonded to Ni in the ZnSe:Ni supercell 

structure, illustrating their contribution to the magnetic behavior. 
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Table 2. Bond lengths between two nickel dopants and total energy differences for Ni-doped ZnSe at 12.5% and 6.25% 
concentrations 

Supercells Number of atoms Bond length (Ni-Ni), Å ΔE [eV] 
Zn14Ni2Se16 (2 Ni(Zn)-doped in ZnSe) 32 7.96 0.12004 
Zn30Ni2Se32 (2 Ni(Zn)-doped in ZnSe) 64 9.50 0.02328 

The theoretically calculated bond distances between two impurity atoms and the energy differences (ΔE=EAFM-
EFM) for ZnSe:Ni compounds at 12.5 and 6.25 % concentrations are represented in the following Table 2. The total 
energy difference between the antiferromagnetic (AFM) and ferromagnetic (FM) configurations serves as a critical 
parameter for evaluating the magnetic stability of Ni-doped ZnSe systems. A positive value of ΔE indicates that the 
ferromagnetic phase is energetically preferred over the antiferromagnetic one, suggesting a stable ferromagnetic ground 
state. In our results, the smaller supercell (32 atoms) with a bond length of 7.96 Å shows a larger ΔE (0.12004 eV), 
indicating stronger ferromagnetic coupling and greater magnetic stability at this doping concentration. Meanwhile, the 
larger supercell (64 atoms) with a longer bond length of 9.50 Å exhibits a smaller ΔE (0.02328 eV), suggesting weaker 
ferromagnetic interactions and relatively reduced stability. These findings imply that the magnetic properties and 
stability of Ni-doped ZnSe are strongly dependent on dopant concentration and spatial arrangement, which is crucial for 
designing spintronic devices with optimized performance. 

Figure 11 describes the variation of total energy difference (ΔE) and bond length (Å) for the different Ni-ZnSe 
supercell structures containing 32- and 64-atoms. We obtained that increasing the size of the supercell from 32 to 64 
atoms results in a noticeable increase in the bond length between two Ni dopants, from 7.96 Å to 9.50 Å. At the same 
time, the total energy difference decreases from 0.12004 to 0.02328 eV indicates the FM state becomes energetically 
more favorable in larger supercells, reflecting enhanced magnetic stability with reduced Ni-Ni interaction strength due 
to increased spatial separation. These results support the idea that dilute Ni doping in ZnSe maintains ferromagnetic 
stability, particularly at lower concentrations where dopants are more isolated. 

 
Figure 11. The variation of total energy difference (ΔE) and bond length (Å) for Ni-ZnSe systems. 

Our first-principles results (see Table 2) demonstrate that the FM phase is more stable than the AFM phase in Ni-
ZnSe compounds. The spin-polarized band structures and electronic DOS results reveal that nickel doping induces a 
high-spin state with half-metallic characteristics in the ZnSe supercells. These characteristics underscore the significant 
promise of Ni-ZnSe as a functional material for advanced technologies, especially in the realm of spintronics, where 
high spin polarization and robust magnetic stability are critical for device performance. 
 

4. CONCLUSION 
In this work, spin-polarized first-principles simulations based on DFT were conducted to explore the magnetic and 

electronic properties of ZnSe doped by Ni at doping concentrations of 12.5% and 6.25%. The ab initio results suggest 
that the incorporation of nickel substantially modifies the host material's electronic and magnetic structure, giving rise 
to a half-metallic ferromagnetic state, a feature highly desirable for spintronic applications.The obtained value of 
magnetic moment of the doped supercells is approximately 4.0 µB, where the dominant contribution arises from the 
localized 3d states of the Ni²⁺ ions, with additional hybridization from the p-states of neighboring Se atoms. 

The spin-resolved band structure and DOS analyses confirm the presence of spin polarization near the Fermi 
energy, indicating potential applicability in spintronic technologies. Furthermore, Mulliken population analysis and 
spin-density visualizations reveal strong magnetic ordering primarily around Ni sites. 

We also evaluated the total energy differences between ferromagnetic (FM) and antiferromagnetic (AFM) 
configurations. The results consistently show that the FM phase is energetically more favorable, especially at lower 
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doping concentrations, signifying magnetic stability in diluted Ni configurations. Increasing the size of the supercell 
results in reduced magnetic interaction between Ni dopants, as reflected by the increased bond length and decreased ΔE 
values. 

