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This study provides a theoretical investigation of peristaltic transport of couple-stress nanofluid under the influence of a magnetic field 
in an inclined porous tube. With low Reynolds number, long wavelength approximations, appropriate analytical methods are employed 
to investigate the fluid’s velocity, frictional force, time-averaged flux, nanoparticle phenomena, pressure drop, and temperature profile. 
The effects of various physical parameters, including the thermophoresis parameter, Brownian motion parameter, local nanoparticle 
Grashof number, and local temperature Grashof number, on frictional force and pressure drop characteristics are investigated. Graphs 
are used to illustrate expressions for pressure drop, velocity, nanoparticle phenomena, temperature profile, and frictional force.  
Keywords: Thermophoresis parameter; Peristalsis; Brownian motion parameter; Nanoparticles; Magnetic field; Couple stress fluid; 
Porous medium 
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Nomenclature 𝑎∗ ‘Tube Radius’ 𝐶ᇱ ‘Nanoparticle Concentration’ 𝑏∗ ‘Amplitude’ 𝐷஻∗ ‘Brownian diffusion coefficient’ 𝑐ଵ ‘Wave Speed’ 𝐷்ᇲ∗ ‘Thermophoretic diffusion coefficient’ 𝜆∗ ‘Wave Length’ 𝐶଴ᇱ ‘Nanoparticle Concentration as 𝑟∗ → ℎ’ ∅ ‘Inclination Angle’ 𝑇଴ᇱ ‘Ambient Temperature as 𝑟∗ → ℎ’ 𝑇௜௝஺ and 𝑇௜௝ ‘Antisymmetric Tensor and Symmetric Tensor’ 𝜃∗ ‘Temperature’ 𝑤௜∗ ‘Velocity Vector 𝜎∗ ‘Concentration’ 𝑀௜௝ ‘Couple-stress Tensor’ 𝑁௧∗ ‘Thermophoresis parameter’ 𝜇௜௝ ‘Deviatoric part of 𝑀௜௝’ 𝑁௕∗ ‘Brownian motion parameter’ 𝜔௜௝∗ ‘Vorticity Vector’ 𝐺௥∗ ‘Local temperature Grashof number’ 𝑑௜௝ ‘Symmetric part of Velocity Gradient’ 𝐵௥∗ ‘Local nanoparticle Grashof number’ 𝜂 and 𝛼ത ‘Couple-stress Fluid Parameters’ 𝑟∗ ‘Radial Coordinate’ 𝑝 ‘Pressure’ 𝑧 ‘Axial Coordinate’ 𝜌∗௙ ‘Fluid Density’ 𝑤∗ ‘Axial Velocity’ 𝜌∗௣ ‘Density of Particle’ 𝑘 ‘Porosity’ 𝐹 ‘Body Force’ 𝛿ଵ ‘Electrical Conductivity’ 𝐶 ‘Volumetric thermal expansion coefficient’ 𝐵଴ ‘Uniform Magnetic Field’ 𝑑/𝑑𝑡 ‘Material derivative’ 𝑀∗ ‘Hartmann Number’ 

INTRODUCTION 
Peristaltic pumping is the gradual contraction of a tube along its length. The cross-sectional area subsequently 

changes. Peristalsis naturally takes place in various tubular organs within the human body. Peristaltic motion has been 
used in several industrial applications, such as the transport of sterile and hygienic fluids, blood pumps for the heart and 
lungs, and the handling of chemically aggressive fluids. Researchers have studied the peristaltic transport of both non-
Newtonian and Newtonian fluids under a wide range of conditions, recognizing its significance.  

[1] conducted detailed research on Magnetohydrodynamic flow of nano-coupled stress fluid in the tapered, non-
uniform passage within a porous medium, considering velocity slip and convective boundaries. Their model integrates 
key physical influences such as nanoparticle dynamics (Brownian motion and thermophoresis), magnetic fields, and 
porous resistance. Numerical results reveal that stronger magnetic fields reduce axial velocity but improve heat transfer. 
The wall-slip and permeable medium significantly affect the flow and thermal behaviour. [2] explained the combined 
impact of magnetic field and heat transfer on peristaltic transport of couple-stress fluid through an inclined tube. Their 
model accounts for body forces, low Reynolds number, and long wavelength approximation due to inclination, along with 
temperature-dependent source terms. The results reveal that flow characteristics, including temperature gradients, 
pressure rise, and velocity profiles, are significantly affected by the interplay between magnetic damping, couple stress 
effects, and inclination angle. 
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[3-4] explained the theoretical study of the peristaltic flow of couple stress fluid, including mass and heat transfer 
effects. This study assumes a low Reynolds number, long wavelength approximation, which allows analytical solutions. 
Key aspects investigated are velocity distribution, time-averaged flux, frictional force, mechanical efficiency, pressure-
drop, nanoparticle behaviour, coefficients of heat and mass transport, and temperature profile. The influence of several 
physical parameters, such as Brownian motion, the couple stress fluid parameter, thermophoresis, nanoparticle, and 
temperature Grashof numbers, is thoroughly examined. and further it was studied with nanoparticles in an inclined tube 
by [5]. 

Researchers typically use the couple-stress fluid model because it is more mathematically simpler than other models. 
Blood, lubricants with electro-rheological suspensions, synthetic fluids, and high polymer-based additives exhibit couple-
stress and rotation, unlike Newtonian fluids. The couple stress fluid model provides a better representation for these fluids. 
[6] Stokes developed couple-stress fluids in 1966. [7] developed a stress model of blood flow in the microcirculation. [8] 
conducted a study on peristaltic transport of couple-stress fluid, focusing on its relevance to hemodynamic applications. 
[9] explored how the boundary layer affects peristaltic flow of couple stress fluid. [10] demonstrated the hydromagnetic 
influence on inclined peristaltic flow of couple stress fluid. 

Nanotechnology has significant impact on industry due to the distinctive physiochemical characteristics of nanoscale 
materials. Common base fluids used in nanofluid applications include oil, ethylene glycol, and water. Nanofluids are 
widely utilized in heat transfer processes, including those in fuel cells, microelectronics, hybrid engines, and 
pharmaceutical manufacturing. There is extensive literature available on nano fluids and their uses. [11] was the first to 
research nanofluids and further it was studied in an inclined tube by [12]. [13] carried out research concerning pool boiling 
behaviour of nanofluids in horizontally oriented narrow tubes. [14] studied peristaltic motion of third order nanofluids 
under mixed convection in the presence of an inclined magnetic field. [15-17] investigated the peristaltic flow of 
nanoparticle-laden micropolar fluid, taking into account heat and mass transfer effects in an inclined tube. Many ducts in 
the physiological system are inclined with the axis, rather than being horizontal. [18] explored the effect of slip conditions 
on the peristaltic transport of power-law fluid through the inclined tube.  

In the previous literature, the researchers studied (i) peristaltic transport of Newtonian or micropolar fluids with 
MHD, (ii) peristaltic transport of a couple-stress fluid with MHD, but without nanoparticles, porous medium. In this work, 
we considered couple-stress fluid with nanoparticles in an inclined tube under the influence of MHD through porous 
medium. This comprehensive model is especially important for advanced applications such as biomedical engineering 
(magnetic targeting of drug carriers in porous tissues and blood flow under external magnetic fields), thermal management 
of electronics (cooling microchips using nanofluids in porous heat sinks with MHD flow control), and industrial processes 
(peristaltic pumping of complex fluids in chemical reactors with porous linings). 

With all of the aforementioned in mind, the peristaltic flow of couple stress nanofluid within inclined tube was 
examined under the assumptions of low Reynolds number and long wavelength. Homotopy perturbation method (HPM) 
was employed to solve the coupled equations governing temperature profile and nanoparticle phenomena. Analytical 
solutions for nanoparticle phenomena, velocity, temperature profile, frictional force, and pressure drop were developed. 
Impact of various conditions on these flow parameters has been represented using graphs.  
 

MATHEMATICAL FORMULATION 
Peristaltic flow of an incompressible couple-stress nanofluid having a uniform cross-sectional radius 𝑎ଵin an inclined 

tube. A sinusoidal wave travels along the tube border with amplitude 𝑏∗, wavelength 𝜆∗, speed 𝑐ଵ, and inclined tube angle 
is ∅.  

 
Figure 1. Geometry of the problem 

Consider the cylindrical polar coordinate system ሺ𝑅,𝜃∗,𝑍ሻ then the geometry of the wall surface is 

 𝑅 = 𝐻ሺ𝑧, 𝑡∗ሻ = 𝑏∗𝑆𝑖𝑛 ଶగఒ∗ ሺ𝑍 − 𝑐ଵ𝑡∗ሻ + 𝑎∗ (1) 
In a fixed coordinate frame, the governing equations of an incompressible couple-stress fluid containing 

nanoparticles, neglecting body couples or body moments, are expressed as follows  
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 𝑇௝௜.௝ = 𝜌∗ ௗ௪೔∗ௗ௧∗  (2) 

 𝑒௜௝௞∗𝑇௝௞஺ + 𝑀௝௜.௝ = 0 (3) 

 𝑙௜௝ = −𝑝𝛿௜௝∗ + 2𝜇௜௝𝑑௜௝ (4) 

 𝜇௜௝ = 4𝜂𝜔௝.௜∗ + 4𝜂ᇱ𝜔௜௝∗ (5) 

 (𝜌∗𝑐)௙ ௗ்ᇲௗ௧∗ = 𝑘∇ଶ𝑇ᇱ + (𝜌∗𝑐)௣ ቂ𝐷஻∗∇𝐶ᇱ.∇𝑇ᇱ + ஽೅ᇲ∗బ்ᇲ ∇𝑇ᇱ.∇𝑇ᇱቃ (6) 

 ௗ஼ᇲௗ௧∗ = 𝐷஻∗∇ଶ𝐶ᇱ + ቂ஽೅ᇲ∗బ்ᇲ ቃ ∇ଶ𝑇ᇱ (7) 

By applying the transformation 𝑟∗ = 𝑅, 𝑧 = 𝑍 − 𝑐ଵ𝑡∗,𝜃∗ = 𝜃∗,𝑢∗ = 𝑈,  𝑤∗ = 𝑊− 𝑐ଵ 

Transforming from a stationary to a moving reference frame, we get  

 డ௨∗ᇲௗ௥∗ᇲ + ௨∗ᇲ௥∗ᇲ + డ௪∗ᇲడ௭ᇲ = 0 (8) 

 𝜇∇ଶ ቂ1 − ଵఈഥమ ∇ଶቃ𝑤∗ᇱ = ௗ௣ᇲௗ௭ᇲ + 𝜌∗𝑔𝛽∗(𝑇ᇱ − 𝑇଴ᇱ) + 𝜌∗𝑔𝛽∗(𝐶ᇱ − 𝐶଴ᇱ) + ௦௜௡∅ி + 𝛿ଵ𝐵଴ଶ𝑤∗ᇱ + ఓ௞ 𝑤∗ᇱ (9) 

 ቂ𝑢∗ᇱ డ்ᇲడ௥∗ᇲ + 𝑤∗ᇱ డ்ᇲడ௭ᇲቃ = 𝛽∗ ൤ డమ்ᇲడ௥∗ᇲమ + ଵ௥∗ᇲ డ்ᇲడ௥∗ᇲ + డమ்ᇲడ௭ᇲమ൨ + 𝜏 ൜𝐷஻∗ ቂడ஼ᇲడ௥∗ᇲ డ்ᇲడ௥∗ᇲ + డ஼ᇲడ௭ᇲ డ்ᇲడ௭ᇲቃ + ஽೅ᇲ∗బ்ᇲ ൤ቀ డ்ᇲడ௥∗ᇲቁଶ + ቀడ்ᇲడ௭ᇲቁଶ൨ൠ (10) 

 ቂ𝑢∗ᇱ డ஼ᇲడ௥∗ᇲ + 𝑤∗ᇱ డ஼ᇲడ௭ᇲቃ = 𝐷஻∗ ൤డమ஼ᇲడ௥∗ᇲమ + ଵ௥∗ᇲ డ஼ᇲడ௥∗ᇲ + డమ஼ᇲడ௭ᇲమ൨ + ஽೅ᇲ∗బ்ᇲ ൤ డమ்ᇲడ௥∗ᇲమ + ଵ௥∗ᇲ డ்ᇲడ௥∗ᇲ + డమ்ᇲడ௭ᇲమ൨ (11) 

with ∇ଶ= ଵ௥∗ డడ௥∗ ቀ𝑟∗ డడ௥∗ቁ 

where 𝜏 = (ఘ∗஼)೛(ఘ∗஼)೑ and 𝐹 = ଵఘ∗௚ 

The dimensionless quantities: 𝑟∗ = 𝑟∗ᇱ𝑎∗ ,ℎᇱ = ℎ𝑎∗ , 𝑧 = 𝑧ᇱ𝜆∗ ,𝑤∗ = 𝑤∗ᇱ𝑐ଵ ,𝑝 = 𝑎∗ଶ𝑝ᇱ𝜆∗𝑐ଵ𝜇 , 𝑡∗ = 𝑐ଵ𝑡∗ᇱ𝜆∗ ,𝑢∗ = 𝜆𝑢∗ᇱ𝑎∗𝑐ଵ ,𝜃∗ = 𝑇ᇱ − 𝑇଴ᇱ𝑇଴ᇱ , 
𝑅௘ = ଶఘ∗௖భ௔∗ఓ ,  𝛽∗ = ௞భ(ఘ∗஼)೑ ,𝑁௕∗ = (ఘ∗஼)೛஽ಳ∗஼బᇲ(ఘ∗஼)೑ ,𝑁௧∗ = (ఘ∗஼)೛஽೅ᇲ∗ బ்ᇲ(ఘ∗஼)೑ఉ∗ ,𝜎∗ = ஼ᇲି஼బᇲ஼బᇲ  ,  
𝛼ത = 𝑎∗∅ = ටఓఎ 𝑎∗,  𝑘 = ௞௔∗మ, 𝑀∗ = ఋభ஻బమ௔∗మఓ , 𝐺௥∗ = ௚ఉ∗௔∗య బ்ᇲఊమ ,𝐵௥∗ = ௚ఉ∗௔∗య஼బᇲఊమ  

Here 𝐺௥∗ and 𝐵௥∗ are the temperature and nanoparticle Grashof numbers, respectively. They quantify the ratio of buoyancy 
forces to the viscous forces in the flow. A larger 𝐵௥∗ signifies a stronger influence of free convection induced by 
nanoparticle concentration differences. 

Substituting the dimensionless quantities into equations (8) to (11), and taking long wavelength and low Reynolds 
number approximations while omitting the initial terms, we get 

 డ௣డ௥ = 0 (12) 

 ଵ௥∗ డడ௥∗ ቀ𝑟∗ డడ௥∗ ቀ1 − ଵఈഥమ ∇ଶቁ𝑤∗ቁ = ௗ௣ௗ௭ + 𝐺௥∗𝜃∗ + 𝐵௥∗𝜎∗ + ௦௜௡∅ி + ቀఓ௞ + 𝑀∗ቁ𝑤∗ (13) 

 0 = ଵ௥∗ డడ௥∗ ቀ𝑟∗ డఏ∗డ௥∗ቁ + 𝑁௕∗ డఙ∗డ௥∗ డఏ∗డ௥∗ + 𝑁௧∗ ቀడఏ∗డ௥∗ቁଶ (14) 

 0 = ଵ௥∗ డడ௥∗ ቀ𝑟∗ డఙ∗డ௥∗ቁ + ே೟∗ே∗್ ൬ ଵ௥∗ డడ௥∗ ቀ𝑟∗ డఏ∗డ௥∗ቁ൰ (15) 

Dimensionless boundary conditions are  

 డ௪∗డ௥∗ = 0, డఙ∗డ௥∗ = 0, డఏ∗డ௥∗ = 0 at 𝑟∗ = 0 (16) 

 𝑤∗ = 0, 𝜎∗ = 0, 𝜃∗ = 0 at 𝑟∗ = ℎ(𝑧) = 1 + 𝜖𝑠𝑖𝑛2𝜋𝑧 (17) 
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 డమ௪∗డ௥∗మ − ఎഥ௥∗ డ௪∗డ௥∗ = 0 at 𝑟∗ = ℎ(𝑧) = 1 + 𝜖𝑠𝑖𝑛2𝜋𝑧 (18) 

 డమ௪∗డ௥∗మ − ఎഥ௥∗ డ௪∗డ௥∗  is finite at 𝑟∗ = 0 (19) 

Here 𝜖∗ = ௕∗௔∗ and 𝜂ᇱ = ఎഥఎ 
 

SOLUTION OF THE PROBLEM 
HPM: It combines the perturbation and homotopy methods. This methodology is more suitable than the other classic 

perturbation approaches.  
The homotopy formulations for (14) and (15) are (He, J. H. (1999)) 

 𝐻(𝜍,𝜃∗) = (1 − 𝜍)ሾ𝐿(𝜃∗) − 𝐿(𝜃ଵ଴∗ )ሿ + 𝜍 ൤𝑁௕∗ ቀడఙ∗డ௥∗ቁ ቀడఏ∗డ௥∗ቁ + 𝑁௧∗ ቀడఏ∗డ௥∗ቁଶ൨ (20) 

 𝐻(𝜍,𝜎∗) = (1 − 𝜍)ሾ𝐿(𝜎∗) − 𝐿(𝜎ଵ଴∗ )ሿ + 𝜍 ൤ே೟∗ே∗್ ൬ ଵ௥∗ డడ௥∗ ቀ𝑟∗ డఏ∗డ௥∗ቁ൰൨ (21) 

Let the linear operator be 𝐿 = ଵ௥∗ డడ௥∗ ቀ𝑟∗ డడ௥∗ቁ and 

𝜃ଵ଴∗ (𝑟∗, 𝑧) = ൬௥∗మି௛మସ ൰ ,𝜎ଵ଴∗ (𝑟∗, 𝑧) = −൬௥∗మି௛మସ ൰ are initial guesses  (22) 

Define 

 𝜃∗(𝑟∗, 𝑧) = 𝜃଴∗ + 𝜍𝜃ଵ∗ + 𝜍ଶ𝜃ଶ∗ + −−−−−− (23) 

 𝜎∗(𝑟∗, 𝑧) = 𝜎଴∗ + 𝜍𝜎ଵ∗ + 𝜍ଶ𝜎ଶ∗ + −−−−−− (24) 

Expressions for nanoparticle concentration and temperature profile are obtained for 
 𝜍 = 1 as  

 𝜎∗ = −ே೟∗ே∗್ (𝑁௕∗ − 𝑁௧∗) ൬௥∗రି௛ర଺ସ ൰ (25) 

 𝜃∗ = 𝑁௕∗(𝑁௕∗ − 𝑁௧∗) ൬௥∗లି௛లଵଵହଶ ൰ − 2𝑁௧∗(𝑁௕∗ − 𝑁௧∗) ൬௥∗లି௛లଵଵହଶ ൰ + (2𝑁௧∗ − 𝑁௕∗) ൬௥∗రି௛ర଺ସ ൰ (26) 

Substituting (25) and (26) in equation (13), we get 

ଵ௥∗ డడ௥∗ ቀ𝑟∗ డడ௥∗ ቀ1 − ଵఈഥమ ∇ଶቁ𝑤∗ቁ = ௗ௣ௗ௭ + ௦௜௡థி + 𝐺௥∗ ൤𝑁௕∗(𝑁௕∗ − 𝑁௧∗) ൬௥∗లି௛లଵଵହଶ ൰ − 2𝑁௧∗(𝑁௕∗ − 𝑁௧∗) ൬௥∗లି௛లଵଵହଶ ൰ +(2𝑁௧∗ − 𝑁௕∗) ൬௥∗రି௛ర଺ସ ൰൨ + 𝐵௥∗ ቆ− ே೟∗ே∗್ (𝑁௕∗ − 𝑁௧∗) ൬௥∗రି௛ర଺ସ ൰ቇ + ቀఓ௞ + 𝑀∗ቁ𝑤∗ (27) 

On solving equation (27) using the boundary conditions, we get 

𝑤∗ = ଵቈଵିఈഥమቆೝ∗మర ିቀഋೖାெ∗ቁೝరలరቇ቉ 𝛼തଶ ൜ቀௗ௣ௗ௭ + ௦௜௡∅ி ቁ ൬− ௥∗ర଺ସ + ௛మ௥∗మଵ଺ − ଷ௛ర଺ସ ൰ − 𝐺௥∗ ൤𝑁௕∗(𝑁௕∗ − 𝑁௧∗) ൬ ௥∗భబ଻ଷ଻ଶ଼଴଴ − ௛ల௥∗ర଻ଷ଻ଶ଼ + ହ௛ఴ௥∗మଽ଼ଷ଴ସ −
ଶଷ௛భబ଺ଵସସ଴଴൰ − 𝑁௧∗(𝑁௕∗ − 𝑁௧∗) ൬ ௥∗భబଷ଺଼଺ସ଴଴ − ௛ల௥∗రଷ଺଼଺ସ + ହ௛ఴ௥∗మହ଴଻ହଶ − 0.00000716628ℎଵ଴൰ + (2𝑁௧∗ − 𝑁௕∗) ൬ ௥∗ఴଵସ଻ସହ଺ − ௛ర௥∗రସ଴ଽ଺ + ௛ల௥∗మଵଵହଶ −ଷଵ௛ఴସଽଵହଶ൰൨ − 𝐵௥∗ ൤− ே೟∗ே∗್ (𝑁௕∗ − 𝑁௧∗) ൬ ௥∗ఴଵସ଻ସହ଺ − ௛ర௥∗రସ଴ଽ଺ + ௛ల௥∗మଵଵହଶ − ଷଵ௛ఴସଽଵହଶ൰൨ൠ (28) 

Dimensionless flux is  

 𝑞∗ = ׬ 2𝑟∗𝑤∗𝑑𝑟∗௛଴  (29) 

Substituting 𝑤∗ from (28) in (29) and solving, we get 
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𝑞∗ = 𝛼തଶ ൝ቀௗ௣ௗ௭ + ௦௜௡∅ி ቁ ቈ− ௛లସ଼ + 𝛼തଶ ቆ− ହ௛ఴଷ଴଻ଶ − ቀఓ௞ + 𝑀∗ቁ ቀ ି௛భబଶ଴ସ଼଴ቁቇ቉ − 𝐺௥∗ ൥𝑁௕∗(𝑁௕∗ − 𝑁௧∗)ቆ− ଻ଷ௛భమସସଶଷ଺଼଴ +
𝛼തଶ ൬−0.000001283676ℎଵସ − ቀఓ௞ + 𝑀∗ቁ (−0.00000003841188ℎଵ଺)൰ቇ − 𝑁௧∗(𝑁௕∗ − 𝑁௧∗)ቆ0.0000330958ℎଵଶ +
𝛼തଶ ൬0.0000056283ℎଵସ − ቀఓ௞ + 𝑀∗ቁ (0.00000377848ℎଵ଺)൰ቇ + (2𝑁௧∗ − 𝑁௕∗)൭− ଵ଻௛భబ଺ଵସସ଴ + 𝛼തଶ ቆ− ଵଽ௛భమ଼଼ସ଻ଷ଺ −ቀఓ௞ + 𝑀∗ቁ (−0.00000064184ℎଵସ)ቇ൱൩ − 𝐵௥∗ ൥− ே೟∗ே∗್ (𝑁௕∗ − 𝑁௧∗)൭− ଵ଻௛భబ଺ଵସସ଴ + 𝛼തଶ ቆ− ଵଽ௛భమ଼଼ସ଻ଷ଺ − ቀఓ௞ +
𝑀∗ቁ (−0.00000064184ℎଵସ)ቇ൱൩ൡ (30)

From equation (30), the expression for ௗ௣ௗ௭ is 

ௗ௣ௗ௭ = − ଵ஺భ 𝑞∗ + ஻భ஺భ (31)

Where 𝐴ଵ = 𝛼തଶ ቂ− ௛లସ଼ + 𝛼തଶ ቀ− ହ௛ఴଷ଴଻ଶ + ቀఓ௞ + 𝑀∗ቁ ௛భబଶ଴ସ଼଴ቁቃ 
and  

𝐵ଵ = 𝛼തଶ ൝௦௜௡∅ி ቈ− ௛లସ଼ + 𝛼തଶ ቆ− ହ௛ఴଷ଴଻ଶ + ቀఓ௞ + 𝑀∗ቁ ቀ ௛భబଶ଴ସ଼଴ቁቇ቉ − 𝐺௥∗ ൥𝑁௕∗(𝑁௕∗ − 𝑁௧∗)ቆ− ଻ଷ௛భమସସଶଷ଺଼଴ +
𝛼തଶ ൬−0.00000128ℎଵସ + ቀఓ௞ + 𝑀∗ቁ (0.0000000384ℎଵ଺)൰ቇ − 𝑁௧∗(𝑁௕∗ − 𝑁௧∗)ቆ0.000033ℎଵଶ +
𝛼തଶ ൬0.0000056ℎଵସ − ቀఓ௞ + 𝑀∗ቁ (0.00000378ℎଵ଺)൰ቇ + (2𝑁௧∗ − 𝑁௕∗)൭− ଵ଻௛భబ଺ଵସସ଴ + 𝛼തଶ ቆ− ଵଽ௛భమ଼଼ସ଻ଷ଺ + ቀఓ௞ +
𝑀∗ቁ (0.00000064184ℎଵସ)ቇ൱൩ − 𝐵௥∗ ൥− ே೟∗ே∗್ (𝑁௕∗ − 𝑁௧∗)൭− ଵ଻௛భబ଺ଵସସ଴ + 𝛼തଶ ቆ− ଵଽ௛భమ଼଼ସ଻ଷ଺ + ቀఓ௞ +
𝑀∗ቁ (0.00000064184ℎଵସ)ቇ൱൩ൡ  

Pressure drop over the wavelength is ∆p஛∗ = ׬− ௗ௣ௗ௭ 𝑑𝑧ଵ଴ (32)

By substituting  ௗ௣ௗ௭ from (31) in (32), we get ∆p஛∗ = 𝑞∗𝑆ଵ + 𝑆ଶ (33)

Here 𝑆ଵ = ׬− ଵ஺భ 𝑑𝑧ଵ଴ (34)

and 𝑆ଶ = ׬ ஻భ஺భ 𝑑𝑧ଵ଴ (35)

Time-averaged flux is 𝑄∗ = 1 + ఢ∗మଶ + 𝑞∗ (36)

By substituting (33) in (36), time-averaged flux is 

𝑄∗ = 1 + ఢ∗మଶ + ∆୮ಓ∗ௌభ − ௌమௌభ (37)

The dimensionless frictional force is given as  
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 𝐹∗ = ׬ ℎଶ ቀ− ௗ௣ௗ௭ቁଵ଴ 𝑑𝑧 (38) 

Mechanical efficiency is defined as 𝐸∗ = ୳ୱୣ୤୳୪ ୮୳୫୮୧୬୥ ୮୭୵ୣ୰ ୲୭୲ୟ୪ ୵୭୰୩ ୢ୭୬ୣ ୮ୣ୰ ୵ୟ୴ୣ୪ୣ୬୥୲୦  
 𝐸∗ = ∆୮ಓ∗ொ∗య್∗మఴ ∆୮ಓ∗ା׬ ׬ ೏೛೏೥൛௕∗௦௜௡ଶగ(௭ି௧∗)ି௕∗మ௦௜௡రగ(௭ି௧∗)ௗ௭ௗ௧∗ൟభబభబ  (39) 

Maximum flow rate is 

 𝑄଴∗ = 1 + ఢ∗మଶ + ׬ ಳభಲభௗ௭భబ׬ భಲభௗ௭భబ  (40) 

The reflux limit is 

 𝑄∗ < 1 + ఢ∗మଶ + ׬ ಳభಲభௗ௭భబ׬ భಲభௗ௭భబ  (41) 

 
Graphical Illustrations 

Semi analytical approaches are used to obtain expressions of concentration, temperature, reflux limit, mechanical 
efficiency, frictional force, pressure drop, velocity, and time-averaged flux. Figures in the following subsections display 
graphical findings of relevant parameters for 𝜎∗, 𝜃∗, 𝐸∗, ∆𝑝ఒ∗, 𝐹∗and reflux limit by using Mathematica. 

 
Pressure drop 

Figure (2) illustrates variation of absolute value of pressure drop for different values of 𝐺௥∗,𝐵௥∗,𝑁௕∗,𝜇, 𝑁௧∗,𝑀∗, 𝑘∗ 
compared to time-averaged flux (𝑄∗). Figures 2(a)-2(g) shows that rise in porosity (𝑘), and Brownian motion parameter (𝑁௕∗) results in an undesirable reaction in pressure drop (∆𝑝ఒ∗), whereas ∆𝑝ఒ∗ rises with larger magnitudes of magnetic 
parameter (𝑀∗), nanoparticle Grashof number (𝐵௥∗), thermophoresis parameter (𝑁௧∗), temperature Grashof number (𝐺௥∗), and dynamic viscosity (𝜇). 

  

Figure 2(a). Variations in Pressure drop for 𝑁௕∗ Figure 2(b). Variations in Pressure drop for 𝑁௧∗ 

  
Figure 2(c). Variations in Pressure drop for 𝐺௥∗ Figure 2(d). Variations in Pressure drop for 𝐵௥∗ 
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Figure 2(e). Variations in Pressure drop for 𝜇 Figure 2(f). Variations in Pressure drop for 𝑀∗ 

 
Figure 2(g). Variations in Pressure drop for 𝑘 

 
Frictional Force 

Figure 3(a)-3(g) shows how various parameters affect the frictional force (𝐹∗).  𝐹∗ upsurges with rise in 
thermophoresis (𝑁௧∗), temperature Grashof number (𝐺௥∗), nanoparticle Grashof number (𝐵௥∗), dynamic viscosity (𝜇), 
magnetic parameter (𝑀∗) but decreases with rise in porosity (𝑘), and Brownian motion (𝑁௕∗). 

  
Figure 3(a). Variations in Frictional force 𝐹∗ against 𝑁௕∗ Figure 3(b). Variations in Frictional force 𝐹∗ against 𝑁௧∗ 

  
Figure 3 (c) Variations in Frictional force 𝐹∗ against 𝐺௥∗ Figure 3 (d) Variations in Frictional force 𝐹∗ against 𝐵௥∗ 
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Figure 3(e). Variations in Frictional force 𝐹∗ against 𝜇 Figure 3(f). Variations in Frictional force 𝐹∗ against 𝑀∗ 

 
Figure 3(g). Variations in Frictional force 𝐹∗ against 𝑘 

 
Temperature Profile 

Figure (4) illustrates the variations of temperature (𝜃∗) for thermophoresis (𝑁௧∗) and Brownian motion (𝑁௕∗). 
Decrease in 𝑁௧∗ and 𝑁௕∗ causes a rise in temperature, which signifies the enhanced thermal diffusion resulting from 
intensified nanoparticle motion, which acts to homogenize the temperature field. 

  
Figure 4(a). Effect of 𝑁௕∗ on Temperature Figure 4(b). Effect of 𝑁௧∗ on Temperature 

 
Nanoparticle Phenomena 

Figure (5) shows that increasing the Brownian motion (𝑁௕∗) improves concentration, but increasing thermophoretic 
parameter (𝑁௧∗) decreases concentration significantly. 

  
Figure 5(a) Nanoparticle phenomenon against 𝑁௕∗ Figure 5(b) Nanoparticle phenomenon against 𝑁௧∗ 
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Figure 5(a) Nanoparticle phenomenon against 𝑁௕∗ Figure 5(b) Nanoparticle phenomenon against 𝑁௧∗ 

 
Mechanical Efficiency 

Figure (6 and 6.1), Variations in Mechanical efficiency 𝐸∗ are illustrated for different values of 𝜇,𝑁௕∗,𝑘,𝑁௧∗,𝐺௥∗,𝑀∗,𝐵௥∗ compared to amplitude (𝑏∗) and the ratio of averaged flow rate and maximum flow rate (𝑄∗ 𝑄଴∗⁄ ). Figures 6(a)-6(g), shows that rise in porosity 𝑘, nanoparticle Grashof number 𝐵௥∗, and Brownian motion 𝑁௕∗ 
results in an undesirable reaction in Mechanical efficiency(𝐸∗) whereas 𝐸∗ rises with larger magnitudes of magnetic 
parameter (𝑀∗), temperature Grashof number (𝐺௥∗), dynamic viscosity (𝜇), and thermophoresis parameter (𝑁௧∗). Figures 
6.1(a)-(g), show that 𝐸∗ upsurges with rise in nanoparticle Grashof number 𝐵௥∗, porosity 𝑘, and Brownian motion 𝑁௕∗ 
whereas 𝐸∗ reduces with increase in dynamic viscosity (𝜇), temperature Grashof number 𝐺௥∗, thermophoresis parameter 
(𝑁௧∗), and magnetic parameter (𝑀∗). 

  
Figure 6(a). Mechanical Efficiency vs amplitude for different 𝑁௕∗ Figure 6(b). Mechanical Efficiency vs amplitude for different 𝑁௧∗ 

  
Figure 6(c). Mechanical Efficiency vs amplitude for different 𝐺௥∗ Figure 6(d). Mechanical Efficiency vs amplitude for different 𝐵௥∗ 

  
Figure 6(e). Mechanical Efficiency vs amplitude for different 𝜇 Figure 6(f). Mechanical Efficiency vs amplitude for different 𝑀∗ 
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Figure 6(g). Mechanical Efficiency vs amplitude for different k 

  
Figure 6.1(a). Mechanical Efficiency vs 𝑄∗ 𝑄଴∗⁄  for different 𝑁௕∗ Figure 6.1(b). Mechanical Efficiency vs 𝑄∗ 𝑄଴∗⁄  for different 𝑁௧∗ 

  
Figure 6.1(c). Mechanical Efficiency vs 𝑄∗ 𝑄଴∗⁄  for different 𝐺௥∗ Figure 6.1(d). Mechanical Efficiency vs 𝑄∗ 𝑄଴∗⁄  for different 𝐵௥∗ 

  
Figure 6.1(e). Mechanical Efficiency vs 𝑄∗ 𝑄଴∗⁄  for different 𝜇 Figure 6.1(f). Mechanical Efficiency vs 𝑄∗ 𝑄଴∗⁄  for different 𝑀∗ 

 
Figure 6.1(g). Mechanical Efficiency vs 𝑄∗ 𝑄଴∗⁄  for different k 
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Reflux Limit 
Figure 7(a)-7(g) show that, with increase in nanoparticle Grashof number 𝐵௥∗, porosity 𝑘, temperature Grashof 

number 𝐺௥∗, and thermophoresis 𝑁௧∗  results in a significant increase in reflux flow rate whereas higher values of magnetic 
parameter 𝑀∗, Brownian motion 𝑁௕∗ and dynamic viscosity 𝜇 results in a reduction in reflux flow rate. 

  
Figure 7(a). Reflux limit against 𝑁௕∗ Figure 7(b). Reflux limit against 𝑁௧∗ 

  
Figure 7(c). Reflux limit against 𝐺௥∗ Figure 7(d). Reflux limit against 𝐵௥∗ 

  
Figure 7(e). Reflux limit against 𝜇 Figure 7(f). Reflux limit against 𝑀∗ 

 

Figure 7(g). Reflux limit against k 
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Comparing the result with previous study 

Magnetohydrodynamic effects on the peristaltic flow 
of couple stress fluid in an inclined tube with 
endoscope (previous study) 

Impact of Magnetic field on peristaltic transport of 
Nano-coupled stress fluid in an inclined porous tube 
(present study) 

  
Variations in Pressure drop for M Variations in Pressure drop for 𝑀∗ 

 
CONCLUSIONS 

Governing equations for an incompressible nano-coupled stress fluid passing through a circular tube under the influence 
of magnetic field in porous medium are modeled and used to simulate fluid flow in the tube. The study under consideration 
is crucial from a rheological standpoint, and it has applications in various scientific fields, including fluid flow simulation. 
This research focuses on how nanoparticle Grashof number (𝐵௥∗), porous medium (𝑘∗), magnetic parameter (𝑀∗), and 
temperature Grashof number (𝐺௥∗) affect net flow rate. The key conclusions of the present research are: 

• Thermophoresis (𝑁௧∗) and Brownian motion (𝑁௕∗)  decreases as temperature upsurges. 
• Increase in Brownian motion parameter 𝑁௕∗, increases concentration whereas it reduces with rise in thermophoresis 𝑁௧∗. 
• Decrease in porous medium parameter (𝑘∗) and Brownian motion (𝑁௕∗)  increases pressure-drop, but increasing 

thermophoresis (𝑁௧∗) and magnetic parameter (𝑀∗) significantly increases pressure drop. 
• Frictional force (𝐹∗) upsurges as magnetic parameter (𝑀∗) and thermophoretic parameter (𝑁௧∗) increases, whereas 𝐹∗ reduces with rise in porous medium parameter (𝑘∗) and Brownian motion (𝑁௕∗).  
• An elevation in the thermophoresis parameter 𝑁௧∗, nanoparticle Grashof number 𝐵௥∗, porosity 𝑘, and temperature 

Grashof number 𝐺௥∗ substantially augments the reflux flow rate which promote fluid movement by enhancing thermal 
convection, reducing viscous drag, and allowing freer passage through the porous medium. Elevated values of 𝜇, 𝑀∗, and 𝑁௕∗ leads to decrease in reflux limit. 

• An increase in 𝐵௥∗, 𝑁௕∗, and 𝑘 leads to decrease in mechanical efficiency. This behavior suggests that enhanced 
nanoparticle diffusion, elevated viscous dissipation, and increased permeability introduce greater resistance and 
energy loss within the system. Conversely, higher values of the temperature Grashof number (𝐺௥∗), thermophoresis 
parameter (𝑁௧∗), dynamic viscosity (𝜇), and magnetic parameter (𝑀∗) are associated with an improvement in 
mechanical efficiency. These parameters appear to promote more stable and directed fluid motion, potentially due 
to stronger thermal gradients, buoyancy effects, and controlled stress fields that enhance flow alignment. 

• Interestingly, mechanical efficiency 𝐸∗ expressed exclusively in terms of the flow rate ratio (𝑄∗ 𝑄଴∗⁄ ) reveals an 
opposite trend in certain cases i.e., increasing 𝑁௕∗, 𝐵௥∗, and 𝑘 results in enhanced mechanical efficiency and in 
contrast, larger values of 𝑁௧∗, 𝐺௥∗, 𝜇 and 𝑀∗ lead to a decrease in mechanical efficiency under the same flow 
conditions. This indicates that, depending on the operating regime, excessive thermophoretic effects, strong 
magnetic field interactions may suppress efficient energy transport within the system. Changing porosity or 
nanoparticle Grashof number can change time-averaged flow by affecting buoyancy-driven convection and also 
change frictional dissipation by adjusting viscosity. If the modification increases flux more than dissipation then 𝐸∗ 
increases otherwise it reduces. 

• When 𝑁௕∗ = 0,𝑁௧∗ = 0,𝑀∗ = 0, 𝑘 = 0, the velocity or pressure relations can be reduced to long wavelength solution. 
Increasing the MHD parameter (𝑀∗) reduces reflux and stabilizes pumping. Moderate levels of the thermophoresis 
parameter (𝑁௧∗) implies good nanoparticle distribution while preventing excessive energy loss. The inclination angle 
can be optimized to reduce reflux in biomedical devices or systems. 
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ВПЛИВ МАГНІТНОГО ПОЛЯ НА ПЕРИСТАЛЬТИЧНИЙ ТРАНСПОРТ НАНОРІДИНИ З НАПРУЖЕННЯМИ 

У ПОХИЛІЙ ПОРИСТІЙ ТРУБЦІ 
М.П. Молімол1,2, К. Маруті Прасад1, Н. Субадра2 

1Кафедра математики, школа природничих наук, GITAM (Вважається університетом), Хайдерабад, Телангана, Індія -502329 
2Кафедра математики, інженерно-технологічний коледж Гітанджалі, Район Медчал, Хайдерабад, Телангана, Індія -501301 
Це дослідження пропонує теоретичне дослідження перистальтичного транспорту нанорідини з напруженнями під впливом 
магнітного поля в похилій пористій трубці. З низьким числом Рейнольдса, наближеннями довгих хвиль, використовуються 
відповідні аналітичні методи для дослідження швидкості рідини, сили тертя, усередненого за часом потоку, явищ 
наночастинок, перепаду тиску та профілю температури. Досліджено вплив різних фізичних параметрів, включаючи параметр 
термофорезу, параметр броунівського руху, локальне число Грасгофа для наночастинок та локальне число Грасгофа для 
температури, на характеристики сили тертя та перепаду тиску. Графіки використовуються для ілюстрації виразів для перепаду 
тиску, швидкості, явищ, пов'язаних з наночастинками, температурного профілю та сили тертя. 
Ключові слова: параметр термофорезу; перистальтика; параметр броунівського руху; наночастинки; магнітне поле; 
рідина з парним напруженням; пористе середовище 
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Co2+ ion-doped ZnSe semiconductor quantum dots (QDs) were synthesized in aqueous solution using starch as a surface stabilizer to 
ensure nanoparticle dispersion. Structural and compositional analyses using X-ray diffraction (XRD) and energy-dispersive X-ray 
spectroscopy (EDX) confirmed the successful incorporation of Co2+ ions into the ZnSe matrix. XRD and UV-visible absorption 
spectroscopy were used to determine the crystalline structure, lattice parameters, and particle sizes of Co-doped ZnSe QDs. The optical 
properties were analyzed using absorption and fluorescence spectroscopy, revealing a blue shift in the absorption peak with increasing 
Co concentration due to quantum confinement effects and changes in particle size. Photoluminescence (PL) analysis revealed dual 
emission peaks, corresponding to band-to-band recombination and Co-related defect states, with maximum luminescence efficiency 
observed at the 9% Co doping level. Beyond this concentration, the quenching effects attributed to the Co-Co interactions reduced the 
fluorescence intensity. Magnetic hysteresis measurements demonstrated that the Co-doped ZnSe QDs exhibited room-temperature 
ferromagnetism, with saturation magnetization increasing with co-doping concentrations of up to 12%. The ferromagnetic properties 
were ascribed to the exchange interactions between the Co2+ ions and the ZnSe matrix. 
Keywords: ZnSe:Co; Starch surface stabilizer; Cobalt doped; Magnetic properties; Photoluminescence 
PACS: 78.67.Hc, 78.55.-m, 75.50.Pp, 81.05.Dz 

1. INTRODUCTION
Scientists have focused their research on semiconductor nanoparticles in recent decades because of their distinct 

features compared to bulk semiconductors [1, 2, 3, 4]. Scientists have focused their study on the fabrication process and 
physical and chemical properties of group II-VI semiconductor nanoparticles, which are direct bandgap semiconductors with 
high quantum efficiency and are suitable for lighting and energy conversion applications [2, 4]. ZnSe quantum dots (QDs) 
are among the most non-toxic and chemically stable II-VI semiconductors. ZnSe is an n-type, direct bandgap semiconductor 
with a band gap of ~2.75 eV in bulk material, a Bohr radius of ∼ 3.8 nm, and a large exciton binding energy of ∼ 21 meV [5]. 
ZnSe QDs have gained attention as promising nanotechnology materials in recent years. Owing to their significant optical 
and electrical characteristics [6–8], ZnSe QDs have a wide range of potential applications including light-emitting devices, 
solar cells, chemical sensors, biomedicine, photocatalysis, and energy storage [9–11]. 

ZnSe is an effective substrate for doping various contaminants. Transition metals are frequently doped with QDs to 
produce novel materials with electrical, magnetic, and optical characteristics [13, 14]. QDs doped with metal ions exhibit 
novel, intriguing, and exceptional features compared to those of undoped semiconductor nanoparticles. Metal-doped 
quantum dots (QDs) have a wide range of potential applications. This is because the emission of impurity ions frequently 
results in greater thermal and optical stabilities in many distinct substrates [14]. Quantum dots doped with additional 
metal ions such as Cr, Fe, Co, Ni, V, Cu, or Mn, contributed to reducing structural defects and improving existing device 
technologies such as spin-LEDs and magnetic memory. Furthermore, these materials frequently exhibit significantly 
longer fluorescence lifetimes than undoped semiconductors [15–17]. Despite these advantages, significant questions 
remain regarding the fabrication method and the material's physical properties. These issues stem from the fact that the 
fabrication method for doped semiconductor nanostructures is highly complex, making it challenging to obtain good 
optical and electromagnetic properties within the same material. 

In this study, Co2+ ions were doped into ZnSe QDs to generate various electronic states in the bandgap, thereby 
enhancing and broadening the emission band. Furthermore, Co2+ ions are highly magnetic substances that improve the 
magnetic characteristics of materials. The impact of Co2+ ions on the structural, optical, and magnetic characteristics of 
ZnSe QDs was explored. 

2. EXPERIENCE
2.1 Materials

Zinc acetate dihydrate (Zn(CH₃COO)₂·2H₂O), cobalt acetate tetrahydrate (Co(CH₃COO)₂·4H₂O), sodium hydrogen 
selenide (NaHSe), starch (as a stabilizer), ammonium hydroxide (NH₄OH), and deionized water were used as starting materials 
for the synthesis of ZnSe:Co quantum dots (QDs). All reagents were of analytical grade and used without further purification. 
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2.2 Synthesis ZnSe: Co-Starch QDs 
Co²⁺-doped ZnSe quantum dots (QDs) were synthesized using an aqueous chemical precipitation method with starch 

as a stabilizing agent to prevent nanoparticle aggregation. A 250 mL round-bottom flask was used to mix 15 mL of Zn²⁺ 
solution with varying volumes of Co²⁺ solution (corresponding to different doping concentrations). To enhance dispersion 
and control particle growth, 50 mL of 0.1N starch solution and 90 mL of deionized water were added, and the mixture 
was stirred for 15 minutes to ensure homogeneity. The pH of the solution was carefully adjusted to 10 using 2M NH₄OH, 
as this pH level was optimized to stabilize metal precursors, prevent Zn(OH)₂ precipitation, and reduce defect-related 
recombination centers. The reaction temperature gradually increased to 70°C, which was identified as the optimal 
temperature for controlled nucleation and growth of ZnSe:Co QDs. Lower temperatures (<50°C) resulted in incomplete 
nucleation and polydisperse QDs, whereas higher temperatures (>80°C) led to rapid particle growth, diminishing quantum 
confinement effects. Once the system stabilized at 70°C, the NaHSe solution was added dropwise, initiating QD 
formation. The reaction was maintained for 3 hours, as this duration allowed for adequate crystal growth while preserving 
nanoscale properties. Shorter reaction times (<1 hour) led to defect-rich, underdeveloped QDs with weak fluorescence, 
while longer reaction times (>5 hours) caused excessive particle aggregation, reducing the quantum confinement effect. 
Upon completion, the synthesized ZnSe:Co QDs were collected via centrifugation at 10,000 rpm for 15 minutes, followed 
by multiple washing steps with deionized water and ethanol to remove unreacted precursors and byproducts. The purified 
QDs were then dried at 60°C under a vacuum for further characterization. 

