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The electronic properties of single-walled carbon nanotubes (SWCNTs) are 

strongly influenced by their chirality, which plays a crucial role in determining 

their suitability for applications in nanoelectronics, energy storage, and other 

advanced technologies. In this study, we present an ab initio modeling 

framework for predicting the Fermi energy distribution in SWCNTs as a 

function of their chiral indices. Using first-principles calculations based on 

density functional theory (DFT), we systematically investigate the electronic 

structures of SWCNTs with chiral vectors (n, m), where n = 4, 5, 6 and m = 0. 

Our results indicate that these specific chiralities yield metallic behavior, as 

evidenced by the absence of a band gap. This computational approach provides 

fundamental insights into the chirality-dependent electronic behavior of carbon 

nanotubes, thereby supporting the rational design of carbon-based 

nanomaterials tailored for specific electronic applications. 
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1. Introduction 

Single-walled carbon nanotubes (SWCNTs) have attracted significant interest due to their 

exceptional electronic properties, which are highly sensitive to their chirality—the geometric 

arrangement of carbon atoms defined by chiral indices (n,m) [1,2]. This chirality dependence 

directly impacts their classification as metallic or semiconducting; with armchair nanotubes 

consistently exhibiting metallic behavior, while zigzag and chiral variants display either 

semiconducting or metallic properties depending on specific chiral values [3,4]. These 

characteristics make SWCNTs highly suitable for integration into nanoelectronic, energy storage, 

and sensing devices [5]. 

Traditional ab initio approaches, such as density functional theory (DFT), have been widely used 

to explore the electronic structure of SWCNTs with various chiralities [6,7].  

https://physics.beu.edu.az/server/api/articles/download/spatial-structures-of-the-n-terminal-analogues-of-nociceptin-molecule_7wQW2_01_05_2025.pdf
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While DFT provides accurate insight into band structure and Fermi energy distributions, it is 

computationally intensive, especially when extended to a large and diverse set of nanotube 

configurations [8]. To address this limitation, our study introduces a hybrid modeling 

framework that integrates DFT-based calculations with machine learning techniques to predict 

the Fermi energy distribution in SWCNTs as a function of chirality. Specifically, we focus on 

nanotubes with chiral vectors (n,0) for n=4, 5, 6, representing a class of zigzag SWCNTs known 

for their metallic behavior under certain conditions. 

The proposed approach not only reduces the computational cost associated with large-scale 

quantum mechanical simulations but also captures underlying trends in the electronic behavior 

of carbon nanotubes with varying chiralities. By accurately modeling the Fermi energy across 

different structural configurations, our method provides a scalable pathway for the rational 

design of SWCNT-based nanomaterials tailored for specific technological applications in 

electronics, optoelectronics, and energy systems [9,10]. 

2. Computational Methods 

This study combines ab-initio modeling to predict the Total Density of States (TDOS) 

distribution in single-walled carbon nanotubes (SWCNTs) with varying chirality, specifically 

from (4,0) to (6,0). The simulations were performed using Density Functional Theory (DFT), 

implemented in the Atomistic Tool Kit - Virtual Nano Laboratory (ATK-VNL) code. The Local 

Density Approximation (LDA) within DFT was employed for the calculations. 

The Carbon-Carbon bond length was set to 1.42 Å. For each CNT system, chiral configurations 

ranging from (4,0) to (6,0) were generated to study how the band gap varies with the chirality of 

the nanotubes. The electron-ion and electron-electron interactions were treated using FHI ionic 

pseudopotentials and predefined Perdew-Zunger (PZ) functionals. 

For the single-walled chiral CNTs with indices (n=4-6; m=0), Monkhorst-Pack (MP) grids of 

1×1×5 k-sampling were used. All atomic positions were geometrically optimized during the 

calculations. Carbon atoms were considered with a valence configuration of C + [He] 2s² 2p², and 

a kinetic energy cutoff of 50 Ha was employed to ensure full convergence of the total energy 

calculations. The convergence criteria for the geometry optimization of the studied 

nanostructures, which contain 16, 20, and 24 atoms, were set to force tolerances of no higher than 

0.05 eV/Å and stress tolerances of 0.1 GPa. 

1. Results and Discussion 

3.1. Electronic properties of CNT 

Several studies have been devoted to investigating the electronic properties of single-walled 

chiral carbon nanotubes (SWCNTs). In Ref. [7], the authors reported first-principles calculations 

of the electronic properties of SWCNTs with chiralities (6,0) and (8,0) using Density Functional 

Theory (DFT) implemented in the Vienna Ab Initio Simulation Package (VASP). Matsuda et al. 

[8] conducted ab initio quantum mechanical predictions of electronic band structures for 

SWCNTs with zigzag structures using the B3LYP functional within DFT. Barone et al. [9] also 

examined optical properties of SWCNTs with DFT-LDA, DFT-PBA, and DFT-B3LYP 

simulations, noting that LDA and GGA functionals generally yielded lower values (∼0.4 eV) 

compared to B3LYP. The experimental analysis of the electronic properties of SWCNTs from 

scanning tunneling microscopy (STM) measurements shows that the zigzag structure with (9,0) 

chirality exhibits a band gap of 0.080 ± 0.005 eV [10], which agrees with our results. 
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In this section, we calculated the electronic band structures, total density of states (TDOS), and 

partial density of states (PDOS) for SWCNTs with various diameters, specifically for chiralities 

(n=4, 5, 6; m=0). It is well-known that many physical and chemical properties of SWCNTs are 

highly dependent on their chirality, and these properties do not exhibit a simple monotonic 

trend. The band gap of SWCNTs can range from 0 eV to approximately 2 eV, and these 

nanotubes can either exhibit semiconducting or metallic behavior. CNTs are not strictly semi-

metallic because the degeneracy point is slightly shifted from the K symmetry point in the 

Brillouin zone (BZ). This results in the π-bonding and π*-anti-bonding energy bands meeting at 

the Fermi level, causing the band gap to approach zero eV. This behavior arises due to the 

curvature of the nanotube surface, which induces hybridization between the σ*- and π*-anti-

bonding energy bands, modifying the electron band dispersions. Based on the computed 

electronic band structures, we estimated the band gap for all studied 1D SWCNT nanosystems 

with chiralities ranging from (4,0) to (6,0). Our first-principles calculations indicate that the 

SWCNTs containing 16, 20, and 24 atoms exhibit metallic characteristics with a band gap of 0 eV, 

in agreement with recent computational studies. 
 

Table 1. First principles results for single walled CNT systems with different chirality 

System Chirality Diameter, Å Band gap, eV 

This work Ref. This work Ref. 

C16 (4,0) 3.13 - 0 - 

C20 (5,0) 3.98 - 0 0 [8] 

C24 (6,0) 4.70 4.76 [7] 

4.89 [8] 

0 0 [7] 

 

 

Fig. 1 First-principles calculated band structure for SWCNT with chirality (4,0) 
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Fig. 2 First-principles calculated total density of states for SWCNT with chirality (4,0) 

 

 

Fig. 3 First-principles calculated partial density of states of carbon in SWCNT with chirality (4,0) 

 

 

Fig. 4 First-principles calculated band structure for SWCNT with chirality (5,0) 
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Fig. 5 First-principles calculated total density of states of SWCNT with chirality (5,0) 

 

 

Fig. 6 First-principles calculated partial density of states of carbon in SWCNT with chirality (5,0) 

 

 

Fig. 7 First-principles calculated band structure for SWCNT with chirality (6,0) 



Vusala Nabi Jafarova, Khayala Ajdar Hasanova,  Sevda Rzayeva, Razim Baba Bayramli 

8 

 

Fig. 8 First-principles calculated total density of states of SWCNT with chirality (6,0) 

 

 

Fig. 9 First-principles calculated partial density of states of carbon in SWCNT with chirality (6,0) 

C20 has a band gap of 0 eV in the study by [8] and C24 was reported with a range of 4.76 eV [7] 

and 4.89 eV [8]. From the first-principles results, we determined that all studied systems are 

direct band gap materials, where both the top of the valence band and the bottom of the 

conduction band are located at the center of the Brillouin zone (Г-Г transition). These findings are 

summarized in Table 1. The calculated electronic band structures, TDOS, and PDOS for SWCNT 

nanosystems with different chiralities (n=4-6; m=0) are shown in Figs. 2-9. In these figures, the 

Fermi energy level is set to zero electron volts, as indicated by the dotted lines. We observed that 

certain energy levels in the computed electronic band structures cross the Fermi energy, 

indicating that the SWCNT systems with chiralities (n=4, 5, 6; m=0) exhibit metallic behavior with 

a 0 eV band gap. This result is consistent with the findings reported in Refs. [7, 8]. Additionally, 

another study [11] suggests that for nanotubes with small diameters, the curvature is sufficiently 

strong to induce rehybridization between the σ- and π-states, leading to band overlap and 

metallic behavior in SWCNTs. Our results align closely with those reported in Ref. [7]. A 

systematic analysis of the electronic properties of SWCNT systems reveals that the valence bands 

primarily consist of carbon s- and p-states, while the conduction bands are predominantly 
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derived from the p-states of carbon atoms. 

3. Conclusion 

In this study, we have investigated the electronic properties of single-walled carbon nanotubes 

(SWCNTs) with chiralities (n=4, 5, 6; m=0) using ab-initio modeling based on Density Functional 

Theory (DFT). Our results reveal that these SWCNT systems exhibit metallic behavior, 

characterized by a 0 eV band gap, consistent with prior studies [9, 10]. The analysis of the 

electronic band structures, total and partial density of states (TDOS and PDOS), indicates that the 

curvature of the nanotube surfaces plays a critical role in their electronic properties. For 

nanotubes with small diameters, the strong curvature induces rehybridization between the σ- 

and π-states, contributing to the metallic character observed in these systems, as noted in 

previous research. 

Furthermore, our results suggest that the valence bands are primarily composed of carbon s- and 

p-states, while the conduction bands predominantly arise from the p-states of carbon atoms. 

These findings provide a deeper understanding of the chirality-dependent electronic properties 

of SWCNTs and underscore the importance of chirality in tuning the material's electronic 

behavior for potential applications in nanoelectronics, energy storage, and other advanced 

technologies. 

The computational framework developed in this study can serve as a valuable tool for predicting 

the electronic characteristics of other SWCNT systems with varying chiralities, and could help 

guide the design of carbon-based nanomaterials for specific technological applications. 
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New polymer nanocomposites based on high-pressure polyethylene grade 

10803-020 and carbon nanotubes were developed, and the conditions for 

obtaining nanocomposites with optimal physical properties were determined. 

The primary goal of this work was to incorporate carbon nanotubes into 

polyethylene to produce nanocomposites with superior properties for 

construction applications. The composition and concentration of the 

nanoadditive which led to significant improvement in the electromechanical 

properties of high-pressure polyethylene were experimentally determined. 

Nanocarbon was used as a modifying additive. The developed nanocomposite is 

notable for the first-time introduction of a very small amount of nanocarbon into 

HPPE, varying within 0.01–0.1 mass %. It was found that including 0.05 mass 

% nanocarbon in high-pressure polyethylene significantly increases its 

mechanical strength.  

The physicochemical changes in the resulting composite materials under 

electrical discharges in air and UV radiation were studied. It was shown that 

adding 0.05 mass % nanocarbon significantly enhances the material's resistance 

to electrical discharges and UV radiation. Considering the characteristics and 

technical parameters of high-pressure polyethylene + 0.05 mass % nanocarbon, 

this material can be widely used in various industries, including construction.   

Keywords: 

High-pressure polyethylene, UV radiation, 

nanocarbon, mechanical durability, polymer 

nanocomposites 

 

 

 

1.Introduction 

Carbon nanotubes have been widely used in construction since the 1980s to strengthen 

structures in seismically active zones, such as California. They have proven effective in 

improving various materials, including reinforced concrete, metal, and stone [1]. Most 

commonly, carbon nanotubes are utilized to reinforce concrete structures. Durable surface layers 

for road pavements have been developed, using a "Carbon-polymer" binder. Structural panels 

https://physics.beu.edu.az/server/api/articles/download/spatial-structures-of-the-n-terminal-analogues-of-nociceptin-molecule_7wQW2_01_05_2025.pdf
mailto:metanet.mehrabova@aztu.edu.az
mailto:ferhad.kerimov@aztu.edu.az
mailto:seferova_sevinc@aztu.edu.az
mailto:musa.asadov1@gmail.com
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are employed in the construction of wall enclosures for low-rise buildings in cold climate 

regions. A distinguishing feature of these panels is the use of multi-layered insulating boards 

containing carbon. For enhanced thermal insulation with greater compression strength, carbon 

dioxide is used in the production process. Carbon particles are also added to professional-grade 

insulation boards used for roofing large areas such as shopping centers, industrial facilities, and 

residential complexes. Beyond construction, nanocarbon finds applications in other industries, 

including automotive, aviation, aerospace, sports equipment, medicine, and electronics [2–6]. 