Overall, the findings indicate that Ni-ZnSe systems exhibit the key characteristics of a promising DMS materials 
with half-metallic behavior, positioning it as a strong contender for future applications in spintronic technologies, 
optoelectronic systems, and magneto-electronic devices. 
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СПІН-ПОЛЯРИЗОВАНІ ВЛАСТИВОСТІ ZnSe, ЛЕГОВАНОГО Ni: МОДЕЛЮВАННЯ ТА СИМУЛЯЦІЇ НА 

ОСНОВІ ПЕРШИХ ПРИНЦИПІВ 
В.Н. Джафароваa,b, А.Н. Джафароваa, А.Дж. Ахмадоваc 

aАзербайджанський державний університет нафти та промисловості, 20 Azalig Ave., AZ-1010, Баку, Азербайджан 
bХазарський університет, 41 Mehseti Str., AZ1096, Баку, Азербайджан 
cДержавний університет Нахчівана, AZ 7012 Нахчіван, Азербайджан 

У цьому дослідженні проведено всебічний ab initio аналіз електронних та магнітних властивостей систем ZnSe, легованих 
нікелем, досліджених при трьох концентраціях домішок – 3.125 %, 6,25% та 12,5%. Аналіз виконано за допомогою теорії 
функціонала густини (DFT) у рамках локального наближення спінової густини (LSDA), доповненого корекціями Габбарда U 
для точного врахування сильних ефектів електронної кореляції, характерних для d-орбіталей перехідних металів. Введення 
атомів Ni в решітку ZnSe суттєво змінює електронну структуру, викликаючи напівметалічну поведінку та виражену спінову 
поляризацію. Загальний магнітний момент становить приблизно 4,0 µB на суперкомірку. Крім того, порівняння енергій 
ферромагнітного та антиреферромагнітного станів показало, що ферромагнітна фаза є більш стабільною з енергетичної 
точки зору. Ці результати підкреслюють потенціал ZnSe, легованого Ni, для застосування у спінтроніці, де критично 
важливим є точний контроль магнітних та електронних властивостей. 
Ключові слова: ZnSe:Ni; феромагнетик; напівметал; магнітний момент; моделювання на основі першопринципів; теорія 
функціонала густини 
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This paper investigates the electrophysical properties of n-GaAs-p-(ZnSe)1–x–y(Ge2)x(GaAs1–δBiδ)y heterostructures at different 
temperatures. The epitaxial n-GaAs-p-(ZnSe)1–x–y(Ge2)x(GaAs1–δBiδ)y grown on GaAs substrates showed p-type conductivity, their 
resistivity (5 Ω·cm), charge carrier concentration (ρ = 1.5·1016 cm-³) and carrier mobility (μ = 300 cm²/V·s) were determined by Hall 
method. Experimental values of the mobility of the main charge carriers allowed us to determine the mobility of the non-main charge 
carriers, which amounted to (μ = 1890 cm²/V·s) by means of theoretical calculations. In the current-voltage (I–V) characteristics of the 
n-GaAs-p-(ZnSe)1-x-y(Ge2)x(GaAs1-δBiδ)y heterostructure, a quadratic dependence of J ~ V² was revealed, and this dependence does not
change with increasing temperature in the transition to regions with a sharp increase in current. Analysis of these regions of the volt-
ampere characteristic showed that the mechanism of current flow is determined by the direct drift of charge carriers. It was proposed
to use n-GaAs-p-(ZnSe)1-x-y(Ge2)x(GaAs1-δBiδ)y heterostructures in voltage amplifiers, constant voltage converters, as well as in
electronic and thermoelectronic devices.
Keywords: Heterostructure; Epitaxy; Current-voltage characteristic; Temperature; Donor doping; Charge carriers; Mobility
PACS: 78.30.Am

INTRODUCTION 
A3B5 wide bandgap semiconductor compounds are considered as potential materials for the production of 
optoelectronic devices operating in the mid- and far-infrared (IR) spectral regions. Currently, extensive research is 
being conducted to develop and study various electronic device structures based on InSb, InAs, GaSb, GaAs and their 
solid-state alloys [1-3]. Among these materials, GaAs compounds and their complex solid alloys (GaAs)1-х-