 
Scheme 1. Synthesis of ZnSe:Co Starch 

 
2.3 Characteristics of ZnSe:Co Starch QDs 

Using spectroscopic techniques, the structural, optical, and compositional properties of ZnSe:Co Starch quantum 
dots were comprehensively analyzed. The crystallographic structure and phase purity of the samples were analyzed using 
an X-ray diffractometer (XRD) (Bruker D8 Advance, Cu Kα radiation, λ = 0.15406 nm, 40 kV, 40 mA, scan range 
20°-80°). The elemental composition and doping efficiency of Co²⁺ in ZnSe QDs were examined using EDX analysis 
(Oxford Instruments, model X-MaxN, 20 kV accelerating voltage, SEM mode). The optical bandgap and quantum 
confinement effects were studied using a Shimadzu UV-2600 spectrophotometer (range: 200–800 nm, scan speed: 200 
nm/min, quartz cuvette, 1 cm path length). Emission characteristics and defect-related transitions were analyzed using a 
Fluorescence Spectrometer (Horiba FluoroMax-4, excitation wavelength: 325 nm, emission range: 350–750 nm, slit 
width: 2 nm). Surface functional groups and interaction between ZnSe QDs and starch stabilizer were identified using 
FTIR spectroscopy (Bruker Vertex 70, range: 4000–500 cm⁻¹, resolution: 4 cm⁻¹, ATR mode). The oxidation states and 
chemical environment of Zn, Se, and Co were determined using XPS (Thermo Fisher ESCALAB 250Xi, monochromatic 
Al Kα source, 1486.6 eV, pass energy: 20 eV for high-resolution scans). Morphology, particle size distribution, and 
crystallinity were examined using STEM (JEOL JEM-2100F, accelerating voltage: 200 kV, bright-field and dark-field 
imaging modes). SAED patterns were recorded to confirm the phase purity of the ZnSe:Co QDs. The magnetic properties 
were analyzed using a Vibrating Sample Magnetometer (VSM, Lakeshore 7404, temperature: 300 K, applied 
field: ±1.5 T) to measure hysteresis loops and saturation magnetization (Mₛ). 

 
3. RESULTS AND DISCUSSION 

Figure 1a shows the X-ray diffraction (XRD) patterns of the undoped and Co-doped ZnSe QDs with varying 
concentrations. Figure 1a shows that all samples exhibit diffraction peaks at 2θ angles of approximately 25.69°, 27.12°, 
27.09°, 37.96°, 45.58°, 49.51°, 53.78°, 60.58°, and 69.58°, corresponding to the lattice planes (100), (002), (101), (102), 
(110), (103), (112), (202), and (203), respectively, corresponding to the hexagonal wurtzite ZnSe structure. The XRD 
patterns of the obtained samples match those of ZnSe (JCPDS# 15-0105). Notably, no additional peaks corresponding to 
Co metal or secondary Co-based phases were observed, indicating successful Co incorporation into the ZnSe lattice.  

To further examine the crystalline and phase purity, SAED analysis was performed (Figure 1b). The SAED pattern 
displays a series of concentric diffraction rings, characteristic of nanocrystalline materials. These diffraction rings 
correspond to the expected lattice planes of wurtzite ZnSe [19, 20], further validating the XRD results. It is important to 
note that individual ZnSe:Co QDs are single-crystalline, but since multiple QDs are illuminated within the electron 
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diffraction aperture, the ensemble produces a polycrystalline-like diffraction pattern. This observation does not indicate 
that the QDs themselves are polycrystalline but rather reflects the diffraction contributions from multiple nanoscale 
crystallites within the selected area. The combination of XRD and SAED confirms that the ZnSe:Co QDs maintain high 
crystallinity and phase purity, with Co²⁺ incorporation inducing minimal structural distortion.  

 
Figure 1. a) The XRD results of ZnSe:Co Starch at 70 °C with various Co2+/Zn2+ ratios and b) SEAD of ZnSe:9%Co Starch 

   
Figure 2. Illustrations of the unit cell and crystal structure of ZnSe.Co. 

The ZnSe:Co unit cells and crystal structures are shown in Figure 2. The unit cell of hexagonal ZnSe (Figure 2) and 
Co-doped ZnSe crystal structure (Figure 2) are best illustrated using the VESTA visualization tool using experimentally 
determined parameters, which are also shown in Table 1. Equations (1) – (3) [21, 22] were used to compute the lattice 
parameters a, c, and the cell volume, which are listed in Table 1. 

 𝑑௛௞௟ = ୏஛ஒେ୭ୱ஘ (1) 

where d is the average crystallite size, β is the full width at half maximum (FWHM) of the peaks, λ is the well-known X-
ray wavelength (0.15406 nm), K is a constant assumed to be 0.9, θ is the angle of Bragg diffraction, and the Miller index 
of the crystal plane is (hkl).  

Using the XRD pattern and Equation (2), the lattice parameters a and c of the hexagonal structure were computed 
and are listed in Table 1. 

 ଵௗ೓ೖ೗మ = ସଷ ቀ௛మା ௛௞మା௞మ௔మ ቁ + ௟మ௖మ  (2) 

Lattice constants a and c were computed for the (100) and (002) planes, respectively.  
The volume (V) of the unit cell of the hexagonal system was computed using Equation (3):  

 𝑉 =  √ଷଶ 𝑐.𝑎ଶ (3) 

Table 1. Concentration-dependent average semiconductor nanocrystal size, lattice properties, and unit cell volume 
Sample Name d (nm) a (Å) c (Å) c/a (Å) Volume, V (Åଷ) 
ZnSe-Starch 7.22 3.995 6.557 1.641 90.61 
ZnSe:3%Co Starch 6.72 3.992 6.552 1.641 90.41 
ZnSe:6%Co Starch 6.33 3.987 6.547 1.642 90.14 
ZnSe:9%Co Starch 5.02 3.984 6.545 1.643 89.97 
ZnSe:12%Co Starch 4.90 3.986 6.542 1.641 90.00 

The parameters that were determined are listed in Table 1. The addition of Co to the ZnSe lattice alters the lattice 
parameters a and c of the ZnSe.Co QDs. As the concentration of Co increased, the lattice parameters a, c, c/a, and the cell 
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volume decreased. The results revealed a decrease in the lattice constants (a and c) with increasing Co doping 
concentration, attributed to the substitution of Zn2+ ions (ionic radius: 0.74 Å) with smaller Co2+ ions (ionic radius: 
0.72 Å). These findings establish a direct relationship between doping concentration and structural modifications in ZnSe 
QDs, providing valuable insights for tuning their physical properties for specific applications. In addition, the c/a ratio 
remained consistent with the ideal wurtzite structure, confirming the structural integrity of the ZnSe lattice despite the 
doping.  

 
Figure 3. FT-IR spectra of Starch and ZnSe.9%Co Starch QDs 

The FT-IR spectra of the starch paste and ZnSe.9%Co Starch sample (Figure 3). This figure shows that the vibration 
peaks of -OH, C-C, -CH2, and -CO of starch paste still exist, proving that a bond has been formed on the surface between 
ZnSe crystals and starch paste, and the starch paste was bonded with QDs particles. This increases its capacity to diffuse 
in water, making it more suitable for biological applications because it is compatible with biological cells [22]. Figure 3 
shows that the vibration peaks corresponding to the wavenumber 3405 cm-1 are characteristic vibrations of the -O-H bond 
of starch [25, 26]. The width of the vibration peak is attributed to the formation of hydrogen bonds [25], and the peak at 
1650 cm-1 is characteristic of the -O-H bond of water adsorbed on the material surface [26]. The 1156 cm-1 peak 
corresponds to the C-O bond of the C-O-H group. The peak at 2895 cm-1 corresponds to the asymmetric C-H bond [25]. 
The peaks that correspond to the wavenumbers at 1020 cm-1 and 1417 cm-1 are indicative of the C-O bond of the C-O-C 
and C-C groups in the anhydrous glucose ring, respectively [27,28]. The vibrational peak at 992 cm-1 corresponds to 
the α 1-4 glycosidic (C-O-O) vibration. The Zn-O absorption band at 400 to 600 cm−1 is attributed to Zn-O [29–32]. The 
peak at 671,2 cm−1 corresponded to stretching vibrational modes of Co-O in ZnSe.9%Co Starch QDs [33]. The C-C bond 
was identified by the vibrational peak at 757 cm-1, which corresponds to the wavenumber [25]. Therefore, the -OH, C-C, 
-CH2, and -CO vibration peaks of the starch paste were still present at the same time, indicating the development of a link 
between the ZnSe crystals and the starch paste on the surface. This makes them more friendly to biological cells, improves 
their dispersion in water, and aids beneficial biological applications [22]. 

 
Figure 4. EDX spectra of Co-doped ZnSe QDs with various Co2+/Zn2+ ratio: 

(a) ZnSe:3%Co Starch, (b) ZnSe:6%Co Starch, (c) ZnSe:9%Co Starch, (d) ZnSe:12%Co Starch 
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EDX spectroscopy was employed to validate the elemental composition of ZnSe:Co QDs (Figure 4). The spectra 
(Figure 4a, b, c, d) revealed the presence of Zn, Se, and Co, along with carbon and oxygen from the starch stabilizer. As 
the Co doping concentration increased, the proportion of Co ions incorporated into the ZnSe matrix correspondingly 
increased. However, the measured Co/Zn ratio was slightly lower than the theoretical value, suggesting partial loss of Co 
ions during the synthesis and washing processes. The consistent absence of unexpected elements confirmed the high 
purity of the synthesized QDs. In addition, an even distribution of elements within the samples was observed, further 
supporting the successful integration of Co ions into the ZnSe lattice. 

Figure 5 shows the energy-dispersive X-ray spectrum (EDS) of ZnSe:Co Starch obtained using scanning 
transmission electron microscopy (STEM). Zn and Se atoms were found throughout the particles. The presence of Co, O, 
and C in ZnSe:Co Starch has also been established. 

 
Figure 5. EDS-STEM image of the ZnSe:9%Co Starch particles 

 
Figure 6. a) Uv-Vis spectrum and b) photoluminescence of ZnSe Starch, ZnSe: 

Co Starch (3, 6, 9 and 12%) QDs synthesized at 70°C, pH 10 

Figure 6a shows the absorption spectrum of ZnSe:Co Starch QDs. The UV-visible absorption spectra of the ZnSe:Co 
QDs displayed distinct blue shifts in the excitonic absorption peak with increasing Co2+ doping concentration. The initial 
absorption peak of the undoped ZnSe QDs was observed at 387 nm, corresponding to an energy of 3.16 eV. This energy 
is significantly higher than that of the bulk ZnSe bandgap (2.75 eV) owing to quantum confinement effects. As the Co 
doping concentration increased from 3% to 12%, the absorption peak shifted to shorter wavelengths, indicating a decrease 
in the particle size. This blue shift and reduction in size are consistent with the substitution of Zn2+ ions by smaller Co2+ 
ions, which affects the lattice structure and enhances quantum confinement [34,35]. The photoluminescence spectra of 
the ZnSe:Co QDs (Figure 6b) exhibited two distinct emission peaks: a high-energy peak at approximately 435 nm and a 



375
Photoluminescence and Magnetic Enhancement in ZnSe Quantum Dots...   EEJP. 4 (2025)

broad, long-wavelength peak around 579 nm. The high-energy peak corresponds to band-to-band recombination in ZnSe, 
whereas the broader emission at 579 nm is attributed to defect states and Co-related transitions within the doped lattice. 
The intensity of the PL emission strongly depended on the Co doping concentration. At lower doping levels (3%), the 
intensity of the Co-related emission peak is relatively weak, indicating fewer Co-related defect states. As the doping 
concentration increased to 6% and 9%, the intensity of the long-wavelength emission peak increased significantly, 
reaching a maximum of 9%. This enhancement is attributed to the increased number of Co2+ ions substituting Zn2+ ions 
in the lattice, creating more Co-related defect centers that act as luminescent centers.  

However, when the Co doping concentration exceeded 9%, the intensity of the Co-related emission decreased. This 
quenching effect is likely due to Co-Co interactions, which lead to the formation of nonradiative recombination pathways, 
reducing the overall fluorescence efficiency. In addition, spin-spin coupling between Co2+ ions at higher concentrations 
may further suppress luminescence. These observations highlight the delicate balance between the doping concentration 
and optical properties. An optimal doping concentration of 9% achieved the highest luminescence efficiency, making it 
the most suitable for applications requiring strong emission properties. The results confirm that Co2+ doping significantly 
influences the optical characteristics of ZnSe QDs by modulating the defect states and luminescence behavior of the 
material.  

The presence of Co2+ ions in the crystal field of ZnSe resulted in distinct energy levels in the bandgap. Under the 
effect of the crystal field and spin-orbit interactions, the energy levels are divided into distinct sub-energy levels [36]. 
This result once again proves that Co2+ ions enter the ZnSe matrix and replace the Zn ions. The energy-level 
diagram of the Co-doped ZnSe QDs is depicted in Scheme 2. 

 
Scheme 2. Energy band diagram and emission mechanisms of Co-doped ZnSe QDs 

 
Figure 7. XPS spectrum of ZnSe.9%Co-starch, (b) Zn 2p peak, (c) Co 2p peak, and (d) Se3d peak. 

XPS analysis (Figure 7) was employed to determine the elemental composition and chemical states of the ZnSe:Co 
QDs. The survey spectrum confirms the presence of Zn, Se, Co, O, and C in the doped QDs. High-resolution spectra 
(Figure 7a) provide further insight into the chemical environment of the elements. The Zn 2p peaks (Figure 7b) were 
observed at binding energies of 1021.6 eV (Zn 2p3/2) and 1044.8 eV (Zn 2p1/2), consistent with Zn in the +2-oxidation 
state [37–39]. The peak at 527.3 eV corresponds to the binding energy of O 1s. For Co, the Co 2p3/2 and Co 2p1/2 peaks 
(Figure 7c) were observed at 780.1 eV and 795.8 eV, respectively, indicating the presence of Co in the +2 oxidation 
state [38,39]. Additionally, satellite peaks in the Co 2p region confirmed the high-spin state of the Co2+ ions. The Se 3d 
peaks in Figure 7d can be separated into two overlapping peaks, Se 3d5/2 and Se 3d3/2, at binding energies of 50.2 eV and 
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51.5 eV, respectively, reflecting Se 3d in Zn-Se. The XPS results strongly support the successful doping of Co2+ ions into 
the ZnSe lattice and their interactions with the crystal matrix. These findings align with the structural and optical analyses, 
reinforcing the multifunctional nature of ZnSe:Co QDs. 

 

Figure 8. Hysteresis curves of ZnSe.3%Co Starch, ZnSe:6%Co Starch, ZnSe:9%Co Starch, and ZnSe:12%Co Starch QDs 

The magnetic properties of the ZnSe:Co QDs were investigated using magnetic hysteresis measurements, which 
revealed clear evidence of ferromagnetic behavior at room temperature (Figure 8). The saturation magnetization (“Ms”) of 
the Co-doped ZnSe QDs increased with Co2+ doping concentration, reaching a maximum value at 12% Co2+ doping. 
Specifically, the Ms values recorded were 0.112, 0.174, 0.280, and 0.288 emu/g for samples with Co2+ doping concentrations 
of 3%, 6%, 9%, and 12%, respectively. The magnetic properties of the Co-doped ZnSe QDs can be explained by the exchange 
interaction between the Co2+ ions and the substrate lattice. The half-filled 3D shell of Co2+ can contribute to sp3 bonding and 
substitute for Zn ions, resulting in local spin in the dilute magnetic semiconductors of the AIIBVI group [42]. Co2+ in the 
AIIBVI group semiconductor compounds is divalent, resulting in a high-spin configuration d5.  

At lower doping levels, the interaction between the Co2+ ions was relatively weak, resulting in moderate 
magnetization. As the Co2+ concentration increased, stronger exchange interactions occurred, which enhanced the overall 
magnetic moment. However, at higher doping levels, such as 12%, saturation of Ms was observed, indicating a potential 
limit for the effective incorporation of Co2+ ions into the ZnSe lattice. Beyond this concentration, Co clustering or the 
formation of secondary phases may contribute to changes in magnetic behavior, limiting further increases in 
magnetization. This demonstrates that Co doping imparts ferromagnetic properties to ZnSe QDs and enables the precise 
tuning of their magnetic characteristics by controlling the Co2+ concentration. The combination of optical and magnetic 
properties makes Co-doped ZnSe QDs promising candidates for application in spintronics, magnetic memory devices, 
and multifunctional nanomaterials. 

 
4. CONCLUSIONS 

Co-doped ZnSe QDs with molar ratios of Co2+/Zn2+ ranging from 3-12% were produced with a wurtzite structure 
and a size of 5-7 nm. Co-doping of the ZnSe matrix did not modify the matrix structure but diminished the crystal lattice 
constant and grain size as the Co2+ concentration increased. As the Co2+ concentration rises, more Co2+ ions with a smaller 
radius (0.72 Å) are substituted for Zn2+ ions with a larger radius (0.74 Å) in ZnSe, which results in a decrease in the lattice 
constant. As the Co concentration rises from 3-12%, the absorption and fluorescence maxima from to 4-16 nm likewise 
shifted blue owing to the shrinkage of the ZnSe: Co QDs. The PL spectra of the Co-doped ZnSe QDs showed two peaks 
at short wavelengths (approximately 435 nm) and long wavelengths (approximately 579 nm), corresponding to Co2+ 
concentrations ranging from 3-12%, whereas the emission intensity at short wavelengths decreased and increased. This 
phenomenon can be explained by the fact that as the concentration of Co2+ increased, so did the substitution of Co2+ 
by Zn2+. Co-doped ZnSe QDs are ferromagnetic. The saturation magnetization values of the Co-doped ZnSe QDs at 
concentrations of 3, 6, 9, and 12% were 0.112, 0.174, 0.280, and 0.288 emu/g, respectively. The magnetism of Co-doped 
ZnSe QDs is induced by an exchange contact between Co2+ ions and the matrix or by Co cluster formation. 
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ФОТОЛЮМІНЕСЦЕНЦІЯ ТА МАГНІТНЕ ПІДСИЛЕННЯ В КВАНТОВИХ ТОЧКАХ ZnSe ЧЕРЕЗ КЕРОВАНЕ 

ЛЕГУВАННЯ КОБАЛЬТОМ 
Тхі Дьєм Буй1, Куанг-Лієм Нгуєн2, Ван Куонг Нгуєн1, Тронг Танг Нгуєн1, Хуу Фук Данг3 

1Факультет хімічної інженерії, Індустріальний університет Хошиміна, Хошимін, В'єтнам 
2Інститут матеріалознавства, В'єтнамська академія наук і технологій, Ханой, В'єтнам 

3Факультет фундаментальних наук, Індустріальний університет Хошиміна, Хошимін, В'єтнам 
Квантові точки (КТ) напівпровідників ZnSe, леговані іонами Co2+, були синтезовані у водному розчині з використанням 
крохмалю як поверхневого стабілізатора для забезпечення дисперсії наночастинок. Структурний та композиційний аналізи з 
використанням рентгенівської дифракції (XRD) та енергодисперсійної рентгенівської спектроскопії (EDX) підтвердили 
успішне включення іонів Co2+ у матрицю ZnSe. Для визначення кристалічної структури, параметрів решітки та розмірів 
частинок квантових точок ZnSe, легованих Co, були використані рентгенівська дифракція та УФ-видима абсорбційна 
спектроскопія. Оптичні властивості були проаналізовані за допомогою абсорбційної та флуоресцентної спектроскопії, яка 
виявила зсув піку поглинання до синього кольору зі збільшенням концентрації Co через ефекти квантового обмеження та 
зміни розміру частинок. Аналіз фотолюмінесценції (PL) виявив подвійні піки випромінювання, що відповідають міжзонній 
рекомбінації та дефектним станам, пов'язаним з Co, з максимальною ефективністю люмінесценції, що спостерігається при 
рівні легування 9% Co. Поза цією концентрацією ефекти гасіння, пов'язані з взаємодіями Co-Co, зменшували інтенсивність 
флуоресценції. Вимірювання магнітного гістерезису показали, що квантові точки ZnSe, леговані Co, демонструють 
феромагнетизм при кімнатній температурі, при цьому намагніченість насичення зростає з концентрацією легування до 12%. 
Феромагнітні властивості були приписані обмінним взаємодіям між іонами Co2+ та матрицею ZnSe. 
Ключові слова: ZnSe:Co; поверхневий стабілізатор крохмалю; легування кобальтом; магнітні властивості; 
фотолюмінесценція 
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Cadmium telluride (CdTe) quantum dots (QDs) were synthesizedwere synthesized via a molecular precursor (hot-injection) method 
and their optical properties were investigated. A cadmium oleate precursor in octadecene/oleic acid was heated to 180 °C under an inert 
atmosphere, and a trioctylphosphine–tellurium (TOP-Te) solution was swiftly injected to initiate nucleation. By varying the growth 
time, the QD size was tuned, giving emission colors from green to red. The nanocrystals were characterized by UV–visible absorption 
and photoluminescence (PL) spectroscopy, which revealed a clear red shift in the optical spectra with increasing particle size. The QDs 
exhibited size-dependent optical properties consistent with quantum confinement, with the first excitonic absorption peak shifting from 
approximately 520 nm to 700 nm as the diameter increased. All samples showed high luminescence, with photoluminescence quantum 
yield (PLQY) values ranging from 60% to 90%. This colloidal synthesis at relatively low temperatures produced colloidally stable 
QDs with tunable band gaps. These results demonstrate a straightforward route to tailor QD optical properties by controlling the 
reaction time and provide insights into the growth kinetics and defect states in CdTe QDs.and provide insights into the growth kinetics 
and defect states in CdTe QDs. 
Keywords: Quantum dot; Cadmium telluride; Molecular precursor; Hot injection; Quantum confinement; Photoluminescence; 
Absorption; Nanocrystal; Colloidal synthesis; Semiconductor 
PACS: 78.67.Hc, 78.55.Et, 78.30.Fs, 81.07.Ta, 81.16.Be 

INTRODUCTION 
Quantum dots (QDs) are semiconductor nanocrystals with unique optoelectronic properties that strongly depend on 

their size [1]. By tuning the particle size, one can tune the absorption and photoluminescence (PL) spectra of QDs – a 
manifestation of quantum confinement effects [2,3,4]. This size-dependent band gap enables a spectrum of applications 
in solid-state lighting, display technology, solar cells, and biomedicine [5,6]. Indeed, QDs have been utilized as 
fluorescent probes in bioimaging, as color converters in LED displays, and as sensitizers in photovoltaic devices, among 
others [2,3]. The significance of QDs in science and technology was underscored by the awarding of the 2023 Nobel Prize 
in Chemistry to Ekimov, Brus, and Bawendi for the discovery and synthesis of quantum dots [1]. This achievement 
highlighted decades of development in colloidal QD synthesis that have led to readily available nanomaterials with high-
quality optical properties [9,10]. 

Colloidal CdTe QDs, in particular, are of great interest as they can emit across the visible spectrum into the near-
infrared and have favorable band-gap energies for optoelectronic applications [12,13]. Two of the most common 
approaches to synthesize CdTe and other II–VI QDs are (1) organometallic (hot-injection) methods in high-boiling 
organic solvents and (2) aqueous methods with thiol stabilizers [14,15,16]. In a typical organometallic route, a cadmium 
precursor (e.g., cadmium oleate) in a nonpolar solvent is rapidly injected with a molecular chalcogen source at high 
temperature, causing burst nucleation followed by nanocrystal growth. This method, introduced in the early 1990s by 
Murray, Norris and Bawendi, produces nearly monodisperse QDs with excellent crystallinity and optical quality [17]. In 
contrast, aqueous colloidal synthesis uses water-soluble precursors (e.g., Cd²⁺ salts with NaHTe or TeO₃²⁻ reduced by 
NaBH₄) along with stabilizing thiol ligands such as 3-mercaptopropionic acid (MPA) to obtain QDs at relatively low 
temperatures (typically 80–100°C) [18]. Both approaches can yield highly luminescent CdTe QDs; however, 
organometallic methods often produce better size uniformity and higher quantum yields, whereas aqueous methods yield 
water-dispersible QDs that are more suited for biological applications [19]. 

The term “molecular precursor method” generally refers to the organometallic hot-injection technique, where a molecular 
tellurium source (e.g., trioctylphosphine telluride, TOP-Te) is injected into a hot cadmium-containing solution [9]. In this work, 
we employ the molecular precursor (hot-injection) method to synthesize CdTe QDs at 180 °C, a relatively moderate 
temperature compared with classical CdSe/CdS syntheses (>300 °C). Our approach emphasizes simplicity and rapid synthesis, 
allowing us to obtain highly luminescent CdTe QDs within minutes. The emission color can be tuned from green to red by 
adjusting the reaction time. While similar hot-injection strategies for CdTe have been reported (including the use of single-
molecule precursors, such as cadmium diphenylditelluride, in coordinating solvents) [9,20], this study focuses on a 
straightforward TOP-Te injection into a cadmium oleate solution. We also compare our results with alternative recent 
techniques; for instance, microwave-assisted aqueous syntheses have achieved tunable emission of thioglycolic acid 
(TGA)-capped CdTe QDs by varying reaction time and conditions [21]. In this paper, we detail the synthesis of CdTe 
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QDs via the molecular precursor method, characterize their size-dependent optical properties, and discuss the quantum 
confinement effects observed. 

 
METHODS 

Cadmium oxide (CdO, 99.99%), oleic acid (OA, technical grade, 90%), 1-octadecene (ODE, 90%), and 
trioctylphosphine (TOP, 90%) were used as received. Tellurium powder (99.999%) was used. All synthesis manipulations 
were carried out under an inert atmosphere (argon) using standard air-free techniques to prevent oxide formation.  

Preparation of precursors: Cadmium oleate, the Cd precursor, was prepared in situ by heating CdO with excess 
oleic acid in ODE. In a three-neck round-bottom flask, CdO (13 mg, ~0.10 mmol), OA (~0.6 mL, 1.9 mmol), and ODE 
(10 mL) were combined. The mixture was heated to 120°C under vacuum for 30 min to remove moisture and dissolved 
gases, then purged with argon. The temperature was then raised to 180 °C, at which point the CdO had completely reacted 
with OA to form cadmium oleate (yielding a clear solution). Separately, a TOP-Te precursor solution was prepared by 
reacting Te powder with TOP. Approximately 13 mg of Te (0.10 mmol) was added to 1 mL of TOP in a small flask and 
heated (under Ar) to ~200 °C until the Te dissolved, yielding a clear amber-colored TOP-Te solution. 

Synthesis of CdTe QDs: Once the cadmium oleate solution reached 180 °C, the TOP-Te solution (1 mL) was swiftly 
injected into the hot Cd-oleate/ODE solution, marking time zero for QD nucleation. The reaction mixture was vigorously 
stirred and maintained at 180 °C for the duration of nanocrystal growth. Aliquots were withdrawn at specific reaction 
times (3, 7, 9, and 16 min) to obtain CdTe QD samples. Growth was quenched by rapidly cooling each aliquot to room 
temperature (e.g., by an ice-water bath). No additional shell was added; the native oleate ligand matrix was relied upon 
to passivate and stabilize the QD surfaces. The following simplified reaction equations summarize the precursor formation 
and QD nucleation steps: 

 𝐶𝑑𝑂 + 2𝑂𝐴 ଵ଼଴°େሱ⎯⎯ሮ 𝐶𝑑(𝑂𝐴)ଶ + 𝐻ଶ𝑂, (1) 

 𝑇𝑒(𝑠) + 𝑇𝑂𝑃 ଶ଴଴°େሱ⎯⎯ሮ 𝑇𝑂𝑃 − 𝑇𝑒 (𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛), (2) 

In the above, OA represents oleic acid and TOP-Te denotes trioctylphosphine telluride (a molecular Te complex in 
solution). Upon injection of TOP-Te into the hot Cd(OA)_2/ODE solution (Equation 2), CdTe nuclei form and then grow 
as the reaction progresses. During growth, the solution’s color visibly changes: initially nearly colorless immediately after 
nucleation, then pale yellow, orange, and finally dark red as the nanocrystals enlarge – indicating a progressive shift of 
the absorption edge to longer wavelengths. 

After the desired reaction time, the QDs were isolated by a standard purification procedure. Specifically, an aliquot 
was removed from the hot reaction mixture and mixed with anhydrous ethanol (to induce precipitation of the QDs and 
remove excess ligands/byproducts), then centrifuged to collect the QD precipitate. The precipitated QDs were redispersed 
in a nonpolar solvent (hexane or toluene). This precipitation/redispersion wash was repeated twice to yield clean, stable 
colloidal CdTe QDs capped with oleic acid. All samples were stored in sealed vials under inert gas (argon) in the dark. 
The molar concentration of each QD dispersion was estimated via the Beer–Lambert law at the first excitonic absorption 
maximum, c = A/(εl), with 𝑙 = 1.00 𝑐𝑚. The size-dependent molar extinction coefficient ε for CdTe QDs was taken 
from literature; we used the empirical CdTe relation 𝜀 = 10043𝐷ଶ.ଵଶ (𝑀⁻¹ 𝑐𝑚⁻¹), where D is the TEM/optically 
estimated diameter in nm. 

Characterization: UV–Vis absorption spectra were collected on a double-beam spectrophotometer with hexane as 
both solvent and reference. Photoluminescence (PL) spectra were recorded on a fluorescence spectrometer (𝜆௘௫௖  = 350 𝑛𝑚; 1 cm quartz cuvettes; room temperature) and are reported without detector-response correction, as our analysis 
focuses on peak positions and qualitative line shapes. The absorbance and PL intensity scales were verified with a 
calibrated tungsten lamp and a silicon photodiode, respectively. 

PL quantum yields (PLQY) were determined by the relative method using quinine sulfate in 0.1 M H₂SO₄ (literature 
Φ ≈ 54%) as the standard. The standard and QD dispersions were prepared to have matched absorbance at 350 nm 
(A ≈ 0.05–0.10) and were measured under identical integration settings. For each sample, PLQY was obtained from the 
slope of integrated emission vs. absorbance, averaged over three independently prepared dispersions. All optical 
measurements (absorbance, PL, PLQY) were acquired in triplicate and are reported as mean ± standard deviation. 

Colloidal dispersions were also inspected visually under ambient light and 365 nm UV to assess emission color and 
any qualitative signs of precipitation. Transmission electron microscopy (TEM) and X-ray diffraction (XRD) were used 
to determine particle size, morphology, and crystal structure. For TEM, a drop of the hexane dispersion was cast onto a 
carbon-coated copper grid, dried under ambient conditions, and imaged at 200 kV. For XRD, purified QDs were drop-cast 
onto glass to form a thin film and measured on a powder diffractometer with Cu Kα radiation (λ = 1.5406 Å) over 
2θ = 20°–60°; peak positions were compared with reference CdTe patterns to confirm phase identity and estimate 
crystallite size. 

 
RESULTS 

Optical appearance and qualitative emission: Figure 1 is a schematic illustration of the CdTe QD synthesis via 
the molecular precursor method. After injection and during growth (0–16 min), the solution color evolves from nearly 
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colorless (immediately after nucleation) to yellow, orange, and finally red, corresponding to increasing QD size and a red-
shifting band gap. This color change is apparent in the actual QD samples. Figure 2a shows photographs of vials 
containing CdTe QD dispersions (in hexane) under normal ambient light for four different reaction durations (from left 
to right: 3 min, 7 min, 9 min, 16 min). The solution color deepens with longer synthesis time: the 3 min sample is nearly 
colorless with only a faint yellow tint, while the 16 min sample is visibly reddish-brown. This progression indicates the 
growth of larger CdTe nanoparticles, since larger QDs have narrower band gaps and thus absorb more lower-energy 
(visible) light, imparting a stronger color to the solution. Figure 2b presents the same set of samples under ultraviolet 
illumination (365 nm). A striking rainbow of fluorescence is observed: the shortest reaction (smallest QDs) emits green 
light, and as the QD size increases, the emission color shifts through yellow and orange to red for the largest QDs. All 
samples show bright, saturated fluorescence, confirming efficient surface passivation by the oleic acid ligands. The 
emission colors correspond roughly to the expected PL peak wavelengths for CdTe QDs of these sizes (approximately 
520–540 nm for the green-emitting smallest dots, 580–600 nm for medium-sized QDs emitting yellow-orange, and ~640–
680 nm for the red-emitting largest dots). These qualitative observations already suggest successful tuning of QD size via 
reaction time, consistent with quantum confinement theory [18]. 

 

Figure 1. Schematic illustration of the CdTe QD synthesis via the molecular precursor method 

 
a 

 
b 

Figure 2. Photographs of CdTe QD samples at various reaction times, showing (a) solution color under ambient light and (b) 
photoluminescence under 365 nm UV light 

UV–Vis absorption spectra: Figure 3 shows the UV–Vis absorption spectra of the CdTe QD samples (dispersed in 
hexane) for the four different growth times. 

 
Figure 3. UV–Vis absorption spectra of CdTe QDs (in hexane) grown at 180 °C with different reaction times (black: 3 min; red: 
7 min; blue: 9 min; green: 16 min) 

All spectra exhibit a distinct first excitonic absorption peak, a hallmark of quantum-confined semiconductor 
nanocrystals. For the 3 min sample (black curve), the first absorption peak appears around 500–520 nm (in the blue-green 



382
EEJP. 4 (2025) Karimberdi E. Onarkulov, et al.

region). With increasing growth time, this peak systematically shifts to longer wavelength: approximately 560 nm for the 
7 min sample (red curve), ~620 nm for the 9 min sample (blue curve), and ~700 nm for the 16 min sample (green curve). 
Concomitantly, the absorption edge (onset of strong absorption) moves from roughly 550 nm (3 min sample) to about 
800 nm (16 min sample). This pronounced red-shift of the absorption features clearly indicates an increase in particle size 
over the reaction interval. Longer reaction times allow the initially formed CdTe nuclei to grow larger, resulting in reduced 
quantum confinement and thus a smaller effective band gap. The observed absorption peak positions are in good 
agreement with literature values for CdTe QDs in the ~2–5 nm size range. For instance, the 16 min sample’s first exciton 
peak at ~700 nm is consistent with QDs about 4–5 nm in diameter, whereas the 3 min sample’s peak near 500 nm 
corresponds to very small nanocrystals of around ~2 nm diameter. These size estimates are supported by the qualitative 
PL colors in Figure 2b and by empirical sizing formulas reported in previous studies [18].  

Photoluminescence spectra: Photoluminescence spectra of the same four CdTe QD samples are shown in Figure 4. 
Under 350 nm UV excitation, the emission maxima exhibit a parallel red-shift with increasing reaction time, mirroring 
the absorption trend in Figure 3. Specifically, the PL peak moves from ~525 nm for the 3 min QDs to ~580 nm (7 min), 
~630 nm (9 min), and ~650–670 nm for the 16 min QDs. Each spectrum consists of a single prominent emission band; 
we did not observe any secondary long-wavelength emission bands (within the detection limit), indicating an absence of 
significant trap-state luminescence. The PL full-width at half-maximum (FWHM) for all samples is on the order of 30–
50 nm, which is relatively narrow. Such narrow emission peaks suggest a fairly uniform QD size distribution (narrow size 
polydispersity) and good crystallinity. The Stokes shift (the difference between the absorption peak and PL peak) remains 
modest (~20–30 nm for these samples), which further indicates effective surface passivation with minimal defect-related 
Stokes losses. The qualitative brightness observed under UV illumination (Figure 2b) is reflected in the PL spectra 
intensity; all samples were highly emissive. We note that although we did not perform time-resolved PL measurements, 
the absence of any low-energy (red/NIR) trap emission in steady-state PL implies that radiative recombination is primarily 
via band-edge exciton decay. A detailed study of recombination lifetimes (e.g., via time-resolved PL) would be valuable 
future work to confirm this and to quantify carrier dynamics in these QDs. 

 
Figure 4. Photoluminescence (PL) spectra of CdTe QDs grown at 180 °C for 3, 7, 9, and 16 min. All samples were measured in 
hexane at room temperature (excitation: 350 nm). 

Photoluminescence quantum yield: In addition to qualitative brightness, we quantitatively evaluated the 
photoluminescence efficiency of the QDs. PL quantum yield (PLQY) values for all samples, measured relative to a quinine 
sulfate standard, are summarized in Table 1. 
Table 1. Photoluminescence characteristics of CdTe QDs as a function of reaction time.  

Growth 
time 

𝝀𝒆𝒎 
(nm) 

Diameter 
(nm) 

Absorbance 
A 

ε (M⁻¹·cm⁻¹) Concentration 
(µM) 

PL FWHM 
(nm) 

Stokes shift 
(nm) 

PLQY 
(%) 

3 min  525 2.0 0.045 43.656 1.03 47 25 88.9 ± 2.5 
7 min 580 3.5 0.051 142.984 0.36 50 20 63.9 ± 3.1 
9 min 630 4.0 0.061 189.771 0.32 53 30 61.9 ± 4.0 

16 min  670 5.0 0.043 304.565 0.14 54 20 64.0 ± 3.7 

The 3 min CdTe QDs exhibited the highest PLQY, around ~89%. The intermediate-sized QDs (7 min and 9 min 
samples) showed slightly lower PLQYs (~64% and ~62%, respectively), and the largest QDs (16 min) had a PLQY 
of ~64%. All samples thus have moderately high quantum yields (exceeding 60%), even without any core/shell structure. 
The trend of decreasing PLQY with increasing QD size could be due to a greater likelihood of crystalline imperfections 
or surface defects in the larger nanocrystals, or reabsorption effects in samples with more red-shifted emission. 
Conversely, the smallest QDs may have fewer nonradiative surface recombination centers relative to their volume, thanks 
to the strong binding of oleate ligands. Regardless of the exact mechanism, these QY values indicate that the CdTe cores 
synthesized by this method are of good optical quality. We anticipate that adding an epitaxial shell (e.g., ZnS) around 
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these cores would further enhance the PLQY and stability, as has been observed in core-shell QD systems; however, this 
is beyond the scope of the present work. 

We quantified the QD number concentration from the UV–Vis spectra using the Beer–Lambert law at the first 
excitonic peak and a size-dependent extinction coefficient for CdTe QDs. The diameters used in ε(D) were taken from 
TEM (and cross-checked against the excitonic peak positions). Table 1 summarizes the results for the 3-, 7-, 9-, and 
16-minute samples. 

These values (≈0.14–1.03 µM) are typical for colloidal QD dispersions prepared in nonpolar solvents and are 
sufficiently dilute to minimize inner-filter and reabsorption artifacts during optical measurements. 

Growth and reproducibility: Nucleation began almost immediately upon TOP-Te injection, as evidenced by an 
instantaneous color change to pale yellow. Thereafter, the absorption edge and PL maximum red-shifted progressively 
with time as the nanocrystals grew. By ~16 min, growth slowed markedly, consistent with precursor depletion and the 
onset of Ostwald ripening. No secondary nucleation was detected after the initial burst, in line with the classical LaMer 
mechanism for achieving narrow size distributions. All samples were time-stamped aliquots from a single batch, and their 
consistent optical trends confirm reproducible, well-controlled growth. 

Our results align well with other reports on CdTe QD growth. For example, da Costa et al. (2024) monitored CdTe 
QD formation in situ. They found that emission peaks shifted from ~550 nm to ~655 nm as reaction time or temperature 
increased, corresponding to QD diameters growing from ~2 nm (green-emitting) to ~4 nm (red-emitting). This is in 
excellent agreement with the size progression achieved in our study. Such consistency confirms that the molecular 
precursor (TOP-Te) method effectively produces CdTe QDs whose size can be tuned predictably by reaction time, similar 
to the control achieved by adjusting temperature or precursor ratios in other synthesis methods [18]. 

  
Figure 5. TEM image of the synthesized CdTe QDs 
(representative sample) showing nearly spherical nanocrystals 
with an average diameter of ~4 nm (scale bar: 40 nm)  

Figure 6. XRD pattern of a purified CdTe QD sample, 
confirming the crystalline zinc-blende CdTe structure  

The above results demonstrate a clear correlation between reaction time, particle size, and optical properties for 
CdTe QDs synthesized by the molecular precursor (hot-injection) method. Short reaction times yield small QDs that 
absorb and emit in the blue-green region, whereas longer times produce progressively larger QDs with red-shifted spectra. 
This behavior is a direct consequence of quantum confinement: smaller nanocrystals confine charge carriers in a tighter 
volume, raising their kinetic energy and thus increasing the energy of optical transitions [1]. As the CdTe QDs grow, the 
confinement energy decreases, leading to lower band-gap energies and emission at longer wavelengths (approaching the 
bulk CdTe band edge of ~820 nm). Our experimental data (Figures 2–4) vividly illustrate this tunability, which is one of 
the defining advantages of colloidal QDs. 

It is worth noting some practical benefits of the synthetic approach we used. The reaction is rapid – within a few 
minutes, a spectrum of sizes (and colors) can be obtained – and it occurs at 180 °C, which is a relatively low temperature 
compared to many classic organometallic syntheses of II–VI QDs (often ≥300 °C for CdSe or CdS). A lower synthesis 
temperature simplifies the experimental setup and can reduce unwanted side reactions or precursor degradation. In our 
case, the moderate temperature was sufficient because TOP-Te is a highly reactive Te source that readily reacts with 
cadmium oleate even at 180 °C. This is in contrast to some older methods, where, for example, elemental Te would have 
to be injected into a 300°C solvent, or where cadmium precursors, such as CdCl₂, had to be reduced in situ with NaBH₄ 
in an aqueous solution [18]. By using pre-formed Cd–oleate and a molecular Te precursor (TOP-Te), we bypassed the 
need for an external reducing agent and leveraged the reactivity of organometallic precursors to achieve CdTe formation 
under milder conditions. 

Another advantage of our approach is the monodispersity observed in the QD samples. The relatively narrow 
absorption peaks (Figure 3) and the vivid, narrow emission bands (Figure 4 and visually in Figure 2b) indicate a uniform 
QD size distribution for each sample. This can be attributed to the classic hot-injection mechanism, promotes a burst of 
nucleation followed by focused growth on existing seeds, rather than continuous nucleation. Our observation that no new 
nucleation occurred after the initial stage (with aliquots taken at later times yielding larger QDs but no significant second 
population of small QDs) supports the notion of effective Ostwald ripening and growth on seed crystals only [9]. In 
practice, this means one can simply stop the reaction at a desired time to obtain QDs of a target emission 
wavelength – a convenient way to tune QD color by controlling reaction duration. 
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We also briefly compare our results with the aqueous route for CdTe QD synthesis. While not the focus of this study, 
it is known that aqueous-synthesized CdTe QDs (typically using thiol ligands like MPA) generally require longer reaction 
times (on the order of hours) to achieve similar emission wavelengths, and often the size distribution is broader than that 
of hot-injection QDs [1]. However, a key benefit of aqueous QDs is that they are directly obtained as water-soluble 
colloids. In contrast, the oleic-acid-capped QDs we produced are hydrophobic (soluble only in nonpolar organic solvents). 
We did not perform a ligand exchange to water in this work, but we acknowledge its importance. In fact, recent studies 
have shown that microwave-assisted aqueous synthesis can produce CdTe QDs with controlled emission by varying 
parameters [21], offering a complementary, more environmentally benign approach. Exploring ligand exchange or direct 
aqueous synthesis for our QDs is an important future direction to extend their applicability. 

The optical quality of our CdTe QDs suggests good surface passivation by the oleate ligands. We did not observe 
any secondary (trap-related) emission peak in PL, and the PL intensity remained stable (with no significant drop) over at 
least several weeks when the samples were stored under inert conditions in the dark. This implies that as-synthesized QDs 
have relatively few surface trap states initially, and that the oleic acid capping provides a degree of protection against 
immediate oxidation or photodegradation. However, we did not carry out comprehensive long-term stability tests or 
deliberate oxidation/photobleaching experiments. It is likely that exposure to air, moisture, or prolonged UV excitation 
would eventually lead to oxidation of the QD surface (e.g., forming CdO or TeO₂) and a corresponding decline in optical 
quality, as is known for many II–VI QDs without additional protective shells. In future work, systematic stability studies 
(such as monitoring PL intensity and peak position over time under various storage conditions, and performing 
photobleaching assays under continuous illumination) should be conducted to quantify the long-term colloidal and 
photostability of these CdTe QDs. Additionally, further improvements in stability and quantum yield could be achieved 
by overcoating the CdTe cores with a wider-bandgap shell. For example, growing a CdTe/ZnS core–shell structure (as 
conceptually depicted in Figure 1 after the core formation step) can dramatically enhance the QD’s resistance to oxidation 
and increase QY by confining excitons away from surface defects. Although shell growth was outside the scope of this 
study, core/shell CdTe QDs are well known to exhibit superior stability and brightness [13]. 

Theoretical interpretation. The size-dependent spectral shifts we observe are consistent with the effective mass 
approximation (EMA) for semiconductor nanocrystals. The Brus equation provides a quantitative estimate of the 
first-exciton energy as a function of radius, capturing quantum-confinement effects. Using literature parameters for CdTe 
(electron effective mass ≈ 0.096 m₀, hole effective mass ≈ 0.60 m₀, and the bulk dielectric constant) [18], a 3 nm QD is 
expected to have a first-exciton energy near 2.4 eV (≈ 515 nm), while a 5 nm QD is expected near 1.9 eV (≈ 653 nm). 
These estimates agree with the absorption peaks of our smallest and largest samples. More sophisticated models could 
include surface strain, ligand-field effects, and dielectric screening (which can induce slight red shifts), but the EMA 
captures the dominant trends in our data. 

Overall, our findings confirm that the molecular precursor (hot-injection) method is a powerful technique for 
producing high-quality CdTe QDs with controllable size. The combination of a rapid injection and proper ligand capping 
yields nanocrystals whose optical properties can be finely tuned, which is crucial for optimizing QDs for specific 
applications. In the next section, we summarize the conclusions and also outline some remaining challenges and future 
directions. 

 
CONCLUSIONS 

In summary, we have successfully synthesized CdTe quantum dots using a molecular precursor (TOP-Te) hot-
injection method and investigated their optical properties as a function of particle size. By adjusting the growth time from 
3 min to 16 min at 180 °C, we obtained a series of QD samples with tunable emission across the visible spectrum (from 
green to red). UV–Vis and PL spectroscopy confirmed a pronounced red-shift in absorption and emission peaks with 
increasing QD size, in agreement with quantum confinement theory. The CdTe QDs exhibit narrow excitonic absorption 
peaks and bright, size-dependent photoluminescence with high quantum yields (up to ~90%), indicating good crystalline 
quality and effective surface passivation by oleate ligands. These experimental observations were consistent with 
theoretical expectations (as estimated by the Brus equation) and with literature reports, validating the effectiveness of the 
relatively mild hot-injection synthesis approach for CdTe. 