Recently, carbon has started to influence interior design as well. 

All the aforementioned data have led to the rapid growth of research into the physicochemical 

properties of nanoparticles and polymer composites based on them in recent decades [7]. Due to 

the small size of organic and inorganic nanoparticles, comparable to that of macromolecules, 

polymer nanocomposites exhibit unique electronic, photophysical, sensory, and other properties. 

Literature indicates the potential for significantly improving the physicomechanical properties of 

polymer compositions and materials through relatively small additions of nanodispersed 

powders [8]. The small size and surface properties of nanoparticles play a crucial role in 

determining their "compatibility" with the polymer matrix. Research efforts have focused on 

solving problems related to the distribution of carbon nanotubes (CNT) and enhancing the final 

properties of the composite. In [9], it was found that nanocomposites exhibit superior thermal 

stability compared to polyolefin materials, and it was demonstrated that the inclusion of 

nanotubes affects the crystalline behavior and structure of the polyethylene matrix. Studies [4–6] 

have explored the challenges faced by polyolefin-based composites in terms of manufacturing 

processes and industrial production of components for advanced engineering applications. 

In [10-12], the study revealed that materials with carbon nanotubes possess exceptional qualities 

such as high strength, lightweight, corrosion resistance, and the ability to enhance structural 

rigidity and thermal conductivity. The use of nanofillers based on nanotechnology allows for the 

development of polymers that combine traditional and new qualitative characteristics, which 

may initially seem mutually exclusive. This is particularly beneficial in cases where it is 

necessary to simultaneously ensure transparency and flexibility, a certain degree of impact 

resistance and rigidity, as well as specific physical, insulating, and conductive properties. 

The aim of this work is to develop a nanocomposite based on high-pressure polyethylene 

(HPPE) with nanocarbon additives to produce materials with enhanced mechanical and 

dielectric properties, improved thermal resistance, and reduced aging rate of the film during 

operation. 

2. Methodology and Experimental  

The study focused on HPPE grade 10803-020 as the base material, with carbon used as the 

additive. Carbon, represented by the symbol (C), manifests in various forms such as soft graphite 

and hard diamond [13] and disperses well in molten polymers. Additives of   multi-layer carbon 

nanotubes   in the range of 0.01–0.1 mass% were incorporated into the HPPE matrix via 

mechanical mixing in the molten state (table 1). For the production of films, a manual electrically 

heated hydraulic press (PG-60 model) was employed. The prepared HPPE – CNT mixture was 

loaded into a polished flat mold with a spacer thickness of 0.1 mm. To prevent adhesion, a 

fluoroplastic film (foil) was used. The mold was heated to 140–150°C and compressed under a 

pressure of 150 atm. After cooling, the films were extracted from the mold. The resulting films, 
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with a thickness of 60–80 µm, were used to prepare samples for the measurement of physical, 

mechanical, electrical, and optical properties.                  
 

Table 1. Characteristics of Multi-Layer Carbon Nanotubes 

Indicator Physicochemical characteristics of multi-layer CNT 

1 Appearance Black powder 

2 Number of walls 8-9 

3 Length ˃100 mkm 

4 Specific surface area 190 m2/q 

5 Average diameter 12-13 nm 

6 Bulk density 0,056 kg/dm3 

7 Purity, at least 85 % 

 

The uniformity of the films was assessed by measuring their thickness across the entire surface. 

Film thickness was determined using an optical thickness gauge (N3B-2) and a micrometer. The 

thickness value of each sample represents the arithmetic mean of 10 measurements. 

UV irradiation was provided by the DRSH-500 light source. The main components of the light 

source are a spherical mercury-quartz lamp of high pressure (type DRSH-500) and a semi-

spherical reflector (fig.1). The DRSH-500 mercury-quartz lamp is a powerful, concentrated 

radiation source in the visible and ultraviolet parts of the spectrum. The lamp operates in a 

confined space (housing) under conditions where the housing size and ventilation are such that 

the air temperature at a distance of 60 mm from the walls does not exceed 250°C. 

A sample with a thickness of 50 µm, supported by an duralumin frame using a holder, is 

mounted on a stand. UV rays are directed towards the center of the melt. The distance from the 

source to the sample is 250 mm. The distance of 250–200 mm enhances the effect of UV 

irradiation (aging). 

 

Figure.1. Ignition block for the DRSH-500 lamp: D – ballast; L – lamp; K – end switch;                                                                          

J – ignition inductor with spark length of 15-20 mm; C1 – capacitor for shunting the lamp with a capacitance of 0.05 µF, 

rated for at least 250V; C2, C3 – capacitors with capacitance of 0.5 µF for grounding the network,                                                  

with a rated voltage of at least 250V. Calibration of the effective UV radiation is attempted every 300 hours. 

 

UV rays hit the sample at a right angle. The experiment was conducted at room temperature 

(20°C). The experimental procedure is as follows: the lamp is clamped using an inductor with a 

spark length of 15-20 mm. The nominal voltage on the lamp is 70V, with a current of 7.5A. This 

generates a nominal light flux of 22,500 lm. The sample was irradiated for 15 and 30 hours. 

Measurement of mechanical durability σ, i.e. the time elapsed from the moment of sample 

loading to its fracture, at different load values in the test cell, is shown in fig. 2. 
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Figure. 2. Setup for determining the mechanical strength of polymer film materials: 1, 2 - electrodes;                                               

3 - sample; 4 - clamps; 5 - lever mechanism; 6 - ball; 7 - safety ring; 8 - springs. 

 

3. Results and discussions 

In fig.3, the graphs show the dependence of the logarithm of the durability time lgτσ on the 

mechanical stress of the HPPE film without additives and the influence of CNT additives 

containing 0.01-0.1 mass%. As can be seen from fig. 3, the time dependence of the strength is 

characteristic for all the investigated materials, and the relationship between durability and stress 

follows an exponential law: 

                                                         τ = Ae-ασ                                                                                                             (1)                                                                  

here A is the coefficient, α is the structurally sensitive coefficient, which depend on the nature of 

the material being studied and the test temperature [14]. 

 

Figure.3. Stress dependence of the mechanical durability of HPPE film (initial) and its modifications:                                                   

1 - HPPE + 0.05 mass% CNT, 2 - HPPE (initial), 3 - HPPE + 0.03 mass% CNT, 4 - HPPE + 0.1 mass% CNT. 

From fig.3, it is evident that the introduction of a small amount of CNT into HPPE leads to an 

increase in its mechanical strength, i.e., an improvement in the strength properties of HPPE 

when 0.05 mass% CNT is added (line 1) compared to HPPE without additives (line 2) and HPPE 

+ 0.03 mass% (line 3). As the CNT content increases further (up to 0.1 mass%), a sharp decrease 

in the material's mechanical strength is observed (line 4). 
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Based on the experimental results, it can be concluded that the observed increase in the strength 

properties of HPPE when 0.05 mass% CNT is added is related to a change in the coefficient α, as 

α—the structural coefficient—depends not only on the nature of the material but also on its 

structure.  

As follows from the obtained experimental results, the introduction of the optimal content of the 

proposed CNT additive into HPPE leads to an increase in mechanical strength by more than 

15%. The optimal concentration of the additive depends on the specific application area of the 

polymer matrix. Therefore, when using organic and inorganic additives, it is recommended to 

determine the optimal concentration through tests with several different concentrations. After 

multiple experimental studies of the physico-mechanical properties, the effectiveness of adding 

0.05 mass% CNT was proven. 

It is known that the linear dependence of lgτ on σ is valid at different temperatures. Through 

prolonged mechanical testing of the material, the temperature-time dependence of the material's 

mechanical strength was determined.  

For practical purposes, the most significant interest lies in determining the mechanical durability 

at different temperatures. To verify this, the durability dependence on mechanical stress was 

studied in the temperature range of 223 - 138 K for HPPE films and their optimal modification. 

 

Figure.4. Strength dependence of the durability of HPPE film (1-3)  and its optimal                                                              

modification (1'-3') at different temperatures. 

1, 2' - 173 K; 2 - 153 K; 3, 3' - 138 K; 1' - 223 K 

It follows from fig. 4 that for all films in the investigated temperature range, the well-known 

durability equation (1) is satisfied at a constant temperature. According to experimental studies, 

when the optimal amount of additives (HPPE + 0.05 mass% CNT) is introduced, there is an 

increase in its mechanical strength (line 1') and a slight decrease in the lifetime at different 

temperatures (lines 2', 3'), whereas for the CNT -free film, a decrease in strength is observed (1, 2, 

and 3). 

The change in mechanical strength of HPPE and its optimal modification as a function of 

temperature is depicted by a fan-shaped family of lines, which, when extrapolated, converge at 

one point – the pole, at a durability value of τσ = 10-2s. 

The increase in the mechanical strength of HPPE at the optimal content (0.05 mass% CNT) is 

likely related to structural changes occurring after the addition of the additives [15].  

Considering the key characteristics and technical parameters, HPPE can be widely used in 

various industries: from packaging and pipelines to automotive and construction. 



The Effect of Nanocarbon on the Mechanical Properties of High-Pressure Polyethylene 

15 

The physicomechanical characteristics of HPPE are sensitive to the introduction of nanocarbon 

additives. A content of 0.05 mass% nanocarbon is optimal as it provides the greatest resistance to 

mechanical stresses and UV radiation compared to both the original HPPE and HPPE with other 

additive concentrations. 

The introduction of the proposed nanocarbon additive in the specified amount into HPPE 

prevents processes leading to its electrical aging and UV radiation, thereby enhancing its 

physicomechanical properties within this temperature range. 

Based on this, we have studied the effect of nanocarbon in the optimal amount on the change in 

mechanical strength under UV radiation in air. The obtained experimental data are presented in 

fig. 5. 

 

Figure. 5. Strength dependencies of the mechanical durability of the  HPPE film and its modification                                      

before and after UV radiation in air: 1,2 - HPPE + 0.05 mass% CNT before and after UV radiation;                                                 

3,4 - HPPE (original) before and after UV radiation,   tob=15 hours. 

From fig. 5, it can be seen that UV radiation on HPPE films without any additives leads to a 

noticeable decrease in its mechanical strength (lifetime) (line 4). However, under the same 

conditions, the introduction of the proposed nanocarbon into HPPE, in the optimal amount, 

contributes to the stability of its modified mechanical properties. 

Indeed, when evaluating the data from Figure 4, it becomes evident that the introduction of 

nanocarbon into HPPE in the optimal amount results in enhanced properties, with the modified 

HPPE remaining unchanged (line 2) after UV radiation exposure for 15 hours in air. The 

observed increase in mechanical strength and stability of the HPPE modification can be 

attributed to the structuring features of the specified additive, which ensures the dense packing 

of macromolecules during the film formation process. 

4. Conclusion 

The effect of a small amount of nanocarbon on the mechanical strength of HPPE was studied. 