у(Gе2)х(ZnSe)у are of particular interest, in particular due to the high mobility of electrons and holes [4-6]. These 
characteristics make such materials suitable for the fabrication of high-speed optoelectronic devices. Additionally, the 
(GaAs)1-х-у(Gе2)х(ZnSe)у solid solutions allow for the spectral range of device structures to be extended from 1.1 eV 
to 2.65 eV due to the wide tunability of x and y composition parameters [7]. However, the widespread practical 
application of devices fabricated from GaAs-based compounds and their solid solutions is limited by the insufficient 
understanding of the electro-physical properties of these materials and the structures based on them. Therefore, the 
present study aims to investigate the electro-physical properties of n-GaAs-p-(ZnSe)1-x-y(Ge2)x(GaAs1-δBiδ)y 
heterostructures at various temperatures. 

MATERIALS AND METHODS 
(ZnSe)1–x–y(Ge2)x(GaAs1–δBiδ)y solid solutions were grown on (100)-oriented, 400 µm thick GaAs substrates with 

electron-type conductivity using the liquid-phase epitaxy (LPE) method under forced cooling conditions from a Bi-
containing multicomponent melt solution. The composition of the melt and the crystallization onset temperature were 
selected based on preliminary experimental results and the phase diagram of the GaAs–Ge–ZnSe–Bi multicomponent 
system. The resulting epitaxial films exhibited p-type conductivity, a specific resistivity of 5 Ω·cm, a charge carrier 
concentration of 1.5·1016 cm-3, carrier mobility μ = 300 cm²/V·s and a thickness of 8 µm. To investigate the current-voltage 
characteristics (I-V curve) of the structures fabricated on the basis of (ZnSe)1–x–y(Ge2)x(GaAs1–δBiδ)y solid solutions, ohmic 
contacts were formed by vacuum sputtering. Silver contacts were deposited on the back side of the sample (entire surface) 
and on the solid-solution side as square-shaped contacts with a surface area of 6 mm². Additionally, the temperature 
dependence of the current-voltage (I–V) characteristics of the n-GaAs-p-(GaAs1–δBiδ)1–x–y(Ge2)x(ZnSe)y heterostructures 
was studied in both forward and reverse bias modes. The experimental data were processed using the OriginPro 2022 
software package. 

RESULTS AND DISCUSSION 
Figure 1 presents current-voltage characteristics (I-V) of multicomponent n-GaAs-p-(ZnSe)1-x-y(Ge2)x(GaAs1-δBiδ)y 

heterostructures in logarithmic scale at different (1 – 30 °C, 2 – 50 °C, 3 – 70 °C, 4 – 90 °C, 5 – 110 °C, 6 – 130 °C, 
7 – 150 °C) temperatures.  
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Analysis of the obtained results in logarithmic scale showed that in the forward bias region, at all measured 
temperatures, the current demonstrates a linear dependence on the applied voltage according to the expression: J = A⋅Vα, 
where α is a power-law exponent that varies depending on the voltage range [8]. 

In the initial region of the current-voltage characteristic, from 0.1 V to 0.3 V, a “jump” or transition region is 
observed, where the current follows a quadratic dependence: J ~ Vα (α ≈ 2). This behavior suggests that the charge 
transport in this voltage range obeys the following relation [9]. 

 𝑉 = 𝑀(𝐽)𝐵଴ට௃ଶ. (1) 

Here, the quantity M(J) is expressed by the following formula:  