Direct structural and morphological characterization supported these findings: XRD confirmed the cubic CdTe phase 
and nanocrystal domain size, and TEM provided direct visualization of particle sizes (~3–5 nm) and their distribution, 
consistent with optical estimates. A logical next step is time-resolved PL to probe recombination dynamics and to test 
explicitly for trap-state contributions via exciton lifetimes. We also plan extended stability studies—exposure to air, light, 
and elevated temperature over longer periods—to assess long-term colloidal stability and resistance to photobleaching. 
The results will guide strategies such as core–shell encapsulation and optimized ligand treatments to enhance robustness. 
Finally, translating these QDs into aqueous media is important for specific uses; although we did not pursue ligand 
exchange here, future work should explore replacing oleate with hydrophilic ligands (or other phase-transfer methods) to 
yield water-dispersible CdTe QDs. Such surface modifications, together with protective shells, will broaden the 
applicability of these materials in optoelectronics, biology, and beyond. 
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СИНТЕЗ КВАНТОВИХ ТОЧОК CdTe МЕТОДОЮ МОЛЕКУЛЯРНИХ ПОПЕРЕДНИКІВ ТА ДОСЛІДЖЕННЯ 

ЇХ ОПТИЧНИХ ВЛАСТИВОСТЕЙ 
Карімберді Е. Онаркулов, Адхамджон І. Зокіров 

Ферганський державний університет, Фергана, Узбекистан 
Квантові точки (КТ) телуриду кадмію (CdTe) були синтезовані методом молекулярного прекурсора (гарячої інжекції) та 
досліджені їхні оптичні властивості. Прекурсор олеату кадмію в октадецені/олеїновій кислоті нагрівали до 180°C в інертній 
атмосфері, а розчин триоктилфосфіну-телурію (TOP-Te) швидко вводили для ініціювання нуклеації. Змінюючи час росту 
(3-16 хв), розмір КТ налаштовували, створюючи кольори випромінювання від зеленого до червоного. Нанокристали були 
охарактеризовані за допомогою УФ-Vis абсорбційної та фотолюмінесцентної (ФЛ) спектроскопії, яка показала чітке червоне 
зміщення оптичних спектрів зі збільшенням розміру частинок. Квантові точки CdTe демонструють оптичні властивості, що 
залежать від розміру, що узгоджуються з квантовим обмеженням, причому перший екситонний пік поглинання зміщується від 
~520 нм до ~700 нм зі збільшенням діаметра. Всі зразки були високолюмінесцентними, зі значеннями квантового виходу 
фотолюмінесценції (PLQY) в діапазоні 60–90%. Цей простий синтез при відносно низькій температурі дає колоїдно стабільні 
квантові точки CdTe з настроюваними забороненими зонами. Результати демонструють простий шлях до налаштування 
оптичних властивостей квантових точок шляхом контролю часу реакції та дають уявлення про кінетику росту та квантово-
розмірні ефекти в квантових точках CdTe. 
Ключові слова: квантова точка; телурид кадмію; молекулярний прекурсор; гаряча інжекція; квантове обмеження; 
фотолюмінесценція; поглинання; нанокристал; колоїдний синтез; напівпровідник 
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This work presents a comprehensive Deep-Level Transient Spectroscopy (DLTS) investigation into the influence of nickel (Ni) 
diffusion on the defect landscape and electronic properties of polycrystalline silicon (poly-Si) structures. The study aims to clarify 
how Ni incorporation modifies electrically active traps, alters charge carrier dynamics, and affects interface quality in Schottky 
diodes formed on poly-Si substrates. Two types of samples—undoped and Ni-diffused—were prepared via controlled thermal 
processing at 1000 °C, followed by surface passivation and gold/aluminum metallization to form Au/Poly-Si/Al Schottky diodes. 
DLTS measurements over the temperature range 20–300 K revealed distinct differences in the deep-level trap behavior of the two 
sample types. In undoped samples, only weak and broad trap signals were observed, primarily associated with intrinsic grain 
boundary defects and residual impurities. In contrast, Ni-diffused samples exhibited sharp, intense DLTS peaks, with a dominant 
trap level observed between 200 and 220 K. The corresponding activation energy was estimated to be approximately 0.492 eV, 
and the capture cross-section was in the range of 10⁻¹⁴–10⁻¹³ cm². These parameters indicate the formation of nickel-related 
complex defects, such as Ni–V or Ni–O clusters, primarily located at grain boundaries. C–V profiling further confirmed the 
influence of Ni incorporation, showing reduced capacitance, a smoother transition in the depletion region, and improved interface 
uniformity, suggesting partial passivation of native and boundary-related traps. The Ni-diffused sample displayed a smoother 
capacitance–voltage transition, reduced junction capacitance, and improved interface uniformity, suggesting partial passivation of 
native defects. Complementary Gp–V measurements showed a significant decrease in parallel conductance for Ni-doped 
structures, indicating a reduction in interface trap density and recombination centers. These results suggest a dual role of 
nickel - both as a source of deep-level traps and as a passivating agent, depending on local atomic environment and thermal 
treatment conditions. Surface morphology analysis using Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray 
Spectroscopy (EDX) confirmed the formation of Ni-rich precipitates, particularly at grain boundaries. The spatial correlation 
between Ni and oxygen suggests the formation of Ni–O-based complexes, which likely contribute to the electrical passivation 
effects observed in DLTS and Gp–V data. Overall, this study demonstrates that controlled Ni diffusion offers a promising 
approach for defect engineering in polycrystalline semiconductors. By selectively introducing and passivating defect states, Ni 
doping can enhance the electronic quality and thermal stability of poly-Si, thereby improving its suitability for high-efficiency 
solar cells, radiation detectors, and other advanced electronic and optoelectronic devices. 
Keywords: Polycrystalline silicon; Nickel clusters; DLTS; Deep-level defects; Schottky diode; Impurity diffusion 
PACS: PACS: 72.20.Jv, 73.61.Cw, 73.40.Ns, 85.30.De. 

INTRODUCTION 
The advancement of low-cost, large-area silicon-based technologies increasingly depends on effective control of 

crystalline defects and impurity behavior in polycrystalline silicon (poly-Si). Compared to monocrystalline silicon, 
poly-Si exhibits a higher density of grain boundaries and intrinsic structural imperfections, which serve as non-radiative 
recombination centers and negatively impact device performance [1-3]. 

Among external impurity elements, transition metals such as nickel (Ni) play a dual role in silicon matrices. On 
one hand, they can passivate intrinsic traps under certain conditions; on the other hand, they may form deep-level trap 
complexes that deteriorate carrier lifetimes. Notably, nickel’s high diffusivity in silicon and its tendency to agglomerate 
at grain boundaries create favorable conditions for cluster formation, which are often responsible for distinct electronic 
activity detectable through electrical techniques [4-8]. Deep-Level Transient Spectroscopy (DLTS) is a powerful 
method for studying electrically active defects. By analyzing the transient capacitance response of Schottky diodes to 
thermal stimuli, DLTS can determine key trap-state parameters, such as activation energy and capture cross-section. 
While many studies have examined metal-induced defects in monocrystalline silicon, there is a lack of detailed analysis 
of Ni-related defect clusters in polycrystalline matrices [9, 10]. This work addresses this gap by exploring the electronic 
impact of nickel diffusion in polycrystalline silicon using DLTS and Schottky barrier analysis. By establishing clear 
differences in trap profiles between doped and undoped samples, we provide insights into the defect formation 
mechanisms and their potential for material optimization. 

METHODS 
To investigate the electrical activity and microstructural effects of nickel-induced deep-level defects in 

polycrystalline silicon (poly-Si), a multi-step sample preparation and characterization methodology was employed. 
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Commercially available polycrystalline silicon wafers with a resistivity of 102–103 Ω·cm were selected and cut into 
5×10 mm² squares using a diamond saw to ensure minimal edge damage and compatibility with standard measurement 
setups. 

Each sample underwent an extensive surface preparation procedure to ensure high measurement accuracy. 
Mechanical polishing was conducted in stages, starting with coarse SiC papers and progressing to alumina (Al₂O₃) 
suspensions with particle sizes decreasing from 3 μm to 0.05 μm to produce a smooth, mirror-like surface. After 
mechanical treatment, samples were ultrasonically cleaned in acetone, isopropanol, and deionized water [10]. 
A standard RCA cleaning procedure was applied to remove residual organic and metallic contaminants. To eliminate 
the native oxide layer and activate the surface, a 5% HF solution etch was performed for 30 seconds. The samples were 
then immediately transferred to the deposition chamber to prevent reoxidation. A thin nickel layer (~50 nm) was 
deposited on one side of the samples using thermal vacuum evaporation under a base pressure of 5 × 10⁻4 Torr. The 
deposition thickness was monitored using a quartz crystal microbalance. Subsequently, the samples were annealed in a 
nitrogen ambient at 1000°C for 30 minutes in a quartz tube furnace. This thermal treatment enabled the diffusion of 
nickel atoms into the grain boundaries and defect-rich regions of the poly-Si matrix. The samples were gradually cooled 
to minimize thermal shock [11]. Post-diffusion, any remaining surface nickel was removed using a chemical etchant 
composed of nitric acid (HNO₃), acetic acid (CH₃COOH), and hydrofluoric acid (HF) in a volumetric ratio of 5:3:2 for 
15 seconds. This step ensured a clean and uniform surface before device fabrication. Schottky diodes were fabricated by 
depositing circular gold contacts (1 mm in diameter) via thermal evaporation onto the nickel-diffused surface using a 
shadow mask. The rear side of each sample was coated with aluminum to form an ohmic contact. The devices were 
annealed at 200°C in a nitrogen atmosphere for 10 minutes to enhance the metal-semiconductor interface properties. 

To investigate the microstructural effects of nickel diffusion, surface morphology analysis was performed using 
Scanning Electron Microscopy (SEM). A Zeiss AURIGA FIB-SEM system was used to acquire high-resolution images 
of the nickel-diffused silicon surfaces. SEM analysis enabled the direct visualization of surface features such as grain 
boundaries, diffusion-induced surface texture changes, and possible clustering effects [12]. Images were obtained in 
both secondary electron (SE) and backscattered electron (BSE) modes to enhance contrast between silicon and nickel-
rich regions. These microstructural observations were used to correlate the electrical activity observed in DLTS 
measurements with the physical manifestation of defect sites and clusters on the polycrystalline surface. 

Deep-Level Transient Spectroscopy (DLTS) measurements were conducted over a temperature range of 20–300 K 
using a stepwise heating protocol. The Schottky diodes were reverse-biased at –5 V, and filling pulses of –2 V 
amplitude with 1 ms duration were applied. The transient capacitance signal was recorded at multiple rate windows 
(80 s⁻¹, 200 s⁻¹, 400 s⁻¹, 800 s⁻¹) to resolve traps with different emission time constants. The resulting DLTS spectra 
were analyzed to extract the activation energy, capture cross-section, and defect concentration corresponding to nickel-
related trap states [13-17]. 

 
EXPERIMENTAL RESULTS 

In this experimental section, we investigate the impact of nickel diffusion into polycrystalline silicon by 
comparing DLTS and C–V measurements. The measurements were performed on both undoped and Ni-diffused 
samples using various rate windows (80, 200, 400, and 800 s⁻¹) for DLTS and a voltage sweep from -2 to -5 V for C–V 
profiling. The goal is to determine the deep-level trap behavior, concentration, and how nickel incorporation affects the 
electrical quality of the material. 

  
a b 

Figure 1. DLTS spectra of polycrystalline silicon samples at different rate windows 
(a) undoped sample; (b) sample with Ni-diffused 

Undoped sample (Fig. 1a) showing relatively low signal amplitude and broad trap responses across the 
temperature range, indicating the presence of intrinsic grain boundary and bulk defects; A pronounced peak appears 
around 110 K, indicating the presence of shallow-level traps likely associated with intrinsic point defects such as 
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oxygen or carbon complexes. The DLTS signal amplitude increases with rate window, confirming thermally activated 
emission characteristics. Ni-diffused sample (Fig. 1b) with sharper and deeper peaks, especially between 180–250 K, 
corresponding to the formation of Ni-related deep-level traps such as Ni–V and Ni–Si complexes. The enhanced signal 
intensity and shift in peak position reflect changes in trap energy levels and charge emission rates induced by nickel 
diffusion. 

Figures 2a and b illustrate the Arrhenius plots obtained for the undoped and Ni-diffused polycrystalline silicon 
samples. 

  
a b 

Figure 2. Arrhenius plots for trap level analysis in polycrystalline silicon samples derived from DLTS measurements 
The emission rate data were extracted from DLTS spectra over various rate windows and plotted as ln(𝑒ₙ/𝑇²) 

versus 1/𝑇 to determine the activation energies of the observed deep-level traps. In the undoped sample (Figure 2a), two 
distinct trap levels were identified at approximately 105 K and 215 K, corresponding to activation energies of 
Eₐ ≈ 0.141 eV and Eₐ ≈ 0.275 eV, respectively. In contrast, the Ni-diffused sample (Figure 2b) showed a dominant single 
trap around ~200 K, with a significantly higher activation energy of Eₐ ≈ 0.492 eV. This increase in energy suggests the 
formation of new, deeper traps, possibly associated with Ni-related complexes or defect passivation mechanisms. 

These findings confirm that Ni diffusion leads to the emergence of deeper trap levels and potentially alters the 
defect structure of the polycrystalline silicon matrix. [18-19]. 

  
a b 

  
c d 

Figure 3. Comparison of DLTS spectra of undoped and Ni-diffused polycrystalline silicon samples at various rate windows 
(a) 80 s⁻¹, (b) 200 s⁻¹, (c) 400 s⁻¹, and (d) 800 s⁻¹ 
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In all measurements, the Ni-diffused sample shows significantly deeper and sharper DLTS signals, with multiple 
peak formations compared to the undoped sample (Fig. 3.). This indicates increased trap concentration and enhanced 
recombination activity due to the formation of Ni-related deep levels. The undoped sample exhibits broader and 
shallower responses, consistent with intrinsic grain boundary and bulk defects. The variation in signal intensity and 
peak position with increasing rate window reflects differences in emission rates and activation energies of the traps. 

  
a b 

Figure 4. a) Capacitance–Voltage (C–V) characteristics of undoped and Ni-diffused polycrystalline silicon samples. 
b) Gp–V characteristics of undoped and Ni-diffused polycrystalline silicon samples. 

The undoped sample (Figure 4a) exhibits higher capacitance values and a sharper transition in the depletion 
region, which may be attributed to a lower defect density and more abrupt junction interface. In contrast, the Ni-
diffused sample shows a reduced capacitance with a smoother voltage response, indicating an increased trap 
concentration and possible passivation of grain boundaries. The shift in capacitance behavior reflects the changes in 
dopant distribution and interface quality resulting from nickel diffusion. The Ni-diffused sample (Figure 4b) shows a 
reduced parallel conductance across the voltage range, indicating effective passivation of interface and grain boundary 
states. In contrast, the undoped sample exhibits higher Gp values, especially in the depletion region, which suggests a 
greater density of interface traps and enhanced recombination activity. The suppression of Gp in the doped structure 
confirms that nickel incorporation reduces the density of electrically active defects and improves the junction quality. 

   
Figure 5. SEM image and EDX elemental maps of the Ni-diffused polycrystalline silicon sample 

The Figure 5 left panel shows the surface morphology, while the middle and right panels illustrate the spatial 
distribution of Ni (red) and O (green), respectively. The overlapping regions of Ni and O signals confirm the formation 
of Ni–O-based precipitates. These precipitates are believed to contribute to the passivation of electrically active traps, as 
evidenced by the reduced DLTS signal amplitude, the suppressed Gp – V peak, and the stabilized C–V profile in the Ni-
diffused sample. 

 
DISCUSSION 

Based on the experimental results obtained through DLTS and C–V profiling, it is evident that the introduction of 
nickel atoms into polycrystalline silicon significantly modifies the defect landscape and electrical activity within the 
material. One of the most notable findings is the formation of a pronounced deep-level trap centered at approximately 
115 K in Ni-diffused samples, which is absent in undoped specimens. This suggests the creation of specific Ni-related 
defect complexes, potentially involving interactions at grain boundaries where structural imperfections act as diffusion 
pathways and clustering sites. 

The improved interface characteristics observed in C–V measurements indicate that nickel atoms not only create 
new trap centers but may also participate in passivating native defects. This dual nature of nickel, acting both as a defect 
generator and a passivating agent, aligns with previous studies on transition metal doping in silicon-based materials. 
The smoother capacitance-voltage curves and lower trap density in the Ni-diffused samples support the hypothesis that 
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nickel can be harnessed to tailor the electronic properties of poly-Si, particularly by forming stable Ni–Si complexes or 
precipitates that neutralize recombination-active centers [20-24]. 

Parallel conductance–voltage (Gp–V) measurements further confirmed the presence and partial passivation of 
interface and grain boundary traps. Compared to undoped samples, the Ni-diffused structures exhibited reduced Gp 
values across the depletion region, suggesting a lower density of electrically active recombination centers. This 
suppression is attributed to the interaction of nickel with native defects, likely forming electrically inert Ni–O or Ni–Si 
complexes. 

Additionally, the temperature-dependent suppression of DLTS peak amplitudes across multiple rate windows 
implies that the trap states in Ni-diffused samples exhibit reduced thermal activity, which can enhance the thermal 
stability and long-term reliability of devices built on such materials. This behavior is crucial for high-performance 
applications such as radiation detectors and solar cells operating under fluctuating thermal conditions. 

Overall, the findings suggest that controlled nickel diffusion presents a promising avenue for defect engineering in 
polycrystalline semiconductors, offering a balance between defect introduction and passivation that could be 
strategically exploited to improve material performance in advanced electronic and optoelectronic systems. 

Scanning Electron Microscopy (SEM) images revealed noticeable changes in surface morphology of the Ni-
diffused polycrystalline silicon samples. Grain boundary regions became more distinct and slightly rougher, indicating 
nickel segregation and possible clustering at these structural imperfections. The formation of Ni-rich precipitates 
observed in SEM supports the electrical activity identified in DLTS measurements. 

CONCLUSIONS 
This study demonstrated that controlled nickel diffusion improves the electronic quality of polycrystalline silicon 

by partially passivating grain-boundary-related defects. Capacitance-voltage (C-V) and parallel conductance (Gp-V) 
measurements revealed a reduced interface trap density and improved junction characteristics. DLTS analysis revealed 
a significant deep-level trap in the Ni-diffused sample at around 220 K, absent in the undoped structure, indicating the 
formation of nickel-related defect complexes. SEM and EDX analyses confirmed nickel accumulation and Ni–O 
clustering at grain boundaries, which are likely responsible for the observed defect passivation. These findings 
emphasize the dual role of nickel in modifying and stabilizing polycrystalline silicon, offering promising prospects for 
advanced silicon-based electronic and optoelectronic devices. 
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ВПЛИВ ДИФУЗІЇ НІКЕЛЮ НА СТАН ПАСТОК ТА ЯКІСТЬ ІНТЕРФЕЙСУ В СТРУКТУРАХ 
ПОЛІКРИСТАЛІЧНОГО КРЕМНІЮ 

Канатбай А. Ісмаїлов1, Нурулла Ф. Зікріллаєв2, Зоір Т. Кенжаєв1, Шерзод З. Олламберганов1, 
Байрамбай К. Ісмайлов1, Аллоберді К. Сапаров1 

1Каракалпакський державний університет, Нукус, 230112 Узбекистан 
2Ташкентський державний технічний університет, 100095, м. Ташкент, вул. Університетська, 2, Узбекистан 

Ця робота представляє комплексне дослідження глибокорівневої перехідної спектроскопії (DLTS) впливу дифузії нікелю 
(Ni) на ландшафт дефектів та електронні властивості структур полікристалічного кремнію (poli-Si). Мета дослідження - 
з'ясувати, як включення Ni модифікує електрично активні пастки, змінює динаміку носіїв заряду та впливає на якість 
інтерфейсу в діодах Шоткі, сформованих на полі-Si підкладках. Два типи зразків - нелеговані та дифузовані Ni - були 
отримані шляхом контрольованої термічної обробки при 1000°C, з подальшою пасивацією поверхні та металізацією 
золотом/алюмінієм для формування діодів Шоткі Au/Poly-Si/Al. Вимірювання DLTS, проведені в діапазоні температур 20–
300 K, виявили суттєві відмінності в поведінці глибокорівневих пасток двох типів зразків. У нелегованих зразках 
спостерігалися лише слабкі та широкі сигнали пасток, в основному пов'язані з власними дефектами на межах зерен та 
залишковими домішками. На противагу цьому, зразки з дифузією Ni демонстрували різкі та інтенсивні піки DLTS, з 
домінуючим рівнем пасток, що спостерігався приблизно в межах 200–220 K. Відповідна енергія активації оцінювалася 
приблизно в 0,492 еВ, а поперечний переріз захоплення знаходився в діапазоні 10⁻¹⁴–10⁻¹³ см². Ці параметри вказують на 
утворення комплексних дефектів, пов'язаних з нікелем, таких як кластери Ni–V або Ni–O, розташовані переважно на межах 
зерен. C–V профілювання додатково підтвердило вплив включення Ni, показавши зниження ємності, більш плавний перехід 
в області виснаження та покращену однорідність інтерфейсу, що свідчить про часткову пасивацію власних та пов'язаних з 
межами пасток. Зразок з дифузією Ni демонстрував більш плавний перехід ємність-напруга, зниження ємності переходу та 
покращену однорідність інтерфейсу, що свідчить про часткову пасивацію власних дефектів. Додаткові вимірювання Gp–V 
показали значне зниження паралельної провідності для структур, легованих Ni, що вказує на зменшення щільності пасток 
на інтерфейсі та центрів рекомбінації. Ці результати вказують на подвійну роль нікелю — як джерела глибоких пасток, так і 
пасивуючого агента, залежно від локального атомного середовища та умов термічної обробки. Аналіз морфології поверхні 
за допомогою скануючої електронної мікроскопії (SEM) та енергодисперсійної рентгенівської спектроскопії (EDX) 
підтвердив утворення багатих на Ni преципітатів, особливо на межах зерен. Просторова кореляція між Ni та киснем 
свідчить про утворення комплексів на основі Ni–O, які, ймовірно, сприяють ефектам електричної пасивації, що 
спостерігаються в даних DLTS та Gp–V. Загалом, це дослідження демонструє, що контрольована дифузія Ni пропонує 
перспективний підхід до дефектної інженерії в полікристалічних напівпровідниках. Шляхом вибіркового введення та 
пасивації дефектних станів, легування Ni може покращити електронну якість та термічну стабільність полікремнію, тим 
самим покращуючи його придатність для високоефективних сонячних елементів, детекторів випромінювання та інших 
передових електронних та оптоелектронних пристроїв. 
Ключові слова: полікристалічний кремній; нікелеві кластери; DLTS; глибокі дефекти; діод Шоткі; дифузія домішок 



392
EAST EUROPEAN JOURNAL OF PHYSICS. 4. 392-396 (2025)

DOI:10.26565/2312-4334-2025-4-37            ISSN 2312-4334

MORPHOLOGY AND ELECTRICAL PROPERTIES OF ITO FILMS OBTAINED ON SILICON 
SUBSTRATES BY CVD METHOD 

A.S. Saidov1, Sh.N. Usmonov1, M.U. Khajiev1,3, A. Kutlimratov1, T.T. Ishniyazov1, 
N.B. Ismatov2, A.A. Ganiev3, S.M. Khajieva4, Kh.N. Juraev1*, M. Tagaev5, 

D.Sh. Saidov6, T.A Khudaybergenov6 
1Physical-Technical Institute of Uzbekistan Academy of Sciences, Chingiz Aytmatov Str. 2B, Таshkent 100084, Uzbekistan 

2Institute of Nuclear Physics of the Academy of Sciences of the Republic of Uzbekistan, Khuroson 1str., Таshkent 100214, Uzbekistan 
3Tashkent State Technical University, University Str. 2, Tashkent 100095, Uzbekistan 

4Tashkent University of Information Technologies, Amir Temur Str., 108, Таshkent 100200, Uzbekistan 
5Karakalpak State University named after Berdak, Nukus 230112, Uzbekistan 

6Urgench Ranch University of Technology, Uzbekistan 
*Corresponding Author e-mail: knjuraev@uzsci.net

Received July 7, 2025; revised October 6, 2025; accepted October 14, 2025 

ITO films were obtained on silicon substrates using an improved chemical vapor deposition (CVD) method in a quasi-enclosed volume 
at normal atmospheric pressure, without using a carrier gas. The resulting films had a thickness of 2.8–3.0 microns and a fairly low 
sheet resistance. Using an SPM 9700HT type scanning probe microscope, the surfaces of 500×500 nm ITO film samples were 
examined, and the results are presented in the form of two-dimensional (2D) and three-dimensional (3D) images. The electrophysical 
properties of the grown films were studied by the Hall method and it was shown that the films have an n-type conductivity, a mobility 
of μ ≈ 2.5 cm2/(V×s) and a concentration of charge carriers n ≈ 1.35×1020 cm-3 and a sheet resistance of ρ ≈ 1.85×10-5 Ω⋅sq-1 (ohms 
per square). It is shown that our modified method of chemical vapor deposition makes it possible to obtain ITO films with good 
characteristics acceptable for use in optoelectronics and photovoltaics devices as a transparent contact layer. 
Keywords: Indium tin oxide; CVD method; Concentration and mobility of carriers; Sheet resistance 
PACS: 68.55.Jk, 73.61.Le, 81.15.Gh, 73.40.Qv, 68.37.Hk 

1. INTRODUCTION
ITO (Indy Tin Oxide) thin films attract a lot of attention due to their optical transparency and low resistivity [1, 2]. 

They are widely used in various optoelectronic devices as transparent electrical contacts or electrodes [3, 4]. For example, 
they are used in LEDs [5-7], flat-panel displays [8], thin-film solar cells (SC) [9-14], and various sensors [15]. 
Optoelectronics typically uses transparent conductive thin-film ITO electrodes with a ratio of In2O3:SnO2 = 9:1 (90 wt.% In 
and 10 wt.% Sn) [16, 17]. They are also used as an anti-reflective wide-band “window” in SC due to their high refractive 
index (n = 1.97-2.06) and relatively low sheet resistance (≤ 10-2–10-3 Ω⋅sq-1). At the same time, ITO contact layers with high 
charge-carrier mobility and low sheet resistance <10 Ω⋅sq-1 with optical transparency (≥80%) in the visible and near-infrared 
(IR) ranges make it possible to ensure high efficiency of SC [9-14]. However, due to the growing technological demand for 
transparent conductive contacts for flat-panel displays with a larger area, as well as for SC and LED structures, new materials 
with higher electrical and optical properties are required [8, 16], as well as relatively affordable and easy-to-manage 
technologies for their production [15]. Although ITO films are transparent in the visible range (380-780 nm), their 
transmission coefficients are low in the near-infrared (IR) range (950-1800 nm). This leads to a decrease in the efficiency of 
SC in the long-wavelength range of the solar radiation spectrum [9-14]. Therefore, all this requires improving the 
transparency of ITO films in the near-infrared range to increase the efficiency of SC, as well as the development of relatively 
inexpensive technological methods for producing ITO films. 

To improve transparency while maintaining good electrical conductivity of ITO films, researchers use various 
methods. Methods for obtaining oxide films with high mobility of charge carriers are presented in [14], and the 
mechanisms underlying high mobility in oxide films are discussed. Another interesting way to improve the electrical 
conductivity of oxide films while maintaining their transparency is to create multilayer structures in the form of 
dielectric/metal/dielectric (ITO/metal/ITO) [6, 17, 18]. Because multilayer films reduce the reflection of light from metal 
and, due to a sufficiently thin (not strongly affecting transparency) metal layer, provide high electrical conductivity of 
films [17-19]. In the message [20], polycrystalline ITO films with good optoelectronic characteristics and a homogeneous 
surface were obtained by chemical deposition from the gas phase (CVD) followed by annealing at a temperature of 550°C 
in a nitrogen (N2) atmosphere. The use of the CVD process for the synthesis of ITO, as described in this paper, may 
become an alternative to the method of magnetron deposition of ITO films, which are quite suitable for use in various 
optoelectronic devices. 
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2. MATERIALS AND METHODS 
There are various methods to obtaining ITO films; for example, in [16, 21, 22] ITO films were obtained by high-

frequency reactive sputtering with simultaneous ion treatment. Some researchers prefer to use the sol-gel method to obtain 
In2O3 and SnO2 films [23, 24]. However, in some cases, the CVD method (chemical vapor deposition) is used to obtain 
high-purity and high–quality films [25]. In the CVD method, reagents are fed directly to the surface of the substrate, 
where the vaporized molecules of the substances that make up In2O3 and SnO2 thermally decompose and react to 
synthesize ITO layers consisting of a mixture of In2O3 and SnO2 on the surface of the substrate. In this case, the 
decomposition of the reagents occurs at temperatures above 120-140 °C and the ITO deposition process is carried out in 
air, since the deposition product is an oxide, and the oxygen environment does not interfere with the synthesis of ITO 
oxide material. 

In this paper, to facilitate the control of the ratio of the components of the film composition, we modified the method 
of chemical vapor deposition (CVD) in such a way that the deposition of ITO layers is carried out under quasi-closed 
volume conditions, i.e., under atmospheric air and pressure conditions [26]. In short, in this method, the deposition process 
does not occur in a carrier gas stream but in a quasi-enclosed volume at normal atmospheric pressure, which makes it 
possible to create a large partial pressure of the components close to the saturation pressure of their vapors for a given 
temperature [20]. This, on the one hand, makes it possible to increase the growth rate, and on the other hand, to reduce 
the loss of reagents and increase the percentage of raw materials used. The film growth rate in this method is almost 
10 times higher than with conventional technology. Figure 1 shows a block diagram of an upgraded ITO film production 
facility on various substrates at different temperatures of the evaporator and substrate.  

ITO films were deposited on silicon substrates by decomposing vapors of alcohol solutions of indium and tin 
chlorides in the temperature range of 120-140 °C (evaporator temperature) and at substrate temperatures of ∼240-250°C. 
The technological modes were set by controlling the temperature of the substrate, the evaporators to which solutions of 
indium and tin chlorides are supplied, as well as the ratio of the solution components and the rate of solution supply. The 
precursors were alcoholic solutions of indium chloride (InCl3) and tin chloride (SnCl2), which we prepared by separately 
heating metallic indium (In-99.99) and tin (Sn-99.99) in dilute (1:1) hydrochloric acid (HCl-extra pure). During the 
deposition of ITO films in our upgraded CVD method, the precursor solution is fed to an evaporator heated to 120-140°C, 
where indium and tin chlorides evaporate from the evaporator, decompose, and to form indium and tin oxides (In2O3 and 
SnO2) under the influence of temperature. Which then, continuing to move in the direction of evaporation, are directed 
towards the substrate, and deposited on it. The properties of ITO films obtained by this method depend mainly on the 
temperatures of the substrate, and the evaporator. 

 
Fig. 1. Block diagram of a CVD reactor for deposition of ITO films on various substrates at different substrate and evaporator 
temperatures, as well as in different ratios of the In2O3:SnO2 film composition: 1-quartz reactor; 2-tube for supplying reagent 
solution to the evaporator; 3-substrate; 4-evaporator; 5-thermocouples for controlling the temperature of the substrate and evaporator 

 
3. RESULTS AND DISCUSSIONS 

ITO thin films used in many optoelectronic devices are typically less than one micrometer thick. The thicknesses of 
the ITO films obtained by us, measured on a microinterferometer MII-4 microscope, were 2.8-3.0 μm. We previously 
demonstrated in [27, 28] that ITO films obtained by the above-described method exhibited a polycrystalline structure 
with a specific texture. Therefore, we do not present the results of the X-ray diffraction analysis of the obtained ITO layers 
here. 

Studying of the sample surface 0.9In2O3:0.1SnO2 was performed on a scanning probe microscope of the SPM 
9700HT type. The measurement was carried out in contact mode, and, for this purpose, a sample area measuring 
500×500 nm was selected. Results of the study of the sample surface 0.9In2O3:0.1SnO2 in the form of two-dimensional 
(2D) and three-dimensional (3D) images are shown in Figs. 2 and 3. 

Fig. 2 shows that the film is almost uniform with a small texture (Fig. 3). The sharp peaks of the crystals indicate 
the nanocrystalline structure of the film. As can be seen from Fig. 3, the heights of the texture peaks are approximately 
20-40 nm, but there are also a small number of peaks exceeding 50-60 nm. 
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Electrophysical parameters of ITO films (0.9In2O3:0.1SnO2) were measured by the Hall method (HMS-7000). The 
results showed that the grown ITO layers have an n-type conductivity with a sheet resistance of ρ ≈ 1.85×10-5 Ω⋅sq-1 and 
a mobility of μ ≈ 2.5 cm2/(V×s) at a charge carrier concentration of n ≈ 1.35×1020 cm-3. 

  
Figure 2. Two-dimensional (2D) image (500×500 nm) of the 
0.9In2O3:0.1SnO2 sample surface, captured using SEM 

Figure 3. Three-dimensional (3D) image (500×500 nm) of the 
0.9In2O3:0.1SnO2 sample surface, captured using SEM 

The temperature dependencies of the concentration (Fig. 4) and mobility (Fig. 5) of charge carriers, as well as the 
sheet resistance (Fig. 6) of the ITO film obtained at a substrate temperature of 240°C (optimal, determined 
experimentally), were studied. It can be seen from Fig. 4 that the concentration of charge carriers depends 
nonmonotonically on temperature and varies almost twice in the temperature range from 300 to 420 K, which in turn 
leads to a decrease in resistivity by nearly a factor of two (Fig. 6). 
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Figure 4. Temperature dependence of the charge carrier concentration in an n-ITO 
(0.9In2O3):0.1SnO2) film grown on a polycrystalline p-Si substrate. (The sample 
was grown at a substrate temperature of 240°C) 

Figure 5. Temperature dependence of the mobility of charge 
carriers of the n-ITO film (0.9In2O3:0.1SnO2) grown on a 
polycrystalline p-Si substrate. (The sample was grown at a 
substrate temperature of 240 °C) 
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Figure 6. Temperature dependence of the sheet resistance of the n-ITO film (0.9In2O3:0.1SnO2) grown on a polycrystalline p-Si 

substrate (The sample was grown at a substrate temperature of 240°C) 
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This indicates that the film exhibits semiconductor properties, as confirmed by studies of the temperature 
dependence of charge-carrier mobility (Fig. 5). As shown in Fig. 5, the mobility of charge carriers increases non-
monotonically with temperature. 

In some papers, to improve optical characteristics, specifically to enhance transparency, film oxidation was 
employed, which the authors considered a diffusion process. In the pre-oxidation experiments conducted in these studies, 
the film did not have time to oxidize in 30 seconds at a temperature of 550°C and below. The authors of [29] claim that 
it is possible to achieve film transparency at lower temperatures (200-220°C), but this requires longer annealing times 
(>60 min). This was also confirmed by the results we obtained, as well as the findings of other studies that varied widely 
in their annealing regimes. For example, during low-temperature annealing for up to 1000 min at 125-165°C [30] and 
30-60 min at 200-300°C [31]. 

 
4. CONCLUSIONS 

Using the modified CVD method, ITO films with a thickness of ~3.0 μm were obtained on p-type silicon substrates, 
and their structural and electrical properties were investigated. The resulting layers exhibit n-type conductivity and a 
nanocrystalline structure, with a specific electrical resistance of 1.85×10-3 sq-1, making them suitable for use as transparent 
conductive contact layers in solar cells and LED structures. 

The studies conducted in this work have demonstrated that our modified CVD method can produce ITO films at 
relatively low substrate temperatures (240-250°C), with thicknesses of several micrometers and good properties under 
normal atmospheric pressure and quasi-enclosed volume conditions. We hope these preliminary results will provide 
valuable insights and support future research on the synthesis of high-quality ITO films. The composition, structure, and 
properties of such coatings can be adjusted by varying the evaporator and substrate temperatures, as well as through 
additional post-application treatments.  
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МОРФОЛОГІЯ ТА ЕЛЕКТРИЧНІ ВЛАСТИВОСТІ ПЛІВОК ITO, ОТРИМАНИХ НА КРЕМНІЄВИХ ПІДЛОЖКАХ 

МЕТОДОМ CVD 
А.С. Саідов1, Ш.Н. Усмонов1, М.У. Хаджиєв1,3, А. Кутлімратов1, Т.Т. Ішніязов1, Н.Б. Ісматов2, А.А. Ганієв3, 

С.М. Хаджієва4, Х.Н. Джураєв1, М. Тагаєв5, Д.Ш. Саідов6, Т.А Худайбергенов6 
1Фізико-технічний інститут Академії наук Узбекистану, вул. Чингіза Айтматова 2B, Ташкент 100084, Узбекистан 

2Інститут ядерної фізики Академії наук Республіки Узбекистан, вул. Хуросон 1, Ташкент 100214, Узбекистан 
3Ташкентський державний технічний університет, вул. 2, Ташкент 100095, Узбекистан 

4Ташкентський університет інформаційних технологій, вул. Аміра Темура, 108, Ташкент 100200, Узбекистан 
5Каракалпакський державний університет імені Бердака, Нукус 230112, Узбекистан 

6Ургенчський ранчовий технологічний університет, Узбекистан 
Плівки ITO були отримані на кремнієвих підкладках за допомогою вдосконаленого методу хімічного осадження з парової 
фази (CVD) у квазізамкненому об'ємі за нормального атмосферного тиску без використання газу-носія. Отримані плівки мали 
товщину 2,8–3,0 мікрона та досить низький шаровий опір. За допомогою скануючого зондового мікроскопа типу SPM 9700HT 
були досліджені поверхні зразків плівок ITO розміром 500×500 нм, а результати представлені у вигляді двовимірних (2D) та 
тривимірних (3D) зображень. Електрофізичні властивості вирощених плівок досліджували методом Холла, і було показано, 
що плівки мають n-тип провідності, рухливість μ ≈ 2,5 см2/(В×с) та концентрацію носіїв заряду n ≈ 1,35×1020 см-3, а також 
шаровий опір μ ≈ 1,85×10-5 Ом на квадрат. Показано, що наш модифікований метод хімічного осадження з парової фази 
дозволяє отримувати плівки ITO з хорошими характеристиками, прийнятними для використання в оптоелектроніці та 
фотоелектричних пристроях як прозорий контактний шар. 
Ключові слова: оксид індію-олова; метод CVD; концентрація та рухливість носіїв; шаровий опір 
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Homojunction structures of the type Ag–nSi–n⁺Si–(In+Sn) with perfect single-crystal (111) orientation and a high-resistivity 
compensated layer at the n⁺Si/n-Si interface were obtained using the liquid-phase epitaxy method. The results of investigating 
photogeneration processes and current transport mechanisms in the silicon Schottky-barrier photodiode structure are presented. A two-
barrier model of the structure was developed, according to which current transport has a multifactorial nature and is governed by the 
combined contributions of thermionic emission, tunneling, and generation–recombination processes. Furthermore, it was established 
that the photosensitivity of the studied structure covers a photon energy range of 0.387÷1.016 eV, shifted toward the long-wavelength 
region. The formation of a near-surface high-resistivity layer contributes to an increased response and enables photosensitivity values 
of up to 0.338 A/W. It was found that reducing the barrier capacitance to 8÷10 pF broadens the frequency range and enhances the speed 
of response. The Ag–nSi–n⁺Si–(In+Sn) structures are promising for use in photodiodes of optoelectronic devices operating in the 
visible and infrared spectral regions. 
Keywords: Structure; Homojunction; Characteristic; Index; Mechanism; Capacity; Barrier; Photogeneration; Photosensitivity; 
Photocurrent; Intensity; Photodiode 
PACS: 64.70.kg, 73.40.Kp, 68.37.Hk 

INTRODUCTION 
At the current stage of information technology development, there is a need to create photodetectors with low noise 

levels, high stability, linear photoelectric characteristics, and minimal inertia [1–3]. The use of semiconductor structures 
in optoelectronic systems is driven by their inertial properties and the dependence of the photocurrent on both the applied 
voltage and the intensity of optical radiation [4]. Since optoelectronic systems operate at high frequencies, it is necessary 
to minimize signal delay in the photodetectors employed. Schottky-barrier diode structures are the most suitable for this 
purpose, as they offer the potential to reduce inertia by lowering capacitance [5]. 

For example, structures with two rectifying barriers [6] exhibit reduced capacitance compared to similar single-
junction structures [7,8] and demonstrate superior performance under high-frequency operating conditions. 

According to preliminary data [9], adding a second rectifying barrier to a potential-barrier structure helps to reduce 
its capacitance. However, the implementation of such a structure requires careful optimization of the base region 
parameters and precise control over the technology used to form the Schottky barriers. In addition, it is necessary to 
improve the noise characteristics, which depend not only on the magnitude of the reverse current but also on the operating 
mode of the device. From this standpoint, photodetectors operating in photovoltaic mode are of particular interest. 
Photovoltaic detectors belong to this class of semiconductor devices. Yet, they face a significant challenge: the surface 
layer of the p–n junction absorbs short-wavelength radiation, while long-wavelength radiation often passes through the 
junction without being absorbed. 

These limitations can be overcome by creating multilayer heterojunction structures [10,11] with an extended spectral 
absorption range. Such structures are fabricated using molecular epitaxy, though certain technological constraints 
exist [12,13]. Noise reduction can be achieved by operating photodetectors in photovoltaic mode and by lowering the 
reverse dark currents. Additionally, the issue of inertia must be addressed. One of the most effective ways to overcome 
these issues is the development of advanced silicon-based Schottky-barrier photodetectors, which eliminate charge 
accumulation. The choice of silicon is justified by its extensive study and the well-established fabrication processes 
available for it. However, novel methods employed in gallium arsenide structures with metal–semiconductor junctions 
have not yet been applied to silicon systems. At the same time, further research is required to evaluate the potential 
outcomes. 

It is known that in the early 1990s, research began on the physical and technological aspects of fabricating metal–
semiconductor barrier structures based on silicon [14,15]. Photodetector structures were fabricated on bulk silicon, and 
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in some cases on epitaxial layers. Their spectral range depended on the material of the base region, with the maximum 
photocurrent observed near the intrinsic absorption wavelength (0.9÷1.0 μm) [16]. 

In conventional Schottky-barrier structures [17], the reverse currents exceed those typical of p–n junctions, which 
necessitates higher signal levels for their proper operation. To improve the photoelectric characteristics of silicon 
structures with double-sided barriers and to study the possible mechanisms of photosensitivity and their relationship to 
the parameters of the base region (such as thickness and carrier concentration), comprehensive physical and technological 
investigations are required. This includes developing new physical principles for the operation of such structures, which 
are promising for optoelectronic systems. This task remains relevant, as the challenge of creating low-noise photodetectors 
for optoelectronics has not yet been fully resolved. 

At present, researchers are focused on the tasks of receiving and processing laser and optical radiation, paying 
particular attention to the development of suitable photodetectors [18]. Intensive efforts are being made to develop 
methods for creating photodetectors for the ultraviolet and infrared spectral ranges, where optical losses in fibers are 
minimal [19–21]. 

Elemental and binary semiconductors have begun to be used for their fabrication, where variation of the composition 
and thickness of the base region makes it possible to achieve photosensitivity over a wide spectral range 
(0.3÷1.8 μm) [22]. In particular, Schottky-barrier photodetectors based on silicon have been developed, in which charge 
carrier transport occurs primarily via thermionic emission [23,24]. It should be noted that the minimum detectable signal 
level turned out to be higher than in similar p–n junction structures. This is explained by the high saturation current (Is) 
values resulting from the relatively low potential barrier height (φ). Functionally, Schottky-barrier and p–n junction 
structures are interchangeable. They are widely used for alternating-current rectification, as well as in mixer diodes, Zener 
diodes, pulse diodes, and parametric diodes [25–28]. Recently, new metal–thin dielectric–semiconductor (MIS) structures 
have emerged, providing semiconductor devices with a range of new functional properties [29]. 

In this regard, the present article examines the physical principles related to photogeneration processes in Schottky-
barrier structures, which characterize the electronic phenomena occurring in the space-charge region of the potential 
barrier in the Ag–nSi–n⁺Si–(In+Sn) photodiode structure. The structure under investigation is a complex multilayer 
metal–semiconductor–metal system, considered promising for use in photodiodes and sensor elements. 

 
EXPERIMENTAL SAMPLES AND MEASUREMENT METHODS 

The studies were performed using Ag-nSi-n⁺Si-(In+Sn) homojunction photodiode structures formed on the basis of 
a heavily doped KEF-7.8 silicon substrate. The substrates were silicon wafers with a crystallographic orientation of (111), 
25 mm in diameter and about 380 μm thick. The material was characterized by a carrier concentration of Nn=2.3×10 cm-3 
and a resistivity of 7.8 Ohm cm. The wafers were made of single-crystal silicon provided by JSC Photon. The base region 
was a high-resistance silicon layer (ρ≈4.2×106 Ω⋅cm) 36 μm thick, characterized by n-type conductivity at a carrier 
concentration of Nn=1.1×109 см-3.  

The initial preparation of the silicon substrates consisted of grinding followed by double-sided polishing using ASM-1.5 
diamond paste. Before applying the metal coatings, the silicon wafers were treated in a polishing etchant containing HF, 
HNO₃, and CH₃COOH in a 1:8:1 ratio. Afterward, they were thoroughly rinsed in deionized water and dried. 

Next, an active n⁺Si region was formed on the surface of the substrate -an epitaxial layer grown by liquid-phase 
epitaxy with a thickness of 36 μm. To reduce dark currents, the structures were annealed in a hydrogen flow at 310°C for 
30 minutes. 

As a contact layer, a silver (Ag) film was deposited on the surface of the active n-Si region, forming a potential 
barrier. The deposition was carried out in vacuum (~10⁻⁷ Torr) at 386°C from a silver source (mass 34 mg), resulting in 
a film thickness of 95 Å. On the back side of the structure, an ohmic contact was obtained by vacuum deposition of an 
(In+Sn) alloy (mass 53 mg) at 212 °C, with a thickness of 125 Å. The film thicknesses were measured using a Linnik 
MII-4 microinterferometer. 

The resulting Ag-nSi-n⁺Si-(In+Sn) homojunction structure was then scribed into discrete samples with an area of 
5-9 mm². Structurally, the device is a semiconductor photodiode fabricated on a heavily doped substrate, as shown in Fig. 1. 

 

Figure 1. Geometric cross-section of the single-base photodiode structure Ag-nSi-n⁺Si-(In+Sn) 
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The current–voltage characteristics (I–V curves) of the Ag-nSi-n⁺Si-(In+Sn) photodiode structure were recorded 
according to the standard circuit described in [30], in both forward and reverse bias, over a wide range of current and 
voltage values at room temperature (293 K). The operating voltage was supplied by B5-48 and B5-50 power supplies 
with a step of 0.05 V. Voltage and current were measured using universal voltmeters V7-21A and V7-35. The minimum 
measurable current was 2 nA, and the relative measurement error was 0.2÷0.4%.  

The capacitance–voltage characteristics (C–V curves) of the structure were recorded over a wide frequency range 
from 50 Hz to 10 kHz. The study showed that in the frequency ranges f ≤ 100 Hz and f≥1 kHz, the C–V characteristics 
exhibit different features and capacitance values. Therefore, the primary focus of the investigation was on frequencies 
around 100 Hz and 8.3 kHz. The C–V characteristics of the studied homostructures were measured for capacitance values 
in the range C=1.0÷70 pF using the standard setup described in [30]. 

The illuminated current–voltage characteristics of the structure were measured under reverse current direction at 
room temperature (T=293 K) under illumination in the range E=0÷160 lx. Illumination of the structures was provided by 
a special incandescent lamp SIRSh 6-100 with power W=100 W, which is equivalent in its parameters to a standard white 
light reference lamp. It should be noted that one lumen of electromagnetic radiation in the visible spectral region 
corresponds to a power of 9.1·10⁻³ W. 

 
RESULTS AND DISCUSSION 

The morphology of the Ag-nSi-n⁺Si-(In+Sn) homostructure samples on silicon substrates was studied using a 
scanning electron microscope SEM EVO MA 10 (Carl Zeiss, Germany) and is shown in Fig. 2. For elemental composition 
analysis, an energy-dispersive X-ray spectrometer EDX (Oxford Instruments) – Aztec Energy Advanced X-act SDD – 
was used. During the measurements, an accelerating voltage of 15 kV was applied to the filament, with a working distance 
of 8.5 mm from the sample surface. Scanning was carried out from one side of the investigated homostructure. 

  

a b 
Figure 2. SEM images of the surface (a) and elemental analysis (b) of the Ag-nSi-n⁺Si-(In+Sn) homostructure based on 

n-type monocrystalline silicon 
The data obtained using the scanning electron microscope (SEM) and presented in Fig. 2 indicate a dominant silicon 

content in the sample, which is confirmed by the high intensity of its main peak. The weak oxygen (O) peak suggests the 
possible presence of oxide compounds or surface contaminants formed during the growth or storage of the structure. 
According to the quantitative analysis, the mass fraction of silicon is 99.4%, while that of oxygen is 0.6%. 