Through experimentation, the possibility of obtaining a nanocomposite with physical and 

mechanical properties based on HPPE grade 103-03-020, with added CNT, was established. The 

range of filler content was experimentally determined, i.e., the optimal composition of the 

studied nanocomposite was identified to improve operational characteristics. The developed 

nanocomposite of HPPE is distinguished by the fact that for the first time, a significant small 

amount of CNT additives was introduced into the composition of HPPE, varying from 0.01 to 0.1 

mass %. It was found that increasing the CNT content in HPPE significantly reduces its 

mechanical strength, with a positive effect observed only at 0.05 mass% of the additive. It was 

established that the developed HPPE nanocomposite has relatively enhanced resistance to 
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electrical and UV radiation exposure. The effect of CNT on the mechanical strength of HPPE at 

different temperatures was studied. It was determined that CNT in small amounts (0.05 mass%) 

significantly increases the mechanical strength at various temperatures.  
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In this research work we present the results of calculations of energy spectra and 

band structure of TlInSe2 and InGaTe2 triple compounds crystallized in the 

tetragonal syngony. For calculations we used pseudopotential method and 

functional density theory in the approximation of the combined gradient using 

LAPW method and WIEN 2K program code. Some properties of these 

compounds are determined based on their band structure. It is known that 

search for new semiconductor materials is usually carried out in the direction of 

expansion of the group of crystal structure of already known materials. In 

particular, study of crystal structure of TlSe showed that this phase is 

distinguished by extreme specific features. TlSe lattice turns out to be composed 

of two independent structural units - from octahedron with ionic bond Tl+- Se 

and tetrahedron with covalent bond between Tl3+-Se and therefore chemical 

formula of TlSe should be written as Tl+Tl+3Se2. Thus, by replacing the trivalent 

thallium atom with corresponding trivalent atoms, in particular, gallium and 

indium, in the TlSe lattice, a new class of semiconductor compounds of the 

AIIIBIIIC2VI type was obtained. 

Keywords: 

triple compounds, tetragonal syngony, band 

structure, semiconductors. 

 

1. Introduction 

The great interest in type AIIIBIIIC2VI compounds is that they do not have pairs of valence 

electrons, the chemical bond is strongly asymmetric, the crystal structure has special features, 

and the chemical composition is managed within a certain crystal structure. 

The crystal structures, electrophysical, thermal-physical, optical and photoelectric properties of 

the mentioned type crystals have been studied and the research in this direction is systematically 

continued [1- 3].  

By studying the possibilities of applying these compounds, it was determined that compound 

2TlInSe , which is a typical representative of the mentioned compounds, has high sensitivity in 

the visible and near- infrared parts of the spectrum, memory switching properties, and tenso 

sensitivity. It was determined that 2TlInTe  and 2TlGaTe compounds which are structural 

analogues of this group, have high tenso-sensitivity and memory switching properties. 

Triple semiconductor compounds are characterized by their specific characteristics. TlSe -type 

crystals also have the possibility of wide application in semiconductor tensometry. Compound 

TlInSe2 is particularly promising in this regard. It has very high strain sensitivity, which can be 

increased and controlled depending on temperature, deformation, and the effect of electromag-

netic waves. 

https://physics.beu.edu.az/server/api/articles/download/spatial-structures-of-the-n-terminal-analogues-of-nociceptin-molecule_7wQW2_01_05_2025.pdf
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X-ray structural studies have shown that some of the triple semiconductor compounds of 

AIIIBIIIC2VI type have a chain structure, while the others have a layered structure [4]. The results of 

X-ray phase analysis showed that solid solutions based on compounds TlInSe2 and InGaTe2 

crystallize in the tetragonal syngony [5]. The change of lattice constants of TlInSe2 in the solubility 

regions depending on the composition mainly obeys Vegard's law. 

 The calculation of the energy spectrum using modern methods and programs, system analysis, 

identification of the results of compounds of the AIIIBIIIC2VI type having a chain crystal structure 

have not been carried out before. Some properties, obtaining methods, growing technologies of 

the monocrystals of these type compounds have been determined [7-10]. 

In this work the results of calculation of energy spectra of TlInSe2 and InGaTe2 compounds are 

presented.  

Results of the studies of TlInSe2 compound show that, the upper level of the valence band of this 

compound is at the T1 point and the lower level of the conduction band is located at the border of 

the Brullien zone of the volume-centered tetragonal lattice. However, indirect transitions are 

possible in this compound. Direct transition is not possible according to the selection rule. From 

these calculations, the following values were obtained for direct and indirect transitions in 

TlInSe2: 𝛥𝐸(𝑖𝑛𝑑𝑖𝑟𝑒𝑐𝑡) = 1,21𝑒𝑉and 𝛥𝐸(𝑑𝑖𝑟𝑒𝑐𝑡) = 1,3𝑒𝑉 (figure 1). 

The valence band can be divided into three groups depending on their composition and nature 

[12-14].  

 

The energy spectrum of TlInSe2 was calculated using the pseudopotential method. It was found 

that the top of the valence band is located at the highly symmetric point T on the surface of the 

Brillouin zone and the irreducible image corresponds to T3, and the bottom of the conduction 

band is located on the line D in the middle between the points P (π/α, π/α, π/c) and N (π/α, 

π/α,0), corresponding to the irreducible representation D1. 

The transition with the lowest energy occurs between the states T3 and T4 and is forbidden in 

the dipole approximation. The width of the forbidden band obtained from calculations is about 1 

eV. The valence band can be conditionally divided into three groups: 

Figure1. Band structure of TlInSe2 
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- The lowest group with four bands near -12.6 eV owes its origin to the 4s-states of Se.  

- Another group of four bands in the region of –(4÷5.5) eV is associated mainly with the 6s-

state of Tl atoms and the 5s-state of In.  

- The upper group of ten bands in the region of (0÷3.5) eV is formed mainly by the 4p-state 

of Se atoms, the 6p-state of Tl atoms and the 5p-state of In atoms.  

The data on the origin of the bands agree with the results of work, in which the photoemission 

spectra were studied and the band structure of TlInSe2 was calculated using the plane wave 

addition method.  

 The theoretical conclusion of the work, which showed the presence of an isolated group 

consisting of two zones of the upper part of the valence band of the semiconductor compound 

TlInSe2, was not confirmed in this work and in the work. Probably, this is due to the incorrect 

consideration of the screening of pseudopotentials inherent in the empirical method. 

 

The calculation of the electron spectrum of InGaTe2 was carried out at the symmetric points G, T, 

N, P and along the lines connecting these points. The results of the calculation of the band 

structure are presented in figure 2. The valence band of InGaTe2 consists of three subbands.  

The lower group, consists of four bands, is separated from the others by a wide energy gap of ~6 

eV. The group-theoretical analysis shows that these lower valence bands, located near -10÷11eV, 

owe their origin to the 5s- state of Te. 

The next group of tetravalent bands, located at the energy level of about -5 eV, arises mainly 

from the s-states of In and Ga atoms. 

The third large group of ten bands with a width of 5 eV is due to the p-states of In, Ga and Te 

atoms.  

According to conducted calculations, the band gap is determined as 0.56 eV. 

2. Methodology 

The pseudopotential method is one of the main methods for calculating the energy spectrum of 

charge carriers in semiconductors [6,15]. The energy spectrum of TlInSe2 one of the base samples 

Figure 2. Band structure of  
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of AIIIBIIIC2VI types of compounds, was calculated using the pseudopotential method. At this 

time, the analytical expression proposed by Konstantinov and others was used for atomic 

pseudopotentials. The form factors of ion potentials proposed by them consisted of 4 parameters  

The idea of the pseudopotential method is first encountered in the work of Philips. In their work, 

Phillips and Kleinman developed the pseudopotential method and gave it a more rigorous 

formulation. In all cases, the pseudopotential theory is based on three fundamental physical 

approximations. 

1. The first approximation is the self-consistent field approximation. In this approximation, the 

interaction between electrons is described by some average potential, which itself depends on 

the states of the electrons, and the electron states are in turn determined by the average potential. 

2. In the second approximation, all electron states are divided into inner shells and conduction 

band states, and it is assumed that the wave functions of the inner shells are strongly localized. 

3. The third fundamental approximation is the use of perturbation theory for electrons in the 

conduction band. 

The electronic band structure of the InGaTe2 crystal was determined at the symmetric points and 

lines of the Brillouin zone of the InGaTe2 crystal using the LAPW method in the Density 

Functional Theory approximation and the WIEN2k software package and the results were 

analyzed. The Generalized Gradient Approximation (GGA) was used as the exchange-

correlation potential. 

For this purpose, the lattice parameters and atomic coordinates were first determined from first 

principles (ab-initio) by minimizing the energy and Hellman–Feynman forces. 

To calculate the band structure of InGaTe2, the optimized values of the lattice parameters 

a=8.3945 Å; c=6.8352 Å and the chalcogen parameter x=0.1730 were taken. 

3. Conclusion 

The band structure of TlInSe2 compound was studied using the pseudopotential method, and the 

band structure of InGaTe2 compound was studied using density functional theory. As a result of 

the studies, it was determined that, the valence band can be divided into three subgroups.  

The valence band can be conditionally divided into three groups: 

The lowest group with four bands near -12.6 eV is formed from the 4s-states of Se, the next group 

of four bands (4÷5.5 eV) is releated to the 6s-state of Tl and the 5s-state of In atoms. The upper 

group of ten bands in the region of 0÷3.5 eV is formed by the 4p-state of Se atoms, the 6p-state of 

Tl atoms and the 5p-state of In atoms.  

Studies of the band structure of the InGaTe2 compound represent that it was calculated using 

density functional theory and the valence band of the InGaTe2 compound consists of three 

groups. The lowest group consists of 4 bands located at a distance of ~ 6 eV from the others. 

Theoretical-group analysis shows that these bands, located around –11 eV÷–10 eV, arise from the 

5s states of tellurium atoms, the next group of 4 bands is located at the –5 eV level and arises 

from the s– states of indium and gallium atoms. The group of 10 bands with a width of 5 eV 

arises from the p– states of In, Ga and Te atoms.  
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Have been developed a hybrid nanomaterials for applications in solar cells. Using 

ultraviolet spectroscopy, the optical absorption edges of the polymer nanocomposites 

have been determined, establishing that as the concentration of nanoparticles in the 

polyvinylidene fluoride matrix increases, the band gap decreases. Scanning electron 

microscope and X-diffraction analysis indicate that the cadmium and zinc sulphide 

nanoparticles are distributed in the polyvinylidene fluoride polymer as a separate 

phase and do not form a solid solution within the polymer matrix. Photoluminescence 

analysis reveals that for polymer nanocomposites with a hybrid combination of 

quantum dots, luminescence is observed over a wide range of wavelengths. 
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1. Introduction 

The study of semiconductor quantum dots (QDs) of AIIBVI type has drawn a great deal of 

attention due to the widespread use of these materials. Already today, these nanoparticles and 

the composites based on them are used to create a new generation of LEDs, including white light 

sources with a very high (up to 90) color rendering index (CRI), as highly efficient luminescent 

bio labels, as well as active media for laser generation. Semiconductor nanoparticles possess 

several unique properties and successfully compete with traditional organic dyes. They have a 

higher molar extinction coefficient than dyes and a much higher photostability that is retained at 

excitation power densities up to 106 W/cm2. One of the most vividly manifested trends in recent 

years is the use of polymers as a matrix for NPs since the nature of these polymers- the chemistry 

of functional groups, their structure allows regulating the production of the composite. An 

important point is that the polymers not only serve as a medium for dispersing NPs and 

facilitating the processing of the material as a whole, but can also contribute, leading to the 

synergism of the properties of the components. In particular, we are talking about both a 

possible increase in the filling limits of the material with NPs without their uncontrolled 

aggregation and the optimization of the optical properties of materials containing NPs. The 

optical properties of such materials serve as the basis for such current and future practical 

applications as optical absorption in a wide spectral range and photoluminescence (PL).  

Recently, interest has increased in hybrid polymer nanocomposites, where several quantum dots 

are introduced into an optically transparent polymer matrix simultaneously. This is because such 

materials lead to an improvement in the efficiency of solar energy conversion by solar cells due 

to the creation of luminescent layers on their surface. Such hybrid layers based on QDs can 

convert UV radiation to a longer wavelength region, which is optimal for widely used solar cells. 

In this case, layers based on quantum dots can, in principle, divide the solar spectrum into 
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several spectral bands, optimized for various types of photocells. Surface luminescent layers for 

solar cells must have a transparent matrix that is optimal for the introduction of quantum dots 

into it, which in turn must have absorption bands in the UV region, the required red shift of the 

luminescence, a high quantum yield, and stable characteristics. Among semiconductor 

nanoparticles, ZnS and CdS are of huge interest because of their different optoelectronic 

applications. Quantum dots based on CdS and ZnS, which have weak degradation and the 

ability to select absorption and luminescence characteristics by varying their sizes, are very 

promising. A combination of materials from different kinds of semiconductor nanoparticles 

shows very distinctive properties that have never been observed in composite systems consisting 

of only one of the types of semiconductors [1-5]. 