 𝑀(𝐽)  ≈ 1 + 3𝑚ൣ2 + 𝐶൫𝛼𝜏௜/𝑐р൯ඥ𝐽൧ଶ, (2) 

here, 𝑚 = 2𝜏௜𝑁ௗ𝑉௣∗/8𝑏(𝑏 + 1)𝑛௣𝑑; and 𝐶 = [𝑏𝑛р/𝑞𝑉௣∗(𝑏 + 1)]. In these ratios, Vp
* - represents the imperfection value 

of the injection contact [10]. 
Thus, this particular region of the current-voltage characteristic (I-V) manifests when the denominator in the 

recombination rate expression reaches extremely small values. This behavior is typically observed in cases where the 
recombination process dominates the carrier transport mechanism, and the contact imperfection contributes significantly 
to the overall voltage drop across the structure [11]. 
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Here, the terms are defined as follows: Nr – concentration of recombination centers (complexes), n, p – concentrations of 
electrons and holes, respectively, ni – intrinsic carrier concentration in the semiconductor, cn, cp – capture coefficients for 
electrons and holes, n₁, p₁ – equilibrium concentrations of electrons and holes corresponding to the impurity energy level 
aligned with the Fermi level (known as Shockley–Read static factors), τi – time constant associated with electron exchange 
processes within the recombination complex, α – coefficient dependent on the type of defect complex.  

This type of recombination mechanism may arise not only under the above-mentioned conditions but also in the 
presence of metastable recombination complexes, such as negatively charged acceptor–positively charged impurity ion 
pairs, or positively charged donors paired with negatively charged vacancies, which can form in various configurations 
within semiconductors. 

At low excitation levels, i.e., when the final term in the denominator of expression (3) becomes negligible, the 
recombination rate can be described by the Shockley–Read statistics. In such a case, the current transport mechanism 
across the heterojunction based on the current-voltage characteristics (I-V) assumes a conventional form corresponding 
to the ohmic relaxation of the volumetric space charge under drift conditions. This behavior is described as follows [12]: 

 𝑉 = ට ଼ௗయ௃ଽ௤ఓ೛ఓ೙ఛ೛ே೏ = 𝐵଴ඥ𝐽. (4) 

Firstly, the value of B₀ is determined from the slope of the experimentally obtained straight line corresponding to 
the relation J=Vα, using the following expression: 

 

Figure 1. Current-voltage characteristics of n-GaAs-p-(ZnSe)1–x–y(Ge2)x(GaAs1–δBiδ)y heterostructures in logarithmic scale at 
different temperatures: 1 – 30 °C, 2 – 50 °C, 3 – 70 °C, 4 – 90 °C, 5 – 110 °C, 6 – 130 °C, 7 – 150 °C 
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 𝐵଴ = ට ଼ௗయଽ௤ఓ೛ఓ೙ఛ೛ே೏. (5) 

In our case, the value of B₀ at room temperature is found to be: B0=0.001 V⋅A-1/2 Considering the film thickness 
d = 5 µm and using experimental data, it is also possible to estimate the concentration of shallow-level donor impurity 
centers. For our structure at room temperature, this concentration is: Nd=1.2∙1015 cm-3. According to the Hall effect 
measurements, the mobility of the majority charge carriers (holes) is: μr=300 cm2/V·s. Based on theoretical calculations, 
the mobility of minority carriers (electrons) can be determined using the relationship: μn=b⋅μr=1890 cm2/V·s, where b is 
the ratio of minority to majority carrier mobilities, and in our case, at room temperature, b = 6.3 [13]. 

As the temperature increases, the B₀ value rises from 0.001 V·A-1/2 to 0.369 V·A-1/2, while the mobilities of both 
majority (μn) and minority charge carriers and their lifetimes (τr), as well as the concentration of shallow donor levels 
(Nd), decrease. This behavior indicates that in the investigated solid solutions, the diffusion of charge carriers into deeper 
impurity regions plays a significant role in the current transport mechanism of the heterostructures [14]. Moreover, 
starting from an applied voltage of V = 0.4, a sharp increase in current is observed in the current-voltage characteristics 
(I-V), which follows a power-law relationship of the form: J = Vα = 8. This region is known as the pre-breakdown region 
(see Figure 1). In this regime, the last term in the denominator of expression (3) begins to play a significant role in the 
recombination rate. Consequently, the recombination rate deviates from the Shockley–Read statistics and takes on a 
fundamentally different form [15]. 