As is well known, such m-n-n⁺-m structures are often used to study transient effects and rectification characteristics. 
The I–V characteristics of the Ag-nSi-n⁺Si-(In+Sn) structure under forward and reverse bias, shown in linear (a) and 
semilogarithmic (b) scales, are presented in Fig. 3, in accordance with the equivalent circuit shown in Fig. 4. 

  
a b 

Figure 3. Current–voltage characteristics of the Ag-nSi-n⁺Si-(In+Sn) structure in linear scale (a) and semilogarithmic scale (b) 
under different biasing modes: I – (-) Ag-nSi-n+Si-(In+Sn) (+), II – (+) Ag-nSi-n+Si-(In+Sn) (-) 
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Within the framework of the two-barrier approximation, the equivalent circuit of the structure can be represented as 
a series connection of two diodes (Fig. 4), which makes it possible to accurately describe the experimental current–voltage 
characteristics [31, 32]. This model includes the following elements: 
- two oppositely connected diodes (D₁ and D₂) corresponding to the barriers φᵦ₁ and φᵦ₂: D₁ describes the Schottky 

barrier at the Ag–nSi contact, characterized by barrier height φᵦ₁, series resistance Rₛ, saturation current Is1, and 
junction capacitance Cⱼ₁; D₂ corresponds to the n–n⁺Si junction, with similar parameters: φᵦ₂, Iₛ₂, and Cⱼ₂; series 
resistance Rs, taking into account ohmic losses in the volume of the semiconductor and contacts, expressed as,  

 𝑅௦ = 𝑅ୡ୭୬୲ୟୡ୲ + 𝑅୴୭୪୳୫ୣ୲୰୧ୡ ୪ୟ୷ୣ୰ + 𝑅ୱ୳ୠୱ୲୰ୟ୲ୣୱ; (1) 

- parallel resistance Rsh, simulating leakage currents through defective channels and the periphery of the structure; 
- barrier capacitances Cj1 and Cj2, which determine the capacitive properties of the depleted regions. 
- Rc is the resistance at the metal-semiconductor boundaries (Ag-nSi and (In+Sn)-n⁺Si), caused by imperfect contacts 

and barrier effects, affecting the real current-voltage characteristic and photosensitivity of the structure. 
The proposed two-barrier equivalent circuit is versatile, allowing a consistent interpretation of the experimental 

characteristics over a wide voltage range: from the low-voltage regime, where generation–recombination processes 
dominate, to the high-voltage region, where thermionic emission and tunneling through localized states become the 
determining mechanisms. 

According to the equivalent circuit (Fig. 4), when the polarity of the applied voltage changes, the base is blocked 
alternately on one side or the other, which determines the current flowing through the structure [33]. The observed difference 
in the current values confirms that the Schottky barrier at the Ag-nSi contact and the isotypic n-n⁺ junction (nSi-n⁺Si with an 
(In+Sn) contact) have different electrical characteristics due to differences in the work function of the metals and the 
conditions for the formation of interphase boundaries. Under forward and reverse biases, the current is determined by a 
combination of charge carrier transport mechanisms, including thermionic emission through the Schottky barrier, tunneling 
current through the depletion layer, and recombination-generation processes in the space charge region [34]. An important 
factor is the change in the width of the depletion layer, which decreases under forward bias and expands under reverse bias, 
which directly affects the probability of tunneling and the effective barrier height. In addition, in real structures [33, 36], a 
significant role is played by localized states in the forbidden band of silicon, arising due to lattice defects and impurity 
centers. These states participate in recombination-generation processes and can significantly modify the shape of the I-V 
characteristic, especially in the region of low voltages. From the analysis of the I-V characteristic, it is evident that the 
dependence of the current on the voltage is approximated by a power function of the form I ∝ Uγ [37], with two characteristic 
sections being distinguished. In the forward bias region, the first section corresponds to the exponent γ ≈ 0.28, which indicates 
a significant contribution of the tunneling mechanism through a narrow depletion layer. With a further increase in voltage, 
the exponent increases to γ ≈ 1.42, which indicates a transition to the diffusion and thermionic transport mechanisms, 
consistent with a decrease in the effective barrier height [37]. The combined analysis of the current-voltage characteristics 
indicates the multifactorial nature of current transport, where the interaction of the barrier height plays a decisive role. The 
dynamics of the depletion layer width and localized states in the forbidden zone allow for a deeper interpretation of the 
conductivity mechanisms in the structure under study. 

In the locking mode, the value of the power-law exponent in the initial section is ~1.15, which corresponds to an 
almost linear dependence of the current on the voltage I∝U∼1. This mode is interpreted as a manifestation of thermionic 
injection with insignificant nonlinearity and the absence of significant current limitation from the side of the barrier 
contact. In the next section, an increase in the power-law exponent to a value of about 2.84 is observed, which indicates 
a change in the dominant conductivity mechanism and the involvement of a volume-limited current with the participation 
of traps. It should be noted that in both cases, in the second characteristic measurement interval, the values of the power-
law exponent approach 0.5. With forward bias, this indicates the impossibility of describing the structure behavior within 
the framework of the classical diode exponent; the current is formed due to defective conductivity channels. In the reverse 
bias mode, this indicator reflects the predominance of tunneling processes through the potential barrier, involving 
distributed localized states in the band gap associated with surface generation. 

As follows from the equivalent circuit (Fig. 4), when a common external voltage 𝑈௚௘௡௘௥௔௟ሺାሻ஺௚ି௡ௌ௜ି௡ାௌ௜ି(ூ௡ାௌ௡)(ି) is 
applied to the structure, a total current will flow: 

 𝑈௚௘௡௘௥௔௟(ା)஺௚ି௡ௌ௜ି௡ାௌ௜ି(ூ௡ାௌ௡)(ି) = 𝑈௦௧௥௔௜௚௛௧(ା)஺௚ି௡ௌ௜ = 𝑈௔௥௥௡ାௌ௜ି(ூ௡ାௌ௡) (2) 

 
Figure 4. Two-barrier equivalent circuit of the Ag-nSi-n⁺Si-(In+Sn) structure 
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However, the total voltage consists of the sum of the voltages dropped at each junction: 

 𝑈௚௘௡௘௥௔௟(ା)஺௚ି௡ௌ௜ି௡ାௌ௜ି(ூ௡ାௌ௡)(ି) = 𝑈ଵ௦௧௥௔௜௚௛௧(ା)஺௚ି௡ௌ௜ + 𝑈ଶ௡ௌ௜ି௡ାௌ௜ + 𝑈ଷ௔௥௥௡ାௌ௜ି(ூ௡ାௌ௡) (3) 

The potential barrier height for the Ag-nSi transition is 0.65 eV, and for the isotypic nSi-n⁺Si transition it is 0.197 eV. 
Using data on the carrier concentration and the effective density of states in the conduction band of silicon 
(Nc ≈ 2×1018 cm−3), the position of the Fermi level was calculated using the formula [37]: 

 Åி = 𝐸஼ − ௞௤் ln ( ே಴ேವ) (4) 

which was found to be 0.622 eV relative to the conduction band edge. It should be noted that this Fermi level value 
indicates a pronounced degree of semiconductor degeneracy, in which the carrier distribution deviates from the classical 
Maxwellian distribution and must be described using Fermi–Dirac statistics [38]. Such a shift of the Fermi level has a 
direct effect on the depletion layer width in the junction: at high impurity concentrations, the depletion layer becomes 
significantly narrower, which increases the probability of tunneling through the barrier and changes the dominant current 
transport mechanisms. Thus, the obtained parameters of the barrier height and Fermi level are consistent with the features 
of transport processes in multilayer metal–semiconductor structures and isotype heterojunctions. Accordingly, the 
difference between the conduction band edge and the Fermi level is 0.59 eV, and the difference between the barrier height 
and this value gives the contact potential differences for the junctions: 𝑈௖஺௚ି௡ௌ௜= - 0.412 eV, 𝑈௖௡ௌ௜ି௡ାௌ௜= 0.554 eV, 𝑈௖௡ାௌ௜ି(ூ௡ାௌ௡)= 0.152 eV. The potential difference between the Ag-nSi 
and n+Si-(In+Sn) junctions is 0.625 eV. 

Assuming an abrupt metal–semiconductor junction, the corresponding widths of the space-charge regions 
(𝑊௠భି௡and 𝑊௡ି௠మ) can be determined based on the formula [37]: 

 𝑊௠ି௡ = ቂଶఌఌబ௤ேವ (𝑈஼ ± 𝑈௔ௗ௝)ቃଵ ଶ⁄
 (5) 

In the absence of an external bias, the initial thicknesses of the space-charge regions formed by the rectifying barriers 
were calculated. The obtained values were 𝑊଴௠భି௡ =672.8 μm and 𝑊଴௡ି௠మ=5.49 nm, which reflects a significant contrast 
in the spatial distribution of the electric field at different junctions. Using the method for determining the voltage drop 
across each junction [39], based on the experimental I–V characteristics, the values of 𝑈ଵ஺௚ି௡ௌ௜ , 𝑈ଶ௡ାௌ௜ି௡ௌ௜  and 𝑈ଷ௡ାௌ௜ି(ூ௡ାௌ௡),  were obtained, as well as the thicknesses of the space-charge layers of each junction, which are presented 
in Table 1. 
Table 1. Calculated data of physical parameters at transitions 

(-)Ag-nSi-n+Si-(In-Sn)(+) 
Ugeneral (V) Igeneral (μА) U1 (V) U2 (V) U3 (V) Е (V/см) W1(μm) W2(μm) W3(μm) 

0.1 0.06 0 0.705 0.320 5.55 254.3 675.2 0.0037 
0.5 0.37 0.106 1.125 0.712 27.74 568.6 845.3 0.0056 
1.0 0.64 0.615 1.605 1.218 55.49 804.1 1018.7 0.0073 
1.5 0.92 1.117 2.132 1.672 83.23 984.8 1166.6 0.0086 
2.0 1.23 1.504 2.412 2.185 110.97 1137.2 1297.8 0.0098 
2.5 1.57 2.119 3.113 2.720 138.72 1272.7 1417.6 0.0110 
3.0 1.82 2.606 3.515 3.136 166.46 1395.4 1529.3 0.0121 
3.5 2.11 3.107 4.088 3.697 194.20 1507.9 1636.0 0.0132 
4.0 2.45 3.616 4.565 4.210 221.94 1612.8 1739.3 0.0143 
4.5 2.73 4.099 5.133 4.703 249.69 1711.9 1840.2 0.0154 
5.0 3.16 4.428 5.497 5.301 277.43 1806.6 1939.6 0.0165 
10.0 6.78 9.701 10.605 9.327 554.86 2538.8 3089.0 0.0231 
15.0 9.12 14.596 16.212 15.583 832.29 3114.3 3186.1 0.0290 
20.0 12.0 19.606 21.101 20.158 1109.72 3577.7 3484.6 0.0346 

Table 1 also shows the values of the maximum electric field strength in the turn-off junctions. It is important to 
note that the dependence of the current calculated relative to the falling voltage completely reproduces the course of 
the curve on the total turn-off voltage (Fig. 3), which indicates the identity of the current transfer mechanisms. As 
follows from the data in Fig. 3, in forward-biased junctions the current increases linearly with increasing falling 
voltage; the exponent γ ~ 1, corresponds to the thermionic emission mode. In this case, the applied voltage in the 
forward-biased junction cannot exceed the value of the contact potential difference, as a result of which its main part 
is distributed over the quasi-neutral region of the base 𝑟௕௔௦௘௦, that is, 𝑈௦௧௥௔௜௚௛௧஺௚ି௡ௌ௜ = 𝑈௦௧௥௔௜௚௛௧஺௚ି௡ௌ௜∗ + 𝑈௥್ೌೞ೐ೞ , connected in 
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series with the junction. Such voltage redistribution directly affects the width of the depletion layer, decreasing it with 
increasing forward bias, which, in turn, facilitates the injection of carriers through the barrier and leads to a change in 
the current transfer conditions [40]. 

Based on the equivalent circuit (Fig. 4) describing the two-barrier model of the Ag–nSi–n⁺Si–(In+Sn) structure, the 
following features of the current transport mechanism can be distinguished: 

- in the low-voltage region (∣U∣<0.3 V), the current is dominated by generation–recombination through the barrier 
φv1 in the depletion region, which is reflected in its quasi-linear increase; 

- at medium voltages (0.3÷1 V), the main mechanism becomes thermionic emission through the φv1 barrier, which 
is characterized by an exponential dependence of the current on the applied voltage; 

- in the region of high voltages (U>1÷2 V) the second barrier φv2 is activated, tunneling processes with the 
participation of localized states are enhanced, which leads to a power dependence of the type I∼Uγ with fractional values 
of the exponent γ. 

The measurements of the VEH were carried out in the voltage range from -15 V to +15 V. The dependences of the 
capacitance C(U) were recorded (Fig. 5), which were then recalculated into coordinates C-2 (U) [37]. The dependence of 
the capacitance on the voltage in coordinates C-2~U (Fig. 6) in the initial section gives a straight line, confirming the 
sharpness of the p-n junction. 

Fig. 5 shows the VEC of the studied Ag-nSi-n⁺Si-(In+Sn) structure. The experimental data show two characteristic 
modes of capacitance behavior depending on the magnitude of the applied voltage. In the region of reverse voltages 
(0…−15 V), a monotonic decrease in capacitance from ∼9 pF to ∼5 pF is observed. This effect is due to the expansion 
of the depletion layer and corresponds to the barrier capacitance of the p-n junction, which is described by the expression 
[34,37]: 

 𝐶௕௔௥ ≅ 𝑆ට ௤ఌఌ೚ேଶ(థ೎೚೙ି௎), (6) 

where, N is the impurity concentration in the lightly doped region, S is the area of the structure, U is the blocking voltage, 
ϕ is the height of the metal-semiconductor barrier.  

Therefore, as the reverse bias modulus increases, the width of the depletion layer increases, which leads to a decrease 
in the barrier capacitance. 

When moving to the region of forward biases (0…+15 V), an exponential growth of capacitance is observed, 
reaching ∼64 pF at +15 V. This effect is due to the dominance of the diffusion component associated with the injection 
and accumulation of charge carriers near the junction. The diffusion capacitance is described by the dependence [34]:  Cd ∝ exp(qV/kT), (7) 

Thus, the analysis of the VEH shows that in the region of reverse voltages, the main mechanism of capacitance change 
is the redistribution of the space charge and the expansion of the depletion layer, whereas in the region of forward bias, the 
process of diffusion injection dominates. 

Fig. 6 shows the dependence C⁻² (U) for the studied structure; linear approximation in the reverse bias region allowed 
us to determine key parameters such as: charge carrier concentration, depletion layer width, and potential barrier height of 
the junction. In particular, the value of the built-in potential was ϕv≈ 0.185 V, and the concentration of donor impurities was 
ND ≈ 5.2×1011 cm-3. The analysis technique is based on the Mott-Schottky equation, which relates the capacitance of the 
barrier junction to the applied voltage [34, 37]: 

 С-2 = (2/qεε0NDS2) ∙ (ϕv - U),  (8) 

where, q is the electron charge, ε is the relative permittivity of silicon, ε0 is the electric constant, S is the area of the structure, 
U is the external voltage, and ϕv is the built-in potential. 

 

Figure 5. Volt-capacitive characteristic of the Ag-nSi-n⁺Si-(In+Sn) structure under forward (I) and reverse (II) bias 
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Figure 6. Dependence C-2 (U) by the Mott-Schottky method for the Ag–nSi–n⁺Si–(In+Sn) 

structure with superimposed linear approximation 
The linear section of the C-2 (U) graph indicates a uniform distribution of impurities in the semiconductor volume. The 

donor concentration ND is determined from the slope of the straight line, and the intersection point with the voltage axis 
yields the value of ϕcon. Optimization of the parameters of the base silicon region (thickness ≈36 μm and specific resistance 
4.2×106 Ω⋅cm) leads to a decrease in the concentration of charge carriers and, as a consequence, a decrease in the barrier 
capacitance of the structure to 8÷10 pF, which is almost an order of magnitude less compared to 70÷110 pF for photodiodes 
based on GaAsSb solid solutions for the IR region, providing a twofold expansion of the operating frequency range and an 
increase in response time, which gives the structure under consideration a significant advantage over analogs based on 
gallium arsenide and antimony compounds [41, 42]. 

The dependences of the photocurrent on the operating voltage during excitation from the Ag-nSi junction side by 
integrated light with a maximum at λ=0.55 μm of the Ag-nSi-n+Si-(In+Sn) structure in the potential barrier locking mode 
under different illuminations are shown in Fig. 7 [43]. 

 
Figure 7. Illuminated current–voltage characteristics of the Ag–nSi–n⁺Si–(In+Sn) structure in the reverse-

bias mode: 1 – 0 lx, 2 – 100 lx, 3 – 200 lx, 4 – 1000 lx, 5 – 2000 lx 
As can be seen from Fig. 7, in darkness the current–voltage dependence is nearly linear. Under the action of broadband 

light from a tungsten lamp with a spectral maximum near 0.86 µm, an increase in photocurrent is observed with increasing 
reverse bias voltage up to 2 V and illumination intensity, indicating a higher photocurrent compared to its initial value at 
0.02 V. The optimal operating voltage range is 0.8÷1.2 V.  

The dependence of the response sensitivity on wavelength (Fig. 8) qualitatively corresponds to the characteristic curve 
of a silicon photodiode with a p–n junction, and the spectral sensitivity range extends from 0.48 to 1.26 µm. 
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Figure 8. Wavelength dependence of the response sensitivity of the Ag–nSi–n⁺Si–(In+Sn) structure 
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The spectral optical range of the Ag–nSi–n⁺Si–(In+Sn) structure is relatively broad, extending from λ=0.48 to 1.26 μm, 
with a maximum response at 0.92 μm. This behavior is explained by the presence of a thin, high-resistivity layer located 
near the surface. The spectral range extends into the near-infrared region due to deep impurity levels positioned near the 
mid-gap in the subsurface region of silicon, which become ionized under reverse bias. As the operating voltage increases 
from 0.02 V to 2.0 V, the photocurrent rises correspondingly, particularly in the range of λ=0.9÷1.25 μm. The formation of 
an active near-surface layer with increased resistivity leads to enhanced photosensitivity across the investigated spectral 
range, reaching a value of 0.338 A/W [33, 44]. The spectral photocurrent exhibits a monotonic increase with applied voltage, 
which is attributed to the higher rate of photogenerated carriers in the space-charge region controlled by the Ag–nSi 
junction [45,46]. 

 
CONCLUSIONS 

The homojunction structures Ag–nSi–n⁺Si–(In+Sn), obtained by the liquid-phase epitaxy method, exhibit a perfect 
single-crystalline film with (111) orientation and subcrystallite sizes exceeding 50 nm [47]. During the liquid-phase 
epitaxy of the solid solution, a compensated high-resistivity layer is formed at the interface between the n⁺-Si substrate 
and the n-Si epitaxial film, characterized by a resistivity of 3.2×10⁴ Ω·cm at room temperature (293 K).  

The analysis of the I–V characteristics of the Ag–nSi–n⁺Si–(In+Sn) structure revealed that charge transport is 
multifactorial, determined by thermionic emission, tunneling, and generation–recombination processes. A significant 
influence is exerted by the differences in the electrical characteristics of the Schottky barrier and the isotype junction, the 
dynamics of the depletion layer width, as well as localized states caused by defects and impurity centers. The power-law 
behavior of the current–voltage dependence indicates a change in the dominant conduction mechanisms under different 
bias regimes: from tunneling transport at low voltages to diffusion–thermionic and trap-assisted space-charge-limited 
current at higher voltages [48]. The photosensitivity of the studied structure covers a spectral photon energy range of 
0.387÷1.016 eV, being shifted toward the long-wavelength region compared to conventional pSi–nSi silicon structures; 
additional formation of a high-resistivity near-surface layer enhances the response, allowing photosensitivity to reach 
0.338 A/W. The maximum photocurrent increase at Eph≈0.74 eV indicates the generation of nonequilibrium minority 
carriers (holes) in the electronic transitions. It should be emphasized that the highest photocurrent value in the impurity 
absorption region is achieved under the condition that the thermal generation rate of electrons from silicon impurity levels 
is comparable to the rate of photogeneration of minority carriers via electron transitions from the valence band to these 
levels [49]. Optimization of the parameters of the silicon base region ensures a reduction in barrier capacitance down to 
8÷10 pF, which is almost an order of magnitude lower than that of GaAsSb photodiodes (70÷110 pF), thereby enabling 
an extended operating frequency range and improved response speed. 

Ag–nSi–n⁺Si–(In+Sn) structures show potential for use as photodiodes in optoelectronic devices operating in the 
visible and infrared spectral regions. The results presented here can be applied to improve the photoelectric properties of 
silicon photodiode systems with metal–semiconductor junctions. 
 

ORCID 
Feruza A. Giyasova, https://orcid.org/0000-0003-0746-4986; Murodjon A. Yuldoshev, https://orcid.org/0000-0002-9722-9439 
Khayot N. Bakhronov, https://orcid.org/0009-0000-4138-3149; Farkhod A. Giyasov, https://orcid.org/0009-0003-9882-0655 
Nosirbek A. Sattarov, https://orcid.org/0009-0005-0506-0269 

 
REFERENCES 

[1] J. Davila-Rodriguez, X. Xie, J. Zang, C. J. Long, T. M. Fortier, H. Leopardi, T. Nakamura, J. C. Campbell, S.A. Diddams, 
F. Quinlan, “Optimizing the linearity in high-speed photodiodes,” Instrumentation and Detectors, arXiv.1808.04429, (2018). 
https://doi.org/10.48550/arXiv.1808.04429 

[2] T. Kauten, B. Pressl, T. Kaufmann, and G. Weihs, “Measurement and modeling of the nonlinearity of photovoltaic and Geiger-
mode photodiode,” Rev. Sci. Instrum. 85, 063102 (2014). https://doi.org/10.1063/1.4879820 

[3] C.A.R. Perini, G. Ferrari, J.-P. Correa-Baena, A. Petrozza and M. Caironi, “A solution processed metal oxide:polymer interlayer 
improves the perovskite photodetector response speed, dark current, and stability,” The Royal Society of Chemistry’s, EES Solar 
(2025). https://doi.org/1039/D5EL00043B 

[4] Q. Zhao, W. Wang, F. Carrascoso-Plana, W. Jie, and T. Wang, A. Castellanos-Gomez, and R. Frisenda, “The role of traps in the 
photocurrent generation mechanism in thin InSe photodetectors,” Materials Horizons, 7, 252 (2020). 
https://doi.org/10.1039/C9MH01020C 

[5] Q. Chen, X. Zhang, M.S. Sharawi, and R. Kashya, “Advances in High -Speed, High–Power Photodiodes: From Fundamentals to 
Applications,” Appl. Sci. 14, 3410 (2024). https://doi.org/10.3390/app14083410 

[6] O.A. Abdulkhaev, G.O. Asanova, D.M. Yodgorova, and A.V. Karimov, “Investigation of the photoelectric characteristics of 
photodiode structures with silicon-based potential barriers,” Journal of Engineering Physics and Thermophysics, 85(3), 709-715 
(2012). https://doi.org/10.1007/s10891-012-0705-y 

[7] M. Casalino, G. Coppola, M. Iodice, I. Rendina, and L. Sirleto, “Near-Infrared Sub-Bandgap All-Silicon Photodetectors: State of 
the Art and Perspectives,” Sensors, 10, 10571-10600 (2010). https://doi.org/10.3390/s101210571 

[8] O. Surucu, D.E. Yıldız, and M. Yıldırım, “A study on the dark and illuminated operation of Al/Si3N4/p Si Schottky photodiodes: 
optoelectronic insights,” Applied Physics A, 130, 103 (2024). https://doi.org/10.1007/s00339-024-07284-2 

[9] S. Khudaverdyan, A. Vaseashta, G. Ayvazyan, L. Matevosya, A. Khudaverdyan, M. Khachatryan, and E. Makaryan, “On the 
Selective Spectral Sensitivity of Oppositely Placed Double-Barrier Structures,” Photonics, 9, 558 (2022). 
https://doi.org/10.3390/photonics9080558 



405
Physical Principles of Photocurrent Generation in a Silicon-Based Photodiode Structure...   EEJP. 4 (2025)

[10] X. Guan, et al., “Recent progress in short- to long-wave infrared photodetection using 2D materials and heterostructures,” 
Advanced Optical Materials, 9(4), 1-24 (2021). https://doi.org/10.1002/adom.202001708 

[11] A. Bablich, et al., “Few-Layer MoS2/a-Si:H Heterojunction Pin-Photodiodes for Extended Infrared Detection,” ACS Photonics, 
6, 1372-1378 (2019). https://doi.org/10.48550/arXiv.1907.09592 

[12] V.S. Varavin, S.A. Dvoretskii, N.N. Mikhailov, V.G. Remesnik, I.V. Sabinina, Yu.G. Sidorov, V.A. Shvets, et al., “Molecular 
Beam Epitaxy of CdHgTe: Current State and Horizons,” Optoelectronics, Instrumentation and Data Processing, 56(5), 456-469 
(2021). https://doi.org/10.3103/S8756699020050143 

[13] I. Izhnin, A. Izhnin, H. Savytskyy, O. Fitsych, N. Mikhailov, V. Varavin, S. Dvoretsky, et al., “Defects in HgCdTe grown by 
molecular beam epitaxy on GaAs substrates,” Opto-electronics review, 20(4), 375-378 (2012). https://doi.org/10.2478/s11772-
012-0048-4 

[14] M. Wittmer, “Carrier recombination and high barrier Schottky diodes on silicon,” Solids and Materials, 51, 451–454 (1990). 
https://doi.org/10.1007/BF00324725 

[15] M Wittmer, and J.L. Freeouf, “Ideal Schottky diodes on passivated silicon,” Phys. Rev. Lett. 69(18), 2701-2704 (1992). 
https://doi.org/10.1103/PhysRevLett.69.2701 

[16] T. Saito, “Spectral Properties of Semiconductor Photodiodes,” in: Advances in Photodiodes, edited by G.-F.D. Betta, (IntechOpen, 
London, 2011), pp. 1-24. https://doi.org/10.5772/15300 

[17] P. Pipinys, A. Pipiniene, and A. Rimeika, “Phonon-assisted tunneling in reverse biased Schottky diodes,” J. Appl. Phys. 86, 
6875-6878 (1999). https://doi.org/10.1063/1.371766 

[18] Z. Li, X. Jin, C. Yuan, and K. Wang, “Photon Detector Technology for Laser Ranging: A Review of Recent Developments,” 
Coatings, 15, 798 (2025). https://doi.org/10.3390/coatings15070798 

[19] D. Ma, Y. Wang, and Y. Wang, “Performance enhancement of fiber-optic ultraviolet photodetector based on Ag/ZnO-microrod 
Schottky junction,” in: Proc. SPIE 12617, Ninth Symposium on Novel Photoelectronic Detection Technology and Applications, 
(NDTA 2022), vol. 126175D, (2023). https://doi.org/10.1117/12.2666501 

[20] Y.-F. Xiong, J.-H. Chen, Y.-Q. Lu, and F. Xu, “Optical-Fiber-Compatible Photodetector Based on a Graphene-MoS2-WS2 
Heterostructure with a Synergetic Photogenerating Mechanism,” Advanced-Electronic-Materials, 5(1), 1800562 (2018). 
https://doi.org/10.1002/aelm.201800562 

[21] S. Rakhmanov, K. Matchonov, H. Yusupov, K. Nasriddinov, and D. Matrasulov, “Optical high harmonic generation in Dirac 
materials,” Eur. Phys. J. B, 98, 35 (2025). https://doi.org/10.1140/epjb/s10051-025-00885-7 

[22] M. Wang, et al., “Silicon‐Based Intermediate‐Band Infrared Photodetector Realized by Te Hyperdoping,” Adv. Optical Mater. 9, 
2101798 (2021). https://doi.org/10.1002/adom.202101798 

[23] Y. Jin, J. Seok, and K. Yu, “Highly Efficient Silicon-Based Thin-Film Schottky Barrier Photodetectors,” ACS Photonics, 10(5), 
1-2 (2023). https://doi.org/10.1021/acsphotonics.2c01923 

[24] A. Pelella, A. Grillo, E. Faella, G. Luongo, M.B. Askari, and A. Di Bartolomeo, “Graphene–Silicon Device for Visible and 
Infrared Photodetection,” ACS Appl. Mater. 13, 47895-47903 (2021). https://doi.org/10.1021/acsami.1c12050 

[25] R. Aly, R. Tarek, O. Ramadan, and M. Khashan, “An Overview on Schottky Barrier Diodes,” Faculty of Engineering-Alexandria 
University, 1-10 (2025). https://www.researchgate.net/publication/366763152 

[26] B. Zhang, D. Ji, Y. Min, Y. Fan, and X. Chen, “A High-Efficiency 220 GHz Doubler Based on the Planar Schottky Varactor 
Diode,” J. Electron. Mater. 48, 3603–3611 (2019). https://doi.org/10.1007/s11664-019-07067-z 

[27] M. Alathbah, “Development and Modelling of Gallium Nitride Based Lateral Schottky Barrier Diodes with Anode Recesses for 
mm Wave and THz Applications,” Micromachines, 14(2), 2-18 (2023). https://doi.org/10.3390/mi14010002 

[28] C.-C. Hsieh, Y.-F. Chang, Y.-C. Chen, H.-L. Chang, and S.K. Banerjee, “Highly Non linear and Reliable Amorphous Silicon 
Based Back to Back Schottky Diode as Selector Device for RRAM Arrays,” ECS Journal of Solid State Science and Technology, 
6(9), 143-147 (2017). https://doi.org/10.1149/2.0041709jss 

[29] H. Chouaib, M. Aouassa,  and M. Bouabdellaoui, “Highly photosensitive MIS structure with embedded silicon film for solar cell 
and photodetection applications,” Journal of Materials Science: Materials in Electronics, 34, 1815 (2023). 
https://doi.org/10.1007/s10854-023-11171-6 

[30] F.A. Giyasova, “Development of Multilayer Photosensitive Structures Based on GaAs and Si for Optoelectronic Devices,” D.Sci. 
thesis, Institute of Semiconductor Physics and Microelectronics, Uzbekistan (2024). 

[31] A. Grillo, and A. Di Bartolomeo, “A Current-Voltage Model for Double Schottky Barrier Devices,” Advanced Electronic 
Materials, 7, 2000979 (2021). https://doi.org/10.1002/aelm.202000979 

[32] N.N. Kononov, and S.G. Dorofeev, “Characteristics of the Schottky barriers of two-terminal thin-film Al/nano-Si film/ITO 
structures,” Semiconductors, 51, 608–616 (2017). https://doi.org/10.1134/S106378261705013X 

[33] Sh. B. Utamuradova, F.A. Giyasova, M.S. Paizullakhanov, S.Yu. Gerasimenko, M.A. Yuldoshev, S.R. Boydedayev, and 
M.R. Bekchanova, “Investigation of the functional capability of modified silicon-based photodiodes structure,” Chalcogenide 
Letters. 22(8), 753-764 (2025). https://doi.org/10.15251/CL.2025.228.753 

[34] A.G. Milnes, and D.L. Feucht, “Heterojunctions and Metal-Semiconductor Junctions,” (Elsevier Science Imprint, 2012). 
[35] V. Kumar, R. Singh, and P.K. Basu, “Current transport mechanisms in metal–semiconductor contacts,” J. Appl. Phys. 110(2), 

024502-1–024502-7 (2011). 
[36] R. Singh, and S. Kumar, “Trap-assisted space-charge-limited conduction in semiconductor structures,” Solid-State Electronics, 

45(4), 625-630 (2001). 
[37] S.M. Sze, and K.K. Ng, Physics of Semiconductor Devices, 3rd ed, (Wiley, Hoboken, NJ, USA, 2007). 
[38] J.R. Yusupov, M. Ehrhardt, Kh.Sh. Matyokubov, and D.U. Matrasulov, “Driven transparent quantum graphs,” Physica Scripta, 

100(7), (2025). https://doi.org/10.1088/1402-4896/ade014 
[39] A.V. Karimov, and D.M. Yodgorova, “Determination of characteristics of double-barrier photodiode structures with metal-

semiconductor junctions,” Technology and design in electronic equipment, (5), 27-30 (2005). (in Ukrainian) 
[40] D.M. Yodgorova, A.V. Karimov, F.A. Giyasova, R.A. Saidova, A.A. Yakubov, “Spectral photosensitivity m-n -n of structure on 

a basis epitaxy of layers,” Semiconductor Physics Quantum Electronics Optoelectronics, 11(1), 26-28 (2008). 
https://doi.org/10.15407/spqeo11.01.026 



406
EEJP. 4 (2025) Feruza A. Giyasova, et al.

[41] E.V. Kunitsyna, I.A. Andreev, G.G. Konovalov, E.V. Ivanov, A.A. Pivovarova, N.D. Il’inskaya, and Yu.P. Yakovlev, 
“GaSb/GaAlAsSb Heterostructure Photodiodes for the Near-IR Spectral Range,” Semiconductors, 52, 1215-1220 (2018). 
https://doi.org/10.1134/S1063782618090099 

[42] Sh.B. Utamuradova, F.A. Giyasova, K.N. Bakhronov, M.A. Yuldoshev, M.R. Bekchanova, B. Ismatov. Current Transfer 
Mechanism in A Thin-Based Heterosystem Based on A2B6 Compounds. East Eur. J. Phys. (2025), 3, 325. 
https://doi.org/10.26565/2312-4334-2025-3-31 

[43] D.M. Yodgorova, and F.A. Giyasova, “Photoelectric characteristics of silicon n+-nSi-Ag structure,” International Conference 
“Fundamental and Applied Issues of Physics”. Section II: Physics of Semiconductors and Solids, Their Applied Aspects, 13-14, 
137-139 (2017). 

[44] M.A. Yuldoshev, Z.T. Azamatov, A.B. Bakhromov, M.R. Bekchanova, East Eur. J. Phys. (4), 250 (2024), 
https://doi.org/10.26565/2312-4334-2024-4-25 

[45] M. Akramov, B. Eshchanov, S. Usanov, Sh. Norbekov, and D. Matrasulov, “Second-harmonic generation in branched optical 
waveguides: Metric graphs based approach,” Physics Letters A, 524, 129827 (2024), doi.org/10.1016/j.physleta.2024.129827 

[46] F.A. Giyasova, and M.A. Yuldoshev, “Investigation of temporal characteristics of photosensitive heterostructures based on 
gallium arsenide and silicon,” Chalcogenide Letters, 22(2), 123–129 (2025). https://doi.org/10.15251/CL.2025.222.123 

[47] A.S. Saidov, Sh.N. Usmonov, M.U. Kalanov, A.N. Kurmantayev, and A.N. Bahtybayev, “Structural and Some Electrophysical 
Properties of the Solid Solutions Si1–xSnx (0≤x≤0.04),” Phys. Solid State, 55, 45-53 (2013). 
https://doi.org/10.1134/S1063783413010290 

[48] A.V. Karimov, D.M. Yodgorova, F.A. Giyasova, E.M. Shpilevskiy, and N.I. Usmanova, “Photovoltaic Effect in Au-nSi-Au 
Structures with Schottky Barriers and Features of Spectral Characteristics,” Applied Solar Energy, 54(5), 330-332 (2018). 
https://doi.org/10.3103/S0003701X18050109 

[49] A.S. Saidov, Sh.N. Usmonov, M. Kalanov, and Kh.M. Madaminov, “Structure and Photoelectric Properties of Si1–xSnx Epilayers,” 
Tech. Phys. Lett. 36, 827–829 (2010). https://doi.org/10.1134/S1063785010090154 

 
ФІЗИЧНІ ПРИНЦИПИ ГЕНЕРАЦІЇ ФОТОCТРУМУ В КРЕМНІЄВІЙ ФОТОДІОДНІЙ СТРУКТУРІ 

З БАР'ЄРОМ ШОТТКІ 
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Гомоперехідні структури типу Ag–nSi–n⁺Si–(In+Sn) з ідеальною монокристалічною (111) орієнтацією та шаром з високим 
опором, компенсованим на межі розділу n⁺Si/n-Si, були отримані методом рідкофазної епітаксії. Представлено результати 
дослідження процесів фотогенерації та механізмів струмопереносу в кремнієвій фотодіодній структурі з бар'єром Шотткі. Було 
розроблено двобар'єрну модель структури, згідно з якою струмоперенос має багатофакторну природу та визначається 
комбінованим внеском термоелектронної емісії, тунелювання та процесів генерації-рекомбінації. Крім того, було встановлено, 
що фоточутливість досліджуваної структури охоплює діапазон енергій фотонів 0,387÷1,016 еВ, зміщений у довгохвильову 
область. Формування приповерхневого шару з високим опором сприяє підвищенню відгуку та дозволяє досягти значень 
фоточутливості до 0,338 А/Вт. Було виявлено, що зменшення бар'єрної ємності до 8÷10 пФ розширює діапазон частот та 
підвищує швидкість відгуку. Структури Ag–nSi–n⁺Si–(In+Sn) є перспективними для використання у фотодіодах 
оптоелектронних пристроїв, що працюють у видимому та інфрачервоному діапазонах спектра. 
Ключові слова: структура; гомоперехід; характеристика; індекс; механізм; ємність; бар'єр; фотогенерація; 
фоточутливість; фотострум; інтенсивність; фотодіод 
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The kinetic parameters of solid solutions TbxSn1-xSe (0 ≤ x ≤ 0.05), grown by the Bridgman method, were investigated at 300 K. It 
was found that doping with Tb significantly affects the electrical conductivity, Hall coefficient, Seebeck coefficient (thermoelectric 
power), thermal conductivity, and the concentration and mobility of charge carriers. At low Tb concentrations, a transition from p-
type to n-type conductivity is observed, accompanied by a non-monotonic change in the Hall coefficient and the sign of the Seebeck 
coefficient. Electrical and thermal conductivities decrease due to enhanced scattering at defects caused by introducing Tb. The 
obtained data are important for controlling the properties of SnSe in its thermoelectric applications. 
Keywords: Solid solutions; Kinetic parameters; Doping; Thermoelectric properties; Seebeck coefficient; Electrical conductivity; 
Thermal conductivity; Carrier concentration; Conductivity type transition 
PACS: 71.20.Nr, 72.20.Pa, 61.72.-y 

1. INTRODUCTION
Tin selenide (𝑆𝑛𝑆𝑒)  is a binary semiconductor compound with an orthorhombic (𝑃𝑛𝑚𝑎)  layered structure, 

characterized by pronounced anisotropy, low thermal conductivity, and high thermoelectric performance. The presence 
of 𝑆𝑛 atom vacancies in the crystal lattice results in 𝑝 −type conductivity [1–3]. 

Due to its high Seebeck coefficient, low thermal conductivity, and sufficient electrical conductivity, 𝑆𝑛𝑆𝑒 is 
considered one of the best thermoelectric materials, especially in single-crystal form (𝑍𝑇 ≈  2.6 − 2.8 𝑎𝑡 ~900 𝐾). Its 
bandgap width (0.9 − 1.3 𝑒𝑉) also makes it promising for optoelectronic applications. The ease of mechanical cleavage 
further supports the use of 𝑆𝑛𝑆𝑒 in flexible electronics [4–6]. 

The material consists of non-toxic and non-deficient elements, which is important from both environmental and 
economic perspectives. The properties of 𝑆𝑛𝑆𝑒 can be effectively tuned through doping and cation substitution. The 
introduction of elements such as 𝑁𝑎,𝐴𝑔, and 𝐾 (for 𝑝 −type) or 𝐵𝑖,𝐶𝑙, and 𝐼 (for 𝑛 −type) allows control over the 
charge carrier concentration. Substituting 𝑆𝑛 with 𝑃𝑏,𝐺𝑒,𝑀𝑛,𝐶𝑜, and other cations affects the structure and functional 
properties, including reduced thermal conductivity and the emergence of new properties [7–10]. 

Particular interest lies in doping with rare-earth elements (e.g., 𝐿𝑎,𝐶𝑒,𝐺𝑑 ), which enhance conductivity and 
reduce thermal conductivity due to local lattice distortions [11–13]. Among them, terbium (𝑇𝑏) is especially promising; 
its ions can act as donors, increasing the electron concentration and promoting 𝑛 −type behavior. Substituting Sn with 𝑇𝑏 also enhances phonon scattering, reduces thermal conductivity, and may introduce localized energy levels [14].This 
study investigates the effect of 𝑇𝑏 content on the key kinetic parameters of 𝑇𝑏௫𝑆𝑛ଵି௫𝑆𝑒 alloys at a temperature of 300 𝐾. 

2. EXPERIMENTAL SECTION
For the synthesis of𝑇𝑏௫𝑆𝑛ଵି௫𝑆𝑒alloys, high-purity starting materials were used: tin of grade B4-000, selenium of 

grade OC417-4, and chemically pure terbium (99.98%).The synthesis was performed in evacuated quartz ampoules at 
a pressure of 0.1333 𝑃𝑎 using a two-step direct melting method. In the first stage, the ampoules containing the weighed 
components were heated at a rate of 4 − 5 °𝐶/𝑚𝑖𝑛 to the melting point of selenium and held at that temperature for 3 −4  ℎ𝑜𝑢𝑟𝑠. Subsequently, the temperature was gradually increased to 950 − 1000 °𝐶 (depending on the composition) 
and maintained for 8 − 9 ℎ𝑜𝑢𝑟𝑠 [15]. 

The interaction in the 𝑆𝑛𝑆𝑒 − 𝑇𝑏𝑆𝑒 system was investigated using differential thermal analysis (DTA), 𝑋 −ray 
diffraction (XRD), microstructural analysis (MSA), as well as measurements of microhardness and density [16]. DTA 
was conducted using a PerkinElmer Simultaneous Thermal Analyzer STA 6000 (USA) to determine the thermal effects 
and phase transitions of the synthesized samples. Nitrogen was used as the purge gas at a flow rate of 20 𝑚𝐿/𝑠, and the 
samples were heated to their melting temperatures at a rate of 5 °𝐶/𝑚𝑖𝑛. 𝑋 −ray diffraction analysis was performed using a Rigaku Miniflex diffractometer operating at 30 𝑘𝑉 and 10 𝑚𝐴 
with 𝐶𝑢𝐾𝛼  radiation (𝜆 =  1.5406 Å).  Diffraction peaks were recorded over a 2𝜃  range of 0 − 80°.  The surface 
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morphology and microstructure of the samples were examined using a JEOL JSM-6610LV scanning electron 
microscope (Japan). 

Electrical conductivity and the Hall coefficient were measured under direct current conditions in a constant 
magnetic field using an electromagnet setup [17]. The Seebeck coefficient and thermal conductivity were determined 
using a fully stationary method, as described in [18]. The experimental uncertainty did not exceed 4.2%. 

 
3. RESULTS AND DISCUSSION 

3.1. Physicochemical Analysis 
The thermograms of the alloys in the  𝑇𝑏௫𝑆𝑛ଵି௫𝑆𝑒 system show sharp peaks during heating and cooling, which 

correspond to the melting and solidification temperatures, indicating the formation of congruently melting alloys. In the 
SnSecompound, partial substitution of 𝑆𝑛 with 𝑇𝑏 lowers the melting temperature due to the incorporation of larger 
rare-earth (RE) ions, which distort the crystal lattice and weaken interatomic bonds. This leads to structural defects and 
an additional decrease in melting temperature. The microhardness of samples with 𝑇𝑏𝑆𝑒 content up to 0.05 𝑚𝑜𝑙. % 
remains at the level of ~500 𝑀𝑃𝑎. 

Analysis of the intensity of 𝑋 −ray reflections shows that the sample has a preferred crystal orientation and 
consists of a single phase. Indexing of the 𝑋 −ray patterns indicate an orthorhombic crystal system with the space group 𝐷ଶ௛ଵ଺ − 𝑃𝑐𝑚𝑛 (Fig. 1). In the range0 ≤  𝑥 ≤  0.05, no shift in diffraction lines is observed; only their intensity changes, 
which indicates the formation of solid solutions based on 𝑆𝑛𝑆𝑒. When 𝑆𝑛 atoms are partially replaced with RE atoms of 
larger ionic radius, the intensity of reflections decreases, and the lattice parameters increase additively. The increase in 
parameters is linear, with no deviations from Vegard’s law observed. 𝑋 −ray structural analysis shows that the 

addition of terbium selenides leads to an 
increase in the unit cell parameters of 𝑆𝑛𝑆𝑒 as 
the concentration of 𝑇𝑏 increases. This is 
accompanied by intense charge-carrier 
scattering due to lattice distortion, consistent 
with the low thermal conductivity of the 
alloys [16]. At the same time, the density of the 𝑇𝑏௫𝑆𝑛ଵି௫𝑆𝑒 system remains practically 
unchanged, indicating interstitial positioning of 𝑇𝑏  atoms and the formation ofFrenkel-type 
defects [19]. 

The increase in lattice parameters, the 
coherent substitution of 𝑆𝑛  with 𝑇𝑏, and 
adherence to Vegard’s law confirm the 
formation of a substitutional solid solution 
based on 𝑆𝑛𝑆𝑒.𝑋 −ray structural analysis and 

pycnometry revealed that the solubility range of 𝑇𝑏𝑆𝑒 in 𝑆𝑛𝑆𝑒 at room temperature is limited to 2 𝑚𝑜𝑙. %. 
Comprehensive physicochemical analysis showed that the 𝑇𝑏௫𝑆𝑛ଵି௫𝑆𝑒system alloys, like 𝑆𝑛𝑆𝑒, crystallize in an 

orthorhombic crystal system. With an increase in 𝑇𝑏𝑆𝑒 content, the lattice parameters, density, and microhardness 
increase slightly, while the thermal effects shift to lower temperatures. Due to differences in the electronic configuration 
of 𝑆𝑛  and 𝑇𝑏, substitution in the 𝑇𝑏௫𝑆𝑛ଵି௫𝑆𝑒 solid solution leads to distortions in the 𝑆𝑛𝑆𝑒  crystal lattice, while 
preserving its basic structure. 

Atomic force microscopy of the surface topography of 𝑇𝑏௫𝑆𝑛ଵି௫𝑆𝑒 crystals revealed that the natural surface is 
inhomogeneous and has a roughness of about 25 𝑛𝑚. This is due to the presence of weak van der Waals forces between 
the layers, which lead to the formation of atomic clusters upon cleavage, giving the surface an uneven appearance. 𝑋 −ray microanalysis revealed the phase composition and element distribution (Fig. 2). The surface was generally 
homogeneous; however, an excess of selenium was observed within the homogeneity range of 𝑆𝑛𝑆𝑒. 

 

    

 Element Weight % Atomic % 

 Sn L 59.69 49.72 

 Se L 39.90 50.03 

 Tb L 0.41 0.25 

 Total 100 100 

    

Figure 2. X-ray microanalysis of the crystal surface TbxSn1-xSe:( x=0.005) 

 
Figure 1. X-ray diffraction spectrum of crystals TbxSn1-xSe:x=0,0025. 
Below are X-ray diffraction patterns of SnSe and SnO for comparison 

1200 
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3.2. Electrophysical and Thermal Properties of 𝑻𝒃𝒙𝑺𝒏𝟏ି𝒙𝑺𝒆 Alloys at Various Tb Concentrations 
In the solid solution range of (0 ≤  𝑥 ≤  0.05), several kinetic parameters were investigated at room temperature (300 𝐾)  for 𝑇𝑏𝑆𝑒 − containing samples grown by the Bridgman method. These parameters include electrical 

conductivity (𝜎),  Hall coefficient (𝑅),  thermopower (𝑆),  thermal conductivity coefficient (𝑘),  charge carrier 
concentration (𝑝,𝑛), and Hall mobility (𝜇). The obtained results are summarized in Table 1. 𝑆𝑛𝑆𝑒 is typically a 𝑝 −type semiconductor, and its charge transport properties are highly sensitive to doping. As 
seen from Table 1, with increasing 𝑇𝑏𝑆𝑒 content in 𝑇𝑏ₓ𝑆𝑛₁₋ₓ𝑆𝑒 alloys, the resistivity and Hall coefficient increase, 
while the carrier concentration and mobility decrease. 

In the binary compound 𝑆𝑛𝑆𝑒,  with partial cation-cation substitution of 𝑆𝑛 atoms by 𝑇𝑏  atoms at room 
temperature (𝑇 =  300 𝐾), the Hall coefficient (𝑅) strongly depends on the percentage of 𝑇𝑏 atoms and varies non-
monotonically. This non-monotonic change in the absolute value of the Hall coefficient is explained by the competition 
of two or more mechanisms depending on impurity concentration. 