In the literature analysis, the synthesis and characterization of polymer nanocomposites based on 

hybrid quantum dots have been rarely studied. Therefore, the purpose of this article is to study 

hybrid nanomaterials based on an optically transparent PVDF polymer and nanoparticles of 

cadmium and zinc sulfides.  

2. Experimental part  

  Materials: 

All chemical reagents were used without preliminary purification: polyvinylidene fluoride 

(PVDF, Solvay 6020/1001), cadmium chloride (CdCl25H2O, Sigma Aldrich C3141), sodium 

sulfide (Na2Sx9H2O, PLC 141687), CTABr (cetyltrimethylammonium bromide % chemically 

pure), zinc chloride (ZnCl2, PLC 141779), dimethylformamide (DaejungCAS No. 68-12-2).  

Synthesis of polymer nanocomposites:  

CdS and ZnS nanoparticles were synthesized and stabilized in the presence of the surface-active 

substance CTABr according to the works [6]. Polymer nanocomposite materials were 

synthesized using solution casting method. PVDF polymer was dissolved in dimethylformamide 

at a room temperature. Nanopowders of CdS and ZnS were added into PVDF solution at 1, 3, 5, 

and 10% contents and stirred until a homogeneous mixture was prepared. The solution was 

dried in air until the DMF solvent completely evaporated. To completely remove the solvent 

from the volume of the PVDF, the films were dried in a vacuum oven for a hour. Then, using hot 

pressing method at the melting temperature of polymer (1800C) thin nanocomposite films were 

obtained.  

Characterization of nanocomposites: 

XRD analysis was performed on a diffractometer Rigaku Mini Flex 600 equipped with Cu K α 

radiation at room temperature. The structure of the nanocompositions was studied using 

Integra-Prima atomic force microscopy (AFM, NT-MDT, Zelenograd) and scanning electron 

microscopy (SEM, Jeol JSM-7600 F). The photoluminescence properties of nanomaterials were 

studied using a Varian CaryEclipse spectrofluorimeter. UV analysis have been realized using 

spectrophotometer Specord 250 Plus. 

3. Results and discussion: 

Figure 1 shows the diffraction patterns of PVDF+CdS/ZnS-based nanocomposites depending on 

the content of CdS and ZnS nanoparticles in the PVDF matrix. As seen from XRD patterns with 

the introduction of CdS and ZnS nanoparticles into the matrix, the intensity of the peaks 

belonging to the α-phase of PVDF polymer (18.83°; 26,80; 35.43° and 41.19°) and for the β-phase 
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(20.60) decreases. It was also found that an increase in the content of nanoparticles, appearing 

peaks characterize both CdS and ZnS nanoparticles with the wurtzite crystal structure. While 

peaks at 24.90 (002) and 43.90 (103) belong to cadmium sulfide nanoparticles, peaks at 30.50 (101) 

and 51.50 (103) correspond to zinc sulfide nanoparticles in the diffraction pattern of 

PVDF+5%CdS/ZnS nanocomposite [7,8].  

 
Fig.1 XRD patterns of PVDF+CdS/ZnS based nanocomposites: 1.PVDF+1%CdS/ZnS; 2.PVDF+3%CdS/ZnS; 

3.PVDF+5%CdS/ZnS. 

a) 

b) 

Fig. 2 SEM images and particle size distribution of CdS and ZnS nanoparticles in PVDF matrix:                                                      

a) PVDF+1%CdS/ZnS; b) PVDF+10%CdS/ZnS. 
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Figure 2 shows SEM images and particle size distribution of CdS and ZnS nanoparticles in PVDF 

matrix for PVDF+1%CdS/ZnS and PVDF+10%CdS/ZnS nanocomposite. According to SEM 

images, CdS and ZnS nanoparticles are uniformly distributed and the nanoparticle size for 

PVDF+1%CdS/ZnS and PVDF+10%CdS/ZnS is 10-40 nm, and 40-80 nm, respectively. XRD and 

SEM analysis of nanocomposites showed that CdS and ZnS nanoparticles don’t form a solid 

solution in the PVDF matrix, but are distributed in the polymer as a separate dispersed phase 

[9,10.11]. 

Figures 3 and 4 show 3D AFM images and a histogram of the root-mean-square roughness of 

PVDF+CdS/ZnS based nanocomposites. It was found that with an increase in the content of CdS 

and ZnS nanoparticles, the supramolecular structure of polymer nanocomposites changes. Thus, 

the average roughness of a nanocomposite based on PVDF+1%CdS/ZnS is 10-70 nm, and for 

PVDF+10%CdS/ZnS is 20-140 nm. AFM analysis of nanocomposites shows that at low 

concentrations of nanoparticles, in contrast to high concentrations, a relatively smooth and 

ordered structure is formed. 

a)    b) 

Fig.3 AFM 3D images of PVDF+CdS/ZnS based nanocomposites: a) PVDF+1%CdS/ZnS; b) PVDF+10%CdS/ZnS. 

a)     b) 

Fig.4 Histogram of the root-mean-square roughness of PVDF+CdS/ZnS based nanocomposites: a) PVDF+1%CdS/ZnS; 

b) PVDF+10%CdS/ZnS. 
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Figure 5 (a) shows the optical absorption edge of PVDF+ZnS, PVDF+CdS and PVDF+CdS/ZnS 

based nanocomposites. From the literature data it is known that a decrease of the size of 

semiconductor nanoparticles leads to a shift in the edge of the UV spectrum to the blue part of 

the spectrum (T.Serrano, et.al, 2014) [12]. It was found that for nanocomposites based on 

PVDF+ZnS, the band gap is 3.6 eV, for PVDF+CdS, 3.0 eV, and PVDF+CdS/ZnS nanocomposite- 

4.5 eV. We should note that for bulk cadmium sulfide with a wurtzite crystal structure, the band 

gap is 2.4 eV and for bulk zinc sulfide with a wurtzite crystal structure- 3.4 eV. Figure 5 (b) shows 

the optical absorption edge for nanocomposites based on PVDF+ CdS/ZnS depending on the 

concentration of ZnS and CdS nanoparticles. It was found that the band gap for hybrid 

nanocomposites based on PVDF+CdS/ZnS decreases with an increase in the content of ZnS and 

CdS nanoparticles. Thus, for a nanocomposite based on PVDF+1% CdS/ZnS, the band gap is 5.3 

eV; for PVDF+3%CdS/ZnS- 5.0 eV, for PVDF+5%CdS/ZnS- 4.3 eV, for PVDF+10%CdS/ZnS- 3.1 

eV. The decrease in the band gap can be explained with an increase in the particle size by an 

increase in the content of CdS and ZnS nanoparticles in the PVDF matrix. Chunchun and et.al in 

work [13] have developed epoxy-ZnO/CdS based hybrid nanocomposites and determined that 

these materials exhibit strong absorption in the wavelength range from UV to blue light in 

compare of ZnO nanoparticles, that absorb one part of the UV radiation. 

a)  b) 

Fig.5 Optical absorption edge for nanocomposites based on PVDF+CdS, PVDF+ZnS and PVDF+CdS/ZnS. 

 

Figure 6 shows the PL spectra of PVDF+CdS/ZnS nanocomposites depending on the content of 

CdS and ZnS nanoparticles. PL spectra were obtained upon excitation of nanocomposite films 

with light with a wavelength of λ=260 nm. It was found that the main peaks at 356 nm, 421 nm, 

446 nm, 458 nm, 495 nm, 530 nm, 547 nm, 563 nm, 647 nm are luminescent peaks belonging to 

the hybrid PVDF+CdS/ZnS nanocomposite. As can be seen from the Figure 6, with an increase in 

the concentration of CdS and ZnS nanoparticles in the PVDF matrix to 3% of the content of 

nanoparticles, the PL intensity increases, and with a further increase in the content of 

nanoparticles, the PL intensity decreases. This is explained by the fact that with an increase in the 

concentration of CdS and ZnS nanoparticles, their size increases and the specific surface 

decreases, and this leads to a decrease in the contact area between the polymer and the 

nanoparticle. 
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Fig. 6 PL spectra of polymer nanocomposites.  

1. PVDF+1%CdS/ZnS; 2. PVDF+3%CdS/ZnS; 3.PVDF+5%CdS/ZnS; 4. PVDF+10%CdS/ZnS. 

A decrease in the interfacial boundary leads to a decrease in interfacial interactions, and this, in 

turn, to a change in the PL intensity. It has been determined that the combined combination of 

photosemiconductor CdS and ZnS nanoparticles leads to a broadening of the spectral sensitivity. 

Photoluminescence analysis shows that for nanocomposites with a hybrid combination of 

quantum dots, luminescence is observed over a wide range of wavelengths [13-17]. Ramazanov 

and et.al in work [18] studied of hybrid polymer nanocomposites based on PP+PbS/CdS and 

observed that these nanocomposites exhibit intensive photoluminescence in the near infrared 

range at 680 nm and 715 nm [19-21]. 

Therefore, it has been established that hybrid nanocomposites can emit the light at a wide 

wavelength range, which makes it possible to use these nanocomposites in various fields: 

displays, converters, as active elements for solar cells applications, etc. 

4. Conclusion 

In the paper have been developed hybrid nanomaterials for solar cells applications. By UV 

spectroscopy, the optical absorption edges of the polymer nanocomposites have been 

determined and established that with an increase in the concentration of nanoparticles in the 

PVDF matrix, the band gap decreases. SEM and X-ray analysis showed that the nanoparticles are 

distributed in the polymer as a separate phase and do not form a solid solution in the polymer. 

Photoluminescence analysis shows that for nanocomposites with a hybrid combination of 

quantum dots, luminescence is observed over a wide range of wavelengths. 
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This study investigates the effect of nanoquartz (SiO₂) nanoparticles on the 

optical properties of isotactic polypropylene (iPP) composites. SiO₂ was added to 

iPP at various concentrations (1%, 3%, 5%, 7%, and 10%) to investigate 

changes in optical transmission, absorption spectra, and optical band gap. The 

results show a decrease in optical transmission as the SiO₂ concentration 

increases, with the material exhibiting stronger scattering and absorption effects. 

The absorption edge shifts toward longer wavelengths (redshift), indicating a 

narrowing of the optical band gap. This change was further confirmed by the 

Tauc method, which showed a decrease in band gap with increasing nanoparticle 

content. In addition, the Urbach energy, which reflects material disorder, was 

observed to increase with higher SiO₂ concentrations. This suggests that the 

incorporation of nanoparticles introduces localized defects and structural 

inhomogeneities into the polymer matrix. These results demonstrate that 

nanoquartz SiO₂ significantly modifies the optical behavior of iPP composites, 

enhancing their potential for use in optoelectronic devices where controlled 

optical properties such as light absorption and bandgap tuning are critical to 

performance. 
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1. Introduction 

Polymers and polymer nanocomposites are widely used in all fields of science and technology. 

The use of solid nanoparticles as fillers opens up new possibilities for their application. With the 

addition of metal oxide nanoparticles in nanotechnology, new opportunities for their use arise 

[1,2,3]. Most of the scientific research in the field of polymer nanocomposites is dedicated to the 

application of metal oxides as fillers. Polymer-metal oxide nanocomposites, as composite 

materials, possess a number of unique properties [4,5,6]. Qualitatively new effects, properties 

and processes determined by quantum mechanics appear, improving certain properties: their 

electrophysical, strength, thermal stability and resistance to aggressive environments. They can 

be used as materials for photocatalysts, bioimaging, and also as sensors in optoelectronic 

materials. Polymer-metal oxide nanocomposites hold great promise in the fields of optics and 

optoelectronics, offering unique opportunities for the development of new devices and 

technologies [7,8]. Various studies have investigated the optical properties of polymer-metal 

oxide nanocomposites. However, the optical properties as a function of the percentage of 

nanofiller content, the changes in the optical properties depending on the size of the nanofiller, as 

well as the changes due to external influences for nanocomposites made of isotactic PP and 

nanocrystalline SiO2 are still insufficiently studied. These factors are among the most important 
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issues in the selection of materials for research. Among polymeric materials, polypropylene (PP) 

is one of the polymers that has attracted significant interest due to its transparent and colorless 

properties. It has a long service life and excellent mechanical and chemical stability. The aim of 

this work is to investigate the optical properties of polymer nanocomposites. The choice of 

nanocrystalline silica as nanofiller for polymer nanocomposites is justified by their unique optical 

and mechanical properties, which allow the creation of materials with improved properties for 

various optical applications. 