 𝑢௥ = ேೝఛ೔ ൬1 − ଶఛ೔௖೛௣൰. (6) 

The dependence of the current on the applied voltage in this regime takes the following form: 

 𝐽 = ௤మ(௕ାଵ)మேೝௗయఌఛ೔మ௖೛(௏బି௏) . (7) 

Here: ε – the dielectric permittivity (dielectric constant) of the grown epitaxial films. This parameter characterizes the 
film’s ability to polarize in response to an electric field and plays a crucial role in determining the electric field 
distribution, capacitance, and overall electrostatic behavior of the heterostructure. It directly influences charge carrier 

dynamics, recombination rates, and space-charge region properties in semiconductor devices. 𝑉଴ = ට௤(௕ାଵ)ேೝௗరଶఌఛ೔ఓ೛ = 𝑐𝑜𝑛𝑠𝑡. 
From equation (7), it follows that the current increases as the denominator decreases with increasing applied voltage-

that is, the current rises rapidly. This behavior indicates the onset of a highly nonlinear transport mechanism. In particular, 
within the voltage range V = 0.4-0.8 V, a sharp increase in current is observed, marking the transition from ohmic or 
quadratic behavior to a pre-breakdown or injection-enhanced regime. 

This phenomenon has been thoroughly discussed in the study by [16]. In that work, the authors analyze the 
mechanisms responsible for such nonlinear current growth, including enhanced injection, formation of space-charge 
regions, and recombination through complex defect states. In the studied heterostructures, this sharp rise in current in the 
V = (0.4–0.8) V range is indicative of the increasing role of injected charge carriers and their recombination via complex 
deep-level centers. This behavior also signals the transition into a regime where classical drift-diffusion models are no 
longer sufficient, and recombination-limited or space-charge-limited current mechanisms begin to dominate. When the 
applied voltage to the studied samples is increased from 0.9 V to 1.5 V, the current-voltage relationship assumes the form: 
J = A·V3,2 (as shown in Figure 1). According to the theoretical analysis provided by [17], this region of the current-voltage 
characteristic may arise due to electron exchange through complex recombination centers during the recombination of 
nonequilibrium charge carriers. In this case, the final term in the denominator of equation (3) satisfies the following 
condition: 

 𝑐௡(𝑛 + 𝑛ଵ) + 𝑐௣(𝑝 + 𝑝ଵ) < 𝛼𝜏௜𝑝𝑛. (8) 

The I-V curve also takes the following analytical expression: 

 𝑉 = (௕ାଵ)ௗమேೝே೏ఓ೛ఛ೔ + ௗ௤ఓ೛(௕ାଵ)Сඥ𝐽 − ଶ(௕ାଵ)ேೝௗమ௖рே೏ఓ೛ఈఛ೔஼ ଵ√௃ = 𝐴 + 𝐵ඥ𝐽 − ஽√௃. (9) 

where A, V, and D are quantities that depend on the concentration of ionized atoms in deep pores, the ratio of electron 
and hole mobilities, and the thickness of the interlayer junction base, and can be determined based on the results of 
experimental studies. To determine the quantity A, two experimental points V1, J1 and V2, J2 are selected from the 
dependence of current on voltage in the form J ~ V3.2. The results obtained by calculation are presented in Table 1. It can 
also be seen from the table that the value of A does not change much with increasing temperature, which in turn indicates 
that the Nr/τi ratio does not change. In addition, it is possible to determine the values of B and D by selecting three 
experimental points V1, J1), (V2, J2), (V3, J3) in the region of a sharp increase in current flow. According to the data 
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presented in Table 1 and the calculation results, it was found that the value of D increases with increasing temperature 
and the value of B decreases. This, in turn, indicates that the n-GaAs substrate and p-(ZnSe)1–x–y(Ge2)x(GaAs1–δBiδ)y 
epitaxial film increase the value of “c” in the relationship (3) at the boundary of the separation and that the concentration 
of hole-holding centers is related to cp. The results obtained and the results obtained using calculations show that 
expression (9) can be used to characterize the slope of the volt-ampere characteristic in the form J ~ Vα. 
Table 1. The values of the quantities A, B and D given in relation (9) are calculated from the experimental results of I-V curve at 
different temperatures 

t, oC 30 50 70 90 110 130 150 
A. V 0.69 0.7 0.705 0.711 0.717 0.723 0.73 
D. V·mA-1/2 1.38 2.12 2.44 2.94 4.16 5.58 7 
B. V·A1/2· 0.0174 0.0156 0.0146 0.0134 0.0131 0.013 0.0128 