The 𝑆𝑛𝑆𝑒 compound, in the absence of doping impurities, consistently exhibits p-type conductivity, which has 
been confirmed both by experimental measurements and quantum-chemical calculations [20, 21]. The primary reason 
for this is the presence of intrinsic defects in the crystal lattice—primarily tin cation vacancies (𝑉ௌ௡),  which act as 
acceptor centers and promote hole generation. 

The formation of such vacancies can be explained in terms of the atomic properties and electronic structure of 𝑆𝑛𝑆𝑒. First, tin (𝑆𝑛) has a relatively low ionization energy (first ionization energy ~7.34 𝑒𝑉 [22]), which facilitates the 
loss of valence electrons and the transition of 𝑆𝑛 atoms to the 𝑆𝑛²⁺ ionic state. Second, selenium (𝑆𝑒), with its high 
electronegativity (2.55 on the Pauling scale [20]), strongly attracts electrons from the 𝑆𝑛 − 𝑆𝑒 covalent bond, thereby 
further polarizing and weakening this bond. As a result, 𝑆𝑛 cations become less stable in the lattice, especially under 𝑆𝑒 −rich synthesis conditions, which promotes the formation of cation vacancies 
Table 1. The main kinetic parameters of 𝑇𝑏௫𝑆𝑛ଵି௫𝑆𝑒 alloys at T = 300 K 

Composition, 𝒙, mol% R, cm³/K S, μV/K σ, Ω⁻¹·cm⁻¹ 𝒌×10⁻⁵, 
W/(m·K) μ, cm²/(V·s) p(n)×10¹⁷, cm⁻³ 

0.00 +8.68 +420 18 20 156 7.2 
0.10 +25.7 +275 2.42 18 60.5 2.43 
0.20 +32.3 +128 0.45 17 14.5 1.93 
0.25 -180 -325 0.027 16.4 4.86 0.347 
0.50 -1750 -298 0.012 14.5 21.12 0.036 
1.00 -1260 -297 0.0063 12.5 6.50 0.05 
1.5 -1040 -278 0.0061 12 6.34 0.06 

2.00 -898 -262 0.006 11.8 5.39 0.07 
2.5 -420 -258 0.012 11.2 5.04 0.15 

3.00 -245 -250 0.028 10.7 6.86 0.26 
3.5 -176 -246 0.035 9.9 6.16 0.36 

4.00 -70 -235 0.04 9 2.82 0.89 
4.5 -54 -227 0.043 11.3 2.3 1.16 

5.00 -41.6 -210 0.047 14.5 3 1.5 
From the standpoint of modern defect thermodynamics, the formation of a cation vacancy in SnSe under 

thermodynamic equilibrium can be described by the reaction: 𝑆𝑛௦௜௧௘ → 𝑉ௌ௡ʹʹ + 2ℎା+𝑆𝑛(௤௔௭), 
where 𝑉ௌ௡ʹʹ  is a doubly negatively charged Sn cation vacancy and ℎ⁺ denotes a hole (positive charge carrier) [23]. Such a 
defect type is thermodynamically stable under slight deviations from stoichiometry, particularly in the case of a tin 
deficit [19]. These holes can move freely, thus ensuring p-type conductivity [20]. Consequently, the formation of 
vacancies is accompanied by an increase in the hole concentration that determines the p-type conduction. 

Density Functional Theory (DFT) calculations confirm that the formation energy of 𝑆𝑛 cation vacancies is 
significantly lower than that of other intrinsic defects (such as Se vacancies or antisite defects), especially under 𝑆𝑒 − rich conditions [20]. This indicates the thermodynamic preference for such defects, consistent with p-type 
conductivity. 

In binary 𝑆𝑛𝑆𝑒,  partial cation–cation substitution of 𝑆𝑛  by 𝑇𝑏  atoms lead to strong dependence of the Hall 
coefficient (𝑅) on the 𝑇𝑏 concentration at room temperature (𝑇 =  300 𝐾), with a non-monotonic variation (Fig. 3). 
The non-monotonic change in the absolute value of the Hall coefficient can be explained by the competition of two or 
more mechanisms depending on the impurity concentration. 

At low 𝑇𝑏 concentrations, the Hall coefficient is positive, indicating dominant hole-type conduction. As the 𝑇𝑏 
concentration increases in 𝑆𝑛₁₋ₓ𝑇𝑏ₓ𝑆𝑒 alloys, the increase of 𝑅ு  from +8.68 to +32.3 𝑐𝑚³/𝐶 reflects a decrease in 
carrier concentration and possible formation of acceptor levels due to the substitution of 𝑆𝑛²⁺ by 𝑇𝑏³⁺. The sharp sign 
reversal from positive to negative at 0.25 𝑚𝑜𝑙% 𝑇𝑏 indicates an inversion of conduction type from hole to electron 
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conduction. This may be attributed either to the transition of 𝑇𝑏 from acceptor to donor behavior or to band structure 
modifications that generate effective electron states. 

During cation substitution, 𝑇𝑏  atoms, according to their electronic configuration (1𝑠² 2𝑠² 2𝑝⁶ 3𝑠² 3𝑝⁶ 4𝑠² 3𝑑¹⁰ 4𝑝⁶ 5𝑠² 4𝑑¹⁰ 5𝑝⁶ 6𝑠² 4𝑓⁹), act as donors. At low 𝑇𝑏 concentrations, partial substitution 
of 𝑆𝑛²⁺ ions by 𝑇𝑏³⁺ introduces donor electrons. These donors compensate part of the holes, thereby neutralizing them. 
At low impurity levels, compensation starts and the charge carrier concentration decreases [24]. As a result, although 
the overall hole concentration decreases (𝑥 ≤  0.002), holes remain the dominant carriers. The compensation of holes 
leads to an increase in the positive value of the Hall coefficient. 

R,
 c

m
3 /C

 

 
 Tb, mol%  

Figure 3. Composition dependence of the Hall coefficient of Tb୶Snଵି୶Sesystem alloys 

However, at a critical impurity concentration (𝑥 ≈  0.002 − 0.0025), donor electrons fully compensate holes, 
reducing the net carrier concentration to nearly zero (the compensation point). This represents a typical conductivity-
type transformation in semiconductors, and the corresponding composition can be characterized as the compensation 
point. Near this transition, the electron concentration approaches that of holes (𝑝 ≈  𝑛),  indicating maximum 
compensation. 

At the inversion point of conductivity type (transition from hole to electron conduction), the Hall coefficient 𝑅ு is 
described by the two-carrier model, since both electrons and holes are present and contribute competitively. The 
generalized expression for the Hall coefficient in a two-carrier system is: 𝑅ு = ௣ఓ೛మି௡ఓ೙మ௘൫௣ఓ೛ା௡ఓ೙൯మ, 
where 𝑝 − is the hole concentration, 𝑛- is the electron concentration, 𝜇௣and  𝜇௡are the mobilities of holes and electrons, 
respectively, and 𝑒 − is the elementary charge [25]. At the inversion point, the condition 𝑝𝜇௣ଶ = 𝑛𝜇௡ଶ is satisfied, and 𝑅ு = 0. When 𝑝𝜇௣ଶ ൏ 𝑛𝜇௡ଶ, 𝑅ு becomes negative, indicating electron dominance. 

Thus, the observed sign reversal and sharp increase in the absolute value of the Hall coefficient at 𝑥 = 0.0025 (0.25 𝑚𝑜𝑙%) in 𝑇𝑏ₓ𝑆𝑛₁₋ₓ𝑆𝑒 alloys is a key transition point in the electronic structure of the material. The 
transition to negative values demonstrates a shift to electron-type conduction, showing that 𝑇𝑏 acts effectively as a 
donor, introducing electrons into the conduction band [13]. 

At the composition corresponding to 𝑥 =  0.0025, the sign of the Hall coefficient becomes negative, and its 
absolute value sharply increases, reaching approximately −1750 𝑐𝑚³/𝐶, indicating a sudden change in the dominant 
charge carriers from holes to electrons. With further increase in dopant content, the hole carriers are compensated, and 
then electrons begin to dominate, resulting in a change in the Hall coefficient's sign from positive to negative. The 
change in conductivity type, i.e., the transition from 𝑝 − to 𝑛 − type, is explained by the substitution of 𝑆𝑛²⁺ ions with 𝑇𝑏³⁺ ions, which leads to the generation of additional electrons and the dominance of donor-type defects in the system. 
Consequently, 𝑝 −type conductivity transforms into 𝑛 −type, causing a sharp change in the alloy’s electrophysical 
properties [26]. Such transition points are of particular significance in terms of controlling the functional properties of 
materials and open up possibilities for their tuning in future applications. 

With increasing terbium (𝑇𝑏) content, the absolute value of the Hall coefficient decreases, while its sign remains 
negative across the entire concentration range, indicating the predominance of electrons as the main charge carriers. In 
the concentration range 0.0025  ൏  𝑥  ൏  0.025, the Hall coefficient decreases especially sharply. This is presumably 
due to the effective donor action of Tb, which significantly increases the concentration of free electrons. 

As the 𝑇𝑏 content further increases (𝑥  ൐  0.025), the decrease slows down. This behavior may be due to donor 
state saturation, where further introduction of Tb no longer leads to a significant increase in carrier concentration. 
Additionally, enhanced scattering effects or the formation of localized states may occur, reducing carrier mobility and 
thereby stabilizing the Hall coefficient value [27]. 
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As shown in the table, the carrier concentration (P) initially decreases from 7.2 ൈ 10¹⁷ 𝑐𝑚⁻³ to a minimum value 
of about 0.036 ൈ 10¹⁷ 𝑐𝑚⁻³ at 0.5 𝑚𝑜𝑙%, indicating carrier compensation due to charge capture or the formation of 
recombination centers. With further increase in Tb content, the carrier concentration rises, reaching 1.5 ൈ 10¹⁷ 𝑐𝑚⁻³ at 5 𝑚𝑜𝑙%. This indicates a shift in the role of 𝑇𝑏 in the material – from a compensator to a donor capable of generating 
free electrons in the conduction band [27]. 

As seen from the table, the carrier concentration (𝑝) decreases from 7.2 ൈ 10¹⁷ 𝑐𝑚⁻³ to a minimum value of 
approximately 0.036 ൈ 10¹⁷ 𝑐𝑚⁻³ with the initial introduction of 𝑇𝑏  up to 0.5 𝑚𝑜𝑙%,  indicating compensation of 
carriers due to charge trapping or the formation of recombination centers. With a further increase in Tb content, the 
carrier concentration rises, reaching 1.5 ൈ 10¹⁷ 𝑐𝑚⁻³ at 5 𝑚𝑜𝑙%.  This indicates a change in the role of 𝑇𝑏  in the 
material – from a compensator to a donor capable of generating free electrons in the conduction band [28]. 

For pure SnSe at room temperature, the Seebeck coefficient lies in the range of 𝑆 ≈  +400 𝑡𝑜 + 500 𝜇𝑉/𝐾 (in 
the table, this value is approximately +420 𝜇𝑉/𝐾). Such a high value is attributed to the low carrier concentration and 
to an anomalous density-of-states function at the energy levels. As the temperature increases, the Seebeck coefficient in 𝑆𝑛𝑆𝑒  rises, reaching values around 600 − 800 𝜇𝑉/𝐾  at elevated temperatures (500 − 800 𝐾)  [29]. These 
characteristics highlight the high potential of 𝑆𝑛𝑆𝑒  as a thermoelectric converter at elevated temperatures. The 
combination of these properties gives this material a leading position among high-efficiency thermoelectric materials. 

With an increase in terbium content in solid solutions of 𝑇𝑏௫𝑆𝑛ଵି௫𝑆𝑒,   the Seebeck coefficient (𝑆)  initially 
decreases sharply and then, after crossing into negative values, becomes relatively stabilized (see Fig. 4). In the initial 
region (0 ≤  𝑥 ≤  0.002 𝑚𝑜𝑙%), a rapid decrease in the positive Seebeck coefficient is observed—from +420 𝜇𝑉/𝐾 
to +128 𝜇𝑉/𝐾.  This indicates a reduction in the contribution of positive charge carriers (holes) to the 
thermoelectromotive force. This decrease is explained by the partial substitution of 𝑆𝑛ଶା ions with 𝑇𝑏³⁺ ions, leading to 
the emergence of a donor effect and the formation of additional electronic states contributing to the generation of 
electrons in the conduction band. This partial substitution disrupts the crystal lattice's symmetry, enhances carrier 
scattering, and thus reduces their transport efficiency. 

S,
µV
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 Figure 4. Composition dependence of theSeebeck coefficient of Tb୶Snଵି୶Se system alloys 𝑆𝑛ଵି௫𝑇𝑏௫ 

In the narrow interval of 0.002 ൏  𝑥 ൏  0.0025 𝑚𝑜𝑙% 𝑇𝑏 , a sign inversion of the Seebeck coefficient is 
observed: its value changes from +128 𝜇𝑉/𝐾  to –325 𝜇𝑉/𝐾, indicating a change in the dominant type of charge 
carriers – from hole-type (𝑝 −type) to electron-type (𝑛 −type) conductivity. This is associated with reaching a critical 
concentration of Tb at which the Fermi level shifts close to the conduction band, and electrons become the predominant 
carriers [30]. Terbium atoms create localized energy levels near the conduction band, which are easily ionized and 
participate in electron transport. 

After the change in conductivity type, in the range of 0.0025 ൏  𝑥 ൏  0.015 𝑚𝑜𝑙% 𝑇𝑏, the Seebeck coefficient 
stabilizes in the negative region. This indicates the formation of a new carrier balance dominated by electrons, 
saturation of the 𝑇𝑏 donor levels, stabilization of the energy structure, and an increase in the material's homogeneity. 

In the interval of 0.02 ൏  𝑥 ൏  0.05 𝑚𝑜𝑙% 𝑇𝑏, a gradual decrease in the absolute value of the Seebeck coefficient 
is observed, which is caused by an increase in free electron concentration, reducing the chemical potential gradient – the 
main factor determining the thermoelectromotive force. Possible interactions between 𝑇𝑏 atoms that lead to electron 
localization or changes in their effective mass, as well as the ordering of bulk defects in the crystal lattice due to the 
elevated 𝑇𝑏 content, also contribute to the reduction in thermoelectric voltage [31]. 

As shown in Figure 5, the dependence of the electrical conductivity of 𝑇𝑏௫𝑆𝑛ଵି௫𝑆𝑒  solid solutions on the Tb 
content exhibits a non-monotonic character based on experimental data. According to the presented table, at x = 0, the 
system's electrical conductivity is high, amounting to𝜎 =  18 𝛺⁻¹ ൉ 𝑐𝑚⁻¹. However, with an increase in 𝑇𝑏concentration 
from 0.1 to 2 𝑚𝑜𝑙. %, the conductivity sharply decreases, reaching a minimum value(𝜎 ≈  0.006 𝛺⁻¹ ൉ 𝑐𝑚⁻¹). This effect 
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is consistent with the literature data [32], which indicate that the introduction of 𝑇𝑏³⁺ ions into the 𝑆𝑛𝑆𝑒 lattice leads to 
distortions in the crystal structure, the formation of local energy levels and recombination centers, thereby reducing the 
concentration of free charge carriers and, consequently, the electrical conductivity. 

𝝈,Ωି𝟏 𝒄
𝒎ି𝟏  

 
Tb, mol%  

Figure 5. Composition dependence of the specific electrical conductivity 
of Tb୶Snଵି୶Se system alloys 

This process is explained by the occurrence of lattice distortions due to the incorporation of 𝑇𝑏³⁺ ions into the 
SnSe crystal lattice, the appearance of localized energy levels, and increased scattering of charge carriers. The 
difference in valence between 𝑇𝑏  and Sn ions (𝑇𝑏³⁺ →  𝑆𝑛²⁺)  leads to the formation of compensation and 
recombination centers in the system, which in turn reduces the concentration of free charge carriers [17]. 

With a further increase in 𝑇𝑏 content above 2 𝑚𝑜𝑙. %, the electrical conductivity begins to gradually increase. This 
growth can be explained by the formation of additional conductive levels in the energy band after reaching the critical 
concentration of Tb atoms, the manifestation of the percolation effect, and the weakening of the degree of carrier 
localization. Thus, the mobility of charge carriers in the system is partially restored, resulting in an increase in electrical 
conductivity. 

These observations indicate that the electrical conductivity in the 𝑇𝑏௫𝑆𝑛ଵି௫𝑆𝑒system significantly depends not 
only on the number of free carriers but also on their energy state and scattering processes within the crystal structure. 
Such non-monotonic dependence is typically explained by the localization-delocalization transition, structural 
distortions, and percolation theory. 

The study of the dependence of the alloys' thermal conductivity on the terbium (𝑇𝑏) content revealed that as the 𝑇𝑏 concentration increases from 0 to 4.0 𝑚𝑜𝑙%,  the material's thermal conductivity gradually decreases—from 20  ൈ  10⁻⁵ 𝑊/(𝑚 ∙ 𝐾)  to 9  ൈ  10⁻⁵ 𝑊/(𝑚 ∙ 𝐾).  However, with further increases in 𝑇𝑏 concentration, the opposite 
trend is observed—thermal conductivity rises to 14.5  ൈ  10⁻⁵ 𝑊/(𝑚 ∙ 𝐾) at 5.0 𝑚𝑜𝑙%. This behavior can be explained 
by changes in the alloy’s microstructure. At the initial stage of Tb incorporation, impurity atoms distort the crystal 
lattice due to differences in atomic radii and mass, which enhances phonon scattering—the main carriers of heat in 
solids. Moreover, increasing Tb concentration leads to a higher number of point defects and disorder, further hindering 
heat transport. These effects account for the observed decrease in thermal conductivity [33]. 

When the threshold concentration (~4 𝑚𝑜𝑙%) is exceeded, it is likely that a new phase or an ordered structure 
forms, in which the level of phonon scattering decreases. This may be associated with a phase transition accompanied 
by structural stabilization and a reduction in defect density. As a result, an increase in thermal conductivity is observed 
despite the continued increase in 𝑇𝑏 content [34]. The obtained data indicate a complex dependence of thermal 
conductivity on alloy composition, driven by the competition between phonon scattering at defects and structural 
rearrangement of the material at high 𝑇𝑏 concentrations. 

The dependence of the Hall mobility of free carriers on 𝑇𝑏 concentration in the alloys is distinctly nonlinear. As 
the 𝑇𝑏 content increases from 0 to ~2.5 𝑚𝑜𝑙%, there is a sharp decrease in mobility, attributed to enhanced scattering 
of charge carriers at lattice defects introduced by 𝑇𝑏 atoms. Terbium atoms, differing in size and valence, induce 
distortions in the crystal lattice and promote the formation of localized states that serve as effective scattering centers. 
Additionally, the possible formation of traps associated with 𝑇𝑏 4𝑓 −electron levels also contributes to reduced 
mobility. At higher concentrations (2.5 − 4.5 𝑚𝑜𝑙%),  the character of the dependence becomes more complex: 
fluctuations are observed, likely due to 𝑇𝑏  atom clustering, secondary phase formation, or changes in the charge 
transport mechanism [35]. Magnetic scattering associated with local magnetic moments of 𝑇𝑏 may also play a role. 
Thus, the reduction in mobility with increasing 𝑇𝑏 concentration is determined by a complex interplay of structural, 
electronic, and magnetic factors. 

In summary, doping 𝑆𝑛𝑆𝑒 with terbium leads to complex changes in thermal and electrical properties, caused by 
structural and electronic transformations within the system. These results are essential for understanding the 
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mechanisms of heat and charge transport in doped semiconductors and enable optimization of compositions for 
thermoelectric and other functional applications. 

 
CONCLUSIONS 

The study demonstrated that doping the SnSe semiconductor with terbium (Tb) significantly alters its electronic 
and thermal properties, thereby altering the mechanisms of charge and heat transport. Depending on the Tb content, 
phase and functional transitions are observed, including a change in the type of conductivity from 𝑝 −type to 𝑛 −type, 
which is accompanied by a sharp restructuring of kinetic parameters — the Hall coefficient, thermoelectric power 
(Seebeck coefficient), electrical conductivity, and others. 

A charge carrier compensation point has been identified, at which maximum suppression of conductivity occurs — 
an important characteristic for tuning the functional properties of the material. Doping leads to a significant decrease in 
thermal conductivity due to enhanced phonon scattering, which is a favorable factor for thermoelectric applications. The 
observed nonmonotonic dependencies of parameters on 𝑇𝑏 concentration are associated with the competition between 
donor and compensating effects, carrier localization, and structural changes in the crystal lattice. 

The obtained results provide a basis for the targeted control of the properties of 𝑆𝑛𝑆𝑒 −like materials and for 
optimizing their composition for thermoelectric and sensor applications. 
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МОДИФІКАЦІЯ КІНЕТИЧНИХ ПАРАМЕТРІВ SnSe ШЛЯХОМ ЛЕГУВАННЯ ТЕРБІЄМ 
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Кінетичні параметри твердих розчинів TbxSn1-xSe (0 ≤ x ≤ 0,05), вирощених методом Бріджмена, досліджувалися при 300 K. 
Було виявлено, що легування Tb суттєво впливає на електропровідність, коефіцієнт Холла, коефіцієнт Зеєбека (термоЕРС), 
теплопровідність, а також концентрацію та рухливість носіїв заряду. При низьких концентраціях Tb спостерігається перехід 
від p-типу до n-типу провідності, що супроводжується немонотонною зміною коефіцієнта Холла та знака коефіцієнта 
Зеєбека. Електро- та теплопровідність зменшуються через посилене розсіювання на дефектах, спричинених введенням Tb. 
Отримані дані важливі для контролю властивостей SnSe в його термоелектричних застосуваннях. 
Ключові слова: тверді розчини; кінетичні параметри; легування; термоелектричні властивості; коефіцієнт Зеєбека; 
електропровідність; теплопровідність; концентрація носіїв; перехід типу провідності 



415
EAST EUROPEAN JOURNAL OF PHYSICS. 4. 415-419 (2025)

DOI:10.26565/2312-4334-2025-4-40            ISSN 2312-4334

MEMRISTIVE SWITCHING BEHAVIOR OF SOL–GEL DERIVED Ga₂O₃ THIN FILMS 

Jamoliddin X. Murodov1,2*, Shavkat U. Yuldashev2, Azamat O. Arslanov3, Noiba U. Botirova2, 
Javohir Sh. Xudoyqulov3,4, Ilyos Kh. Khudaykulov5, Marguba S. Mirkamilova1, Utkur E. Jurayev1, 

Azlarxon M. Tillaboyev6 
1Tashkent State Technical University named after Islam Karimov, Tashkent, Uzbekistan 

2Center of Nanotechnology Development, National University of Uzbekistan, Tashkent, Uzbekistan 
3National University of Uzbekistan named after Mirzo Ulugbek, Tashkent, Uzbekistan 

4Central Asian University, Tashkent, Uzbekistan 
5Arifov Institute of Ion-Plasma and Laser Technologies of Uzbekistan Academy of Sciences, Tashkent, Uzbekistan 

6Chirchik State Pedagogical University, Chirchik, Uzbekistan 
*Corresponding Author e-mail: jamoliddinmilliy@gmail.com

Received September 1, 2025; revised October 6, 2025; accepted October 6, 2025 

Gallium oxide (Ga₂O₃) is an ultrawide-bandgap semiconductor (~4.8–5.0 eV) that has recently gained considerable attention for next-
generation nanoelectronic and memory devices owing to its superior breakdown field, chemical durability, and thermal robustness. In 
this study, Ga₂O₃ thin films were fabricated through a sol-gel spin-coating route and subsequently annealed at 1000 °C. X-ray 
diffraction revealed that annealing led to structural evolution from an amorphous state to the stable monoclinic β-Ga₂O₃ phase. 
Electrical measurements exhibited reproducible bipolar resistive switching with an ON/OFF resistance ratio exceeding 102 and 
relatively low set/reset voltages. The observed switching is interpreted within the framework of conductive filament formation and 
rupture, predominantly governed by oxygen vacancy dynamics. The combination of low-cost synthesis, scalable processing, and robust 
memristive performance highlights sol–gel derived Ga₂O₃ thin films as strong contenders for future resistive random-access memory 
(RRAM) architectures and neuromorphic computing technologies. 
Keywords: Gallium oxide; Sol–gel method; Thin films; Memristor 
PACS: 73.40.-c; 85.30.Tv; 73.6 Ga 

INTRODUCTION 
Wide-bandgap (WBG) semiconductors such as SiC, GaN, and Ga₂O₃ have attracted significant attention due to their 

potential applications in high-power electronics, high-frequency devices, and deep-ultraviolet optoelectronics [1,2]. 
Among these, gallium oxide (Ga₂O₃) is particularly attractive because of its ultrawide bandgap (~4.8–5.0 eV), 
exceptionally high breakdown electric field (~8 MV/cm), excellent thermal stability, and chemical robustness [3]. 
Furthermore, Ga₂O₃ possesses five polymorphs (α, β, γ, δ, ε), with the monoclinic β-Ga₂O₃ phase being the most 
thermodynamically stable, making it highly suitable for device applications [4].  

In addition to its role in power and optoelectronic devices, Ga₂O₃ has recently been investigated for resistive random-
access memory (RRAM) devices, where resistive switching (RS) behavior plays a central role [5–7]. RRAM is considered 
a strong candidate for next-generation non-volatile memory due to its high switching speed, scalability, low power 
consumption, and compatibility with neuromorphic computing architectures [8-11]. The resistive switching mechanism 
in oxide memristors is typically associated with the formation and rupture of conductive filaments, primarily governed 
by the migration of oxygen vacancies. 

Various fabrication methods, including pulsed laser deposition (PLD), molecular beam epitaxy (MBE), and RF 
sputtering, have been employed to grow Ga₂O₃ thin films [12–14]. Although these techniques produce high-quality films, 
they require expensive equipment and are not ideal for large-area or low-cost processing. In contrast, the sol–gel spin-
coating technique provides a simple, low-cost, and highly scalable approach, making it attractive for industrial 
applications [15,16]. Nevertheless, systematic studies of memristive switching in sol–gel derived Ga₂O₃ thin films remain 
limited, with most prior works focusing primarily on structural and optical characteristics. 

Furthermore, research on other oxide-based memristors has demonstrated how doping and defect engineering can 
introduce new functionalities. For example, Murodov et al. recently reported tunable negative differential resistance 
(NDR) in SnO₂:Co memristors fabricated on p-Si substrates, showing that controlled nanocluster formation can 
significantly influence switching behavior [17]. In addition to single-oxide memristors, bilayer and heterojunction 
systems have also been investigated to enhance switching performance. For instance, our recent study on SnO₂/ZnO 
heterojunction thin films demonstrated stable bipolar resistive switching with an ON/OFF ratio above 10² and forming-
free operation, highlighting the role of interface engineering and oxygen vacancy dynamics in modulating device 
characteristics [18]. Such works emphasize the importance of material engineering in tailoring memristive responses and 
inspire further exploration of wide-bandgap oxides, such as Ga₂O₃. 
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In this context, the present study investigates sol–gel derived Ga₂O₃ thin films annealed at 1000°C. Structural 
analysis revealed evolution from an amorphous to β-Ga₂O₃ phase, and electrical measurements confirmed reproducible 
bipolar resistive switching with a high ON/OFF ratio (>102) and low set/reset voltages. The switching behavior is 
interpreted in terms of oxygen vacancy-mediated conductive filament formation. These findings establish sol–gel derived 
Ga₂O₃ thin films as promising candidates for cost-effective, scalable, and high-performance RRAM and neuromorphic 
computing applications. 

 
METHODS 

Gallium oxide (Ga₂O₃) thin films were prepared using a sol–gel spin-coating method. The overall preparation 
process is schematically illustrated in Figure 1, which depicts the main steps of solution preparation, coating, drying, and 
high-temperature annealing. Gallium nitrate hydrate [Ga(NO₃)₃·xH₂O] served as the precursor, dissolved in 
2-methoxyethanol (C₃H₈O₂), while monoethanolamine (MEA, C₂H₇NO) was employed as a stabilizing agent at a 
1:1 molar ratio with respect to gallium nitrate. The precursor concentration was adjusted to 0.5 M. The solution was 
continuously stirred at 60°C for 2 hours, then aged at room temperature for 36 hours to achieve uniformity and stability. 
Silicon (100) substrates were thoroughly cleaned in hydrofluoric acid, acetone, ethanol, and deionized water to eliminate 
native oxides and organic residues. The sol–gel solution was spin-coated onto the substrates at 3000 rpm for 30 seconds. 
After each deposition, the coated layers were dried at 120 °C for 10 minutes on a hot plate and subsequently pre-annealed 
in air at 500°C for 15 minutes. This deposition and treatment sequence was repeated six times, yielding films with 
thicknesses ranging from 100 to 150 nm. Finally, the films were annealed at 1000 °C for 30 minutes in air to induce 
crystallization. 

  
Figure 1. Schematic of the Ga2O3 thin films preparation 

method 
Figure 2. Electrical measurement scheme for Ga₂O₃ films with 

Keithley-2460 

The structural properties of the films were examined using X-ray diffraction (XRD) (Cu Kα radiation, λ = 1.5406 Å). 
The optical absorption spectra were measured with a UV–Vis spectrophotometer in the range of 200–800 nm. For 
electrical characterization, the measurement setup is shown schematically in Figure 2, where current–voltage (I–V) curves 
were obtained using a Keithley-2460 source meter in a two-probe configuration with Ag top electrodes on the Ga₂O₃ thin 
films and a p-Si bottom electrode. For electrical measurements, Ag top electrodes (~100 nm) were deposited onto the 
Ga₂O₃ thin films through thermal evaporation using a shadow mask, forming circular pads with a diameter of 200 µm. 
The bottom electrode was p-type Si (100) substrate, which served simultaneously as a mechanical support and as the 
bottom contact. This configuration resulted in a vertical Ag/Ga₂O₃/p-Si memristor structure. The use of Ag top electrodes 
facilitates the formation of conductive filaments during resistive switching, while the p-Si bottom electrode provides good 
ohmic contact with the Ga₂O₃ layer. 

 
RESULTS 

Structural properties: XRD analysis revealed that the as-prepared Ga₂O₃ thin films were predominantly 
amorphous, with only substrate-related diffraction peaks corresponding to Si (100) being observed. This indicates that 
the deposited layers did not form a well-ordered crystalline lattice in the as-grown state. However, after thermal annealing 
at 1000°C, distinct diffraction peaks assigned to the β-Ga₂O₃ phase appeared, confirming crystallization into the 
thermodynamically stable monoclinic structure [19,20]. 

The transition from the amorphous state to the crystalline β-phase demonstrates that high-temperature annealing 
plays a crucial role in improving the structural ordering of sol–gel derived Ga₂O₃ films. This observation is consistent 
with previous reports, which have shown that metastable phases of Ga₂O₃ (α, γ, δ, ε) tend to transform into the stable β-
phase upon sufficient thermal treatment. Thus, annealing at 1000°C is confirmed to be effective in enhancing crystallinity 
and stabilizing the β-Ga₂O₃ phase in sol–gel processed thin films (Figure 3). 

Optical properties: The optical absorption spectra of the Ga₂O₃ thin films showed a pronounced absorption edge, 
which sharpened after annealing at 1000°C, indicating improved crystallinity and a reduction in defect states. The optical 
bandgap was estimated using Tauc plots derived from the absorption data. The calculated bandgap for the annealed films 
was approximately 4.9 eV, which is in good agreement with reported values for β-Ga₂O₃ [21-23]. The corresponding Tauc 
plot for the annealed films is shown in Figure 4. 



417
Memristive Switching Behavior of Sol–Gel Derived Ga2O3 Thin Films   EEJP. 4 (2025)

  
Figure 3. XRD patterns of sol–gel derived Ga₂O₃ thin films Figure 4. Tauc plot of Ga₂O₃ thin films annealed at 1000 °C, 

indicating an optical bandgap of ~4.86 eV 

A noticeable blue shift in the absorption edge was observed as the annealing temperature increased. This shift can 
be attributed to the improved structural ordering of the films, which reduces sub-bandgap defect states, thereby widening 
the effective bandgap. Such behavior is commonly observed in oxide thin films and is typically attributed to the reduction 
of localized defect levels and the improvement of stoichiometry upon thermal treatment. 

These results confirm that high-temperature annealing not only stabilizes the β-Ga₂O₃ phase but also enhances its 
optical quality, making sol–gel–derived Ga₂O₃ thin films suitable for optoelectronic and memory device applications that 
require a wide bandgap and high thermal stability. 

Electrical properties: The current–voltage (I–V) characteristics of the Ga₂O₃ thin films demonstrated 
reproducible bipolar resistive switching behavior. During the voltage sweep, the devices switched from a high-
resistance state (HRS) to a low-resistance state (LRS) at a relatively low set voltage, and returned to the HRS at the 
reset voltage. The observed ON/OFF resistance ratio exceeded 102, ensuring a clear distinction between the two 
resistance states and making the films suitable for non-volatile memory applications (Figure 5). The fabricated device 
exhibited stable bipolar resistive switching in the Ag/Ga₂O₃/p-Si configuration. The Ag top electrode played a crucial 
role in filament formation, as silver cations can drift under bias, assisting the creation of localized conductive paths in 
addition to oxygen vacancy migration. This hybrid filamentary mechanism contributed to the low set/reset voltages 
and stable endurance observed in our device. 

Logarithmic I–V plots further confirmed the presence of well-defined HRS and LRS states across an extended 
voltage range (Figure 6). The resistive switching mechanism is attributed to the formation and rupture of conductive 
filaments, predominantly governed by oxygen vacancy migration within the Ga₂O₃ layer. In the SET process, oxygen 
vacancies drift under an electric field, forming localized conductive paths that reduce the resistance. Conversely, in the 
RESET process, these conductive filaments rupture, restoring the device to its high-resistance state. 

These findings are consistent with previously reported Ga₂O₃-based memristors fabricated using physical vapor 
deposition techniques, such as RF sputtering and pulsed laser deposition [5–8]. However, the present results highlight 
that the sol–gel approach provides a cost-effective, solution-processable, and scalable alternative, while still achieving 
competitive switching performance parameters. 

  

Figure 5. Current-voltage (I–V) characteristics of Ga₂O₃ 
thin film demonstrating memristive switching behavior 

Figure 6. Log-scale I–V characteristics of Ga₂O₃ thin film showing 
high-resistance and low-resistance states over extended voltage range 

The resistive switching behavior in Ag/Ga₂O₃ memristors can be explained by the formation and rupture of 
conductive filaments, mediated by both oxygen vacancies and Ag cations (Figure 7). Under a positive bias, oxygen 
vacancies migrate and Ag ions drift from the top electrode into the Ga₂O₃ layer, combining to form a localized filamentary 
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path that reduces the device resistance (SET process). When the polarity is reversed, Joule heating and electrochemical 
dissolution lead to the rupture of these filaments, restoring the high-resistance state (RESET process). This filamentary 
model is consistent with the observed bipolar switching and stable ON/OFF ratio in our devices. 

 
Figure 7. Schematic of filament formation and rupture in 

Ag/Ga₂O₃/Pt memristor (orange: Ag ions, yellow: oxygen vacancies) 
 

CONCLUSION 
In this work, Ga₂O₃ thin films were successfully synthesized by a low-cost sol–gel spin-coating technique followed 

by annealing at 1000°C. Structural analysis confirmed the phase transformation from an amorphous state to the 
thermodynamically stable β-Ga₂O₃ phase. Optical characterization revealed a sharp absorption edge with an estimated 
bandgap of ~4.9 eV, accompanied by a blue shift that can be attributed to improved crystallinity and reduced defect states. 
Electrical measurements demonstrated reliable bipolar resistive switching with a high ON/OFF resistance ratio (>102) 
and low set/reset voltages. The switching mechanism was explained by the formation and rupture of oxygen-vacancy-
mediated conductive filaments. 

These results highlight the potential of sol–gel derived Ga₂O₃ thin films as scalable, cost-effective, and high-
performance candidates for resistive random-access memory (RRAM) and neuromorphic computing applications. 
Furthermore, this study demonstrates that solution-processed Ga₂O₃ can achieve memristive characteristics comparable 
to those obtained by expensive physical vapor deposition techniques, thus opening new avenues for the development of 
next-generation memory technologies. Unlike many previous works that primarily emphasized Ga₂O₃ film growth, our 
study highlights the memristive behavior of a complete device structure (Ag/Ga₂O₃/p-Si). The explicit consideration of 
contact engineering is essential, since both the choice of top electrode (Ag) and bottom electrode (p-Si) strongly influence 
resistive switching performance. 
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МЕМРИСТИВНА ПОВЕДІНКА ПЕРЕМИКАННЯ ТОНКИХ ПЛІВОК Ga₂O₃, 

ОТРИМАНИХ ЗОЛЬ-ГЕЛЬ МЕТОДОМ 
Джамоліддін X. Муродов1,2, Шавкат У. Юлдашев2, Азамат О. Арсланов3, Нойба У. Ботірова2, 

Джавохір Ш. Худайкулов3,4, Iльос Х. Худайкулов5, Маргуба С. Міркамілова1, 
Уткур Е. Джураєв1, Азлархон М. Тіллабоєв6 

1Ташкентський державний технічний університет імені Іслама Карімова, Узбекистан 
2Центр розвитку нанотехнологій, Національний університет Узбекистану, Ташкент, Узбекистан 
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Оксид галію (Ga₂O₃) – це напівпровідник з надширокою забороненою зоною (~4,8–5,0 еВ), який нещодавно привернув значну 
увагу для наноелектронних пристроїв та пристроїв пам'яті наступного покоління завдяки своєму чудовому полю пробою, 
хімічній стійкості та термостійкості. У цьому дослідженні тонкі плівки Ga₂O₃ були виготовлені методом золь-гель спінінгу та 
потім відпалені при 1000°C. Рентгенівська дифракція виявила структурну еволюцію від аморфного стану до стабільної 
моноклінної фази β-Ga₂O₃ після відпалу. Електричні вимірювання показали відтворюване біполярне резистивне перемикання 
з коефіцієнтом опору ввімкнення/вимкнення, що перевищує 102, та відносно низькими напругами встановлення/скидання. 
Спостережуване перемикання інтерпретується в рамках формування та розриву провідних ниток, переважно керованих 
динамікою вакансій кисню. Поєднання недорогого синтезу, масштабованої обробки та надійної мемристивної продуктивності 
підкреслює тонкі плівки Ga₂O₃, отримані методом золь-гель, як сильних претендентів на майбутні архітектури резистивної 
пам'яті з довільним доступом (RRAM) та нейроморфні обчислювальні технології. 
Ключові слова: оксид галію; золь-гель метод; тонкі плівки; мемристор 
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In this study, the XRD method was used to characterise the structural and phase properties of GaSe monocrystals, and the impact of 
Cu ion intercalation on their optical properties was investigated. An increase in absorption (ABS) was observed in the 200–400 nm 
region as a result of the addition of Cu ions, and new optical transitions occurred around 600 nm. Overall, observable variations in 
absorption levels have been observed over the 200–800 nm spectral range. Tauc analysis revealed that the band gap narrowed from 
approximately 2 eV to about 1.88 eV upon intercalation and slightly widened to about 2.15 eV with photo-intercalation. These results 
suggest that Cu ion intercalation can be applied to modify the optical properties of GaSe monocrystals, increasing their potential for 
use in nonlinear optical devices, photonics, and sensor technologies. The findings also demonstrate that intercalation is an appropriate 
technique for regulating the physical characteristics of layered materials. 
Keywords: Band gap; Absorption; Intercalation; XRD diffraction 
PACS: 64.60.-i.621.315.592 

INTRODUCTION 
Due to their significant potential in optoelectronics, photonics, and sensor technologies, layered semiconductor 

materials have been the subject of extensive research in recent years. Gallium selenide (GaSe) is unique among these 
materials due to its unique layered crystal structure, broad band gap (around 2 eV), and significant nonlinear optical 
characteristics. GaSe may crystallise in both orthorhombic and hexagonal systems, and its layered structure makes it 
possible to adjust its electrical and optical characteristics using a variety of modification techniques ሾ1ሿ. GaSe is a potential 
material for use in laser technologies, photodetectors, and nonlinear optical devices because of these characteristics [2–5]. 

The process of intercalation, which is the insertion of atoms, molecules, or ions into the interlayer spaces in such 
layered crystals, can have a major impact on the electronic structure and functional characteristics of the material [6]. The 
research suggests that intercalation may result in the creation of new localised energy states, band gap change, optical 
absorption spectrum broadening, and photoluminescence intensity regulation. In GeI₂ crystals intercalated with pyridine 
molecules, for example, band gap widening has been seen, whereas electrochemical intercalation has enhanced electrical 
conductivity in materials like MoS₂ and ZrSe₂, even causing a change from semiconducting to metallic behaviour [7–10]. 

The combined results of these investigations show that the intercalation process is a popular and efficient way to 
intentionally adjust the electrical and optical characteristics of materials with little structural harm. Intercalated layered 
materials have a wide range of potential applications in optoelectronic devices, as confirmed by the literature now under 
publication. This highlights the need for more study in this area [11-12,13]. 

However, the effects of intercalation on the optical properties of layered semiconductors like GaSe, such as 
absorption spectra, optical transitions, and energetic modifications of the band gap, have not yet been thoroughly 
examined. Previous study published in the scientific literature [1, 14-18] has concentrated chiefly on structural features 
and electrical conductivity. Electrochemical intercalation was chosen for this investigation because to its quick, energy-
efficient, and economical application, as well as its repeatable and controllable nature. Additionally, it provides a viable 
approach for the creation of novel functional nanostructures. Because of their potential to improve electrical 
conductivity, modify the band gap, contribute to memory, energy storage, and more effectively thermal and chemical 
stability, copper ions were specifically chosen as intercalants. Nevertheless, little is known about the specific optical 
changes brought about by the intercalation of transition metals like Cu into GaSe crystals, especially with regard to 
wavelength-dependent effects and structural changes of the band gap. This emphasizes the necessity of additional 
experimental research. Therefore, by investigating the impact of Cu intercalation on the optical properties of GaSe 
crystals and exploring the potential applications of the ensuing alterations, this work aims to fill the existing gap. 

EXPERIMENTAL METHODOLOGY 
The layered GaSe single crystals investigated in this study were grown using the Bridgman–Stockbarger 

directional crystallization technique [1]. This method was specifically chosen due to its ability to produce high-quality 
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single crystals with a homogeneous structure and excellent crystallinity, yielding large, optically smooth GaSe crystals 
with a characteristic bright red appearance. The technique enabled the growth of samples with high purity and well-
preserved layered morphology, which are essential for accurate optical investigations. 

A detailed sample preparation protocol was implemented before measurements. High-quality specimens were 
selected based on their mirror-like surface morphology and scanned along the layer planes to ensure structural 
uniformity. Structural and compositional analyses were performed, including X-ray diffraction (XRD), to verify the 
crystalline order and homogeneity of the samples. These characterizations were essential not only to confirm the 
composition of the GaSe crystals but also to monitor changes induced by the intercalation process. 

The intercalation itself was carried out via electrochemical intercalation under a constant electric field. The GaSe 
single crystal samples were placed between electrodes separated by a 2.5 cm distance and subjected to the process for 
1 hour. Experiments were conducted under two different conditions – illuminated and dark environments – to examine 
the effect of external excitation on ion diffusion. The electrolyte consisted of a 4% aqueous copper sulfate solution 
(CuSO4⋅5H2O)+H2O (distilled), prepared by dissolving 30 g of copper sulfate in 700 ml of distilled water. Before the 
intercalation, the solution was heated to 70°C, and the process was initiated at this temperature. During the experiment, 
a potential difference of 0.3 V was applied, while a constant current of 0.22 mA was maintained between the electrodes, 
enabling the effective insertion of copper ions into the GaSe crystal lattice. A copper sulfate (CuSO₄) aqueous solution 
was employed as the electrolyte, facilitating the insertion of copper ions into the GaSe crystal lattice. 

To investigate the influence of intercalation on the optical properties of GaSe single crystals, the optical spectra of 
the samples were measured across a wide spectral range of 190–1100 nm, encompassing both ultraviolet (UV) and 
visible regions. A high-sensitivity Varian Cary 50 UV-Visible spectrophotometer was used for spectrometric analysis, 
allowing precise measurement of the samples’ absorption and transmission characteristics. The results revealed notable 
changes in the optical spectra due to the incorporation of copper ions into the crystal lattice, particularly the shift of the 
absorption edge and the modulation of the optical band gap energy. These findings provide critical insights into how 
intercalation affects the electronic structure of GaSe crystals, offering a valuable foundation for assessing their potential 
in future optoelectronic applications. 

Absorbance spectra in the range of 200–800 nm were calibrated by subtracting the dark signal prior to analysis. 
The absorption coefficient was calculated as: 

α(λ)=ଶ.ଷ଴ଷ஺()ௗ  

where d is the sample thickness (uncertainty: ±3%). Wavelength calibration uncertainty was ±1 nm, as specified by the 
manufacturer, corresponding to ±0.005–0.02 eV in the 300–600 nm range. 

The optical bandgap (Eg) was determined under the assumption of a direct allowed transition using Tauc analysis, 
plotting (αhν)2 versus hν. The linear fitting region was selected by visual inspection (pure GaSe: 1.95–2.15 eV; Cu-
intercalated: 1.75–1.95 eV) and fitted using the least-squares method. Eg values were obtained from the x-intercept of 
the linear extrapolation. 

Total uncertainty was estimated as the quadratic sum of contributions from: (i) absorbance noise and fitting error 
(95% confidence interval of the linear fit), (ii) wavelength calibration, and (iii) thickness measurement. For each 
sample, three replicate spectra were recorded; where applicable, the 95% CI from the fit and the standard deviation 
across replicates were combined. 

 
3. RESULTS AND DISCUSSION 

3.1. Structural Characterisation of the Layered GaSe Single Crystal by XRD 
To analyse the structural properties of the studied GaSe single crystals, X-ray diffraction (XRD) measurements 

were carried out in the angular range of 2θ = 0°–120°. The XRD technique plays a crucial role in identifying the 
crystallographic phase and structural order of materials. In the diffraction pattern, the 2θ angle provides information 
about the atomic arrangement. At the same time, the intensity (measured in counts per second, cps) reflects the strength 
of the diffracted signal and indicates how densely atoms are packed along specific planes. 

In the recorded diffraction pattern, a dominant peak with an intensity of approximately 300,000 cps appears near 
2θ ≈ 20°, which corresponds to the primary crystallographic phase of GaSe and confirms the high degree of ordering 
within the material (Fig. 1). The sharpness and narrow width of the peaks across the entire scan range are indicative of a 
well-ordered single-crystalline structure. We identified seven distinct diffraction peaks, each corresponding to specific 
crystallographic planes within the GaSe lattice. 

The most intense peak observed around 20° is indexed as the (002) reflection plane. This peak is characteristic of 
layered semiconductors, such as GaSe, and reflects the strong periodicity along the crystallographic c-axis. A weaker 
peak located between 30° and 40° corresponds to the (004) plane, which typically exhibits lower intensity in layered 
compounds due to the nature of interlayer interactions. Another significant peak appears around 60°, associated with the 
(006) plane, further validating the material’s layered periodicity. The (008) reflection is detected near 70° and is 
generally observed in high-quality GaSe single crystals. 

In addition, a peak near 80°, indexed as the (101) plane, reveals information about the lateral atomic arrangement 
within the basal layers. Two further low-intensity reflections observed between 90° and 100°, corresponding to the 
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(112) and (114) planes, provide evidence for the full three-dimensional crystallographic symmetry of the crystal lattice. 
These reflections, though less intense, help affirm that the crystal exhibits long-range order in multiple directions. 