2. Experiments 

For the composite matrix, isotactic PP granules with a size of 5 mm (Dema Import and Export 

Co. Ltd., China) with a density of 0.92 g/cm³, a molecular weight of 300-700 thousand and a 

specific volume resistivity of 10¹⁴-10¹⁵ Ω-m were used. The filler used in the study was 

nanocrystalline SiO₂ with particle sizes ranging from 25 to 35 nm and a density of 2.6 g/cm3 

(Sigma-Aldrich, St. Louis, Missouri, USA). The preparation of PP+SiO₂ nanocomposites was 

carried out by introducing nanoparticles into a polymer solution [9]. The composites were 

obtained by hot pressing at the melting temperature of the polymer matrix under a pressure of 

15 MPa for 10 min. Films with a thickness of 85 μm were prepared. The forbidden band energy 

was evaluated experimentally by measuring the variation of optical absorption intensity as a 

function of photon energy over a wide range from visible to vacuum ultraviolet wavelengths. 

Optical spectra in the UV and visible regions were measured using a Speсord-250 

spectrophotometer. The absorption spectra of the polymer-metal oxide nanoparticles were 

analyzed using the Tauc method to determine the band gap by approximating the curves [10]. 

By reconstructing the absorption spectrum and extrapolating the linear region of the spectrum to 

the abscissa axis, the width of the forbidden zone was obtained. The direct allowed band gap 

energy was calculated from the curves. 

3. Results and discussion 

Figure 1 shows the optical transmission spectra of the PP+SiO₂ nanocomposites at different filler 

volume fractions. At low filler content, the transmission coefficient decreases as the percentage of 

nanofiller increases. The transmission of the thin PP film is about 89%. The transmission edge for 

the polymer doped with metal oxide nanoparticles shifts to lower energies (red shift) compared 

to pure PP at room temperature. The strong interaction between the metal oxide nanoparticles 

and the polymer matrix leads to a change in crystallinity, which in turn changes the band 

structure and absorption percentage. 

 

Fig. 1 Optical transmission spectra of PP+SiO₂ nanocomposites at different filler volume fractions. 
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 These changes are associated with physicochemical processes occurring at the nanoscale, which 

depend on the type of nanoparticles, their concentration, and the nature of the polymer matrix. 

The addition of nanoparticles can cause changes in the microstructure of the polymer composite, 

which in turn affects the optical properties of the material. Nanoparticles can also interact with 

the polymer matrix, altering its energy state. This interaction may reduce the energy band gap, 

leading to a shift in the transmission edge towards longer wavelengths. As the percentage of 

SiO₂ increases, these nanoparticles may experience stronger inter-particle interactions, which 

could result in agglomeration, increased light scattering, and reduced transmission. Absorption 

increases with the nanoparticle content, as the free electrons in the nanoparticles can absorb the 

incoming radiation. 

 

Fig. 2 Absorption spectra for the PP+SiO₂ nanocomposites. 

From figure 2, a peak in the short wavelength region can be observed, which can be related to the 

presence of unsaturated (ethylene and carbonyl) groups in the structure of the blend [11]. This 

peak shifts towards longer wavelengths as the nanoparticle content increases, indicating a 

reduction in the band gap, an increase in the amorphous structure of the films and an 

improvement in the semiconducting behavior of the resulting films. 

 

Fig. 3 Width of band gap of nanocomposites. 



H.S. İbrahimova 

32 

According to the Tauc theory 

𝛼ℎ𝜈 = 𝐵(ℎ𝜈 − 𝐸𝑔)𝑃       (1) 

where: α-alpha is the absorption coefficient, hν is the photon energy, Eg is the optical band gap, 

B is a constant that depends on the material and the type of optical transition (direct or indirect), 

the index P refers to the distribution of the density of states. This index can take values of 1/2,3/2, 

2, or 3 depending on the nature of the electronic transition. In this case, Р=2 

Figure 3 shows the dependence of the absorption coefficient on the photon energy for the 

nanocomposites. As shown in the figure, the band gap of the pure polymer is larger than that of 

the nanocomposites for all types of nanofillers. Doping with metal oxide nanoparticles affects the 

transmission band of the polymer structure. As the nanofiller concentration increases, the optical 

band gap decreases. Thus, effective control of the transmission band can be achieved by 

introducing a specific concentration of nanofillers into the polymer matrix.This effect can be 

explained by the interaction between the nanoparticles and the polymer matrix, which changes 

the local distribution of electronic states. Such interactions can modify the energy of electronic 

transitions within the composite, thereby influencing the bandgap width. In addition, as the 

concentration of nanoparticles in the polymer matrix increases, the electronic structure of the 

material changes due to changes in interparticle interactions and the state of surface atoms. The 

addition of nanoparticles alters the density of states at the polymer-nanoparticle interface, 

leading to changes in the electronic structure and consequently the bandgap [12]. The 

introduction of nanofillers can modify the dynamics of electronic transitions in the material by 

interacting with phonons (lattice vibrations). Depending on the nature of these interactions, the 

band gap width can either increase or decrease. 

Thus, the variation in bandgap width with increasing nanofiller concentration in polymer 

composites is attributed to the quantum size effect, interphase interactions, and changes in the 

electronic structure of the material. According to Urbach's theory [13], an increase in disorder 

within a material leads to a broadening of the band edges and a reduction in the band gap width. 

When nanoparticles are introduced into the polymer matrix, they can create local perturbations 

in the polymer structure. These perturbations can include structural defects, inhomogeneities, 

and interfacial interactions between the polymer and the filler. Such perturbations increase the 

disorder in the system, which, according to Urbach's theory, can result in a reduction of the band 

gap width and a shift of the absorption edge toward the long wavelength region of the spectrum. 

Therefore, as the percentage of nanofillers in the polymer matrix increases, the structural 

disorder intensifies, leading to a decrease in the band gap width and the appearance of a more 

pronounced "Urbach tail". This also leads to changes in the optical properties of the 

nanocomposites, which can be observed in the absorption and transmission spectra. The energy 

associated with this tail is known as the Urbach energy (Eν), which can be determined using the 

following relationship [14]: 

𝛼(𝜈) = 𝛼0(𝜈)е𝑥𝑝
ℎ𝜈

𝐸𝜈
       (2) 

The Urbach energy in polymer composites characterizes the distribution of energy levels within 

the band gap and indicates how rapidly light absorption decreases as photon energy increases. 

[15,16] 
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Fig. 4 Dependence of Urbach energy on the nanofiller concentration for the PP+SiO₂ composite 

Figure 4 shows the dependence of the Urbach energy on the concentration of composites. As can 

be seen, the Urbach energy increases with increasing nanofiller concentration.This increase is 

likely due to the creation of additional surface defects and disordered regions within the 

polymer that affect the energy levels and density of states at the valence and conduction band 

edges. This structural disorder contributes to the increase in the Urbach energy, which 

characterizes the degree of disorder in the material. 

4. Conclusion 

The incorporation of nanoquartz SiO₂ into isotactic polypropylene significantly alters its optical 

properties by reducing transmittance, shifting the absorption edge, narrowing the band gap, and 

increasing the Urbach energy. These changes are attributed to nanoparticle-induced changes in 

electronic structure, interfacial interactions, and quantum confinement effects. The results 

highlight the potential of iPP + SiO₂ nanocomposites in optical and optoelectronic applications 

where controlled light absorption and tailored bandgap properties are required. 

 

REFERENCE LIST 

The Journal follows APA Style Referencing: 

Book chapters: Author, A. A., Author, B. B., & Author, C. C. (Year). Title of the chapter. In the title of the 

book (pages). Publisher. 

 Tamayo, L., Palza, H., & Bejarano, J. (2019). Polymer composites with functionalized nanoparticles. In Zapata, P. 

A. (Ed.), Polymer-based nanocomposites for energy and environmental applications (pp. 249–286). Elsevier. 

https://doi.org/10.1016/B978-0-12-814064-2.00008-1. 

 Tauc, J. (1974). Optical properties of amorphous semiconductors. In Tauc, J. (Ed.), Amorphous and Liquid 

Semiconductors (pp. 159–200). Plenum Publishing Co. https://doi.org/10.1007/978-1-4615-8705-7 

 

JOURNAL ARTICLES:  

12. Bhol, P., Mohanty, M., & Mohanty, P. S. (2021). Polymer-matrix stabilized metal nanoparticles: Synthesis, 

characterizations and insight into molecular interactions between metal ions, atoms and polymer moieties. Journal 

of Molecular Liquids, 325, 115135. https://doi.org/10.1016/j.molliq.2020.115135 

13. Dikshit, P. K., Kumar, J., & Das, A. K. (2021). Green synthesis of metallic nanoparticles: Applications and 

limitations. Catalysts, 11(8), 902. https://doi.org/10.3390/catal11080902 

14. Ghazzy, A., Naik, R. R., & Shakya, A. K. (2023). Metal–polymer nanocomposites: A promising approach to 

antibacterial materials. Polymers, 15(9), 2167. https://doi.org/10.3390/polym15092167 

15. Zadehnazari, A. (2022). Metal oxide/polymer nanocomposites: A review on recent advances in fabrication and 

applications. Polymer-Plastics Technology and Materials, 62(5), 655–700. 

https://doi.org/10.1080/25740881.2022.2129387 



H.S. İbrahimova 

34 

16. Hilmi, A. R., & Purnamasari, N. D. (2022). Thermomechanical and optical characteristics of nanoquartz- and 

nanozircon-filled poly(methyl methacrylate) composites. Journal of Applied Polymer Science, 139, 52923. 

https://doi.org/10.1002/app.52923 

17. Nguyen, T. P. (2011). Polymer-based nanocomposites for organic optoelectronic devices: A review. Surface and 

Coatings Technology, 206(4), 742–752. https://doi.org/10.1016/j.surfcoat.2011.07.010 

18. Nakata, K., & Fujishima, A. (2012). TiO₂ photocatalysis: Design and applications. Journal of Photochemistry and 

Photobiology C: Photochemistry Reviews, 13, 169–189. https://doi.org/10.1016/j.jphotochemrev.2012.06.001 

19. Ibrahimova, H. S., Rzayev, R. M., & Mustafayeva, E. M. (2024). Thermophysical properties of PP/ZrO₂ 

nanocomposites before and after electrothermal polarization. Journal of Inorganic and Organometallic Polymers 

and Materials, 4655–4660. https://doi.org/10.1007/s10904-024-03062-y 

20. Al-Muntaser, A. A., Abdelghany, A. M., & Abdelrazek, E. M. (2020). Enhancement of optical and electrical 

properties of PVC/PMMA blend films doped with Li₄Ti₅O₁₂ nanoparticles. Journal of Materials Research and 

Technology, 9(1), 789–797. https://doi.org/10.1016/j.jmrt.2019.11.019 

21. Sharifov, D., Niyazbekova, R., Mirzo, A., Shansharova, L., Serekpayeva, M., Aldabergenova, S., Ibzhanova, A., 

Machnik, R., & Bembenek, M. (2024). The study of composite materials properties based on polymers and nano-

additives from industrial wastes from Kazakhstan. Materials, 17(12), 2959. https://doi.org/10.3390/ma17122959 

22. Studenyak, I., Kranjec, M., & Kurik, M. (2014). Urbach rule in solid state physics. International Journal of Optics 

and Applications, 4(3), 76–83. https://doi.org/10.5923/j.optics.20140403.02 

23. Urbach, F. (1953). The long-wavelength edge of photographic sensitivity and of the electronic absorption of solids. 

Physical Review, 92, 1324. https://doi.org/10.1103/PhysRev.92.1324 

24. Ota, M., Ando, S., Endo, H., Ogura, Y., Miyazaki, M., & Hosoya, Y. (2011). Influence of refractive index on optical 

parameters of experimental resin composites. Acta Odontologica Scandinavica, 70(5), 362–367. 

https://doi.org/10.3109/00016357.2011.600724 

25. Darwesh, A. H. A., Aziz, S. B., & Hussen, S. A. (2022). Insights into optical band gap identification in polymer 

composite films based on PVA with enhanced optical properties: Structural and optical characteristics. Optical 

Materials, 113007. https://doi.org/10.1016/j.optmat.2022.113007 

 

 

 