After a sharp increase in the applied voltage of the current to the samples, a repeating quadratic field with J ~ Vα, 
where α = 2, was observed (Fig. 2). In this case, the last part in the denominator of relation (3) begins to play a decisive 
role and the recombination rate ur ur=Nr/τi is completely saturated [18]: 

 𝑉 = (௕ାଵ)ௗమேೝଶே೏ఓ೛ఛ೔ + ௗ௤ఓ೛(௕ାଵ)Сඥ𝐽, (10) 

The determination of the value of Nr/τi for this region is carried out in the same way as for the region of sharp 
increase in the dependence of the current strength on the applied voltage. First, a straight line equation is constructed for 
two selected experimental points, from which the values of various quantities corresponding to the value of the first part 
of expression (10) are determined: 

 ஺ଶ = (௕ାଵ)ௗమேೝଶே೏ఓ೛ఛ೔ , (11) 

Using several mathematical substitutions, based on the quantities d, b, and Nd in the relation (11), Nr/τi = 5.2·1018 cm-

3·s-1 was obtained. 
 

CONCLUSION 
Thus, in the n-GaAs-p-(ZnSe)1–x–y(Ge2)x(GaAs1–δBiδ)y heterostructure, the forward-biased current-voltage 

characteristics exhibit a transition from a quadratic relationship (J ~ V²) to regions of steep current increase. It was found 
and theoretically supported that this behavior does not change significantly with increasing temperature. 

Beyond the pre-breakdown region, the dependence of current on voltage reveals two distinct characteristic regions. 
The analysis of these regions in the I-V characteristics of n-GaAs-p-(ZnSe)1–x–y(Ge2)x(GaAs1–δBiδ)y heterostructures 
confirms the dominance of the direct drift-based charge transport mechanism. Based on these findings, the investigated 
heterostructures are promising for use in voltage-multiplying devices, constant-voltage converters where high-frequency 
or time-domain response is not critical, and in various electronic and thermoelectronic applications. 
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ВПЛИВ ТЕМПЕРАТУРИ НА ВОЛЬТ-АМПЕРНІ ХАРАКТЕРИСТИКИ ГЕТЕРОСТРУКТУР 
n-GaAs-p-(ZnSe)1–x–y(Ge2)x(GaAs1–δBiδ)y 

Акрамжон Ю. Бобоєва, Ікболжон М. Солієвb, Нурітдін Ю. Юнусалієва, Муродилжон М. Хотамова 
aАндижанський державний університет імені З.М. Бабур, Андижан, Узбекистан 

bАндижанський державний педагогічний інститут, Андижан, Узбекистан 
У цій статті досліджуються електрофізичні властивості гетероструктур n-GaAs-p-(ZnSe)1–x–y(Ge2)x(GaAs1–δBiδ)y за різних 
температур. Епітаксійні n-GaAs-p-(ZnSe)1–x–y(Ge2)x(GaAs1–δBiδ)y, вирощені на підкладках GaAs, показали p-тип провідності, їх 
питомий опір (5 Ом·см), концентрація носіїв заряду (ρ = 1,5·1016 см-³) та рухливість носіїв (μ = 300 см²/В·с) були визначені 
методом Холла. Експериментальні значення рухливості основних носіїв заряду дозволили нам визначити рухливість 
неосновних носіїв заряду, яка становила (μ = 1890 см²/В·с) за допомогою теоретичних розрахунків. У вольт-амперних (ВАХ) 
характеристиках гетероструктури n-GaAs-p-(ZnSe)1–x–y(Ge2)x(GaAs1–δBiδ)y виявлено квадратичну залежність J ~ V², і ця 
залежність не змінюється зі збільшенням температури при переході до областей з різким збільшенням струму. Аналіз цих 
областей вольт-амперної характеристики показав, що механізм протікання струму визначається прямим дрейфом носіїв 
заряду. Було запропоновано використовувати гетероструктури n-GaAs-p-(ZnSe)1–x–y(Ge2)x(GaAs1–δBiδ)y в підсилювачах 
напруги, перетворювачах постійної напруги, а також в електронних та термоелектронних пристроях. 
Ключові слова: гетероструктура; епітаксія; вольт-амперна характеристика; температура; донорне легування; носії 
заряду; рухливість 