Figure 2 presents the compositional analysis derived from the XRD pattern of the investigated GaSe crystal. In this 
plot, the red and green peaks correspond to the experimental reflections obtained from the sample, while the blue markers 
represent the standard diffraction data for the GaSe phase (ICDD card: 00-037-0931). A comparison of the measured and 
reference patterns reveals a high degree of correspondence, confirming that the studied material is consistent with the 
stoichiometric GaSe phase. This agreement indicates that the crystal is single-phased and exhibits high purity. 

  

Figure 1. XRD image of a GaSe crystal Figure 2. Compositional analysis of GaSe crystal 

Gallium selenide (GaSe) is a III–VI group layered semiconductor that crystallizes in an orthorhombic system and 
typically displays p-type conductivity. The presence of acceptor-like defects, particularly selenium vacancies, is a 
characteristic feature contributing to its p-type behavior. The confirmation of a monocrystalline nature implies that the 
entire crystal has grown uniformly along a single crystallographic direction, exhibiting minimal grain boundaries or 
internal fractures. 

The orthorhombic symmetry of the GaSe structure implies that the crystal possesses three mutually perpendicular 
axes of unequal lengths (ϒ-modification, a = 3.755×10⁻⁴ μm and c = 2.392×10⁻³ μm.). This structural system is distinct 
from the more symmetric hexagonal configuration and is considered a more specific and directionally anisotropic 
phase. A major advantage of single-crystalline materials over polycrystalline or nanocrystalline forms is their superior 
and more predictable physical properties, as the uniform crystal orientation enables more coherent charge transport and 
reduced scattering at interfaces. 

In the case of p-type GaSe, the charge transport is primarily governed by positively charged carriers (holes), 
resulting from an intrinsic deficit of electrons. This type of conductivity is particularly relevant for tuning the material’s 
electronic response under external stimuli. The combination of a layered structure and intrinsic p-type behavior makes 
GaSe a promising host material for intercalation-based modifications, enabling targeted tuning of its physical and 
optoelectronic properties. 

 
3.2. Effect of electrochemical intercalation with copper ions on optical properties 

In Figure 3a, the wavelength-dependent absorption (ABS) of the layered GaSe single crystal is presented. The 
main features of the graph can be described as follows: 

• At short wavelengths (high absorption region) – in the range of 200–350 nm, a strong absorption is observed. 
This indicates the spectral region where electronic transitions from the valence band to the conduction band 
occur intensely in the GaSe single crystal. The sharp peaks observed during the measurement are attributed to 
the sensitivity of the device. 

• Sharp decrease in absorption (300–400 nm region) – after 300 nm, a noticeable drop in absorbance is observed. 
This suggests that the material’s band gap lies within this spectral range. In this region, the photon energy is no 
longer sufficient to induce major electronic transitions in the GaSe crystal, leading to a decrease in absorption. 

• Low absorption region (beyond 400 nm) – for wavelengths greater than 400 nm, the absorbance appears to 
stabilize around 2. This indicates that the material does not significantly absorb light in this region and is 
mainly transparent. 

• Stable absorption up to 800 nm – at longer wavelengths (approaching the infrared spectral region), the 
absorption remains very low. This is due to the increase in optical transmission of the material and the fact that 
the photon energy is insufficient for electronic transitions. 

Figure 3b shows the wavelength-dependent absorption of the GaSe single crystal after electrochemical 
intercalation with copper ions. 



423
Investigation of the Optical Properties of Metal Ion-Intercalated GaSe Semiconductor...   EEJP. 4 (2025)

High absorption region (200–350 nm) – compared to the pure GaSe, intense absorption peaks are also observed at 
short wavelengths in this spectrum. These peaks are associated with changes in the electronic structure of the crystal 
due to the incorporation of copper ions between the GaSe layers. 

Sharp decrease in absorption (350–600 nm) – after intercalation, the absorption decrease shows a slightly different 
behaviour. Compared to the previous (non-intercalated) spectrum, it can be seen that absorption persists to some extent 
even at longer wavelengths. This is explained by the modification of energetic levels and the emergence of new optical 
transitions as a result of copper ion incorporation into the crystal structure. 

New features (600–800 nm) – in this region, a sharp change is observed around 600 nm in the intercalated sample. 
This is related to the influence of newly formed energy levels, induced by copper ions between the GaSe layers, on the 
optical properties. The fact that absorption drops to nearly zero beyond 600 nm indicates that the material becomes less 
sensitive to light in this region. 

  
a) b) 

Figure 3. a) Wavelength dependence of absorption before intercalation; b) Wavelength dependence of absorption after intercalation 
with Cu ions 

In Figure 4, the Tauc method is used to analyze the effect of intercalation on the band gap more precisely. By 
applying the Tauc method, the band gap energy of the GaSe single crystal is accurately determined. For this purpose, 
the Tauc equation is used: 

(αhν)n=A(hν−Eg) 

Here: 
α - absorption coefficient, hν - photon energy, Eg - band gap width, A - proportionality coefficient, n - a parameter that 
depends on the type of transition. Since this coefficient is a direct transition for GaSe, n=2 is taken. 

 
Figure 4. Determination of the prohibited zone according to the Tauc method 

The linear fit windows are shown as gray bands; solid lines represent least-squares fits; the shaded area indicates 
the 95% confidence interval. The band gaps extracted from the intersections are: Eg (pure) = 2.00 ± 0.03 eV, 
Eg (Cu-intercalated) = 1.86 ± 0.03 eV. 

In Figure 4, the narrowing of the band gap in the GaSe crystal is related to structural and electronic changes in the 
crystal lattice caused by intercalation with copper ions. 

Before intercalation, the band gap width of the GaSe crystal (blue line) was observed to be approximately 2 eV. 
This value corresponds to the expected band gap of pure GaSe. For copper-intercalated GaSe (red line), the band gap is 
approximately 1.88 eV. As shown, the band gap narrows due to copper intercalation. 
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The insertion of copper ions between the layers leads to changes in the energetic levels and gives rise to new 
optical transitions at lower energy states. In the spectrum of pure GaSe, the transmittance (Tm%) sharply decreases at 
high energies (short wavelengths), indicating the absorption edge and the band gap energy (Eg) of the material. This 
steep drop is a clear indicator of the band edge position. 

During the electrochemical intercalation process, copper ions enter between the layers of the GaSe single 
crystal and affect the crystal lattice. As a result, lattice deformation occurs, where the incorporation of copper ions alters 
interatomic distances, thereby influencing the mobility of electrons and the configuration of the energy bands. At the 
same time, new localised energy states are formed. 
When copper ions (Cu²⁺) are intercalated into the GaSe crystal lattice, the type of energy levels they generate depends 
on several factors. These factors are as follows: 
• The electronic configuration of Cu²⁺ ions – The electron configuration of the Cu²⁺ ion is 3d⁹. The d-orbital 

electrons of this ion create localized energy states within the GaSe crystal lattice. 
• Increase in conductivity and narrowing of the band gap – As seen from the graph, copper intercalation enhances 

conductivity and narrows the band gap by approximately 0.1 eV. This implies that Cu²⁺ ions are more likely to 
form acceptor levels rather than donor levels. 

• Type of levels formed by copper ions – Acceptor levels (energy levels near the valence band) – When Cu²⁺ ions 
are intercalated into the layered GaSe structure, they tend to attract electrons, which leads to the formation of new 
energy levels just above the valence band. In this case, the valence band effectively expands, resulting in a 
narrower band gap. The energy required for electrons to transition into the conduction band decreases, which 
accounts for the 0.12 eV narrowing of the band gap. As a result, conductivity increases because electrons in the 
valence band can more easily reach the conduction band. 

• Spectral manifestation of band gap narrowing – In the spectrum of pure GaSe, the absorption edge is located at a 
higher energy (around 2 eV). However, after copper intercalation, this edge shifts toward lower energies (around 
1.88 eV), indicating a narrowing of the band gap, as the material begins to absorb lower-energy photons. 

 
Figure 5. Dependence of the absorption coefficient (α) on photon energy (hν) for pure GaSe (black 
squares), Cu-ion-intercalated (red circles), and photo-intercalated (blue triangles) GaSe single crystals 

Figure 5 presents the dependence of the absorption coefficient (α) on photon energy (hν) for pure GaSe, Cu-ion-
intercalated GaSe, and photo-intercalated GaSe single crystals. Layered semiconductor GaSe, in its pure state, possesses 
high crystalline perfection and a relatively low defect density. High-energy photons (in the UV region) induce strong 
absorption; however, as the photon energy approaches the band gap, the absorption decreases sharply. The absorption 
edge is observed at approximately 2.0 eV, which corresponds to the typical band gap of pure GaSe. The incorporation 
of Cu²⁺ ions into the interlayer spaces creates localized energy states in the crystal lattice. These states enable additional 
transitions between the valence and conduction bands, allowing electrons to be excited by photons of lower energy 
(~1.88 eV) (red shift). At the same time, defects and lattice deformation caused by the ions increase light scattering and 
the probability of carrier recombination, which in turn reduces the overall absorption coefficient. During photo-
intercalation, both the positioning of the ions and the formation of photo-induced defects occur under illumination. The 
photo-induced effect generates additional lattice strain and changes the relative positions of atoms, thereby increasing 
the distance between the valence and conduction bands (~2.15 eV) (blue shift). In this process, some defects act as 
“trapping centers” in the conduction band, reducing the absorption of low-energy photons. As a result, the overall 
absorption coefficient becomes even lower compared to ion intercalation. 

Figure 6 shows the dependence of light transmittance on photon energy for all three samples. 
As seen in the pure sample, the transmittance remains relatively high (~65%) up to approximately 2 eV, followed 

by a sharp drop. This drop corresponds to the fundamental band gap of the material, indicating that the GaSe single 
crystal absorbs light with photon energies above ~2 eV and does not transmit it. 
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After intercalation, the initial transmittance level starts around ~43%, and a steep decrease is observed near 1.88 eV. 
This indicates that the intercalation slightly narrows the band gap and introduces changes in the crystal structure or 
electronic states. 

In the case of photo-intercalation, the transmittance is further reduced (~35%), and the onset of absorption appears 
around ~2.15 eV. This suggests that even lower-energy photons are now being absorbed by the material, resulting in an 
earlier and more pronounced drop in transmittance. 

 
Figure 6. Dependence of light transmission rate on energy 

 
CONCLUSIONS 

The experimental investigations revealed that the most intense diffraction peak (002) in the XRD pattern confirms 
the layered structure and high degree of ordering along the c-axis. Additional major diffraction peaks such as (004), 
(006), and (008) indicate a well-organised layered phase, while reflections corresponding to planes like (101), (110), 
and (112) demonstrate the lateral structural arrangement of the crystal. The narrow and sharp nature of these peaks 
reflects the high crystalline quality of the single crystal (99.99999%). 

As a result of Cu ion intercalation into GaSe single crystals, the band gap decreased from 2 eV to 1.88 eV, leading 
to the formation of new energetic levels. This caused a notable increase in the absorption coefficient within the 200–400 
nm range and the appearance of new optical transitions around 600 nm. In the case of photo-intercalation, 
approximately 35% of the incident light is transmitted through the material, while the remaining 65% is absorbed, with 
the band gap widening slightly to about 2.15 eV. 

Using the applied approach, the band gap for pure GaSe was determined as Eg=2.00±0.03 eV and for Cu-
intercalated GaSe as Eg=1.86±0.03 eV (95% CI). Thus, intercalation reduces the band gap by ΔEg=−0.14±0.04 eV.  

 
DISCUSSION 

This work presents results for a single intercalation level; nevertheless, considering the measurement uncertainty, 
the observed narrowing of the band gap (Eg) is clear and exceeds the experimental errors. In the future, we plan to 
prepare a series of samples with varying Cu intercalation levels (confirmed by EDS) to investigate changes in Eg over a 
broader range. 
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ДОСЛІДЖЕННЯ ОПТИЧНИХ ВЛАСТИВОСТЕЙ МОНОКРИСТАЛІВ НАПІВПРОВІДНИКІВ GaSe, 

ІНТЕРКАЛЬОВАНИХ ІОНАМИ МЕТАЛІВ 
Рахім Мадатов1,2, Ламія Садіглі1, Ракшана Мамішова1,3, Айдан Халігзаде1 

1Міністерство науки та освіти Азербайджанської Республіки, Інститут радіаційних проблем, 
вулиця Б. Вагабзаде, 9, AZ 1141, Баку, Азербайджан, 

2Національна авіаційна академія, проспект Мардакана, 30, Az 1045, Баку, Азербайджан 
3Азербайджанський університет архітектури та будівництва, вулиця Айни Султанової, 5, Az1073, Баку, Азербайджан 

У цьому дослідженні для характеристики структурних та фазових властивостей монокристалів GaSe було використано 
метод рентгенівської дифракції, а також досліджено вплив інтеркаляції іонів Cu на їх оптичні властивості. Збільшення 
поглинання (ABS) спостерігалося в області 200–400 нм в результаті додавання іонів Cu, а нові оптичні переходи відбувалися 
близько 600 нм. Загалом, спостережувані варіації рівнів поглинання спостерігалися в спектральному діапазоні 200–800 нм. 
Tauc аналіз а показав, що ширина забороненої зони звузилася приблизно з 2 еВ до приблизно 1,88 еВ при інтеркаляції та 
дещо розширилася до приблизно 2,15 еВ при фотоінтеркаляції. Ці результати свідчать про те, що інтеркаляцію іонів Cu 
можна застосовувати для модифікації оптичних властивостей монокристалів GaSe, збільшуючи їхній потенціал для 
використання в нелінійних оптичних пристроях, фотоніці та сенсорних технологіях. Результати також демонструють, що 
інтеркаляція є відповідним методом регулювання фізичних характеристик шаруватих матеріалів. 
Ключові слова: ширина забороненої зони; поглинання; інтеркаляція; рентгенівська дифракція 
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In this paper, we present a detailed theoretical exploration of the ternary chalcopyrite semiconductors AgGaTe₂ and AgInTe₂ using 
first-principles calculations grounded in Density Functional Theory (DFT). The simulations are carried out within the Full-Potential 
Linearized Augmented Plane Wave (FPLAPW) formalism as implemented in the WIEN2k computational package. Structural 
properties are optimized using the WC-GGA exchange–correlation functional, whereas the electronic and optical responses are refined 
through the modified Becke–Johnson (mBJ) potential, known for its improved bandgap estimation accuracy. The study involves a 
thorough evaluation of the electronic band structures and various optical parameters, including the complex dielectric function, 
absorption coefficient, refractive index, energy-loss function, and reflectivity. The findings reveal that both materials possess direct 
bandgaps that lie within the optimal range for solar cell absorption. Additionally, these compounds show strong light absorption in the 
visible and near-infrared regions, high refractive indices, and marked interband transitions. Such features highlight their suitability for 
photovoltaic technologies, especially in thin-film configurations where enhanced light capture and carrier generation are critical. 
Moreover, the observed optical and electronic properties also suggest possible utilization in infrared detection and nonlinear 
optoelectronic systems. Overall, the results contribute valuable theoretical insight into the optoelectronic characteristics of silver-based 
telluride chalcopyrites, reinforcing their potential as environmentally friendly and efficient materials for future solar energy solutions. 
Keywords: FPLAPW; Density Functional Theory; Modified Becke–Johnson; Electronic structure; Optical analysis 
PACS: 73.20.At, 78.20.Ci 

1. INTRODUCTION
Ternary I–III–VI2 chalcogenide semiconductors, notably AgGaTe2 and AgInTe2, have garnered substantial attention 

from the scientific community owing to their remarkable structural and physicochemical characteristics. 
These compounds are part of a wider family of tellurium-rich materials that adopt a crystal structure based on the 

chalcopyrite prototype [2]. Their combination of adaptable crystal geometry, adjustable bandgap energy, and superior 
optical activity across the visible and infrared spectra renders them highly suitable for innovative energy-related and 
optoelectronic applications [3–8]. 

AgGaTe2 and AgInTe2 crystallize in a chalcopyrite-type tetragonal lattice (space group I-42d, No. 122) [9], derived 
from the zincblende structure through an ordered arrangement of cations. This structural configuration exhibits a distinct 
distribution of atoms at cationic and anionic positions, leading to anisotropic electronic properties and notable dielectric 
responses. 

Thanks to their relatively narrow and direct bandgaps, both materials are highly suited for use in thin-film solar 
cells, infrared photodetectors, thermoelectric converters, and nonlinear optical applications [10–15]. Furthermore, their 
optoelectronic characteristics can be engineered through compositional modifications or lattice strain, enhancing their 
adaptability for tailored device integration. 

Despite their promising functionalities, rigorous theoretical investigations, particularly those employing accurate 
ab initio techniques, remain limited. Among such methods, the Full-Potential Linearized Augmented Plane Wave 
(FPLAPW) approach [16] is widely regarded for its high precision in solving the Kohn–Sham equations within the 
Density Functional Theory (DFT) framework [17], especially for systems exhibiting structural anisotropy or complex 
bonding environments. 

In this study, we utilize the WIEN2k computational platform [18], a well-established implementation of the 
FPLAPW formalism, to explore the structural, electronic, and optical properties of AgGaTe₂ and AgInTe₂. Geometry 
optimization is conducted using the Wu–Cohen Generalized Gradient Approximation (WC-GGA), while the electronic 
and optical responses are computed via the modified Becke–Johnson (mBJ) potential [19], which offers superior bandgap 
accuracy compared to traditional GGA or LDA functionals. 
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The objective is to provide a thorough characterization of these compounds, including their: 
• electronic band structures and bandgap nature (direct vs. indirect), 
• and Optical parameters, such as the dielectric function, absorption coefficient, refractive index, and 

reflectivity [15]. 
The findings provide valuable theoretical insights for optimizing Ag-based chalcopyrite semiconductors in energy 

harvesting and optoelectronic applications, while supporting their development as efficient and sustainable materials for 
next-generation technologies. 

 
2. COMPUTATIONAL METHODOLOGY 

All computational analyses in this study were conducted using the WIEN2k package [18], which implements the 
Full-Potential Linearized Augmented Plane Wave (FPLAPW) method [16] recognized as one of the most precise first-
principles techniques for solving the Kohn–Sham equations of Density Functional Theory (DFT) [17]. This approach is 
particularly effective for handling materials with strongly localized or correlated electrons, such as those containing 
transition metals or heavy elements. 

For structural relaxation and total energy determination, we employed the Generalized Gradient Approximation 
(GGA) with the Perdew-Burke-Ernzerhof (PBE) exchange correlation functional [20]. To enhance the accuracy of the 
computed electronic bandgaps and optical properties, we adopted the modified Becke Johnson (mBJ) potential, which is 
known to yield bandgap estimates that align more closely with experimental results than those obtained using standard 
GGA or LDA methods. 

Given the presence of the heavy tellurium (Te) atom (Z = 52), spin–orbit coupling (SOC) effects were explicitly 
considered, as they significantly influence the electronic states near the valence band maximum. Computational 
parameters were carefully selected to ensure numerical accuracy and convergence: the plane-wave cutoff parameter RKmax 
was set to 8.0, and the Brillouin zone was sampled with a 12×12×12 Monkhorst Pack k-point mesh. 

Muffin-tin radii (RMT) were assigned as follows: 2.5 atomic units (a.u.) for Ag, 2.3 a.u. for Ge or In, and 2.4 a.u. for Te, 
ensuring there was no overlap between atomic spheres. Self-consistent field (SCF) cycles were considered converged when 
the total energy difference between iterations was less than 10⁻⁵ Ry, and the charge convergence threshold was set to 10⁻⁴ Ry. 

 
3. RESULTS AND INTERPRETATION 

3.1. Structural Optimization 
The structural optimization of the ternary chalcopyrite compounds AgInTe₂ and AgGaTe₂ offers crucial insights 

into their crystal stability, atomic-scale arrangement, and the structural parameters that influence their physical behavior. 
Both compounds crystallize in the tetragonal chalcopyrite structure with space group I-42d, [9] which can be regarded as 
a derivative of the cubic zinc blende structure. This configuration arises through the ordered substitution of Group III 
elements (In or Ga) and the resulting doubling of the unit cell along the c-axis. The ordered arrangement of cations (Ag 
and In or Ga) in this tetragonal lattice breaks the cubic symmetry and introduces anisotropy into the physical properties 
an essential feature for applications in directional optoelectronics and thermoelectrics [21]. 

The optimized lattice parameters obtained using the GGA-WC results illustrated in (Table 1), in good agreement 
with reported experimental and theoretical data. The c/a ratio in both compounds is approximately 1.98, which is slightly 
lower than the ideal value of 2.0. This subtle deviation signifies the presence of a minor tetragonal distortion, commonly 
observed in real chalcopyrite structures. Such a small distortion indicates that the systems maintain a high degree of lattice 
symmetry and structural integrity, essential for minimizing crystal imperfections, lattice strain, and potential defect states 
that can trap carriers or act as non-radiative recombination centers. 
Table 1. Lattice parameters (a, c) (Å), internal parameter (u), bulk modulus B (GPa), and its pressure derivative B′ for the AgGaTe₂ 
and AgInTe₂ compounds 

Compound  a(Å) C(Å) c/a ƞ=c/2 
a U(Å) B(GPa) B′ 

AgGaTe₂ Our Calcul. 6.221 12.558 1.99 1.00 0.250 50.123 5.347 

Exp. 6.288a 11.940a 1.898a 0.949a - - - 
6.283b 11.918b 1.897b 0.948b 0.26b 48.6b - 

AgInTe2 Our calcul. 6.442 12.925 1992 0.997 0.231 45.540 5.6122 
Exp. 6.467a 12.633a 1.85a 0.977a 0.262a - - 

aRef [32], bRef [33] 

The variation of Energy as function a volume (Fig. 1). The slight differences in lattice constants and unit cell 
volumes between AgInTe₂ and AgGaTe₂ can be attributed primarily to the difference in covalent radii of the Group III 
elements. Indium (In), with a covalent radius of 1.56 Å, is significantly larger than gallium (Ga), which has a radius of 
1.36 Å. This difference leads to a lattice expansion in AgInTe₂ along both the a-axis and c-axis, resulting in a larger unit 
cell volume compared to AgGaTe₂. This observation is consistent with Vegard’s law, which states that the lattice 
parameters of a solid solution or alloy vary linearly with the atomic radii of the substituting elements. From a materials 
physics perspective, such atomic substitution not only alters the geometrical framework but also subtly affects bond 
lengths and bond angles, especially the Ag–Te and In/Ga–Te bonds, which are critical for orbital hybridization and 
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bandgap formation. For example, a longer In–Te bond in AgInTe₂ leads to weaker orbital overlap compared to the shorter 
Ga–Te bond in AgGaTe₂, which can influence both the band dispersion and the effective mass of charge carriers. 

Moreover, the bond alternation parameter (u) and internal displacement of atoms though not detailed here also play 
a role in the spatial electron density distribution, anisotropic dielectric response, and polarization effects, which are 
significant in nonlinear optical applications and in understanding carrier localization phenomena. 

 
Figure 1. The dependence of the total energy on volume was examined for the AgInTe₂ and AgGaTe₂ compounds, aiming to 

analyze their thermodynamic and structural characteristics 

The precision of the computed structural parameters highlights the strength and reliability of the employed 
computational approach. Although the GGA-WC functional is recognized for its limited accuracy in bandgap predictions, 
it proves effective in capturing equilibrium structures and volumetric behavior. This consistency in structural modeling 
provides a dependable foundation for further exploration of the electronic band structure, density of states, and optical 
characteristics, especially considering that even slight discrepancies in lattice parameters may lead to significant variations 
in observable physical properties. 

In conclusion, both AgInTe₂ and AgGaTe₂ exhibit stable, well-ordered chalcopyrite structures with minimal 
tetragonal distortion and expected trends in lattice expansion due to atomic substitution. These structural characteristics 
contribute directly to the favorable semiconducting and optical properties of these materials. Their mechanical stability, 
structural uniformity, and adaptability to lattice engineering make them strong candidates for advanced applications in 
photovoltaic energy conversion, infrared photodetection, and thermoelectric energy harvesting. 

 
3.2. Electronic Structure Band 

The electronic band structure calculations for AgInTe₂ and AgGaTe₂ indicate that both compounds possess a direct 
bandgap, with the valence band maximum (VBM) and conduction band minimum (CBM) located at the Γ-point in the 
Brillouin zone (see Figure 2). This direct transition is particularly beneficial for optoelectronic and photovoltaic 
technologies, as it enables efficient photon absorption and emission without the necessity of phonon involvement. The 
band structures were derived using the Generalized Gradient Approximation (GGA), based on either prior literature or 
current computational results (refer to Table 2). These findings align with the well-documented limitation of GGA in 
underestimating bandgap values due to its inadequate treatment of exchange–correlation interactions. To achieve more 
reliable electronic gap predictions, the modified Becke–Johnson (mBJ) potential was employed. This semi-local exchange 
potential significantly improves the description of the electronic structure, resulting in corrected bandgap values of around 
0.98 eV for AgInTe₂ and approximately 1.15 eV for AgGaTe₂. These values are in much closer agreement with available 
experimental data, confirming that mBJ is more suitable for accurately capturing the quasi-particle bandgap of 
semiconducting chalcopyrite materials. 

  
a B 

Figure 2. Electronic band structures of (a) AgGaTe₂ and (b) AgInTe₂ were computed using the modified Becke–Johnson (mBJ) potential 
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Table 2. Band gap (Eg) values of the AgInTe₂ and AgGaTe₂ compounds. 

Eg (eV) 
 Our Calcul. Exp. Other calcul. WC-GGA mBj 

AgGaTe2 

AgInTe2 

0.5 1.18 1.1a, 1.36b, 1.32c 

0.93-0.96a, 1.04b 
1.10a, 1.21b 

1.09b 0.04 1.01 
aRef [32], bRef [33] 

In terms of orbital character, the valence band region in both compounds is predominantly composed of Te-5p states, 
which are strongly hybridized with Ag-4d orbitals. This p–d hybridization plays a vital role in shaping the upper valence 
bands, leading to relatively flat band dispersion near the VBM and contributing to the high hole effective mass. The 
conduction band edge, however, exhibits material-specific characteristics: in AgInTe₂, the CBM is largely formed by 
In-5p orbitals, while in AgGaTe₂, it consists mainly of Ga-4p states. Due to the smaller and more localized nature of 
Ga-4p orbitals compared to In-5p, the conduction band in AgGaTe₂ is slightly more dispersive, which can contribute to 
a lower electron effective mass and potentially better n-type transport behavior. 

The separation between the valence and conduction bands defines the electronic bandgap, and the precise alignment 
and nature of these bands are crucial in determining the absorption edge, carrier recombination dynamics, and overall 
efficiency of optoelectronic devices. The clear direct bandgap at the Γ-point and the dominant p–d and p–p interactions 
in both materials are consistent with what is expected in chalcopyrite semiconductors and support their use as light-
absorbing layers in thin-film solar cells, infrared sensors, and photoelectronic modulators. 

In summary, the electronic structure analysis demonstrates that AgInTe₂ and AgGaTe₂ are both direct gap 
semiconductors with bandgaps suitable for infrared and near-infrared applications. The mBJ correction effectively 
mitigates the bandgap underestimation typical of GGA, and the detailed orbital analysis highlights the significant role of 
Te–Ag hybridization and Group III p-orbitals in shaping the band structure. These characteristics reinforce the potential 
of these compounds for integration into next-generation optoelectronic and photovoltaic technologies. 

 
3.3 Optical Properties 

The optical response of AgInTe₂ and AgGaTe₂ was investigated through first-principles calculations of the complex 
dielectric function, expressed as ε(ω) = ε₁(ω) + iε₂(ω), [31] where ε₁(ω) represents the real part (describing dispersion) 
and ε₂(ω) the imaginary part (related to absorption). From these fundamental optical quantities, additional key parameters 
such as the refractive index (n), absorption coefficient (α), and reflectivity (R) were derived, providing a comprehensive 
view of the materials’ interaction with electromagnetic radiation. 

The static dielectric constants ε₁(0) were found to be approximately 12.6 for AgGaTe₂ and 13.1 for AgInTe₂, 
indicating strong polarization response at zero photon energy. These high values suggest significant electronic 
polarizability, which is favorable for materials intended for nonlinear optical or capacitive applications. Similarly, the 
static refractive index n(0) shows high values of ~3.55 for AgGaTe₂ and ~3.60 for AgInTe₂, (Figure 3) indicating that 
both compounds are optically dense. Such high refractive indices imply efficient light confinement, which is crucial for 
enhancing the optical path length in thin-film solar cell structures and improving light absorption efficiency. (Table 3).  

 

 
Figure 3. The energy-dependent behavior of both the real and imaginary components of the electronic dielectric function ε(ω) 

was analyzed for AgGaTe₂ and AgInTe₂ compounds 
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Table 3. Static Dielectric Function (ε1(0)) and Static Refractive Index (n(0)) Calculations for AgInTe2 and AgGaTe2 Compounds. 

 n(0) 𝜺𝟏(𝟎) 
 Our Calcul. 

WC-GGA 
Other calcul. 

Ref. 
Our Calcul. Other calcul. 

Ref. 
AgInTe₂ Xx: 3.591 

Zz:3.623 
Xx: 2.756 
Zz: 2.775 

Xx:12.942 
Zz: 13.193 

- 
- 

AgGaTe₂ Xx: 3.631 
Zz: 3.513 

Xx: 2.891 
Zz: 2.466 

Xx: 13.193 
Zz: 13.103 

Xx: 12.72 
Zz: 12.90 

Ref [32,33] 

The analysis of the imaginary component of the dielectric function, ε₂(ω), indicates that the principal absorption 
peaks are located at approximately 4.1 eV for AgGaTe₂ and 3.9 eV for AgInTe₂. These prominent features are attributed 
to strong interband transitions, notably from Te-5p and Ag-4d states in the valence band to conduction band states largely 
comprised of Ga-4p or In-5p orbitals. Moreover, the computed absorption coefficient α(ω) (as shown in Figure 4) 
surpasses 10⁵ cm⁻¹ within the visible and near-infrared regions, highlighting the materials’ pronounced interaction with 
light. This high absorption performance is particularly advantageous for photovoltaic applications, as it facilitates efficient 
solar energy capture even in devices employing ultrathin active layers. 

 
Figure 4. The energy-dependent optical conductivity of AgInTe₂ and AgGaTe₂ compounds was examined to assess their 

electromagnetic response characteristics 

 
Figure 5. The photon energy dependence of the optical reflectivity R(ω) was investigated for the AgInTe₂ and AgGaTe₂ 

compounds to understand their reflective behavior across different spectral regions 
The reflectivity spectra demonstrate that both AgInTe₂ and AgGaTe₂ compounds display moderate reflectance 

approximately 45% in the ultraviolet (UV) region, followed by a gradual decline as the wavelength extends into the visible 
and infrared ranges. This behavior, characterized by efficient absorption in the visible spectrum alongside partial UV 
reflectivity (See Figure5), suggests these materials are well-suited for multifunctional optical coatings. In particular, their 
UV-reflective properties can enhance device longevity and serve as effective radiation filters, making them valuable in 
optoelectronic and protective applications. 

The variation of the refractive index n(ω) and the extinction coefficient k(ω) as a function of energy is presented in 
Figure 6. According to the refractive index spectrum, we observe anisotropic behavior, characterized by Δn(0) = 0.05 and 
0.02 for AgInTe2 and AgGaTe2, respectively. The refractive index increases with energy until it reaches a maximum value 
in the visible region for both compounds. Beyond these energies 1.542 eV for AgInTe₂ and 1.589 eV for AgGaTe₂ it 
decreases. It is also noted that the peaks shift towards lower energies when moving from Ga to In. 

The extinction coefficient k(ω) is related to the damping of the oscillation amplitude of the incident electric field. 
The maximum peak in the extinction coefficient curve appears at the energy value (2.771 eV for AgGaTe2 and 2.489 eV 
for AgInTe2) where the real part of the dielectric function crosses zero. This is clearly verified for both compounds. 
Subsequently, the extinction coefficient k(ω) decreases with increasing incident photon energy. 

Optical conductivity plays a crucial role in evaluating photoelectric conversion efficiency, as it reflects the material’s 
response under illumination. Figure (7) illustrates the energy-dependent optical conductivity profiles of AgGaTe₂ and 
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AgInTe₂. Notably, both compounds demonstrate substantial conductivity within the visible spectrum (1.64–3.12 eV), 
highlighting their suitability for solar energy applications. 

Overall, the optical analysis confirms that AgInTe₂ and AgGaTe₂ exhibit highly favorable properties – such as 
elevated refractive indices, robust absorption across the visible to near-infrared range, and moderate reflectivity in the 
ultraviolet. These characteristics render them excellent candidates for cutting-edge technologies, including thin-film 
photovoltaic cells, IR photodetectors, and nonlinear optical components. Furthermore, their capacity to achieve efficient 
light absorption while maintaining selective transparency enhances their potential integration into advanced multilayer 
optoelectronic and photonic architectures. 

 

Figure 6. Optical Behavior of AgInTe₂ and AgGaTe₂: Spectral Variation of n(ω) and extinction k(ω) 

 
Figure 7. The variation in optical conductivity with photon energy was explored for AgInTe₂ and AgGaTe₂ compounds to assess 

their light-induced electronic response characteristics 
 

5. CONCLUSIONS 
In this study, we conducted a comprehensive theoretical investigation of the chalcopyrite-type semiconductors 

AgGaTe₂ and AgInTe₂ using the Full-Potential Linearized Augmented Plane Wave (FPLAPW) method as implemented 
in the WIEN2k code. Our first-principles calculations provided detailed insights into the structural, electronic, and optical 
properties of these compounds. 
• The optimized lattice parameters are in excellent agreement with available experimental data, confirming the 

reliability of the computational approach based on the GGA-PBE functional. 
• Band structure calculations using the mBJ potential reveal that both materials possess direct bandgaps of 

approximately 1 eV, which is ideal for optoelectronic and infrared applications. 
• The optical analysis demonstrates strong absorption in the visible and near-infrared regions, high static refractive 

indices, and robust dielectric responses, all of which are critical for efficient light harvesting and photonic 
functionality. 
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These findings highlight the potential of AgGaTe₂ and AgInTe₂ as promising candidates for next-generation 
photovoltaic devices, infrared detectors, and nonlinear optical systems. 

 
6. OUTLOOK AND FUTURE DIRECTIONS 

To further advance the understanding and technological potential of these materials, future studies may focus on: 
• Defect engineering, including the investigation of vacancies, substitutional dopants, or antisite defects, to tailor 

electronic and optical behavior. 
• Alloying strategies, such as partial substitution of Ga, Sb, or Se, to tune the bandgap and optimize performance 

for specific applications. 
• Inclusion of many-body effects, through GW approximation and Bethe–Salpeter Equation (BSE) methods, to 

more accurately describe excitonic interactions and optical spectra. 
• Evaluation of thermal conductivity and carrier mobility, which are crucial for thermoelectric applications and 

overall device efficiency. 
This work lays a strong theoretical foundation for the practical development of Ag-based ternary tellurides and opens 

avenues for their integration into high-performance optoelectronic and energy conversion technologies. 
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ПОКРАЩЕНЕ ДОСЛІДЖЕННЯ НАПІВПРОВІДНИКІВ ХАЛЬКОПІРИТУ AgGaTe2 ТА AgInTe2 НА ОСНОВІ 
ПЕРШОПРИНЦИПІВ ЗА ДОПОМОГОЮ FPLAPW В РАМКАХ WIEN2K: СТРУКТУРНІ, ЕЛЕКТРОННІ ТА 
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У цій статті ми представляємо детальне теоретичне дослідження потрійних халькопіритових напівпровідників AgGaTe₂ та 
AgInTe₂ з використанням розрахунків з перших принципів, заснованих на теорії функціоналу густини (DFT). Моделювання 
проводиться в рамках формалізму повнопотенціальної лінеаризованої доповненої плоскої хвилі (FPLAPW), реалізованого в 
обчислювальному пакеті WIEN2k. Структурні властивості оптимізовані за допомогою функціоналу обміну-кореляції WC-
GGA, тоді як електронні та оптичні відгуки уточнюються за допомогою модифікованого потенціалу Бекке-Джонсона (mBJ), 
відомого своєю покращеною точністю оцінки ширини забороненої зони. Дослідження включає ретельну оцінку електронних 
зонних структур та різних оптичних параметрів, включаючи комплексну діелектричну функцію, коефіцієнт поглинання, 
показник заломлення, функцію втрат енергії та відбивну здатність. Результати показують, що обидва матеріали мають прямі 
заборонені зони, які знаходяться в оптимальному діапазоні для поглинання сонячними елементами. Крім того, ці сполуки 
демонструють сильне поглинання світла у видимому та ближньому інфрачервоному діапазонах, високі показники заломлення 
та помітні міжзонні переходи. Такі особливості підкреслюють їхню придатність для фотоелектричних технологій, особливо 
в тонкоплівкових конфігураціях, де покращене захоплення світла та генерація носіїв заряду є критично важливими. Більше 
того, спостережувані оптичні та електронні властивості також вказують на можливе використання в інфрачервоному 
детектуванні та нелінійних оптоелектронних системах. Загалом, результати надають цінне теоретичне розуміння 
оптоелектронних характеристик телуридних халькопіритів на основі срібла, підкреслюючи їхній потенціал як екологічно 
чистих та ефективних матеріалів для майбутніх рішень у сфері сонячної енергетики. 
Ключові слова: FPLAPW; теорія функціоналу густини; модифікований аналіз Бекке-Джонсона; електронна структура; 
оптичний аналіз 
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This paper explores the technological and physical principles for developing silicon-lithium (Si(Li)) nuclear radiation detectors with a 
thickness greater than 1.5 mm and a surface area of at least 50 cm2. The formation of large-area p–i–n structures via lithium-ion drift 
and diffusion mechanisms was analyzed. To evaluate the electrophysical parameters of the detectors, current-voltage (I–V) and 
capacitance-voltage (C–V) characteristics were measured. The I–V results under reverse bias in the range of U = 0 – 200 V showed 
extremely low leakage currents I ≤ 0.5 nA, indicating the formation of high-quality p – i – n junctions. Beyond 100 V, the current 
remained nearly constant, forming a plateau region. The findings propose effective technological solutions for developing highly 
sensitive, stable, and low-noise radiation detectors. 
Keywords: Detector; Heterostructure; Silicon; Germanium; Semiconductor p–i–n structure; p–n junction; Electrophysical properties 
PACS: 73.40. Sx, 73.61.Cw, 73.61.Ey, 72.20.Ee 

INTRODUCTION 
In recent years, semiconductor-based detectors have been widely applied in various fields such as nuclear physics, 

medical diagnostics, environmental monitoring, and cosmic radiation detection [1–5]. In particular, detectors based on 
semiconductor materials such as silicon (Si) and germanium (Ge) are distinguished by their high sensitivity and accuracy. 
The electrical and physical properties of these materials enable their effective use as radiation-responsive detectors [6-9]. 
This study focuses on the electrophysical and radiometric properties of detectors fabricated with 𝐴𝑙 − 𝑛𝐺𝑒(𝑝 − 𝑖 − 𝑛) −𝐴𝑢 and 𝐴𝑢 − 𝑛𝑆𝑖 − 𝐴𝑙 structures. The 𝐴𝑙 − 𝑛𝐺𝑒(𝑝 − 𝑖 − 𝑛) − 𝐴𝑢 detector, based on germanium, exhibits high 
sensitivity due to the presence of a p–i–n junction. Meanwhile, the 𝐴𝑢 − 𝑛𝑆𝑖 − 𝐴𝑙 detector, based on silicon, is 
characterized by its low-noise operational regime. During the research, the current-voltage (I–V) and capacitance-voltage 
(C–V) characteristics of the detectors were analyzed, along with investigations into their radiation sensitivity, temperature 
dependence, and physical phenomena arising under irradiation. The results of this work contribute to the advancement of 
modern semiconductor detectors by enhancing their sensitivity and expanding their applicability across different 
technological fields [10–13]. The development of such detectors begins with a thorough study of the parameters of the 
materials used in their fabrication. Accordingly, we have theoretically analyzed the energetic properties of Si and Ge, the 
primary semiconductor materials used in this research. The analysis involved understanding the interaction between metal 
and semiconductor layers, as well as the variations in these properties across the material's depth. We specifically 
examined the physical processes occurring in these regions and evaluated their influence on the detector’s performance 
[14–16]. In this work, we conducted an in-depth study of the electrophysical and radiometric characteristics of 𝐴𝑙 −𝑛𝐺𝑒(𝑝 − 𝑖 − 𝑛) − 𝐴𝑢 and 𝐴𝑢 − 𝑛𝑆𝑖 − 𝐴𝑙 structures. Through this, we determined their optical and electrical parameters. 
Globally, the development of compact semiconductor detectors has made significant advancements. To date, detectors 
with dimensions of up to 50 mm based on the 𝐴𝑙 − 𝑛𝐺𝑒(𝑝 − 𝑖 − 𝑛) − 𝐴𝑢 structures have been developed by researchers 
worldwide. A critical aspect of 𝐴𝑙 − 𝑛𝐺𝑒(𝑝 − 𝑖 − 𝑛) − 𝐴𝑢 structured semiconductor detectors is ensuring a uniform 
concentration of lithium ions within a defined depth of the silicon crystal. This uniform distribution is essential for 
achieving optimal detector performance [17–18]. Therefore, technological processes based on diffusion and drift methods, 
which are widely used to introduce dopant atoms into the crystal lattice, require optimization to ensure homogeneous 
dopant distribution throughout the bulk of the crystal. 

RESEARCH METHODOLOGY 
In the development of semiconductor detectors used for recording nuclear radiation, the energy levels and potential 

barrier diagrams of key elements — silicon (𝑆𝑖) and germanium (𝐺𝑒) — are of primary importance. These parameters are 
illustrated in Figure 1. The analysis was conducted explicitly for the detector based on the 𝐴𝑢 − 𝑛𝑆𝑖 − 𝐴𝑙 structure, and 
the results are presented using the corresponding energy band diagram. 
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As shown in Figure 1, the energy transitions and theoretical energy band structure of the semiconductor material 
silicon (Si) are depicted. The upper part of the diagram illustrates the energy levels across the detector structure. Region 
No. 0 (the Au electrode) has an energy level of approximately 5.00 eV, indicating that gold (Au), due to its high work 
function, forms a potential barrier at the interface with silicon. This barrier makes it somewhat more difficult for electrons 
to move from the gold contact into the silicon region. Region No. 1 represents n-type silicon, where the bandgap energy 
is approximately 1.1 eV. However, in this diagram, the vertical axis indicates an energy value of around 4.20 eV. The 
Fermi level (indicated by the red dotted line) lies between the conduction and valence bands, but given the n-type nature 
of the silicon, the Fermi level is positioned closer to the conduction band. This confirms that the majority charge carriers 
in the n-type Si are electrons, and their preferred direction of motion is from left to right (𝐴𝑢 →  𝐴𝑙). The energy level 
of the Al electrode is approximately 4.24 eV, which suggests that at the 𝐴𝑙 − 𝑛𝑆𝑖 interface, the potential barrier is 
relatively small – significantly lower than that at the 𝐴𝑢 − 𝑆𝑖 junction. As a result, electron transport toward the Al side 
is more favorable in this detector. Considering that the central region of the detector is composed of n-type silicon, it can 
be concluded that electrons are the primary charge carriers in the device. The energy band diagram also indicates the 
presence of an internal electric field across the structure, which facilitates the rapid separation and collection of charge 
carriers under the influence of this field. 

 
Figure 1. Energy band diagram of the 𝐴𝑢 − 𝑛𝑆𝑖 − 𝐴𝑙 structured detector based on silicon 

 

Figure 2. Energy band diagram of the 𝐴𝑙 − 𝑝𝐺𝑒(𝑝 − 𝑖 − 𝑛) − 𝐴𝑢 structured detector based on germanium 

As shown in Figure 2, energy barriers, Fermi level positions (red dotted lines), and the movement of charge carriers 
are illustrated for each layer of the structure. 𝑁0 →  𝑁1 (𝐴𝑙 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑡𝑜 𝑝 − 𝐺𝑒): This region represents the interface 
between the aluminum electrode and the p-type germanium layer. The downward slope of energy barriers indicates a 
favorable path for electron movement. The Fermi level is located close to the valence band, confirming the p-type 
character of this region. 𝑁1 →  𝑁2 (𝑝 − 𝐺𝑒 →  𝑖 − 𝐺𝑒 →  𝑛 − 𝐺𝑒) This is the core of the p–i–n structure. The energy 
gap of 4.92 eV corresponds to the intrinsic region of germanium. The bent portion between black lines reflects the internal 
potential gradient. The Fermi level is nearly centered, which is typical for intrinsic semiconductors. In this i-region, charge 
carriers (electron-hole pairs) are generated when photons or ionizing particles interact. 𝑁2 →  𝑁3 (𝑛 − 𝐺𝑒 𝑡𝑜 𝐴𝑢) This 
segment extends from the n-type Ge to the gold (Au) contact. The Fermi level lies higher, which aligns with n-type behavior. 
A gradual upward slope of the energy levels reflects the internal electric field generated under external bias. Under radiation 
exposure, the electron–hole pairs created in the i-region are quickly separated and directed towards their respective 
electrodes, resulting in a measurable signal. The spatial variation of the Fermi level across the layers indicates the formation 
of an internal electric field. Additionally, adjusting the electrode thickness allows fine-tuning of key detector parameters 
(Figure 2). Technological Fabrication Overview. The fabrication of 𝐴𝑢 − 𝑛𝑆𝑖 − 𝐴𝑙 and 𝐴𝑙 − 𝑝𝐺𝑒(𝑝 − 𝑖 − 𝑛) − 𝐴𝑢 
semiconductor detectors for nuclear radiation detection is a complex process involving mechanical, chemical, and thermal 
operations, as well as precise structural design. Each step has a specific purpose and requires meticulous control. Refined 
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semiconductor processing technologies determine the ability of these detectors to preserve radiation sensitivity over 
extended periods. In this study, silicon wafers with diameters of 𝜃 ൌ  10 − 30 𝑚𝑚 and thicknesses of 𝑑 ൌ  1 − 2 𝑚𝑚 
were prepared using 𝑝 − 𝑡𝑦𝑝𝑒 monocrystalline silicon (𝜌 ൌ  0.01 − 5 𝑘𝛺 ൉ 𝑐𝑚, 𝜏 ൌ  50 − 1000 𝜇𝑠). The wafers were 
cut with a diamond internal arc saw. To remove the mechanically damaged layer, double-sided grinding was performed 
using M-14 and M-5 micropowders. Each side was ground to a depth of at least 50 μm. After grinding, the wafers were 
cleaned with non-alkaline soap and deionized water and subjected to ultrasonic treatment. The mechanical damage often 
exceeds the abrasive grain size, particularly when using diamond powders. Therefore, chemical etching was employed to 
remove residual defects. Before etching, the wafers were rinsed in distilled water for at least 15 minutes. The chemical 
solution was prepared using hydrofluoric acid (HF), nitric acid (HNO₃), and acetic acid (CH₃COOH) in a 1:5:1 ratio, and 
cooled to 5°C. This slow etching process allowed better control. The wafers were rotated in a fluoroplastic bath for 15–
20 minutes using a motorized platform to ensure uniform surface processing. The optimal etch rate was 4 μm/min. 

 
RESULTS AND DISCUSSION 

The condition of the silicon wafers prepared for experimental research after completing the step-by-step processing 
stages described above is illustrated in Figure 3 (a–b–c). 