JOURNAL OF BAKU ENGINEERING UNIVERSITY - PHYSICS 

2025. Volume 9, Number 1   Pages 35-42 

35 

 
 
UDC 535.34:537.311.33 

DOI: https://doi.org/10.30546/09081.2025.001.8005 

ABSORPTION AND BAND STRUCTURE MODIFICATION                        

IN BORON-SUBSTITUTED GaSe 

Lamiya BALAYEVA1*, Ali GUSEINOV2 
1Department of Semiconductor physics,  

Baku State University,  

Baku, Azerbaijan 

2Department of Semiconductor physics, 

 Baku State University, 

 Baku, Azerbaijan 

 
ARTICLE INFO ABSTRACT 

Article history 

Received:2025-09-29  

Received in revised form:2025-11-06 

Accepted:2025-11-18  

Available online  

Single crystals Ga1−xBxSe (x = 0.3 and 0.5%) were synthesized using the 

horizontal Bridgman method, and their optical characteristics were 

systematically examined. UV–Vis absorption spectra revealed a direct band gap 

of 1.960–1.963 eV, slightly narrower than that of undoped GaSe (≈ 2.0 eV). This 

reduction originates from lattice distortions and electronic perturbations 

introduced by boron atoms, which shift the absorption edge toward longer 

wavelengths, improving the material’s suitability for visible and near-infrared 

photodetection. Additional absorption features at 1.05 eV and 1.35 eV 

correspond to boron-induced impurity states that affect the temperature 

dependence of absorption. At lower boron concentrations, the absorption 

coefficient increases with temperature due to thermal excitation, while at higher 

concentrations, a negative temperature coefficient appears, indicating enhanced 

radiative recombination. These results demonstrate that controlled boron 

incorporation effectively tailors the band structure and optical response of GaSe, 

enabling its application in broadband optoelectronic and photodetector devices. 
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1. Introduction 

Gallium selenide (GaSe) is a III–VI semiconductor with a layered structure that crystallizes in 

four distinct polymorphic forms: β, γ, δ, and ε [1]. Among these, ε–GaSe is of particular 

significance due to its diverse optical applications. Devices based on ε–GaSe include 

photodetectors [2–4], phototransistors [5,6], energy storage systems [7], and nonlinear optical 

applications [8–10]. Furthermore, the bandgap of ε–GaSe can be tuned either by applying 

external strain or by reducing its thickness to a few layers [11–16], thereby opening up new 

opportunities for the development of next-generation devices [11,17]. The epitaxial properties of 

ε–GaSe also enable compatibility with other two-dimensional (2D) materials, facilitating the 

fabrication of ultrathin heterojunctions and their subsequent application in various 

optoelectronic devices [8,18]. More broadly, chalcogenides such as GaSe are highly attractive for 

non-resonant applications owing to their strong nonlinear optical response and large real 

refractive index [19]. In addition, the high absorption coefficient of GaSe makes it suitable as a 

https://physics.beu.edu.az/server/api/articles/download/spatial-structures-of-the-n-terminal-analogues-of-nociceptin-molecule_7wQW2_01_05_2025.pdf
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light-absorbing material in solar cells. Thus, the study of its optical parameters is of particular 

importance, as it provides a deeper understanding of the material’s optical quality. 

In general, to achieve a comprehensive understanding of the optical and electronic behavior of 

any material, parameters such as the refractive index (n), extinction coefficient (k), absorption 

coefficient (α), and band structure characteristics are essential. Specifically, accurate 

determination of the wavelength dependence of the complex refractive index N(λ) and the 

complex dielectric function ε(λ) yields critical insights into the dispersion and absorption 

features of the material, which are crucial for its implementation in optoelectronic devices [20,21]. 

It should be noted that these fundamental optical parameters are related not only to α(λ) but also 

to the reflectance R(λ). However, precise determination of R(λ) remains an open issue that 

requires particular attention. Moreover, in many cases, the computational methods employed 

provide reliable results only within the transparency region [22–26]; outside this range, 

inaccuracies may arise, potentially leading to misinterpretation of experimental results. 

Considering these aspects, the determination of the optical parameters of Ga1−xBxSe (x = 0.3, 

0.5%) crystals synthesized by us is of great significance, both for obtaining comprehensive 

information about these crystals and for identifying their potential application areas. For this 

reason, in the present work, a solid solution Ga1−xBxSe was synthesized by substituting part of 

the gallium (Ga) atoms with boron (B) atoms. The grown single crystals were then investigated 

in detail to determine their optical parameters. 

2. Experimental details 

2.1. Growing of 𝐆𝐚𝟏−𝐱𝐁𝐱𝐒𝐞 crystals  

The Ga1−xBxSe solid solution was synthesized in evacuated quartz ampoules through direct 

melting of the constituent elements, with a total mass of 15 g. The reaction proceeded via an 

exothermic pathway. To mitigate excessive pressure accumulation within the ampoule, one end 

of the sealed tube was externally cooled, while the opposite end was gradually heated in an 

electric furnace to 1100 °C. Upon completion of the initial reaction, the ampoule was transferred 

to an isothermal furnace maintained at 1100 °C and subjected to an annealing process lasting 4 h, 

thereby ensuring compositional homogenization. The resulting ingot displayed uniform 

chemical composition and was characterized by the presence of large crystalline domains. This 

ingot was subsequently ground into a fine powder and reloaded into a quartz ampoule. After 

evacuation to a residual pressure of 10⁻⁵ Pa, the ampoule was hermetically sealed and utilized for 

single-crystal growth employing the horizontal Bridgman technique. Macroscopic examination 

of the as-grown crystals revealed a dark-red coloration accompanied by a distinct layered 

morphology, features that are typical of GaSe-based compounds. 

2.2. Characterization techniques 

The photoelectric characteristics of the samples were examined under high-vacuum conditions 

using a closed-cycle cryostat system. This setup enabled comprehensive measurements across a 

broad temperature range from 110 K to 400 K and within the optical spectral range of 480–2000 

nm, facilitating the investigation of temperature-dependent carrier transport and spectral 

response behavior. 

The optical characteristics of the samples were further examined using a Specord 250 Plus UV–

Vis spectrophotometer across the spectral range of 190–1100 nm, providing comprehensive 

insight into their absorption behavior. 
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3. Result and discussions 

Figure 1(a) presents the absorption spectrum of the Ga0.997B0.003Se crystal at room temperature. 

As can be seen, a pronounced absorption edge appears around 650 nm. Beyond this threshold, 

the absorption intensity decreases sharply with increasing wavelength and becomes nearly 

constant above approximately 700 nm. Such behavior is characteristic of a material possessing a 

direct band gap. Figure 1(b) illustrates the dependence of (αhν)² on hν, from which the band gap 

was determined using the Tauc method. Analysis yielded a band gap energy of approximately 

1.963 eV, which is slightly lower than the well-established value for pure GaSe (≈ 2.0 eV [27]). 

This reduction is attributed to the partial substitution of Ga atoms by B atoms. The smaller 

atomic radius of boron introduces local lattice distortions, leading to subtle modifications in the 

electronic energy levels and, consequently, a narrowing of the band gap. The band gap 

narrowing effectively extends the optical absorption range of GaSe towards longer wavelengths. 

This property is particularly advantageous for photodetector applications operating in the visible 

and near-infrared (NIR) spectral regions. Importantly, the sharpness of the absorption edge is 

preserved upon boron incorporation, indicating the high crystalline quality of the material. Thus, 

the controlled introduction of boron offers a viable means of tuning the spectral sensitivity of 

GaSe-based optoelectronic devices. 

 

Fig. 1. (a) Absorption spectrum of the Ga0.997B0.003Se crystal and                                                                                                            

(b) determination of the band gap energy based on the Tauc dependence. 

Figure 2 presents the absorption spectra of a 120 μm thick Ga0.997B0.003Se thin film measured at 

300 K and 110 K. The spectra correspond to the long-wavelength edge of the intrinsic absorption 

band. Two distinct spectral features are observed at photon energies of approximately 1.05 eV 

and 1.35 eV. As reported in [28], the incorporation of boron atoms into GaSe crystals introduces 

impurity levels located at a depth of 1.05 eV. Given the layered structure of GaSe, it is most 

plausible that the boron atoms occupy interlayer positions. Nevertheless, under partial 

substitution of Ga atoms in the stoichiometric lattice of gallium selenide, boron atoms may also 

reside at vacant gallium sites, thereby engaging in chemical bonding with both selenium and 

gallium atoms. The optical transitions detected at an energy of 1.05 eV can reasonably be 

attributed to electron transitions from the 4P₁ level of Ga (5.999 eV) to the 3S₂S₁/₂ level of B (4.9663 

eV). This interpretation supports the role of boron incorporation in modifying the electronic 

structure of GaSe and establishing localized impurity states within the band gap. 
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Fig. 2. Absorption spectra of the Ga0.997B0.003Se crystal at 300 K (1) and 110 K (2) 

The Ga0.997B0.003Se crystals exhibit p-type conductivity, similar to that of pure GaSe. The optical 

absorption feature observed at 1.35 eV is most likely associated with electronic transitions from 

the acceptor level to the conduction band. The impurity-band absorption spectrum for a 

parabolic dispersion is described by the following expression [29]: 

 

𝛼(ℎ𝜗) =  
32𝜋𝑒2ℏ2

𝑛0𝑚0
 
ℇ𝑒𝑓𝑓

ℇ
 |𝑒𝑃⃗⃗𝑐𝑣|

𝑚𝑒
∗

𝑚𝑟𝑅∗
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𝑆 (𝜈, 𝑥)

ℎ𝜈
 𝑁𝑖𝐹𝐴𝐵 

 

where n0 is the refractive index; 
ℇ𝑒𝑓𝑓

ℇ
 is the correction for the effective field, taking into account 

the dependence of the field in the crystal on its polarization; me* is the effective mass in the 

conduction band; mr is the reduced mass of an electron and a hole; R* is the effective Rydberg 

constant; (S (ν,x))/hν is the flux of photons with energy hν; Ni is the impurity concentration; FAB 

is the probability that the initial state is occupied and the final state is free. As the equation 

indicates, the absorption coefficient is strongly dependent on the concentration of electrons 

localized at the acceptor level. With increasing temperature, the population of these states rises 

due to thermal excitation of valence-band electrons into acceptor states, which in turn enhances 

the absorption coefficient. This temperature dependence is evident in Figure 1, where the 

absorption coefficient of Ga0.997B0.003Se increases with rising temperature, indicating a positive 

temperature coefficient of absorption. 

Figure 3(a) shows the absorption spectrum of the Ga0.995B0.005Se crystal at T = 300 K. The 

absorption edge is clearly observed in the 635–650 nm interval. As the wavelength increases, the 

absorption decreases and becomes nearly constant beyond 700 nm. Figure 3(b) presents the Tauc 

plot, (αhν)² on hν. From this analysis, the band gap energy was estimated to be approximately 

1.960 eV. This value is very close to that obtained for the Ga0.993B0.003Se crystal (≈ 1.963 eV) and 

slightly smaller than that of pure GaSe (≈ 2.0 eV). The results indicate that increasing the boron 

concentration does not lead to abrupt changes in the band gap but instead produces a gradual 

narrowing. This effect can be explained by local lattice distortions and modifications of electronic 

energy levels arising from the substitution of Ga atoms with smaller-radius B atoms. The 
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observed narrowing of the band gap suggests that the incorporation of boron allows for the 

spectral range of GaSe-based optoelectronic devices to extend towards the near-infrared region, 

thereby improving their applicability in broadband photodetection. 

 

Fig. 3. (a) Absorption spectrum of the Ga0.995B0.005Se crystal and                                                                                                                       

(b) determination of the band gap energy based on the Tauc dependence. 

The absorption coefficient spectrum of the Ga0.995B0.005Se crystal at the long-wavelength edge of 

the fundamental absorption band exhibits a similar overall character to that of the previously 

studied spectrum (Fig. 4). However, in the Ga0.995B0.005Se crystal, the absorption coefficient in 

the region around 1.05 eV is noticeably lower compared to the corresponding value in 

Ga0.997B0.003Se. Furthermore, in contrast to the earlier case, the temperature absorption coeffi-

cient of the Ga0.995B0.005Se crystal assumes a negative sign. When the temperature is increased 

from 110 K to 300 K, the photoluminescence (PL) intensity of the crystals shows a slight 

enhancement. This observation suggests that the negative temperature dependence of the 

absorption coefficient is likely associated with an increase in radiative recombination of 

nonequilibrium charge carriers at elevated temperatures. Such behavior indicates a competition 

between optical absorption and recombination processes, with the latter becoming more 

significant as temperature rises. 