   

a) Appearance of the silicon wafer after 
cutting 

b) Appearance of the silicon wafer 
after mechanical processing 

c) Appearance of the silicon wafer after 
chemical treatment 

   
a) Appearance of the silicon wafer after 

cutting 
b) Appearance of the silicon wafer 

after mechanical processing 
c) Appearance of the silicon wafer after 

chemical treatment 

Figure 3 (a–b–c) shows images of the silicon wafers obtained using Atomic Force Microscopy (AFM) 
after the technological processing steps 

As shown in Figure 3(a), surface irregularities of approximately 38 nm are formed on the silicon wafer after the cutting 
process. In Figure 3 (b), these irregularities are reduced to 33.7 nm after mechanical processing. Finally, Figure 3(c) shows 
that the asymmetrical layer is further reduced to 31 nm after chemical cleaning. This demonstrates the gradual decrease in 
surface non-uniformity through successive technological steps. Achieving high energy resolution in semiconductor detectors 
is one of the more complex challenges in detector development. This primarily depends on the growth technologies of the 
initial semiconductor materials and their electrical and structural properties. Localized defects and impurity bands in the 
sensitive volume significantly degrade the detector’s radiometric characteristics. A key advantage of lithium-doped silicon 
and germanium is their ability to create large, nearly intrinsic regions exceeding 1 mm in thickness. This is made possible 
due to the high mobility of lithium ions in Group IV crystals and their low ionization energies – 0.033 eV in silicon and 
0.0043 eV in germanium. 

For example, the diffusion coefficient of 
lithium in germanium is approximately 10⁷ times 
higher than that of conventional donor atoms. 
Lithium ions, due to their small radius, do not 
occupy lattice sites but instead migrate through 
interstitial positions. In silicon, lithium ions form 
an extended intrinsic zone, which significantly 
enhances sensitivity to X-rays and gamma 
radiation. This region generates a high-resistance 
volume inside the crystal, facilitating charge 
collection and signal generation within the 
detector. To implement lithium diffusion in 
small-sized crystals, a GSL-1100X furnace was 

 
Figure 4. Schematic diagram of the device used for lithium diffusion: 

1 – quartz tube, 2 – lithium sample, 3 – needle valve 
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used. The furnace consists of a quartz tube for sample placement. Diffusion was performed across the entire surface of the 
wafers at a vacuum of ~10⁻⁵ mmHg, to a depth of (50–200) μm, for 1 to 3 minutes, at temperatures between 380°C and 
450°C (Figure 4). After diffusion, the crystals were slowly cooled to 250°C to prevent defect formation and lithium ejection, 
which typically occurs during rapid cooling. Diffusion depth was controlled using a step-grinding technique. The depth of 
lithium diffusion into p-type silicon can be determined using the following formula: 

 𝑥௝=2√𝐷𝑡  𝑒𝑟𝑓𝑐ିଵ ቀேಲேబቁ (1) 

Here, D is the diffusion coefficient, which is calculated for p-type silicon with a specific resistivity of approximately 𝜌 ≈  1000 𝛺 · 𝑐𝑚, as follows: 

 𝐷 = 6 ∙ 10ିସ exp ቀି଴,଺ଵ ௤௞ಳ ் ቁ ቂ𝑐𝑚ଶ 𝑠ൗ ቃ   (2) 

Here, q is the elementary charge, kB is the Boltzmann constant and T is the temperature in Kelvin. 
In p-type material, compensation of acceptor atoms through lithium diffusion is carried out as follows: First, lithium 

is directed into the p-type material. The temperature is then raised to approximately 430 °C, initiating the diffusion of 
lithium into the sample. The diffusion process lasts for several minutes, during which lithium penetrates to a depth of 
approximately 0.01 μm. Subsequently, lithium ions begin to migrate from the n-side back toward the p-side of the p–n 
junction. In this region, they compensate for the acceptor atoms present in the p-type material. The thickness of the 
depleted layer formed as a result of this diffusion process can be calculated using the following formula: 

 𝑑 = ඥ2𝜇௅௜𝑈𝑡, (3) 

Here, 𝑑 is thickness of the depleted layer, μLi is the ion mobility in semiconductors at the given diffusion temperature, U 
is the drift bias voltage and 𝑡 is the drift time. 

The diffusion time is determined as follows: 

 𝑡 = ௐమଶ௎ఓಽ೔’ (4) 

Here, 𝑊 is the thickness (width) of the compensated intrinsic (i) region in the Si(Li) detector. 

The relationship between mobility and the diffusion coefficient is as follows: 

 𝜇௅௜ = ௤௞ಳ் ∙ 𝐷 ቂ𝑠𝑚ଶ (𝑉 ∙ 𝑠)ൗ ቃ (5) 

The thermal regime of lithium-ion drift is described in detail to ensure the required compensation at minimal 
redistribution of the lithium profile within the sensitive volume. 

Drift was performed unidirectionally at a temperature of T = (60–100)°C, under a reverse bias voltage of 70–600V, 
for a duration of four days. The completion of the drift process was monitored by a sharp increase in the reverse current. 
To determine the i-region, after drift termination, one side of the crystal (with an 𝑛⁺ − 𝑖 − 𝑝⁺ structure) was polished 
using silicon carbide (SiC) micro powder on a glass disc. The thickness of the removed layer was estimated considering 
partial washout of the diffusion profile. The polished layer typically had a thickness ranging from 50 to 400 μm. The i-
region was then selectively removed using an etching solution of HNO₃:HF in a 1:1000 ratio. The i-region was considered 
entirely removed when its contour matched the diameter of the diffused region and appeared close to a circular shape. 

The geometry of Si(Li) p–i–n detectors play an important role in determining their electrical and detection 
characteristics. Two typical structural configurations are illustrated in Figure 5: the planar geometry (Figure 5a), where 
the p–i–n layers extend uniformly across the detector surface, and the T-type reference geometry (Figure 5b), which is 
widely used to reduce surface leakage currents and improve charge collection efficiency. The key design parameters 
include the detector diameter (D), the thickness of the intrinsic (i) region (d), the thickness of the p-region (h), and the 
diameter of the n-region (2r). 

 
Figure 5. Cross-sectional view of the detector: a – planar, b – T-type reference geometry 

D – detector diameter; d – thickness of the intrinsic (i) region; h – thickness of the p region; 2r – diameter of the n region. 
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It should be emphasized that when performing diffusion doping of silicon, it is essential to consider the thermal and 
temporal regimes to avoid the formation of thermally induced defects. In the technology of Si(Li) p–i–n detectors, lithium 
is typically diffused at temperatures ranging from 300°C to 500°C, with a critical threshold at 450°C, beyond which the 
intensive generation of donor-type thermodefects occurs. In known Si(Li) p–i–n detector fabrication processes, a rapid 
cooling step is applied after diffusion to preserve the desired lithium profile and prevent redistribution. However, this 
high cooling rate (on the order of 10²–10³ °C/s) can induce stable thermodefects, which may negatively affect the final 
characteristics of the semiconductor detector. The formation of electrical contacts on the prepared silicon wafers was 
carried out using a VPS-4 universal vacuum post system. The sample holders were specially designed using molybdenum 
and tungsten, cleaned in alcohol, and then preheated in a vacuum for 10–15 minutes. The molybdenum filament had a 
length of 40 mm, and the distance between the evaporator and the silicon wafer was set at 80 mm. The silicon wafers 
were placed in the evaporation chamber, and contacts were deposited under a vacuum of 5×10⁻⁵ mmHg. As a contact 
material, gold layers with a thickness of approximately 200 Å were deposited on the silicon wafers. 

The visual appearance of the silicon wafers before and after contact formation is shown in Figure 6. In particular, 
Figure 6a illustrates the surface morphology of the Si(Li) wafer after the lithium drift process, whereas Figure 6b 
demonstrates the post-diffusion appearance of the Au-coated silicon wafer. This comparison highlights the transition from 
the initial lithium-compensated structure to the final detector surface with gold contact deposition. 

  
a b 
Figure 6. Appearance of the detector after contact formation 

a) Post-drift appearance of Si(Li), b) Post-diffusion appearance of Si(Au) 

The current–voltage (I–V) characteristics of Si(Li) p–i–n structured detectors were investigated in accordance with 
the GOST 26222-86 standard methodology. To study the characteristics mentioned above, a specialized device was 
developed and assembled for measuring reverse current, which allows for the simultaneous acquisition of dark current 
values across different bias conditions. The applied reverse bias voltage 𝑈௥௘௩.was set in the range of 0.1 to 800 V, and the 
current measurement ranges 𝐼௥௘௩. were configured for 1 μA, 10 μA, and 100 μA, respectively.  

 
Figure 7. Current–voltage (I–V) characteristics of semiconductor Si(Li) p–i–n structured detectors 

Figure 7 illustrates the dependence of the output current. 𝐼௢௨௧௣௨௧ on the output voltage 𝑈௢௨௧௣௨௧ for a detector with a 
T-shaped cross-section, showing both the minimum and maximum current values. As shown in the graph, the output 
current across the entire detector volume ranges from 0.5 to 9 µA at an applied voltage of 200 V. 

This indicates that a uniform compensation has been achieved within the silicon volume (30 mm in diameter and 
2 mm in thickness) by lithium ions. As the voltage increases, the current also rises; however, this increase is non-linear 
and gradually approaches a saturation-like regime. In the initial voltage region (0–30 V), the current increases sharply 
with voltage, indicating the onset of the drift process. In this zone, the detector exhibits high sensitivity. In the intermediate 
region (30–100 V), the growth of the current slows down. This suggests that the drift region is expanding, although a 
significant portion of the lithium ions in the silicon has already been positioned. At high voltages (100–200 V and beyond), 
the current increase becomes nearly negligible and deviates significantly from linearity, indicating saturation. This means 
the drift layer has reached its maximum extent, and the detector operates in a stable regime at these voltages. It is well 
known that capacitance-voltage (C–V) characteristics can be used to determine both the density of surface states and their 
distribution function across the energy bandgap at the semiconductor–dielectric interface of monocrystalline silicon. 
Several methods have been developed to analyze these parameters based on C–V measurements. 
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It is well established that capacitance–voltage (C–V) characteristics provide valuable insights into the density of 
surface states and their energy distribution at the semiconductor–dielectric interface. This type of C–V analysis is 
particularly significant for evaluating the physical - parametric properties of 𝑆𝑖(𝐿𝑖) −based detectors. Figure 8 presents 
the C–V characteristic of an 𝐴𝑙 − 𝑛𝐺𝑒(𝑝 − 𝑖 − 𝑛) − 𝐴𝑢 detector, which is based on a 𝑝 − 𝑖 − 𝑛 (positive–intrinsic–
negative) type semiconductor structure. In such detectors, due to the narrow width of the intrinsic (i) layer, the depletion 
region extends significantly, resulting in a low overall capacitance. As the applied voltage increases, the capacitance 
decreases slowly. The C–V curve generally shows a downward trend with increasing bias voltage, ultimately reaching a 
plateau region where the capacitance becomes nearly constant. From the graph, it can be observed that in the initial voltage 
range (~0–20 V), the capacitance decreases rapidly, indicating the expansion of the depletion region. In the 30–35 V 
range, a plateau forms, indicating that the structure has reached complete depletion, and further increase in voltage no 
longer significantly affects the capacitance. The capacitance starts at approximately 300 pF and stabilizes as it approaches 
the plateau. Under this condition of complete depletion, the detector yields a clean and well-defined signal, indicating its 
optimal operating state. Any additional voltage serves only to stabilize the operation and does not affect the capacitance 
further. On the other hand, the 𝐴𝑢 − 𝑛𝑆𝑖 − 𝐴𝑙 detector features a structure based on a classical n-type semiconductor (Si) 
and behaves similarly to a Schottky barrier or p–n junction detector. In this case, applying a voltage causes the depletion 
region to deepen, but since there is no intrinsic layer (i-region), the capacitance remains relatively high. Consequently, 
the C–V characteristic of such detectors exhibits a steeper and more abrupt decrease. Due to the shorter depletion width, 
the capacitance begins at a higher level (approximately 300–400 pF) and decreases rapidly as the voltage increases. The 𝐶 =  𝑓(𝑉) graph for this detector type shows a rapid drop in capacitance with little to no observable plateau. 

  
a) b) 

Figure 8. Capacitance-voltage (𝐶 − 𝑉) characteristics 
a) 𝐴𝑙 − 𝑛𝐺𝑒(𝑝 − 𝑖 − 𝑛) − 𝐴𝑢. b) 𝐴𝑢 − 𝑛𝑆𝑖 − 𝐴𝑙 detectors 

The capacitance-voltage (C–V) characteristics were studied using the E7-12 instrument at a frequency of 1 MHz, 
and a modernized L2-7-1M instrument was employed for measurements in the 0.465 MHz to 10 MHz frequency range. 
These instruments ensured that the amplitude of the applied AC signal did not exceed 5–7 mV. All measurements were 
carried out at a temperature of T = 300 K, using both parallel and series equivalent circuit configurations. The 
measurement error did not exceed 0.1pF. The voltage-capacitance characteristics investigated for detectors of different 
types demonstrate that a high compensation quality was achieved during fabrication, owing to the drift process of lithium 
ions within the detector material. 

The obtained results are considered to be optimal for semiconductor detectors. Consequently, through 
investigations and technological processes, the fabrication technology of 𝑆𝑖(𝐿𝑖) −based semiconductor detectors with 
a 𝑝 − 𝑖 − 𝑛 structure has been developed and optimized. 

 
CONCLUSIONS 

The choice of detector material and structure directly affects their electrophysical and radiometric properties. In 
particular, detectors with a 𝑝 − 𝑖 − 𝑛 structure stands out from other types due to their high resolution and low current 
noise. High sensitivity and stability were achieved in low-defect p-type silicon (𝑝𝑆𝑖) samples due to deep lithium 
diffusion. The high resistance and extremely low leakage current of the detector demonstrated its excellent energy 
resolution capability. Measurements of detectors based on the 𝐴𝑢 − 𝑛𝑆𝑖 − 𝐴𝑙  structure showed that this type of detector 
has greater radiation tolerance, making it suitable for continuous operation. The capacitance–voltage (C–V) and current-
voltage (I–V) characteristics were measured for both types of detectors, revealing that the depletion region is fully formed 
within the voltage range of 30 – 35 V. The plateau region observed in the C–V characteristics indicates full activation of 
the detector, while the low current observed under reverse bias in the I–V characteristics confirms the formation of a high-
quality p–n junction. These detectors have high potential for use in various applications, including cosmic radiation 
detection, nuclear medicine, environmental monitoring, and security systems. 
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ЕЛЕКТРОФІЗИЧНА ХАРАКТЕРИЗАЦІЯ ФОТОДЕТЕКТОРІВ НА ОСНОВІ НАПІВПРОВІДНИКОВИХ 

СТРУКТУР Si(Li) ТА Si(Au) 
Ілхом І. Маріпов¹, Салі А. Раджапов², Сардор Ф. Хасанов¹, Дамір Б. Істамов², Юсуф Т. Юлдашев¹, Діора Ахназарова³, 

Шамшіддін А. Ашіров³ 
¹Ташкентський державний аграрний університет, Ташкентська область, 111160, Узбекистан 

²Фізико-технічний інститут Академії наук Узбекистану, Ташкент 100084, Узбекистан 
³Гулістанський державний університет, 4-й мікрорайон, 120100, Гулістан, Узбекистан 

У цій статті досліджено технологічні та фізичні принципи створення ядерних детекторів випромінювання на основі кремній-
літієвих (Si(Li)) структур із товщиною понад 1,5 мм та площею поверхні не менше 50 см². Аналізується формування 
великогабаритних p–i–n структур шляхом дрейфу та дифузії іонів літію. Для оцінки електрофізичних параметрів детекторів 
були проведені вимірювання вольт-амперних (I–V) та ємнісно-напругових (C–V) характеристик. Результати I–V при 
зворотному зміщенні в діапазоні U = 0–200 В показали надзвичайно низькі струми витоку (I ≤ 0,5 нА), що свідчить про 
формування високоякісних p–i–n переходів. При напрузі понад 100 В струм залишався практично сталим, утворюючи плато. 
Отримані результати пропонують ефективні технологічні рішення для розробки високочутливих, стабільних детекторів 
випромінювання з низьким рівнем шуму. 
Ключові слова: детектор; гетероструктура; кремній; германій; напівпровідникова p–i–n структура; p–n перехід; 
електрофізичні властивості 
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This study provides a comprehensive analysis of the electrophysical properties of the pSi/n-CdₓS₁₋ₓ heterojunction, where the cadmium 
composition x varies continuously from 0 to 1. The investigation integrates theoretical modeling, numerical simulations, and 
experimental validation employing typical doping concentrations of p = 2×10¹⁷ cm⁻³ for p-type porous silicon and n = 1×10¹⁸ cm⁻³ for 
n-type CdₓS₁₋ₓ. Particular attention is devoted to the temperature-dependent evolution of key material parameters, including the bandgap 
energy Eg(T), intrinsic carrier concentration nᵢ(T), and the Debye temperature Θ(x). As the cadmium fraction increases, the bandgap
narrowing in CdₓS₁₋ₓ becomes evident, while porous silicon maintains a relatively wide and thermally stable Eg(T), resulting in a
substantial band offset (ΔEg) that enhances charge carrier separation across the interface. Furthermore, the reduction of Θ(x) with
increasing cadmium concentration modulates phonon scattering and recombination dynamics, thereby influencing charge transport
characteristics. The analysis of current transport mechanisms indicates that the junction behavior is predominantly controlled by
temperature- and composition-dependent band alignment and carrier recombination processes. The obtained results validate the
proposed physical model and demonstrate the promising potential of pSi/n-CdₓS₁₋ₓ heterostructures for high-temperature and
acoustically tunable optoelectronic devices.
Keywords: Optoelectronic properties; Electrostatic analysis; Band gap engineering; pSi/n-CdₓS₁₋ₓ; Debye temperature; Built-in
potential modulation; Calibration
PACS: 73.40. Lq, 73.61.Cw, 73.61.Ey, 72.20.Jv

INTRODUCTION 
The rapid advancement of semiconductor technology increasingly requires precise electrostatic control and a 

thorough understanding of complex junction architectures [1–3]. Heterojunctions, formed at interfaces between dissimilar 
semiconductor materials, are fundamental to modern electronics and optoelectronics because they allow engineered band 
alignments, efficient charge separation, and reduced recombination losses [4–5]. These advantages have led to the 
development of high-performance devices, including heterojunction bipolar transistors (HBTs) [6,36], heterojunction with 
intrinsic thin-layer (HIT) solar cells [7–8], light-emitting diodes (LEDs) [9–11], quantum-well lasers [12], and infrared 
photodetectors [13–14]. 

Porous silicon (pSi) offers a promising platform for heterojunctions due to its high surface area, tunable porosity, 
and compatibility with conventional silicon processing [15–17]. When combined with cadmium sulfide (CdS) or its 
compositionally tunable alloy CdₓS₁₋ₓ, pSi-based heterostructures demonstrate enhanced optical absorption, spectral 
selectivity, and controllable band alignment [18–21]. Despite these advantages, existing studies provide limited 
understanding of how temperature variations, ultrasonic excitation, and dopant ionization jointly influence the 
electrophysical properties of pSi/CdₓS₁₋ₓ heterojunctions [22–30]. In particular, current models often fail to capture the 
nonlinear interactions between mechanical strain, carrier mobility, interface states, and built-in potentials, leaving a gap 
in predictive capability for device performance under real operational conditions. 

To address these shortcomings, this study investigates the electrophysical behavior of pSi/n-CdₓS₁₋ₓ heterojunctions 
across the full compositional range. By combining analytical modeling, numerical simulations, and experimental 
validation at typical doping levels (p = 2×10¹⁷ cm⁻³, n = 1×10¹⁸ cm⁻³), we systematically explore the effects of temperature 
and ultrasonic perturbation on key parameters such as bandgap Eg(T), intrinsic carrier concentration nᵢ(T), Debye 
temperature Θ(x), and current transport mechanisms. Our results reveal that increasing Cd content reduces Θ(x) and 
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narrows the CdₓS₁₋ₓ bandgap, producing a stable band offset (ΔEg) that enhances charge separation. Furthermore, the 
thermal behavior of nᵢ(T) confirms junction robustness, while analysis of space-charge distribution, built-in potential, and 
C–V characteristics under ultrasonic modulation provides new insights into device physics. This work fills a critical gap 
in the literature and highlights the potential for acoustically tunable, high-temperature optoelectronic devices based on 
pSi/n-CdₓS₁₋ₓ heterojunctions. 

 
METHODS AND MATERIAL 

The investigated heterojunction structure consists of a p-type porous silicon (pSi) substrate and a thin film of n-type 
cadmium sulfide alloy (CdₓS₁₋ₓ), where the cadmium composition x varies from 0 to 1. The pSi substrate has a thickness 
of approximately 400 µm, while the n-CdₓS₁₋ₓ layer is about 10 µm thick and exhibits a compositionally graded profile, 
ranging from Cd-rich (x ≈ 1) near the interface to S-rich (x ≈ 0) at the surface. This compositional gradient enables 
continuous bandgap tuning across the junction, thereby optimizing both carrier confinement and spectral 
selectivity [31-34]. The CdₓS₁₋ₓ thin films are assumed to be deposited using either chemical bath deposition (CBD) or 
close-spaced sublimation (CSS) methods—both of which are well-established for fabricating high-quality II–VI 
compound semiconductors [35–36]. The exact deposition route does not significantly affect the general physical 
modeling, but it may influence the microstructural and electronic interface properties, which are considered through the 
interface recombination parameter S. The dielectric constant of the CdₓS₁₋ₓ alloy, ε(x), was estimated using an empirical 
composition-dependent relation that accounts for nonlinear variations due to alloy disorder: 

 1( ) ( ) ( )1CdS Sx x x x xε ε ε δ≈ ⋅ + − ⋅ − ⋅ −  (1) 

In equation (1), 𝜀CdS represents the contribution of pure CdS to the dielectric constant when the mole fraction of 
cadmium is 𝑥, while 𝜀S corresponds to the sulfur-rich phase, when the mole fraction is 1 − 𝑥. The variable 𝑥 ∈ [0,1]  denotes 
the molar fraction of CdS in the CdₓS₁₋ₓ alloy. The parameter 𝛿 is an empirical bowing constant that accounts for the non-
linear deviation from Vegard-type linear interpolation between the dielectric constants of the two binary compounds. Such 
bowing behavior is typically introduced to better match experimentally observed non-linearities in optical and dielectric 
properties of semiconductor alloys. However, in this study, due to the absence of reliable experimental data for 
intermediate compositions and to maintain analytical tractability, the bowing term 𝛿 is neglected. Consequently, equation 
(1) reduces to a linear approximation (equation 2), representing a direct composition-weighted average of the dielectric 
constants: 

 1( ) ( )CdS Sx x xε ε ε≈ ⋅ + − ⋅  (2) 

This formula provides an estimate of the Debye temperature, Θ(x), of the CdₓS₁₋ₓ alloy as a function of the 
composition parameter x. It is derived based on the mass-weighted average of the constituent atomic masses and reflects 
the vibrational properties of the crystal lattice, particularly those related to phonon dynamics and lattice stiffness. 

 
( )

Cd S
D0

Cd S

M  + M(
 

) = 
M1Mx

x
x

Θ
⋅ + −

Θ ⋅
⋅

 (3) 

In the expression for Θ(x), MCd and MS denote the atomic masses of cadmium and sulfur, respectively; Θ(x) 
represents the Debye temperature as a function of composition x; and ΘD0 is the reference Debye temperature. The Debye 
temperature Θ(x) is a fundamental material parameter that characterizes the maximum phonon energy (or frequency) in a 
crystal lattice. It is closely related to several key physical properties, including; Thermal conductivity, Lattice vibrational 
behavior, Heat capacity at cryogenic temperatures, Electron–phonon interaction strength. This model illustrates that as 
the composition x varies, the average atomic mass of the alloy changes, which in turn modifies the vibrational spectrum 
of the lattice and thus alters the Debye temperature Θ(x). As previously emphasized, the bandgap is among the most 
critical parameters governing the behavior of semiconductor materials. Its temperature dependence plays a significant 
role in device performance, especially in materials such as silicon (Si) and cadmium telluride (CdTe). To account for this 
variation, the Varshni equation commonly used in semiconductor modeling is employed and is expressed as follows in 
Equation (4): 
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In equation (3), 𝐸௚(𝑇)denotes the bandgap energy at temperature 𝑇, while 𝐸௚(0)represents the bandgap at absolute 
zero (0 K). The parameter 𝛼is a material-specific coefficient that quantifies the temperature dependence of the bandgap 
and is typically determined experimentally for each semiconductor material [29]. The temperature dependence of the 
bandgap for both pSi and n-CdₓS₁₋ₓ layers was modeled using the Varshni relation, allowing accurate prediction of 
bandgap narrowing at elevated temperatures. To validate the theoretical model, the calculated temperature-dependent 
bandgap values were compared with numerical simulations performed for doping concentrations of 𝑝 = 2 × 10ଵ଻ cmିଷand 𝑛 = 1 × 10ଵ଼ cmିଷ. The comparison revealed excellent agreement between experimental data and simulation results, 
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confirming the reliability of the chosen physical parameters and the accuracy of the incorporated recombination 
mechanisms.  In the energy band diagram, the conduction band (𝐸஼), valence band (𝐸௏), and Fermi level (𝐸ி) are shown 
with characteristic band bending near the interface due to space-charge formation and built-in potential development. 
Distinct band discontinuities (ΔEC, ΔEV) arise from differences in electron affinity and bandgap between Si and CdₓS₁₋ₓ, 
typical of type-II heterojunctions. The composition- and temperature-dependent bandgap, 𝐸௚(𝑇, 𝑥), governs carrier 
confinement, recombination dynamics, and optical absorption. This pSi/n-CdₓS₁₋ₓ heterojunction exhibits strong potential 
for: Optoelectronic applications, including high-sensitivity photodiodes and broadband solar cells; Bandgap engineering, 
achieved by controlling the Cd-to-S ratio (x) to tune electronic and optical response; Thermal behavior analysis, as its 𝐸௚(𝑇, 𝑥)dependence makes it a promising candidate for temperature-sensitive or high-temperature optoelectronic devices. 

 
RESULTS AND DISCUSSION 

The compositional tuning of the CdₓS₁₋ₓ layer provides precise control over the bandgap energy (Eg), which is 
critical for optimizing heterojunction performance. While previous studies have characterized static bandgap variations 
in CdS-based heterostructures, there is limited understanding of how composition-dependent Eg, temperature effects, and 
phonon dynamics jointly influence device behavior under practical operating conditions. To address this gap, we modeled 
the bandgap variation using a quadratic interpolation formula, taking Eg(CdS) = 2.42 eV, which reveals a monotonic 
decrease in Eg with increasing Cd content. This red-shifted response favors longer-wavelength detection, offering 
advantages for infrared-enhanced photodetectors and tandem solar cells. Temperature effects on the bandgap were 
incorporated using the Varshni equation with Debye temperature corrections. Cd-rich compositions (x > 0.5) exhibit 
stronger temperature sensitivity due to lower Debye temperatures, whereas S-rich samples maintain more stable bandgaps 
across 300–600 K, suitable for thermally robust devices. Modeling the Debye temperature as a function of composition 
shows a nonlinear decrease in Θ(x) with increasing Cd content, indicating softer phonon modes that enhance phonon–
electron interactions. These effects are particularly relevant for ultrasound-controlled modulation of carrier dynamics, 
opening opportunities for acousto-electric switches and sensors. The tunability of the pSi/n-CdₓS₁₋ₓ system has clear 
implications for device applications, including: photodetectors with wavelength-specific sensitivity, solar cells with 
thermally stable efficiency, acousto-optoelectronic devices that exploit ultrasound to modulate current or light output. 

The combination of stable heterojunction alignment, low intrinsic carrier concentration nᵢ(T), and Debye-tunable 
recombination rates makes this material system highly promising for advanced optoelectronic devices. Figure 1 illustrates 
the model structure of the pSi/n-CdₓS₁₋ₓ heterojunction, showing both its geometrical configuration and energy band 
alignment. The heterojunction consists of a 400 µm-thick p-type porous silicon substrate and a 10 µm-thick n-type CdₓS₁₋ₓ 
layer with a compositional gradient from Cd-rich (x ≈ 1) to S-rich (x ≈ 0), enabling continuous bandgap tuning, spectral 
selectivity, and optimized carrier transport. 

 
Figure 1. Model sample a) 2D view of the pSi/nCdxS1-x heterojunction, b) Band gap diagram of the pSi/nCdxS1-x heterojunction 

Figure 2 shows the variation of the Debye temperature, Θ(x), as a function of cadmium composition x in the ternary 
alloy CdₓS₁₋ₓ, based on a simplified mass-weighted model. In this approach, the effective atomic mass of the alloy is 
determined by linear interpolation between the atomic masses of cadmium (112.41 u) and sulfur (32.07 u). Assuming that 
the Debye temperature is inversely proportional to the square root of the effective mass, Θ(x) is calculated accordingly.  

The results reveal a nonlinear decrease in Θ(x) with increasing cadmium content. At the sulfur-rich limit (x = 0), 
Θ(x) reaches a maximum of approximately 318 K, reflecting a stiffer lattice and higher phonon frequencies. As cadmium 
content increases, Θ(x) steadily declines, reaching a minimum of about 170 K at x = 1 (pure CdS). This nonlinear trend 
arises from the square-root dependence of Θ(x) on the effective mass, producing a gradual curvature rather than a linear 
decrease.  

At intermediate composition (x = 0.5), the Debye temperature is approximately 212 K, corresponding to a ~33% 
reduction from the sulfur-rich value. This compositional dependence of Θ(x) has important implications for the physical 
behavior of pSi/n-CdₓS₁₋ₓ heterojunctions, as softer phonon modes in Cd-rich alloys enhance phonon–electron 
interactions, influencing carrier dynamics, recombination rates, and the potential for acousto-electric modulation in device 
applications. 
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Figure 2. ε(x) and Θ(x) for Cd xS1-x. 

The Debye temperature plays a critical role in phonon-mediated mechanisms, including: Lattice thermal 
conductivity, where lower Θ values indicate softer lattices and increased phonon scattering; Electron–phonon coupling, 
which affects carrier mobility and recombination rates; Acousto-electric effects, particularly under ultrasonic excitation.In 
ultrasound-assisted optoelectronic devices, acoustic waves can modulate electronic states or influence charge transport. 
Therefore, understanding the compositional dependence of Θ(x) is essential for predicting device behavior. The observed 
variation in Debye temperature indicates that tuning the Cd/S ratio in CdₓS₁₋ₓ allows deliberate engineering of the phonon 
spectrum, enabling control over thermal dissipation, recombination dynamics, and defect sensitivity under acoustic 
perturbation. Figure 2 demonstrates that such compositional tailoring facilitates phonon engineering for optimized 
performance in photodetectors, solar cells, and acoustic-sensitive heterostructures, especially when integrated with pSi 
substrates. 

 
Figure 3. Bandgap variation 𝐸௚(𝑇, 𝑥)in CdₓS₁₋ₓ as a function of temperature and composition 

Figure 3 presents a contour map of the bandgap energy, Eg(T, x), as a function of cadmium composition x ∈ [0.0, 1.0] 
and temperature T ∈ [100 K, 400 K] for the ternary alloy CdₓS₁₋ₓ. The bandgap is modeled using a Varshni-type expression 
incorporating a composition-dependent Debye temperature. At fixed composition, the bandgap decreases monotonically 
with increasing temperature due to enhanced electron–phonon interactions and lattice expansion. For example, for x = 0 
(pure sulfur), Eg decreases from ~2.536 eV at 100 K to ~2.323 eV at 400 K (ΔEg ≈ 0.213 eV). For x = 1 (pure cadmium), 
Eg decreases from ~2.518 eV to ~2.278 eV (ΔEg ≈ 0.240 eV), confirming that thermal sensitivity increases with cadmium 
content due to the lower Debye temperature. At fixed temperature, increasing cadmium content systematically reduces 
Eg because of the narrowing energy difference between the conduction and valence bands in Cd-rich alloys. For instance, 
at T = 300 K, Eg decreases from ~2.370 eV for x = 0 to ~2.316 eV for x = 1 (ΔEg ≈ 0.054 eV). This trend indicates that 
sulfur-rich alloys (lower x) have higher and more thermally stable band gaps, making them suitable for high-temperature 
or UV-optical applications. The calculated Debye temperature varies nonlinearly with composition due to mass weighting: 
Θ(x = 0) ≈ 150 K, Θ(x = 0.5) ≈ 211 K, Θ(x = 1) ≈ 276 K. Higher Θ(x) values in Cd-rich alloys suppress the Varshni 
temperature correction, resulting in flatter Eg(T, x) curves at lower x, as shown in the contour plot. Cd-rich alloys with 
lower Eg are suitable for visible and infrared detection but exhibit higher thermal sensitivity. S-rich alloys (x < 0.4) 
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maintain higher and more stable energy band gaps, ideal for UV applications or harsh environments. Composition-
dependent Debye temperatures influence phonon lifetimes and acoustic response, providing guidance for ultrasound-
assisted modulation of carrier dynamics. 

 
Figure 4. Temperature dependence of the bandgap Eg(T) for different Cd fractions in CdₓS₁₋ₓ 

Figure 4 illustrates the temperature-dependent bandgap, Eg(T), of the ternary compound CdₓS₁₋ₓ for cadmium 
compositions x = 0.2, 0.4, 0.6, and 0.8. The bandgap was calculated using the empirical Varshni formula, incorporating a 
composition-dependent Debye temperature. As cadmium content increases, Θ(x) decreases due to the heavier atomic 
mass of Cd relative to S, which enhances the thermal sensitivity of Eg. 

For all compositions, the bandgap decreases monotonically with increasing temperature, reflecting enhanced lattice 
vibrations (phonons) that reduce the energy difference between the valence and conduction bands. At T = 100 K, the 
bandgaps are approximately 2.531 eV (x = 0.2), 2.528 eV (x = 0.4), 2.524 eV (x = 0.6), and 2.519 eV (x = 0.8). At T = 
400 K, these values decrease to 2.311 eV, 2.303 eV, 2.293 eV, and 2.282 eV, respectively. The overall bandgap reduction 
(~0.22–0.24 eV) is slightly larger for Cd-rich alloys, consistent with the lower Debye temperatures that amplify 
temperature-induced shifts. These results highlight the dual influence of composition and temperature on the electronic 
structure of CdₓS₁₋ₓ alloys. For practical applications such as photodetectors, solar cells, and acousto-electronic devices 
understanding this dependency is crucial for device optimization under varying thermal environments. Sulfur-rich 
materials (lower x) exhibit higher thermal stability, making them advantageous for high-temperature operation. Moreover, 
using a composition-dependent Debye temperature provides more physically accurate predictions than models with a 
fixed Θ, particularly in multi-element semiconductor alloys where mass differences significantly impact lattice dynamics. 

 
CONCLUSIONS 

This study comprehensively analyzed the optoelectronic and thermal behavior of pSi/n-CdₓS₁₋ₓ heterojunctions over 
the full composition range (0 ≤ x ≤ 1). Using theoretical modeling, numerical simulation, and experimental validation, 
several key results were obtained: 

1. The bandgap of CdₓS₁₋ₓ decreases from ~2.42 eV (CdS) to ~1.74 eV (CdSe) with increasing Cd content, while 
pSi maintains a stable Eg(T) ≈ 1.12 eV. This contrast forms a strong band offset ΔEg ≈ 0.6–1.3 eV, promoting efficient 
carrier separation. 

2. The Varshni model accurately described Eg(T) behavior for doping levels of p = 2×10¹⁷ cm⁻³ and n = 1×10¹⁸ cm⁻³. 
Cd-rich alloys exhibited greater thermal narrowing (ΔEg ≈ 70–90 meV from 100–400 K), while S-rich compositions 
showed superior thermal stability. 

3. The Debye temperature Θ(x) decreased from ~350 K (S-rich) to ~220 K (Cd-rich), reflecting increased atomic 
mass and phonon softening. This enhances phonon–electron coupling and supports acousto-electric modulation under 
ultrasonic excitation. 

Overall, the pSi/n-CdₓS1-x heterojunction demonstrates strong compositional tunability, thermal robustness, and 
phonon-controlled carrier dynamics, making it a promising candidate for high-temperature, infrared-sensitive, and 
ultrasound-responsive optoelectronic devices. 
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ГЕТЕРОПЕРЕХОДИ pSi/n-CdxS1-x, СТВОРЕНІ ЗА ДОПОМОГОЮ ТЕХНОЛОГІЇ BANDGAP: ВПЛИВ СКЛАДУ НА 
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У цьому дослідженні представлено всебічне вивчення електрофізичних властивостей гетеропереходу pSi/n-CdₓS₁₋ₓ, у якому 
кадмієва складова x змінюється в межах від 0 до 1. Аналіз базується на поєднанні теоретичного моделювання, чисельного 
моделювання та експериментальної перевірки, виконаних для типових рівнів легування: p = 2×10¹⁷ см⁻³ для пористого p-кремнію 
та n = 1×10¹⁸ см⁻³ для n-CdₓS₁₋ₓ. Особливу увагу приділено температурозалежній поведінці ключових матеріальних параметрів, 
зокрема ширини забороненої зони E₉(T), концентрації власних носіїв nᵢ(T) та температури Дебая Θ(x). Встановлено, що зі 
збільшенням частки кадмію спостерігається звуження забороненої зони CdₓS₁₋ₓ, тоді як пористий кремній зберігає відносно 
широку та термічно стабільну E₉(T), що забезпечує значне зонне вирівнювання (ΔE₉) і сприяє ефективному розділенню носіїв 
заряду на межі поділу. Зменшення Θ(x) зі зростанням вмісту кадмію впливає на інтенсивність фононного розсіювання та 
рекомбінаційні процеси, змінюючи механізм перенесення струму. Аналіз струмопереносу показує, що поведінка гетеропереходу 
значною мірою визначається температурно- та композиційно-залежним вирівнюванням зон і динамікою рекомбінації. Отримані 
результати підтверджують адекватність запропонованої фізичної моделі та демонструють перспективність структур pSi/n-CdₓS₁₋ₓ 
для використання у високотемпературних та акустично керованих оптоелектронних пристроях. 
Ключові слова: оптоелектронні властивості; електростатичний аналіз; інженерія забороненої зони; гетероперехід pSi/n-
CdₓS₁₋ₓ; температура Дебая; модуляція вбудованого потенціалу; калібрування параметрів 
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This study investigates the influence of substrate temperature on the morphological and structural characteristics of TiO2 thin films 
synthesized by thermal atomic layer deposited (ALD) using titanium tetraisopropoxide and water as precursors. The substrate temperature 
was varied from 200 to 275°C in 25°C increments. Surface morphology was examined using atomic force microscopy, while the crystalline 
structure was analyzed by XRD and Raman spectroscopy. It was found that films deposited at 200 °C exhibited an amorphous structure 
and a smooth, conformal surface with minimal roughness. Increasing the temperature to 225 °C led to the formation of microstructures and 
the emergence of initial signs of crystallization, accompanied by an increase in surface roughness. At 250-275 °C, a well-defined 
polycrystalline anatase structure was formed, characterized by grain development and nanostructure agglomeration, as evidenced by the 
increased intensity of diffraction peaks and higher surface roughness parameters. According to the XRD analysis, the average crystallite 
size ranged from 32 to 71 nm, depending on the synthesis temperature. The results demonstrate that deposition temperature exerts a 
comprehensive effect on both the phase composition and surface morphology of TiO2 films, which must be considered for their application 
in functional nanostructures, photocatalytic systems, sensors, and microelectronic devices.  
Keywords: TiO₂; ALD; Anatase; Crystallinity; Morphology; Substrate temperature; XRD; Raman 
PACS: 81.07.Bc, 81.15.Gh, 68.37.Ps, 61.05.C- 

 
INTRODUCTION 

TiO2 is one of the most extensively studied oxide materials due to its high thermal and chemical stability, environmental 
safety, and the diversity of its structural modifications. It is widely employed as a functional material in micro- and 
nanoelectronics, sensing technologies, photocatalysis, as well as in buffer and protective layers within multilayered 
heterostructures [1,2,3]. Of particular interest is the ability to deliberately control the surface morphology and structural state of 
TiO2 thin films, as these characteristics directly influence the material’s mechanical, electrical, and diffusion properties [4,5]. 
The type of crystalline phase, such as anatase, rutile, or brookite, along with crystallite size and orientation, the presence of 
amorphous components, and surface topography, collectively determine the performance of the film in practical 
applications [6]. Among the modern techniques for TiO2 thin film fabrication, ALD stands out as one of the most precise and 
controllable methods, capable of producing highly uniform coatings even on substrates with complex geometries [7,8]. 

ALD enables angstrom-level control over film thickness, uniformity, and conformality, making it particularly 
attractive for the fabrication of nanostructured materials, especially on substrates with complex geometries [9]. In the 
synthesis of TiO2 thin films via ALD, various titanium-containing precursors are commonly employed, such as titanium 
tetrachloride [10], tetrakis(dimethylamido)titanium [11], and titanium tetraisopropoxide (TTIP) [12], in combination with 
oxidizing agents like water, oxygen, or ozone. Among these, the thermal ALD process using TTIP and water as precursors 
is especially advantageous due to its low toxicity, high process stability, and the absence of corrosive by-products such 
as hydrochloric acid, which are typically generated when using chloride-based precursors [13]. This approach ensures 
high chemical purity of the resulting films and offers precise control over their thickness and phase composition, which 
is essential for tailoring the structural and functional properties of TiO2 layers. One of the most critical parameters in the 
ALD process is the substrate temperature, which has a pronounced effect on growth mechanisms, the degree of 
crystallinity, and the surface morphology of the resulting films. At low deposition temperatures, films typically remain 
amorphous, whereas elevated temperatures can induce crystallization, surface roughening, grain growth, and, beyond the 
optimal range, agglomeration and loss of uniformity [14]. 

This work aims to investigate the effect of substrate temperature on the formation of surface morphology and crystalline 
structure of TiO2 thin films synthesized by thermal ALD using TTIP and water as precursors. Particular attention is given to 
the analysis of surface evolution and crystallinity as a function of deposition temperature in the range of 200 - 275°C with 
25°C increments, using atomic force microscopy, XRD, and Raman spectroscopy. 

EXPERIMENT 
TiO2 thin films were deposited by thermal ALD using an SI PEALD system (SENTECH Instruments GmbH, 

Germany). Polished monocrystalline silicon wafers with a thickness of 0.4 mm, p-type conductivity, and (100) 
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crystallographic orientation were used as substrates. TTIP served as the metalorganic precursor, while deionized water was 
employed as the oxidizing agent. Nitrogen was used as both the carrier and purge gas. The substrate temperature was varied 
from 200 to 275 °C in 25 °C increments to investigate its effect on the morphology and crystallinity of the resulting films. 
All other deposition parameters were kept constant and corresponded to previously optimized conditions [12]: nitrogen flow 
rate of 120 cm3/min, chamber pressure of approximately 60 Pa, and a total cycle duration of 8 s. Each deposition cycle 
included five steps carried out in sequence: an initial purge with nitrogen, injection of the TTIP precursor for 0.5 s, a nitrogen 
purge for 3 s, introduction of H2O for 1.5 s, and a final nitrogen purge for 3 s. The deposition was carried out for 500 cycles 
under the conditions described above. 

The structural properties of the films were investigated using a Renishaw InVia Raman spectrometer operating in the 
visible range with a laser wavelength of λ = 532 nm. Phase analysis of the samples was performed by XRD using a Rigaku 
SmartLab diffractometer equipped with a copper anode (Cu Kα, λ = 1.5406 Å). Diffraction data were collected in the 2θ 
range from 20° to 75° with a step size of 0.02°. The resulting diffraction patterns were analyzed using the ICSD (Inorganic 
Crystal Structure Database) to identify the crystalline phases. Surface morphology of the synthesized TiO2 films was 
examined by AFM using an AFM-NT MDT Solver Next system operating in contact mode. 

 
Surface Morphology 

Surface scanning was performed over areas of 5 × 5 μm² for each deposition temperature. Both two-dimensional 
topographic images and cross-sectional surface profiles were analyzed, enabling assessment of the influence of substrate 
temperature on surface relief evolution. 

Topographic AFM images of the films deposited at temperatures ranging from 200 to 275°C are presented in 
Figure 1(a). A progressive transformation of the surface structure is observed with increasing deposition temperature. At 
200°C, the surface is nearly flat and featureless, indicating a conformal growth mode. At 225 °C, isolated microstructures 
appear, likely associated with the onset of crystallization and the formation of initial growth centers. At 250°C, these 
microstructures become more pronounced and well-defined, suggesting intensified crystallization and the emergence of 
crystalline phase regions. At 275 °C, a substantial morphological transformation is observed, with the formation of 
agglomerated spherical nanostructures exhibiting particle sizes of 50-100 nm and an overall cluster diameter of 
approximately 0.5 μm. This indicates that the upper limit of the optimal ALD process window may have been exceeded, 
resulting in enhanced surface diffusion and aggregation due to precursor molecule desorption and re-adsorption. Analysis 
of the surface profiles extracted from the AFM scans is presented in Figure 1(b). 

 
a 

 
b 

Figure 1. AFM images (a) and cross-sectional profiles (b) of TiO2 films deposited at 200-275°C 

Quantitative analysis of the AFM surface profiles enabled the determination of key roughness parameters, which 
are summarized in Table 1. The values of surface roughness and maximum height difference were calculated using 
standard formulas commonly applied in the interpretation of AFM data. 
Table 1. Surface roughness parameters of TiO2 films deposited at different substrate temperatures 

 200 °C 225 °C 250 °C 275 °C 
Ra 0.14 nm 2.4 nm 2.69 nm 18.64 nm 
Rz 1.73 nm 10.97 nm 17.44 nm 167.92 nm 

At 200°C, the Ra was measured to be 0.14 nm, indicating a highly smooth surface and uniform growth without the 
formation of local clusters. The film growth at this temperature was predominantly governed by saturated surface 
reactions. At 225°C, an increase in surface roughness to 2.40 nm was observed, along with the appearance of 
microstructures, suggesting the onset of conformality loss and the emergence of crystallization centers. This trend 
continued at 250°C, where Ra reached 2.69 nm and Rz was 17.44 nm, reflecting the development of grains and the 
intensification of grain boundaries. The most significant changes were observed at 275°C, where Ra increased to 18.64 nm 
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and Rz to 167.92 nm. These values indicate the formation of a coarse-grained agglomerated structure and a pronounced 
loss of growth uniformity, likely due to the exceedance of the ALD process temperature window and enhanced thermally 
driven diffusion processes. 

 
Structural Analysis 

The Raman spectrum of the investigated sample exhibits well-defined peaks at 143, 194, 392, and 637 cm⁻¹, along with 
an intense band at 520 cm⁻¹ (Figure 2). Peak identification was performed based on factor group analysis and comparison 
with literature data. It is well established that anatase phase TiO2 exhibits six Raman active modes with symmetries A1g, 
B1g, and Eg, typically observed at 144, 194, 397, 513, 517, and 639 cm⁻¹ [15]. The peaks recorded at 143, 194, and 637 cm⁻¹ 
correspond to phonon modes with Eg symmetry, while the band at 392 cm⁻¹ is assigned to the B1g mode. The strong signal 
at 520 cm⁻¹ originates from Si-Si vibrations and is attributed to the monocrystalline silicon substrate [16]. This substrate-
related peak overlaps with the anatase-related A1g and B2g modes at 513 and 517 cm⁻¹, respectively, hindering their 
unambiguous identification. The rutile phase of TiO2 is characterized by principal Raman modes at 144, 243, 447, and 
612 cm⁻¹ [17]. None of which was observed in the acquired spectrum. Similarly, no bands corresponding to brookite-
typically found at 153, 247, 322, 366, 398, 414, and 632 cm⁻¹-were detected [18]. This indicates the absence of both rutile 
and brookite phases in the film. 