 

Fig. 4. Absorption spectra of the Ga0.997B0.003Se crystal at 300 K (1) and 110 K (2) 
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To establish a more complete understanding of the optical response of boron-doped GaSe 

crystals, the spectral dependence of photocurrent for Ga1−xBxSe (x = 0.3% and 0.5%) was 

measured at 295 K (Fig. 5). For Ga0.997B0.003Se (Fig. 5a), the spectral shape changes considerably: 

the dominant photocurrent peak appears at 1.77 eV, while the long-wavelength edge extends to 

about 0.9 eV. This red-shift of the principal maximum relative to the fundamental absorption 

edge (≈ 1.96 eV) reflects the activation of boron-induced acceptor levels, which enable transitions 

of thermally excited electrons from localized states to the conduction band. The broadening of 

the spectral response further suggests the involvement of defect-related states in the photo 

generation process. For Ga0.995B0.005Se (Fig.5b), the main photocurrent peak shifts slightly 

toward higher energy (≈ 1.95 eV) and the overall photocurrent amplitude decreases. This trend 

can be attributed to enhanced radiative recombination and a partial reduction in the density of 

localized impurity states at higher boron concentration. The observed spectral behavior indicates 

a competition between optical absorption and carrier recombination processes, consistent with 

the temperature-dependent absorption characteristics discussed earlier. 

Overall, the close correspondence between the absorption edge (~ 1.96 eV) and the photocurrent 

maxima confirms that boron incorporation modifies both the optical and electrical photo 

response of GaSe in a correlated manner. Such correlation between absorption and 

photoconductivity spectra provides deeper insight into the role of boron-induced impurity levels 

in determining the carrier excitation and recombination mechanisms, thus supporting the 

potential of Ga1−xBxSe crystals for broadband photodetector applications. 

 
Fig. 5. Photoconductivity spectra of Ga1−xBxSe single crystals at 295 K: (a) x = 0.3% and (b) x = 0.5%. 

 

4. Conclusion 

In this study, single crystals of Ga1−xBxSe (x = 0.3% and 0.5%) were successfully synthesized by 

the horizontal Bridgman method, and their optical and photoelectrical properties were 

systematically investigated. The incorporation of boron into the GaSe lattice led to distinct 

modifications in the electronic band structure and photo response behavior. UV–Vis absorption 

studies revealed a slight narrowing of the direct band gap from 2.0 eV for pure GaSe to 

approximately 1.960–1.963 eV for boron-doped samples, which effectively extended the optical 

absorption edge toward the longer-wavelength (visible–NIR) region. This band gap tuning 

occurred without degradation of crystalline quality, demonstrating that boron doping provides 

an effective means for tailoring the spectral sensitivity of GaSe-based materials. The appearance 
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of additional absorption features at 1.05 eV and 1.35 eV indicated the formation of boron-

induced impurity states within the band gap. These localized levels were found to play a crucial 

role in determining the temperature-dependent optical behavior — at lower boron content, the 

absorption coefficient increased with temperature due to thermal excitation of carriers, whereas 

at higher boron concentration, enhanced radiative recombination resulted in a negative 

temperature coefficient of absorption. Photoconductivity measurements further confirmed the 

close relationship between the optical absorption and carrier excitation processes. The 

photocurrent spectra exhibited a strong peak at 1.77 eV for Ga0.997B0.003Se and at 1.95 eV for 

Ga0.995B0.005Se, consistent with the absorption edge obtained from optical measurements. The 

red-shift and spectral broadening observed in the lower-doped sample reflected transitions 

involving boron-related acceptor levels and defect states, while the blue-shift and reduced 

amplitude at higher doping indicated increased recombination losses. These results clearly 

demonstrate a strong correlation between the optical absorption and photoconductivity spectra, 

highlighting the impact of boron incorporation on carrier generation and recombination 

mechanisms. 

Overall, the findings confirm that controlled boron substitution provides an efficient approach 

for engineering the band structure and photo response of GaSe without compromising its 

layered crystalline nature. The combined optical and photoconductivity analyses reveal that 

Ga1−xBxSe crystals possess tunable optoelectronic characteristics, making them highly promising 

materials for broadband photodetectors and other next-generation optoelectronic devices 

operating in the visible and near-infrared spectral regions. 
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This study investigates the potential of using thermal waters for energy 

production and presents a table showing the role of thermal power plants in 

global electricity generation. Additionally, an experimental study was conducted 

on the properties (pressure, density, temperature) of the “Khachmaz” thermal 

water from Azerbaijan. To evaluate the performance and accuracy of the 

experimental apparatus, the measured properties (p, ρ, T) of water, toluene, and 

an aqueous NaCl solution (m = 2.96661 mol·kg⁻¹) were compared with reference 

data from various literature sources. The results obtained are displayed in 

graphical form. 
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I. INTRODUCTION 

Thermal waters, which naturally emerge from the ground, are utilized for various purposes, 

including the generation of environmentally friendly and cost-effective electricity, the treatment 

of various diseases, heating of buildings, greenhouses, and small agricultural enterprises, as well 

as providing heat for facilities operating with natural steam. Additionally, these waters, 

containing high concentrations of diverse salts, are used for the extraction of mineral substances 

and therapeutic applications. This, in turn, fosters the development of various industries such as 

https://physics.beu.edu.az/server/api/articles/download/spatial-structures-of-the-n-terminal-analogues-of-nociceptin-molecule_7wQW2_01_05_2025.pdf
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hotels, motels, campsites, catering services, communication networks, and infrastructure in 

regions with abundant thermal water resources. As a result, the country's state budget receives a 

large amount of funds, creating conditions for a positive solution to the unemployment problem 

[1].  

In accordance with the State Program on the Use of Alternative and Renewable Energy Sources, 

the Ministry of Energy was tasked with implementing a special program, as specified in the 

Decree of the Republic of Azerbaijan dated October 21, 2004 [1]. In the State Program, the use of 

wind energy is emphasized, along with energy sources that are suitable for our republic. These 

include solar energy, geothermal water, hydropower from mountain rivers and canals, and 

biomass energy. There are significant possibilities for utilizing the heat from the Earth's depths. 

Depending on its temperature, water or a water-steam mixture can be used for hot water supply, 

heating, electricity generation or for all of these purposes simultaneously. It is more suitable to 

utilize the high-temperature heat from volcanic regions and dry mountain rocks for electricity 

generation and heat supply. The total operational capacity of geothermal power plants 

worldwide remains behind that of most other renewable energy sources. However, in specific 

populated geographic regions where fuel and mineral resources are either nonexistent or 

relatively expensive, the high energy density, in conjunction with government policies, is driving 

the advancement of this sector. 

The temperature of mineral waters in Azerbaijan ranges from 4 to 65°C. This refers only to 

natural water sources. Additionally, waters with temperatures reaching 95°C are extracted by 

drilling deep into the earth. 

II.Description of the Processing System 

Thermal waters are commonly used worldwide for electricity generation through thermal power 

plants (TPPs) [2]. This type of power plant has the advantage of requiring less time and fewer 

financial resources for construction compared to other types of power plants. Electricity from 

geothermal power plants is 70-80% cheaper than that from thermal power plants relying on oil, 

gas, or coal. Such power plants have a negligible environmental impact, with the electricity they 

generate being notably cleaner from an ecological perspective compared to that produced by 

other types of power stations. The CO2 emissions associated with the generation of 1 kW of 

electricity from high-temperature thermal sources vary between 13 and 380 grams, with an 

average of 65 grams per kilowatt-hour. When using different fuels, this index measures 453 

grams for natural gas, 906 grams for oil, and 1042 grams for coal. The chemical compounds 

generated by thermal flow are carefully contained and not allowed to escape into the 

atmosphere. Instead, they are efficiently redirected back into the earth’s depths using advanced 

specialized devices [3-4]. 

The primary requirement for developing Thermal Power Plants is the presence of high-

temperature thermal waters that emerge from the ground, with an efficiency exceeding 90%. 

Therefore, given the advantages of thermal power stations (TPP) over other types of power 

plants and the low cost of energy procurement, regions such as Latin America, Northern Europe, 

and Northern Africa—which are endowed with abundant hydropower resources—place 

significant emphasis on the development of thermal stations. This is regarded as one of the most 

promising sectors for these countries. The global electricity generation from thermal power 

plants has experienced significant growth, increasing from 5,000 MW in 1990 to approximately 

11,000 MW in 2010. In the same year, thermal power plants contributed to 30% and 27% of the 
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total electricity generated in Iceland and the Philippines, respectively, while accounting for 14% 

each in El Salvador and Costa Rica [5-6]. 

In general, for the first time in the world, heat was obtained from thermal waters in Italy in 1904, 

and similar power plants were built in New Zealand, Japan, the Philippines and the United 

States in the following years. 

Russia has significant geothermal resources distributed across various regions, including 

Kamchatka, Chukotka, Primorsky Krai, Western Siberia, the North Caucasus, Krasnodar and 

Stavropol Territories, as well as the Kaliningrad Oblast. In these regions, thermal waters emerge 

from multiple hot sources ranging from 50 to 90°C. More than 100 natural thermal water outlets 

are known in Kamchatka. The sources are distinguished not only by their high temperature (170-

2000 C) but also by their relatively low mineral content. Significant reserves of highly thermal 

waters (temperature over 100°C, depth 1500 m) are located in the artesian basins of Moscow and 

Western Siberia. 

Table 1 clearly demonstrates the significant share of thermal power plants in total electricity 

production for the years 2007 and 2010 across the 12 most developed countries operating thermal 

power plants in the world [5,6]. 

The United States stands as the global leader in electricity production from thermal power 

plants. In 2007, the country generated an impressive 2,687 MW of electricity from thermal 

energy, further increasing to 3,086 MW in 2010. Notably, in 1999, the utilization of thermal 

energy saved an astonishing 60,000 barrels of oil. During that same year, the production from 

thermal sources reached 2,200 MW, equivalent to the output of four nuclear power plants. This 

demonstrates the significant role thermal energy plays in the nation's energy landscape [7]. 

III.Performance Improvement 

Iceland leads the world in utilizing geothermal resources, employing thermal waters for heating 

the capital city Reykjavík, as well as for residential needs, public utilities, greenhouse operations, 

and the production of environmentally sustainable electricity. 

Despite having abundant thermal water resources, Azerbaijan utilizes only a small fraction of 

them. Based on usability, geostructural, and hydro-geothermal conditions, the hydrothermal 

regions include Greater Caucasus, Absheron Peninsula, Caspian-Guba, Kur-Araz Lowland, 

Lesser Caucasus, Talysh-Lankaran, Jalilabad-Zar, Shamakhi-Gobustan, Ajinohur-Kur Interfluve, 

and Nakhchivan. The thermal regions of Azerbaijan have reserves totaling 249 thousand m³/day; 

however, a significant portion of these reserves is utilized for treatment purposes [8]. 
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TABLE I. THE CONTRIBUTION OF THERMAL POWER PLANTS TO GLOBAL ELECTRICITY                           

PRODUCTION WAS ANALYZED FOR THE YEARS 2007 AND 2010 

№ 
Countries utilizing 

thermal power plants 

Capacity of thermal  

power plants, MW 

The proportion of electricity generated by 

TPP in the overall electricity output of the 

country, expressed as a percentage In 2007 [5] In 2010 [6] 

1.  USA 2687 3086 0,3 

2.  Philippines 1969,7 1904 27 

3.  Indonesia 992 1197 3,7 

4.  Mexico 953 958 3,0 

5.  Italy  810,5 843 - 

6.  New Zealand 471,6 628 10,0 

7.  Iceland 421,2 575 30,0 

8.  Japan 535,2 536 0,1 

9.  Salvador 204,2 204 14,0 

10.  Kenya 128,8 167 11,2 

11.  Costa Rica 162,5 166 14,0 

12.  Nicaragua 87,4 88 10,0 

 Total 9423,1 10352  

 

The thermal waters in Absheron are primarily used for restoring the health of the population 

and treating various diseases. If the Surakhani thermal water, which has significant potential, is 

utilized effectively, it could generate substantial revenue for the republic's budget. For 

comparison, it is worth noting that thermal water with a temperature of 71°C emerges in the 

center of Budapest, the capital of Hungary. This water is cooled to 30-35°C and is utilized daily 

by 4-5 thousand people at the Széchenyi Thermal Baths, a complex of indoor and outdoor pools 

located in the Széchenyi area of the city. Each person's daily access fee for using this thermal 

water facility is 12 euros. The daily revenue from this operation amounts to 54,000 euros, while 

the annual revenue reaches 19.5 million euros.  

Considering the numerous thermal water resources with a temperature of 30-35°C in the Gabala, 

Gakh, Oghuz, and Guba administrative regions, we consider it appropriate to create closed and 

open-type beaches in these areas. The presence of rich oil and gas reserves in the territory of the 

economic-geographic region, the continuation of tectonic events and orogeny processes, and the 

fact that it is surrounded by the Caspian Sea in a large area are the main factors for the existence 

of a large number of thermal and mineral waters here (Fig. 1) [9]. This region lags behind only 

Absheron and Lankaran-Astara economic-geographic regions in terms of the use of thermal and 

mineral waters for the restoration of human health, as well as the use of beaches. 
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Fig. 1. Map illustrating the thermal and mineral water resources of the Guba-Khachmaz economic-geographical region 

Azerbaijan has many favorable opportunities for developing thermal power stations, but none 

have been built yet. Although Azerbaijan possesses abundant oil and gas resources, these are 

classified as non-renewable assets. Therefore, leveraging the historically established experience 

of utilizing thermal waters worldwide should be considered one of the most critical priority 

areas for Azerbaijan. Considering the substantial reserves of high-temperature thermal waters in 

various administrative regions of the Republic of Azerbaijan, and their immense potential for the 

cost-effective and environmentally friendly generation of electricity, strategic emphasis should 

be placed on advancing this sector, particularly in regions of the republic that face deficiencies in 

fuel supply, energy infrastructure, and hydroelectric capacity. The percentage of thermal and mi-

neral waters in the Guba-Khachmaz economic-geographic region, categorized by administrative 

district, is presented in Fig. 2 [9]. 

 

Considering the above, we can draw the following conclusion: 

1.  The initiatives undertaken in Azerbaijan to harness electricity from thermal waters, an 

inexhaustible natural resource, have thus far proven insufficient. 

2. The lack of detailed information regarding the exact number of high-temperature thermal 

water sources in Azerbaijan, along with their flow rates and potential applications, poses a 

significant obstacle to the development of thermal power plants within the republic.  
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3.  Given the favorable conditions for constructing power plants using high-temperature 

thermal waters in Azerbaijan, it would be beneficial to develop such facilities. This approach 

could help meet the growing electricity demand in the country's regions, utilizing best 

practices from around the world to harness this inexhaustible resource effectively. 

4. Foreign investors in Azerbaijan are allocating significant financial resources to develop 

various economic sectors. By encouraging both foreign and local entrepreneurs to 

participate in the construction of thermal power plants, which require relatively low 

financial investment, the utilization of thermal waters in the power industry can be 

effectively advanced. Geothermal technologies, at various stages of development 

worldwide, are widely utilized in central heating systems, greenhouses, and other 

applications. The technology for generating electricity from naturally high-permeability 

hydrothermal reservoirs is considered reliable. Most of the geothermal power plants 

currently operating worldwide utilize dry steam turbines or "flash" units (including single, 

double, and triple flash systems) and rely on hot water sources that exceed 180°C. 

Additionally, new technologies such as “Enhanced Geothermal Systems (EGS)” are under 

development and moving towards implementation.  

Another type of geothermal power plant utilizes natural geothermal resources, which consist of 

water heated to high temperatures through natural processes. However, the availability of such 

resources is limited. For instance, in Russia, regions like Kamchatka and the Caucasus are known 

for their mineral water sources. In this system, heated water is drawn from the ground and 

enters a heat exchanger. In another case, water rises freely through a specially drilled well due to 

high geological pressure. This general operating principle is applicable to nearly all types of 

geothermal power plants. 

 The thermal waters under investigation were directly collected from their surface discharge 

zones and processed using various chemical treatment methods for experimental purposes. 

These locations are rich in both thermal and cold mineral springs, which contain nitrogen and 

hydrogen sulfide. In the "Khachmaz" geothermal energy resource of the Khachmaz region in 

Azerbaijan, sodium (Na) is the predominant chemical element. It constitutes approximately 

72.41–90.12% of all chemical substances found in the composition of the "Khachmaz" geothermal 

energy resource in Azerbaijan's Khachmaz region. [10,11]. 

Prior to conducting the main experiments, the functionality of the experimental apparatus was 

evaluated through verification experiments using substances with well-documented experiment-

tal data. Given that the vibrating tube method requires calibration with at least three substances, 

water, toluene, and NaCl aqueous solutions were chosen as the primary calibrators for this 

purpose. The calibration process was subsequently analyzed in detail. Following the calibration 

of the device, repeated measurements were conducted using the selected calibrating substances 

to ensure the reliability and precision of the calibration process. In some cases, experiments were 

conducted 4-5 times at the same temperatures, and the device's performance was evaluated at 

different times, regardless of variations in its filling and experimental conditions. The laboratory 

in which the experiments were conducted was maintained at a constant temperature of T = 

293.15 K under climate-controlled conditions. A comparative analysis of the results obtained for 

aqueous solutions of water, toluene, and NaCl (m = 2.96661 mol·kg⁻¹) with the corresponding 

values reported in the literature is presented in Figures 1, 2, and 3. 
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As illustrated in the figures below, the discrepancy between the newly obtained density data and 

the values reported in the literature does not exceed the estimated measurement errors 

associated with this device. Double-distilled water was obtained from different laboratory 

facilities. NaCl, toluene, and other chemicals were sourced from Merck (Germany). Consistently, 

the results obtained were in close agreement with minimal error. All of this demonstrates the 

high accuracy of the constructed experimental device. 

 

 

Fig. 1. The pressure dependence of the measured density of water at temperatures                                                                        

T=(278.15–468.15) K and its deviation from the IAPWS 95 data reported in the literature. 

 

 

Fig. 2. The pressure dependence of the measured density of toluene at temperature T=(278.15-468.15) K                                    

and along with comparisons to data found in various literature sources up to the year 2000. 
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Fig. 3. The pressure dependence of the measured density of an aqueous solution of                                                                        

NaCl (m=2,96661 mol·kq1) at temperature T=(278.15-468.15) K and along with comparisons                                                               

to data found in various literature sources up to the year 2000. 

After performing verification experiments on water, NaCl, and toluene (p, ρ, T), the pressure, 

density, and temperature dependencies of Azerbaijan's 'Khachmaz' thermal water were 

systematically measured at elevated pressures and varying temperatures using the vibrating 

tube method in the experimental setup. 

During the measurement of the (p, ρ, T) dependencies at each equilibrium state, efforts were 

made to achieve the lowest possible pressure values. This approach was intended to obtain 

highly accurate density values through graphical extrapolation to atmospheric pressure and 

extrapolated density values were subsequently compared with measurements obtained using 

the DMA 4500 device. The data obtained from these methods are in good agreement, with a 

variation of ±0.02%. Experiments were conducted at pressure intervals of approximately 5 MPa 

for each isotherm. For all studied subjects, the research was performed at temperatures ranging 

from T = (278.15 K ÷373.15 K), and pressures up to p = 40 MPa. The experimental values of 

pressure (p), density (ρ), and temperature (T) are presented in Table 2. 

 
  

-0.05

-0.04

-0.03

-0.02

-0.01

0.00

0.01

0.02

0.03

0.04

0.05

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140

p /МПа

10
0∙

( r
эк

с- r
ли

т)/
rэ

кс



Utilizing Thermal Water for Energy:  A Study of the Properties (P, Ρ, T) of the "Khachmaz" Thermal Water in Azerbaijan 

51 

TABLE II. THE EXPERIMENTAL EVALUATION OF THE DENSITY OF "KHACHMAZ" THERMAL WATER                 

FROM AZERBAIJAN'S KHACHMAZ REGION AT VARYING PRESSURES AND TEMPERATURES 

MPa

p
 3/ mkq

r
 

К

T
 

MPa

p
 3/ mkq

r
 

К

T
 

0.624 1004.04 278.15 1.160 989.32 328.02 

5.004 1006.21 278.15 5.024 990.99 328.04 

10.023 1008.65 278.16 10.079 993.00 328.17 

15.012 1011.05 278.15 15.576 995.38 328.18 

20.035 1013.43 278.14 19.985 997.22 328.19 

25.036 1015.76 278.15 25.527 999.61 328.17 

30.054 1018.07 278.15 30.023 1001.50 328.14 

35.124 1020.37 278.14 35.513 1003.58 328.12 

40.021 1022.56 278.15 39.978 1005.37 328.06 

0.539 1002.59 288.14 0.846 981.22 343.15 

5.006 1004.66 288.16 5.097 983.06 343.16 

9.855 1006.87 288.17 9.967 985.17 343.14 

15.151 1009.25 288.17 15.525 987.55 343.15 

20.064 1011.43 288.17 20.000 989.45 343.15 

25.121 1013.64 288.16 25.586 991.82 343.14 

30.103 1015.79 288.16 30.045 993.68 343.16 

35.111 1017.92 288.16 35.514 995.98 343.15 

40.145 1020.04 288.15 40.050 997.87 343.15 

1.025 1000.15 298.27 0.846 974.29 354.24 

5.079 1002.02 298.22 5.097 976.23 354.25 

9.818 1004.22 298.22 9.967 978.33 354.27 

15.593 1006.61 298.17 15.525 980.63 354.27 

20.018 1008.46 298.13 20.000 982.58 354.27 

25.104 1010.69 298.13 25.586 984.92 354.27 

30.155 1012.85 298.12 30.045 986.83 354.28 

35.089 1014.82 298.13 35.514 989.17 354.27 

40.040 1016.88 298.13 40.050 991.07 354.27 

0.898 995.52 313.08 1.626 962.02 372.90 

4.995 997.25 313.10 5.059 963.59 372.90 

9.972 999.20 313.15 10.042 965.73 372.96 

15.563 1001.65 313.17 15.525 968.08 372.97 

20.008 1003.42 313.20 20.014 970.00 372.99 

25.534 1005.80 313.18 25.596 972.31 373.00 

30.057 1007.65 313.19 30.001 974.44 372.90 

35.586 1009.82 313.17 35.576 976.79 372.91 

39.970 1011.52 313.15 40.013 978.53 372.92 

 Isotherms were constructed in the pressure-density (p-ρ) coordinates for pressure values 

ranging from 0.1 to 40 MPa, as illustrated in Figure 4.  
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Fig. 4. The relationship between pressure (p) and density (ρ) of the "Khachmaz" thermal water in the                             

Khachmaz region of Azerbaijan was calculated using formulas 1 and 2. 

♦, 278,15 K; ■, 288,16 K; ▲, 298,17 K; •, 313,18 K; ◊, 328,18 K;□, 343,15 K; Δ, 354,27 K; ○, 372,96 K. 

 

IV.Conclusion 

The measured density of "Khachmaz" thermal water of Khachmaz region of Azerbaijan was also 

measured at atmospheric pressure with an accuracy of 0.01% (more accurate than at high 

pressures) on a DMA 5000M device. This device enables precise measurements at temperatures 

up to T=363,15 K. The results obtained are expressed using the following equation of state: 

1282 ρρρ CBAp    (1) 

Adding a third term to the Akhundov-Imanov equation has been shown to reduce the error in 

describing experimental data to ∆ρ/ρ=±(0.001 to 0.003)%. The coefficients A(T), B(T), and C(T) are 

functions of temperature and can be expressed in polynomial form: 
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are given in Table 3. 
 

TABLE III. 

a1= -3.9508587 b0= 8322.6444921 c0= -6583.286607275 

a2= 0.019210690563 b1= -56.828468335 c1= 45.23492762848 

a3= -0. 3685081337·10-4 b2= 0.103286734291 c2= -0.07893862924 

 

Equation (1), considering the values of the coefficients A(T), B(T), and C(T), allows for the 

empirical determination of the dependency of the "Khachmaz" thermal water on (p, ρ, T) with an 

average error of 0.007%. 
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