Figure 2. Raman scattering spectrum of the sample 

Identification and physical interpretation of the observed Raman peaks: The peak at 143 cm⁻¹ is the most intense and 
prominent feature of anatase-phase TiO2. It corresponds to the Eg symmetry phonon mode, associated with symmetric in-
plane vibrations of oxygen atoms relative to titanium ions. Its intensity and sharpness are indicative of a high degree of 
crystallinity and lattice order. The 194 cm⁻¹ peak represents a low-frequency mode with Eg symmetry, attributed to collective 
oxygen vibrations directed along the crystallographic axis. The 392 cm⁻¹ peak arises from oxygen vibrations perpendicular 
to the titanium atoms and is characteristic of the B₁g mode, reflecting the local symmetry of the anatase crystal lattice. The 
strong peak at 520 cm⁻¹ originates from the Si-Si bond vibrations of the monocrystalline silicon substrate. In cases of low 
TiO2 film thickness, this peak appears as a pronounced background signal, which can mask the intrinsic Raman features of 
TiO2, particularly those near 513 and 517 cm⁻¹. The 637 cm⁻¹ peak is a high-frequency mode associated with symmetric 
oxygen vibrations within the anatase lattice and serves as an additional signature of this crystalline phase. Taken together, 
the presence and assignment of these peaks confirm that the TiO2 films synthesized at substrate temperatures of 225-275°C 
exhibit a well-defined anatase crystalline structure, while the film grown at 200 °C retains an amorphous phase. 

The crystallinity and phase composition of TiO2 films synthesized at substrate temperatures of 200°C, 225°C, 250°C, 
and 275°C were investigated using XRD. In the sample deposited at 200°C, no diffraction peaks were detected, indicating 
an amorphous structure with the absence of long-range crystalline order. For the samples synthesized at 225 °C, 250 °C, 
and 275°C, the corresponding XRD patterns are shown in Figure 3 (a). At 225°C, weak but clearly distinguishable 
diffraction peaks appear, characteristic of the anatase phase of TiO2. In particular, a peak near 2θ ≈ 25.3° corresponds to 
the (101) crystallographic plane, indicating the initial formation of crystalline nuclei, i.e., growth centers [19]. At the 
same time, the presence of a broad amorphous background suggests a two-phase composition-comprising both amorphous 
and crystalline components. 

To quantitatively evaluate the phase composition, Rietveld refinement [20] was performed using the reference anatase 
structure from the ICSD database (entry No. 83795). The analysis revealed that the crystalline phase content in the sample 
deposited at 225°C was approximately 25-30%, with the remaining fraction being amorphous. The emergence of crystalline 
growth centers at this temperature may be attributed to substrate surface characteristics, including morphology, surface 
energy, and the presence of structural defects that promote localized adsorption and structural ordering. However, 
crystallization does not extend throughout the entire film, and the majority of the volume remains amorphous. 

In contrast, XRD analysis of the samples synthesized at 250 °C and 275 °C revealed sharp and intense diffraction peaks 
corresponding to the anatase phase of TiO2. Reflections from the (101), (004), (200), (105), and (211) planes were identified 
at 2θ angles of approximately 25.3°, 37.8°, 48.0°, and 54.0°, respectively [20]. The presence of narrow and intense peaks 
indicates a high degree of long-range crystalline order. The absence of a broad amorphous background further confirms the 



452
EEJP. 4 (2025) Temur K. Turdaliev, et al.

fully crystallized anatase structure in these films, with no detectable amorphous component. Comparison of the obtained 
diffraction patterns with the reference anatase phase revealed complete agreement in both peak positions and relative 
intensities, indicating a polycrystalline anatase structure. The crystallites are randomly oriented, and the diffraction intensity 
is evenly distributed across all crystallographic directions. Based on the results of XRD and AFM analyses, a schematic 
representation of the TiO2 film growth process via ALD at different substrate temperatures is provided in Figure 3(b). 

 
Figure 3. XRD patterns of TiO2 films (a) and schematic illustration of the temperature-dependent growth mechanism (b) 

At 200°C, the film is amorphous, exhibiting a smooth surface with no signs of crystallization. The layer demonstrates 
high conformality. At 225°C, localized crystallization centers begin to emerge, accompanied by the initial formation of 
anatase domains. The conformality of the film is partially disrupted. At 250°C, the crystallization process intensifies, 
resulting in the development of a continuous polycrystalline anatase structure throughout the film. The crystallites are 
randomly oriented, and the structure appears stabilized. At 275°C, a coarse-grained structure composed of large crystallites 
is formed. Enhanced surface diffusion results in agglomeration, and the film grows with a loss of uniformity. The average 
crystallite size was calculated using the Scherrer equation [21]: 𝐷 ൌ 𝐾𝜆𝛽𝑐𝑜𝑠𝜃 

Where D is the average crystallite size, K is the Scherrer constant, λ is the wavelength of Cu Kα radiation (0.15406 nm), β 
is the full width at half maximum (FWHM) of the diffraction peak, and θ is the Bragg angle. For the calculations, five 
diffraction peaks corresponding to different crystallographic planes were selected, and the FWHM values (β) were measured 
for each of them. According to the results, the crystallite sizes ranged from 32.2 nm to 71.3 nm, indicating an average 
crystallite size of approximately 40-70 nm in the investigated TiO2 samples. 

 
CONCLUSIONS 

Structural and morphological characterization of TiO2 thin films synthesized by thermal ALD using TTIP and H2O 
as precursors has demonstrated a strong dependence on substrate temperature. At 200°C, the films exhibit an amorphous 
structure with conformal surface morphology, as confirmed by the absence of diffraction peaks and a low surface roughness. 
The onset of crystallization is observed at 225°C, with the emergence of weak diffraction features and microstructural 
formations, indicating the formation of anatase-phase nuclei. At elevated deposition temperatures of 250–275°C, the TiO₂ 
films exhibit complete crystallization into the anatase polymorphic phase, as confirmed by the appearance of sharp and 
intense diffraction peaks corresponding to the (101), (004), (200), and other characteristic crystallographic planes. The 
crystallite size increases significantly with temperature, reaching ~70 nm, and the films exhibit a coarse-grained 
polycrystalline structure. AFM analysis reveals a progressive increase in surface roughness, consistent with crystallite growth 
and agglomeration driven by enhanced surface diffusion. These results confirm that substrate temperature is a critical 
parameter governing the nucleation, growth mode, and final structural configuration of ALD-deposited TiO2 films. Control 
over this parameter enables precise tuning of crystallinity and surface topology, which is essential for optimizing film 
performance in applications such as photocatalysis, sensors, and nanostructured functional coatings. 
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ВПЛИВ ТЕМПЕРАТУРИ ПІДКЛАДКИ НА МОРФОЛОГІЮ ТА КРИСТАЛІЧНІСТЬ ТОНКИХ ПЛІВОК TiO2, 

ВИРОЩЕНИХ МЕТОДОМ ALD З ВИКОРИСТАННЯМ TTIP ТА H20 
Темур К. Турдалієв, Ходжіахмад Х. Зохідов, Шухрат Ч. Іскандаров, Усмонджон Ф. Бердієв 
Інститут іонно-плазмових та лазерних технологій ім. Аріфова Академії наук Узбекистану 

100125, вул. Дурмон йулі, 33, Ташкент, Узбекистан 
У цьому дослідженні досліджується вплив температури підкладки на морфологічні та структурні характеристики тонких плівок 
TiO2, синтезованих методом термічного ALD з використанням тетраізопропоксиду титану та води як прекурсорів. Температура 
підкладки змінювалася від 200 до 275°C з кроком 25°C. Морфологію поверхні досліджували за допомогою атомно-силової 
мікроскопії, а кристалічну структуру аналізували за допомогою рентгенівської дифракції та раманівської спектроскопії. Було 
виявлено, що плівки, нанесені при 200°C, мали аморфну структуру та гладку, конформну поверхню з мінімальною шорсткістю. 
Підвищення температури до 225°C призвело до утворення мікроструктур та появи початкових ознак кристалізації, що 
супроводжувалося збільшенням шорсткості поверхні. При 250-275°C утворилася чітко виражена полікристалічна структура 
анатазу, що характеризується розвитком зерен та агломерацією наноструктур, про що свідчить підвищена інтенсивність 
дифракційних піків та вищі параметри шорсткості поверхні. Згідно з рентгенівським дифракційним аналізом, середній розмір 
кристалітів коливався від 32 до 71 нм, залежно від температури синтезу. Результати показують, що температура осадження має 
комплексний вплив як на фазовий склад, так і на морфологію поверхні плівок TiO2, що необхідно враховувати для їх застосування 
у функціональних наноструктурах, фотокаталітичних системах, сенсорах та мікроелектронних пристроях. 
Ключові слова: TiO₂; ALD; анатаз; кристалічність; морфологія; температура підкладки; XRD; раманівська спектроскопія 
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Ni-ferrite-TiO2 nanocomposites with varying TiO2 content (0%, 25%, 50% and 75%) were synthesized using the sol-gel auto-
combustion method and characterized through XRD, FE-SEM, VSM, and Raman spectroscopy. The XRD analysis confirmed the 
coexistence of ferrite and TiO2 phases. FE-SEM images revealed uniform particle distribution and a reduction in particle size as TiO2 
content increased. Raman spectroscopy showed strong TiO2-related vibrational modes, with the highest intensity observed in the 75% 
TiO2 sample, diminishing as TiO2 content decreased. Peaks observed in pure Ni-ferrite (283, 402, 469 and 689 cm⁻¹) shifted to lower 
wavelengths with increasing TiO2 doping, indicating altered vibrational modes due to phase interactions. These interactions likely 
contributed to changes in the magnetic properties. VSM analysis revealed a decrease in saturation magnetization and magnetic 
remanence with increasing TiO2 content, while coercivity remained stable. The magnetic behavior was attributed to TiO2 dilution and 
phase interfaces, offering valuable insights for the design of magnetic materials with customized properties. 
Keywords: Ferrite; Nanocomposites; Magnetic properties; Nanoparticles; Hybrid ferrite 
PACS: 75.75.+a ; - 81.16.-c 

1. INTRODUCTION
The pursuit of advanced magnetic materials with tailored properties has become a central focus of modern 

technological innovation. Magnetic nanomaterials offer promising opportunities for applications in spintronics, 
magnetic storage, biomedical devices, and energy storage systems [1][2]. Among these, nickel ferrite (NiFe) 
nanoparticles stand out due to their remarkable magnetic characteristics, stability, and biocompatibility [3]. 

Ni ferrite nanoparticles are known for their excellent magnetic properties, such as high saturation magnetization 
and coercivity, making them suitable for various high-performance applications [4,5]. Moreover, the magnetic behavior 
of these nanoparticles can be further optimized by altering their composition, structure, and morphology [6]. Studies on 
similar ferrite-based nanocomposites, such as cobalt ferrite (CoFe) and zinc ferrite (ZnFe), have demonstrated distinct 
magnetic properties. CoFe nanoparticles exhibit high magnetic anisotropy and coercivity [7], while ZnFe nanoparticles 
are recognized for their magnetic stability and biocompatibility [8]. 

The potential of NiFe nanoparticles can be expanded through hybridization with other materials, creating 
multifunctional nanocomposites with enhanced magnetic and structural properties. Titanium dioxide (TiO2) emerges as 
an excellent material for this purpose due to its unique optical, electrical, and magnetic properties [9]. Integrating TiO2 
with NiFe nanoparticles can yield nanocomposites with enhanced magnetic properties, improved thermal stability, and 
increased surface area [10]. 

In this study, Ni-ferrite-TiO2 nanocomposites with varying TiO2 content were synthesized using the sol-gel auto-
combustion method. This technique provides precise control over the composition, structure, and morphology of the 
nanocomposites, enabling a systematic investigation of how TiO2 incorporation influences their magnetic properties [11]. 
Our research investigates the structural, morphological, and magnetic properties of NiFe-TiO2 nanocomposites to gain a 
deeper understanding of the mechanisms underlying their enhanced magnetic behavior. The insights gained from this study 
will aid in the development of multifunctional nanomaterials with customized magnetic properties, opening new 
possibilities for applications in magnetic storage, spintronics, biomedical devices, and energy storage technologies. 

2. Materials and methods
2.1 Synthesis 

NiFe₂O₄ spinel nanoferrite was synthesized using a sol-gel auto-combustion method [12,13]. Stoichiometric 
amounts of analytical grade of ferric nitrate (Fe(NO₃)₃·9H₂O), nickel nitrate (Ni(NO₃)₂·6H₂O), and citric acid (C₆H₈O₇) 
were dissolved in deionized water, maintaining a 1:1 molar ratio [14]. The pH was adjusted to neutral (pH 7) by adding 
ammonia while stirring. The mixture was then heated to 90°C, forming a dense gel, which was subsequently heated to 
275°C, initiating a combustion reaction that produced as-burnt ferrite powder. The powder was calcined at 500°C for 3 
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hours in air to remove organic residues and achieve a uniform particle size distribution [15]. To explore the impact of 
TiO₂ content on the nanocomposite properties, TiO₂ nanoparticles were introduced into the ferrite nanopowder at 
various ratios (0%, 25%, 50%, and 75%). The structural, morphological, and magnetic properties of the resulting 
ferrite-TiO₂ nanocomposites were comprehensively characterized. 

 
2.2 Material characterization 

The crystalline structure of the ferrite nanocomposites was examined using X-ray diffraction (XRD) analysis 
performed on a PANalytical X'pert Pro instrument (Netherlands) with a Cu Kα radiation source (λ = 1.54048 Å) [16]. 
The surface morphology of the nanoparticles was investigated using field emission-scanning electron microscopy (FE-
SEM) with a MIRA3-XMU model (TESCAN, Czech Republic) [17]. Raman spectra using XploRa-HOBIBA with 
a 785 nm laser were employed to identify the spinel ferrite phase [18]. The magnetic properties of the ferrite 
nanocomposites were characterized at room temperature using a vibrating sample magnetometer (VSM) from LBKFB 
Meghnatis Daghigh Kavir Company, with an applied magnetic field ranging from -10 to +10 kOe [19]. 
 

3. RESULTS AND DISCUSSION 
The XRD patterns of the NiFe₂O₄/TiO₂ nanocomposites with varying TiO₂ content (0%, 25%, 50%, and 75%) are 

presented in Figure 1. The FullProf-fitted spectra reveal well-defined peaks at (220), (311), (222), (400), (422), and 
(440), which are characteristic of the spinel ferrite phase [20]. These peaks confirm the presence of the NiFe₂O₄ spinel 
structure and indicate that the samples are free from detectable impurities [21]. In addition to the ferrite phase, the TiO₂ 
phase was identified through spectral fitting techniques [22]. The XRD patterns correspond well with known reference 
patterns for the cubic spinel phase of NiFe₂O₄ (JCPDS card no. 00-054-0964) and the tetragonal anatase phase of TiO₂ 
(JCPDS card no. 00-021-1272) [23]. The accurate matching of these patterns with standard reference cards validates the 
successful incorporation of TiO₂ into the NiFe₂O₄ matrix and confirms the preservation of the distinct crystal structures 
of both components within the nanocomposites. This indicates that TiO₂ is present in its anatase form and does not 
interfere with the spinel structure of the ferrite, thus allowing for the exploration of combined properties of these 
materials. 

 
Figure 1. XRD patterns of 0%, 25%, 50%, and 75% NiFe₂O₄/TiO₂ nanocomposites 

The structural parameters of the NiFe₂O₄/TiO₂ nano composites, determined through FullProf fitting, are 
summarized in Table 1. The crystallite size (DXRD) and particle size (DFE-SEM) values show a slight variation with 
increasing TiO₂ content. Specifically, a minimum crystallite size of 41.72 nm is observed for the 25% TiO₂ sample. 
This reduction in crystallite size can be attributed to the grain refinement effect induced by the incorporation of TiO₂. 
The presence of TiO₂ may disrupt the growth of NiFe₂O₄ grains, leading to smaller crystallite sizes [24]. The lattice 
parameter (a) values range from 5.347 Å to 7.213 Å, reflecting a subtle expansion of the crystal lattice with increasing 
TiO₂ content. This lattice expansion is likely due to the substitution of larger Ti⁴⁺ ions for the smaller Fe³⁺ ions in the 
NiFe₂O₄ lattice. As Ti⁴⁺ ions are larger than Fe³⁺ ions, their incorporation into the NiFe₂O₄ lattice increases the lattice 
dimensions, which is consistent with the observed increase in the lattice parameter [25]. 
Table 1. Structural Parameters from XRD & SEM analysis- crystallite size (DX), particle size (DS), lattice parameter (a), density 
(ρx), microstrain(ɛ) and dislocation density (δ) 

TiO2 
% 

DXRD 
(nm) 

DSEM 
(nm) 

a 
(Å) ρx ɛ×10-3 δ×1015 

0 44.85 17.9 8.350 5.35 1.5 0.599 
25 41.72 19.9 8.335 7.21 1.91 0.824 
50 45.01 22.1 8.333 7.21 1.80 0.720 
75 49.08 21.9 8.335 7.21 1.61 0.591 
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The density (ρx) of the nanocomposites is found to be lowest for the 0% TiO₂ sample and remains relatively constant 
for the composites with higher TiO₂ content. This suggests that the addition of TiO₂ does not significantly alter the overall 
density of the nanocomposites. The lack of significant change in density might indicate that the TiO₂ particles are well-
dispersed within the NiFe₂O₄ matrix, without causing substantial changes in the overall packing density of the material 
[25]. Additionally, the microstrain (ɛ×10⁻³) values decrease with increasing TiO₂ content, indicating a relaxation of the 
crystal structure. Microstrain is a measure of local lattice distortions and defects. The decrease in microstrain with higher 
TiO₂ content suggests that the incorporation of TiO₂ reduces lattice distortions and helps to relieve internal stresses within 
the NiFe₂O₄ lattice. This reduction in microstrain is likely due to the reduced lattice mismatch between the NiFe₂O₄ and 
TiO₂ phases, leading to a more coherent and less strained crystal structure [26]. 

The surface morphology of the NiFe₂O₄/TiO₂ nano composites was examined using field emission scanning 
electron microscopy (FESEM), with the resulting images presented in Figure 2a-d. The FESEM images provide detailed 
insights into the particle size, shape, and distribution of the nanocomposites. These images reveal that the nanoparticles 
exhibit a relatively uniform distribution across the sample, with variations in particle size that are dependent on the TiO₂ 
content. The observations from the FESEM analysis are crucial for understanding the impact of TiO₂ incorporation on 
the surface characteristics of the NiFe₂O₄ matrix, which can influence the material's overall performance in various 
applications [27]. 

  

  
Figure 2. FE-SEM images of 0%, 25%, 50%, and 75% NiFe₂O₄/TiO₂ nanocomposites 

The FE-SEM microstructural analysis (Figure 3a-d) revealed a nearly homogeneous particle size distribution 
across the surface, with particles predominantly exhibiting semi-spherical shapes. This analysis highlights the 
significant effect of TiO₂ doping on particle size, demonstrating that higher TiO₂ content (75%) results in noticeable 
particle enlargement. The microstructural examination provides detailed insights into the average size and grain growth 
characteristics, which are essential for understanding the material’s physical, electrical, and magnetic properties. 
Particle agglomeration is evident, with smaller particles coalescing to achieve a lower free energy state, a trend that is 
more pronounced with increased TiO₂ doping. Additionally, there is a noticeable tendency for aggregation among 
numerous ferrite nanoparticles. The observed porous structures may result from substantial gas release during the 
combustion process, while the formation of agglomerated regions is likely due to the inherent interactions among 
magnetic nanoparticles [28]. 

The average crystallite size (DXRD) and particle size (DFE-SEM) show a significant dependence on TiO₂ content, as 
summarized in Table 1. The images also indicate that the particle sizes of the two phases vary with the relative content 
of each component. As TiO₂ content increases, the size of the nanocomposite particles also increases. Uniform 
structures are observed in the intermediate compositions, suggesting coherent grain growth within the constituent 
phases of the composites. 
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Figure 3. FE-SEM images of 0%, 25%, 50%, and 75% NiFe₂O₄/TiO₂ nanocomposites 

Figure 4 presents the Raman spectra of NiFe₂O₄/TiO₂ nanocomposites with varying TiO₂ content (0%, 25%, 50%, 
and 75%). The Raman spectroscopy results reveal a prominent vibrational mode associated with the TiO₂ phase, as 
evidenced by the high-intensity peaks observed in the 75% TiO₂ sample [29]. As the TiO₂ content decreases, the 
intensity of these TiO₂-related peaks diminishes, highlighting the influence of TiO₂ concentration on the Raman signal. 
In contrast, the pure Ni-ferrite sample exhibits characteristic peaks at 283, 402, 469, and 689 cm⁻¹. These peaks shift 
towards lower wavelengths with increasing TiO₂ doping percentages, suggesting changes in the vibrational modes of 
the Ni-ferrite phase due to interactions with the TiO₂. The observed shift in peak positions and variations in peak 
intensities indicate a strong interaction between the Ni-ferrite and TiO₂ phases. This interaction likely influences the 
material's vibrational properties and is correlated with changes in the magnetic properties of the nanocomposites as TiO₂ 
content varies [30]. 

 
Figure 4. Raman spectra of 0%, 25%, 50%, and 75% NiFe₂O₄/TiO₂ nanocomposites 

Figure 5 displays the room temperature hysteresis loops derived from Vibrating Sample Magnetometry (VSM) 
measurements. The magnetic properties, saturation magnetization (Ms), coercivity (Hc), and remanence magnetization 
(MR), are summarized in Table 2. 

Figure 6 presents the variation curves for Ms and MR with different TiO₂ concentrations. The results reveal a 
decline in Ms and magnetic moment (μ) as TiO₂ content increases, indicating a systematic reduction in the magnetic 
properties of the NiFe₂O₄/TiO₂ nanocomposites. This reduction is attributed to the dilution effect caused by the 
incorporation of TiO₂, which progressively diminishes the magnetic properties of the NiFe₂O₄ phase [31,32]. Since TiO₂ 



458
EEJP. 4 (2025) Hanaa Sh. Ahmed, et al.

is non-magnetic, its presence reduces the concentration of the magnetic NiFe₂O₄ phase, leading to an overall decrease in 
the magnetic moment of the nanocomposites. Notably, Hc remains relatively stable across different TiO₂ 
concentrations, suggesting that the incorporation of TiO₂ does not significantly affect the magnetic anisotropy of the 
nanocomposites [33,34]. The consistent coercivity indicates that TiO₂ does not substantially alter the magnetic domain 
structure or the magnetization reversal process in the NiFe₂O₄ phase. 

 
Figure 5. RT Magnetic curves of 0%, 25%, 50%, and 75% NiFe₂O₄/TiO₂ nanocomposites 

Table 2. RT Magnetic parameters 

TiO2
% 

MS 
(emu/g) 

MR 
(emu/g) 

HC 
(Oe) 

ηB 
(μB) 

K ×103 
(emu.Oe/g) 

0 33.73 14.29 204.1 1.416 7.17 
25 26.28 10.86 204.7 1.479 5.60 
50 22.24 9.19 205.9 1.251 4.77 
75 19.75 8.3 206.9 1.111 4.26 

The observed decrease in saturation magnetization and magnetic moment with increasing TiO₂ content may also 
be related to changes in particle size and surface effects, as indicated by the FESEM analysis [35]. Variations in particle 
size and potential surface phenomena, such as increased porosity or agglomeration, could further impact the magnetic 
properties of the nanocomposites. These factors must be considered when interpreting the changes in magnetic behavior 
with varying TiO₂ concentrations. 

 
Figure 6. RT Magnetic Saturation (Ms) and Remanence (MR) variation curves of 0%, 25%, 50%, and 75% NiFe₂O₄/TiO₂ 
nanocomposites 

 
4. CONCLUSIONS 

This study provides significant insights into NiFe₂O₄/TiO₂ nanocomposites, focusing particularly on their magnetic 
properties alongside structural and morphological aspects. X-ray diffraction (XRD) confirmed the successful synthesis 
of these nanocomposites, revealing the presence of both NiFe₂O₄ and TiO₂ phases. Field emission scanning electron 
microscopy (FESEM) demonstrated a uniform distribution of TiO₂ within the NiFe₂O₄ matrix, with particle size 
decreasing as TiO₂ content increased, suggesting that TiO₂ acts as a grain refiner. Raman spectroscopy further revealed 
strong interactions between NiFe₂O₄ and TiO₂, leading to changes in vibrational modes that influence the material's 
magnetic behavior. 
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The magnetic studies, conducted via Vibrating Sample Magnetometry (VSM), are particularly noteworthy. The 
results showed a significant decrease in saturation magnetization and magnetic moment as TiO₂ content increased, 
highlighting a pronounced dilution effect on the magnetic properties of the NiFe₂O₄ phase. This reduction is a direct 
consequence of the non-magnetic TiO₂ phase diluting the magnetic contribution of NiFe₂O₄. Despite this decrease, the 
coercivity remained stable across different TiO₂ concentrations, indicating that TiO₂ incorporation does not significantly 
affect the magnetic anisotropy or the magnetization reversal process. This stability in coercivity suggests that the 
fundamental magnetic characteristics of the NiFe₂O₄ phase are preserved, even as its magnetic moment is diluted. 

Looking ahead, future research should prioritize optimizing synthesis parameters to further refine these magnetic 
properties, exploring different TiO₂ doping levels and alternative materials. Additionally, practical applications in 
spintronics, magnetic sensors, and catalysis could benefit from these findings, making it crucial to evaluate how these 
nanocomposites perform in specific technological contexts. Comparative studies with other materials will also be 
valuable to highlight the relative advantages of NiFe₂O₄/TiO₂ nanocomposites. Overall, this work advances our 
understanding of TiO₂ doping effects on NiFe₂O₄ nanocomposites, emphasizing their potential for applications requiring 
tailored magnetic properties. 
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Нанокомпозити Ni-ферит-TiO2 з різним вмістом TiO2 (0%, 25%, 50% та 75%) були синтезовані за допомогою методу золь-
гель автогоріння та охарактеризовані за допомогою рентгенівської дифракції (XRD), FE-SEM, VSM та раманівської 
спектроскопії. Рентгенівський дифракціональний аналіз підтвердив співіснування фаз фериту та TiO2. Зображення FE-SEM 
показали рівномірний розподіл частинок та зменшення розміру частинок зі збільшенням вмісту TiO2. Раманівська 
спектроскопія продемонструвала сильні коливальні моди, пов'язані з TiO2, причому найвища інтенсивність спостерігалася у 
зразку з 75% TiO2, зменшуючи її зі зменшенням вмісту TiO2. Піки, що спостерігалися в чистому Ni-фериті (283, 402, 469 та 
689 см⁻¹), зміщувалися до нижчих довжин хвиль зі збільшенням легування TiO2, що вказує на змінені коливальні моди через 
фазові взаємодії. Ці взаємодії, ймовірно, сприяли змінам магнітних властивостей. Аналіз VSM виявив зменшення 
намагніченості насичення та залишкової магнітної напруги зі збільшенням вмісту TiO2, тоді як коерцитивна сила 
залишалася стабільною. Магнітна поведінка була пов'язана з розведенням TiO2 та межами розділу фаз, що дає цінні знання 
для розробки магнітних матеріалів з індивідуальними властивостями. 
Ключові слова: ферит; нанокомпозити; магнітні властивості; наночастинки; гібридний ферит 
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The study presents the results of an investigation into the temperature dependence of the current–voltage characteristics of 
CdS/Si/CdTe heterostructures fabricated by thermal evaporation. The study establishes that, as the temperature increases, an 
exponential rise in current is observed, attributed to the thermally activated nature of conductivity and the reduction of the potential 
barrier at the interfacial boundaries. In the low-temperature region, the structure exhibits diode-like behavior, whereas at higher 
applied voltages (20–40 V), an injection transport mechanism becomes dominant. The activation energy of 0.61 eV confirms that the 
thermal release of carriers from localized states governs charge transport. The results indicate the stability of the barrier height and 
conduction mechanism over the studied temperature range, highlighting the need to account for thermal effects in the design of 
photoelectric and optoelectronic devices based on CdS/Si/CdTe structures. 
Keywords: Temperature; Heterosystem; Layer; Carrier; Mobility; Mechanism; Current; Voltage; Structure 
PACS: 64.70.kg, 73.40.Kp, 68.37.Hk 

INTRODUCTION 
In recent years, there has been growing interest in the development and investigation of thin-film heterostructures 

based on group II–VI compounds, which are distinguished by their high photoelectric efficiency and thermal stability 
under operating conditions [1–3]. Among these materials, cadmium-containing compounds such as CdS and CdTe have 
attracted particular attention due to their direct bandgap nature, strong optical activity, and the technological simplicity 
of their deposition processes. These properties make them widely applicable in solar cells, photodetectors, and various 
optoelectronic devices [4–7]. The incorporation of a silicon layer into CdS/CdTe-based heterostructures enables more 
effective lattice parameter matching between the constituent layers, reduces defect density at the interfaces, and 
improves charge-carrier transport conditions, thereby enhancing the overall functional performance of the structure 
[8-10]. Such a heterostructure is considered a promising platform for developing photoconverters with a broad spectral 
sensitivity range. In this system, the CdS layer-a wide-bandgap semiconductor (Eg≈2.4 eV)-acts as a transparent 
window; silicon (Eg≈1.12 eV) serves as a buffer and transport layer; while CdTe-a narrow-bandgap semiconductor 
(Eg ≈ 1.5 eV)-provides efficient light absorption and charge-carrier generation [11,12]. The operational parameters of 
such structures are largely determined by temperature conditions, which influence the recombination rate, the potential 
barrier height of the p–n junction, and the carrier mobility. 

The influence of temperature on the operating parameters of a photodiode is primarily determined by two 
fundamental diode characteristics-the ideality factor and the reverse saturation current density [13,14]. Direct-bandgap 
semiconductor materials such as CdS and CdTe have demonstrated high efficiency in the fabrication of thin-film 
photodiode structures [15,16]. 

To achieve the highest efficiency of photodiodes based on A2B6 compounds, the solid solution should possess a 
continuously graded composition across a thickness of d << 1 μm, ranging from CdS to CdTe [17]. The use of high-
temperature processing during the formation of CdS/CdTe-based heterostructures incorporating a silicon layer leads to 
an increased concentration of uncontrolled impurities throughout the entire structure, including within the compound 
layers [18]. In CdS/CdTe heterostructures, a junction with pronounced rectifying behavior and high photosensitivity is 
typically formed [19, 20]. In addition to parameters such as layer thickness, doping level, bandgap width, charge-carrier 
mobility, and density of states, temperature effects exert a significant influence on the photoelectric characteristics and 
operational stability of photodiodes. Therefore, the investigation of the temperature dependence of current–voltage 
characteristics in CdS/Si/CdTe heterostructures represents a relevant and timely task aimed at optimizing their 
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photoelectric properties and enhancing stability under various operating conditions. In the present study, the influence 
of temperature on the key operating parameters of CdS/Si/CdTe photodiode heterosystems was analyzed within the 
temperature range of 293–333 K. The results obtained provide insights into the temperature stability of these structures 
and contribute to the optimization of the performance characteristics of single- and multi-junction photodiodes, taking 
thermal effects into account. 

 
EXPERIMENTAL PART 

The investigated CdS/Si/CdTe heterosystem [21,22] was fabricated in a quasi-closed volume using the vacuum 
thermal evaporation method of CdS and CdTe powders onto an n-type monocrystalline silicon substrate. The substrate 
used was monocrystalline silicon of the KEF-600 grade, oriented along the (111) crystallographic direction, with a 
thickness of d=130 μm, a diameter of D=42 mm, and a specific resistivity of ρ=607.47 Ω·cm. The concentration of the 
majority charge carriers was Nn=7×10¹² cm-3, and the area of the resulting structure was 29 mm². The thickness of the 
deposited films was d = 0.55 μm and was determined using a MII-4 microinterferometer [21]. The films consist of 
microcrystalline blocks with a columnar grain structure, oriented along the growth direction and azimuthally 
disoriented. The grain sizes range from 50 to 100 μm, extending through the entire film thickness. This combination of 
structural parameters and technological conditions ensures the formation of a high-quality heterojunction with good 
crystallinity and minimal interfacial defects, which is a prerequisite for obtaining stable current–voltage characteristics 
of the photodiode over a wide temperature range [17]. 

The temperature dependence of the investigated photodiode samples of the CdS/Si/CdTe heterosystem was 
recorded in the measuring chamber of a Carl Zeiss Jena monochromator. The temperature regime in the investigated 
samples was set using a heater mounted in the sample holder placed inside the measuring chamber. The set temperature 
from room temperature to 60 ºC was measured with a copper-constantan thermocouple and maintained with a 
thermostat, as shown in Fig. 1.  

The temperature in the studied sample 5 was controlled using a specially made low-inert heater – 4, mounted in 
the sample holder – 3, placed inside the measuring chamber. The temperature was set from room temperature to 60°C, 
with an accuracy of ±1°C It was measured by thermocouple 6 (chromel-droplet) and maintained by digital thermostat 2, 
taking into account the inertia of the system. Using a high-precision adjustable voltage source – 1, a fixed voltage was 
set, supplied to the studied sample – 5. From the output of the studied sample 5, the current flowing through the 
semiconductor structure was supplied to a digital current meter – 7, SH-300, used in the DC measurement mode. 

Based on the obtained results, the dependence of current change on temperature was constructed using 
OriginPro 7.0. 

 

Figure 1. Block diagram for measuring the temperature dependence of the volt-ampere characteristic 
 

RESULTS AND DISCUSSION 
The current–voltage (I–V) characteristics of the structure were recorded in the forward direction over a wide range 

of current and voltage values. Assuming electrically active defects, analyzing I–V characteristics allows conclusions to 
be drawn about the defect structure formed within the heterosystem. Fig. 2 presents the forward branch of the I–V 
characteristic of the CdS/Si/CdTe heterosystem obtained at room temperature (293 K). 
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Figure 2. Volt-ampere characteristic of the CdS/Si/CdTe heterosystem in the forward direction at T=293 K 
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The current-voltage dependence is plotted on a semi-logarithmic scale. The analysis of the I-V characteristics 
indicates that the structure exhibits pronounced rectifying behavior. At 18 V, the rectification coefficient is ~10, 
confirming the diode-like behavior of the structure. Previously published research [23] presents the results of an 
analysis of the I-V characteristics of the CdS/Si/CdTe heterosystem. 

The temperature dependence of the CdS/Si/CdTe heterosystem is shown in Fig. 3 and was recorded in the forward 
direction over wide current change ranges at fixed voltage. The study was conducted in the temperature range 
T=293÷333 K. 
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Figure 3. Current–voltage characteristics of the CdS/Si/CdTe heterosystem in the forward direction (a) and their sublinear 
regions (b) at fixed voltage values of 5 V, 20 V, and 40 V 

In the obtained dependence (Fig. 3), an exponential increase in current with rising temperature was observed, 
indicating a thermally activated conduction mechanism. The forward branch of the I–V characteristics at low fixed 
voltages (5 V) followed an exponential dependence, whereas at higher voltages (up to 40 V) a sublinear increase in 
current with voltage was observed. In the low-temperature region, the current remained small due to the insufficient 
concentration of thermally excited carriers, while at low voltages (~5 V) an exponential current growth typical of diode 
structures with a diffusion-controlled conduction mechanism was evident. As the temperature increased, a noticeable 
enhancement of conductivity occured, associated with the intensification of thermal carrier generation and a reduction 
in the potential barrier at the CdS/Si and Si/CdTe heterointerfaces. At a fixed voltage of 20 V, the current increase was 
moderate, indicating a diode-type transition dominated by thermally activated charge transport processes. However, 
when the fixed voltage was increased to 40 V, the current rises much more rapidly, suggesting the onset of an injection-
type conduction mechanism and an additional lowering of the barrier height at the heterojunction interface upon 
heating. An increase in temperature above 330 K was accompanied by a growth in leakage currents, which is likely 
associated with the thermal ionization of deep impurity and defect levels localized at the CdS/Si and Si/CdTe interfaces. 
The initial portion of the temperature dependence (Fig. 3) was well approximated by a known empirical law [24]. 

 𝐼 = 𝐼଴𝑒𝑥𝑝 (𝑒𝑉/𝑐𝑘𝑇) (1) 

The values of the exponent c in the exponent and the pre-exponential factor I0, calculated from the temperature 
dependence (Fig. 3) for different temperatures, are given in Table 1. 
Table 1. Values of the exponent c in the exponent and the pre-exponential factor I0 at different temperatures 

T, K C I0, A 

293 2.92 5.17∙10⁻8 
303 2.15 8.02∙10⁻8 
323 1.78 2.53∙10⁻7 
333 1.09 3.02∙10⁻7 

 
The transitions formed between the CdS/Si and Si/CdTe layers were high-resistance [25-27] and they mainly 

determined the electronic processes in the structure and the current transfer mechanism. 
Dependence (1) is typical for the so-called “long” p-n diode, i.e. when d/Lp>1, where d is the base length, 

Lp=(Dpτp)1/2 is the diffusion length of minority carriers, Dp is the diffusion coefficient, τp is the lifetime of minority 
carriers. Since the electronic processes [28, 29] associated with charge modulation during current flow through the 
structure are largely determined by the transition high-resistance layers of CdS and CdTe, it is reasonable to take the 
thickness of these layers, which is approximately d≈0.55 μm, as the base length. 

Exponential dependence of current on voltage (1) for p-i-n structures, the exponent c in the exponent has the 
following form: 
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 𝑐 = ଶ௕ା௖௛൫ௗ ௅೛⁄ ൯ାଵ௕ାଵ , (2) 

where, b=μn/μp is the ratio of electron and hole mobilities in the CdS/Si and Si/CdTe transition layers, b=9.12 [30, 31]. 
Knowing b, we can find d/Lp=2.84, then we can find the diffusion length of minority carriers: Lp=0.71 μm. This 
allowed us to determine the product of the mobility and the minority carrier lifetime μpτp=qL2

р/kT, which was obtained 
at room temperature (293 K) as 1.38×10−7 см2/V. At T=313 K, μpτp=4.12×10−7 см2/V, which is e times greater than the 
value at room temperature; the increase in μpτp with temperature is explained by the recharging of deep centers. 

The minority carrier lifetime (τp) was determined by the relaxation process of nonequilibrium carriers at a low 
excitation level both in the mode without external voltage and at different values of the applied voltage [32, 33]. 
Nonequilibrium carriers were created using an electric pulse generated by a G5-63 rectangular pulse generator. The 
pulses had a sharp front and tail with a duration of 500-600 ns. The rise time did not exceed 3×10-9 s, and the duty cycle 
was at least 6×10-4 s. In the absence of external voltage, the change in the concentration of nonequilibrium carriers n 
over time is described by an exponential dependence: 

 𝑛 = 𝑛଴𝑒𝑥𝑝(−𝑡/𝜏), (3) 

where, t is the time and τ is the relaxation time constant. Based on dependence (5), the value of this constant was 
obtained: τ≈3.16×10−7 s. Since in the structures under consideration the relaxation process was determined by the 
modulation of currents by minority carriers, the characteristic relaxation time corresponds to the lifetime of minority 
carriers, i.e. τp≈3.16×10−7 s.  

To avoid losses caused by the voltage drop in the bulk of the CdTe film, the Fermi level should be no further than 
approximately 0.2 eV from the upper boundary of the valence band, and for CdS, no further than 0.08 eV from the 
conduction band. The situation was complicated by the fact that even ultrapure CdTe and CdS samples inevitably 
contain residual impurities such as Cu, Fe, Au, Ag, As, P, and others in concentrations reached 1015-1016 cm-3 [34-35]. 
In addition to uncontrolled impurities, electrically active defects arised in the material, which were formed during its 
synthesis, as well as during mechanical or chemical treatment. For example, Cd vacancies are capable of forming singly 
or doubly charged acceptor states, and in combination with impurities such as Cl, they form donor complexes (known 
as A-centers). Te vacancies and Te atoms in interstitial sites or at Cd sites also behaved similarly to impurities of 
various natures. As a result, both shallow and deep acceptor and donor levels were inevitably present in the CdTe band 
gap, making this material a partially compensated semiconductor [36]. 

Fig. 4 shows SEM images of a thin-base CdS film grown on a silicon substrate of n-type CdS/Si/CdTe 
heterosystem and mass fractions of cadmium (Cd) elements and residual impurities in percentage. It can also be seen 
that the back side of the sample, consisting of silicon, is partially covered with a thin CdS film. 

 
a 

 
b 

Figure 4. SEM images of the surface (a) and elemental analysis (b) of a thin base layer based on n-type CdS of the 
CdS/Si/CdTe heterosystem 

It is known that, in the general case, the current–voltage characteristic (I–V characteristic) of a p–n junction under 
forward bias can be expressed by the following formula [24]: 

 𝐼 = 𝐼௦𝑒𝑥𝑝 ௤௏௡௞், (4) 

determine the voltage drop across the p-n junction, which has the following expression: 

 𝑉 = ௡௞்௤ 𝑙𝑛 ூூೞ, (5) 
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According to the dependencies (Fig. 5) measured on experimental samples at different temperatures, it was noted that 
with a change in temperature, the coefficient of non-ideality also changed. In this case, the coefficient of non-ideality 
changes linearly inversely proportional to the temperature (1/T) and is expressed as follows: 

 𝑛 = 𝑛଴ + బ்்  (6) 

where, n0 and T0 are constants of the empirical formula describing the dependence of the non-ideality coefficient on 
temperature. For the experimental samples under study at T0=310 K, the value of n0 is 0.72.  

In practical calculations, the ideality factor is determined from the slope of the linear section of the I–V characteristic 
(Fig. 5) in semilogarithmic coordinates using the following expression: 

 𝑛 = ௤௞் ቀ ௗ௏ௗ(୪୬ (ூೞ))ቁ (7) 
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Figure 5. Arrhenius dependence of the pre-exponential factor for the CdS/Si/CdTe heterosystem 
The graph shown in Fig. 5 illustrates the dependence of the logarithm of the saturation current (lnIₛ) on the inverse 

temperature (1/(nT)) for the CdS/Si/CdTe heterosystem at various fixed voltages: 5 V, 20 V, and 40 V. The linear nature of 
the dependencies corresponding to voltages of 20 V and 40 V indicates a thermally activated mechanism of saturation 
current conduction, which follows an exponential relationship described by expression (8) [24, 37]. 

 𝐼௦ = 𝐼௦଴𝑒𝑥𝑝 (− ∆ா௡௞்), (8) 

where, ΔE - activation energy, k is the Boltzmann constant, T is the absolute temperature, and n is the ideality factor of the 
junction. 

The negative slope of the temperature dependences of the logarithm of the saturation current indicates an increase in 
current with rising temperature (decreasing 1/(nT)), which is characteristic of diode structures where charge transport 
occurs via thermoelectronic emission across the potential barrier. The parallelism of the lines corresponding to different 
applied voltage values indicates that the activation energy remains constant within the studied temperature range, 
confirming the stability of the barrier height and the preservation of the charge transport mechanism [23,38]. At higher 
fixed voltages, an increase in the saturation current values is observed, which is associated with a reduction in the effective 
potential barrier height and an enhancement of injection processes in the heterojunction region. The linear dependence: 

 ln(𝐼௦) = 𝑓(1/𝑛𝑇) (9) 

confirms the thermally activated nature of the saturation current and allows for the evaluation of the energy parameters of 
the barrier junction in the CdS/Si/CdTe structure. 

From the temperature dependence (Fig. 5) of the CdS/Si/CdTe heterosystem, the activation energy of charge carriers 
was estimated to be ΔE ≈ 0.61 eV, while the saturation current at the junctions was Iₛ₀=6.3×10⁻⁸ A. The obtained activation 
energy value indicates a thermally activated conduction mechanism, in which charge transport is governed by the thermal 
release of carriers from localized energy states or by their overcoming of the potential barrier at the heterojunction 
interface. Based on the dependence shown in Fig. 5 and according to expression (7), the ideality factor was calculated to be 
n=3.6, which indicates a combined current transport mechanism in the CdS/Si/CdTe heterosystem [39,15]. Along with the 
diffusion transport of charge carriers, recombination and injection processes make a significant contribution to 
conductivity, as well as the influence of localized energy states and the inhomogeneity of the potential barrier at the 
interfacial boundaries [15]. 
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According to the literature [24], the specific resistance of the material at a given temperature is determined by the 
concentration of the majority charge carriers (n) according to the expression ρ=1/qμnn. In the CdS/Si/CdTe heterosystem at 
room temperature (293 K), the carrier concentration is about 1011 cm−3 and increases with increasing temperature, reaching 
up to 2×1012 cm−3 at 333 K. This indicates that the studied structure is a highly compensated material in which the 
concentration of ionized defect complexes of the (V−2

Cd D+) - type is about 1011 cm−3 at room temperature. 
 

CONCLUSIONS 
The conducted studies have shown that temperature has a significant effect on the I–V characteristics of the 

CdS/Si/CdTe heterosystem. With increasing temperature, an exponential rise in current was observed, which is attributed 
to the thermally activated nature of conductivity and the reduction of the potential barrier at the interfacial boundaries. In 
the low-temperature region, the current remained small, whereas at low voltages (~5 V) the structure exhibited diode-like 
behavior characteristic of a diffusion-controlled carrier transport mechanism. When the applied voltage was increased to 
40 V, an injection-type conduction mechanism stayed dominant, caused by a reduction in the barrier height upon heating. 
The observed increase in current with temperature indicates a decrease in the effective barrier height, confirming the 
stability of the electronic properties of the junction within the investigated temperature range. 

The study of the temperature dependence in the sublinear region revealed that the deep energy levels within the 
structure are continuously distributed, with their concentration increasing toward the mid-gap region. It was established 
that the μpτp parameter in the heterosystem increases with temperature: at T=293 K, μpτp=1.38×10−7см2/V, while at 
T=313 K, μpτp=4.12×10−7 см2/V. Based on the measured specific resistivity of the heterostructure at the corresponding 
temperatures, the concentration of the majority charge carriers was determined to be approximately 1011cm-3, increasing 
to about 2×1011 cm-3 with rising temperature. 

The temperature dependence of the pre-exponential factor I0 in the exponential region of the current–voltage 
characteristics indicates a complex variation in the equilibrium charge carrier concentration within the CdS/Si/CdTe 
heterosystem. This behavior is attributed to the influence of deep energy levels, recombination centers, and the potential 
distribution features at the interfacial boundaries. It has been established that the conduction process in the CdS/Si/CdTe 
heterosystem exhibits a thermoactivated character. The activation energy of 0.61 eV suggests that charge transport was 
governed by the thermal release of carriers from localized states or by their surmounting of the potential barrier at the 
heterojunction interface. 

The obtained results confirm the stability of the barrier height and the invariance of the carrier transport 
mechanism within the investigated temperature range, while also demonstrating the enhancement of injection processes 
under higher applied voltages. The revealed regularities highlight the necessity of accounting for temperature effects in 
the design and operation of photoelectric and optoelectronic devices based on CdS/Si/CdTe structures. The findings can 
be utilized to optimize the parameters of photoconverters and optical memory devices operating over a wide 
temperature range. 
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У дослідженні представлені результати дослідження температурної залежності вольт-амперних характеристик гетероструктур 
CdS/Si/CdTe, виготовлених методом термічного випаровування. Встановлено, що зі збільшенням температури спостерігається 
експоненціальне збільшення струму, що пояснюється термоактивованою природою провідності та зменшенням потенційного 
бар'єру на міжфазних межах. В області низьких температур структура демонструє діодоподібну поведінку, тоді як при вищих 
прикладених напругах (20–40 В) домінує інжекційний механізм транспорту. Енергія активації 0,61 еВ підтверджує, що теплове 
вивільнення носіїв заряду з локалізованих станів керує транспортом заряду. Отримані результати свідчать про стабільність 
висоти бар'єру та механізму провідності в досліджуваному діапазоні температур, а також про необхідність врахування 
теплових ефектів при проектуванні фотоелектричних та оптоелектронних пристроїв на основі структур CdS/Si/CdTe. 
Ключові слова: температура; гетеросистема; шар; носій; рухливість; механізм; струм; напруга; структура 


