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A change in the composition and dopant content of selective atoms in a material leads to their new desired properties by altering the structure, which can significantly improve the performance of relevant devices. By acknowledging this, we focused on characterizing the optoelectronic and structural properties of cadmium-substituted zinc selenide (Zn1-xCdxSe; 0 ≤ X ≤ 1) semiconductors using density functional theory (DFT) within the generalized gradient approximation (GGA), EV-GGA, and mBJ approximations. The results proved the cubic symmetry of the investigated materials at all Cd concentrations (0, 0.25, 0.50, 0.75, and 1). Although a linear surge in the lattice constant is observed with the change in Cd content, the bulk modulus exhibits a reverse trend. These materials are observed to be direct bandgap semiconductors at all Cd concentrations, with a decrease in electronic bandgap from 2.76 eV to 1.87 eV, and have isotropic optical properties, showing their potential applicability as a blue-to-red display. The fundamental optical properties of the materials, such as optical conductivity, reflectance, refractive index, absorption, and extinction coefficient, are also discussed. These outcomes provide a computational understanding of the diverse applications of Zn1-xCdxSe semiconductors in optoelectronic, photonic, and photovoltaic devices, particularly for a visible-range display.
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1 INTRODUCTION
Technological progress in semiconductor engineering has been proven to draw extraordinary advancements in a variety of industrial applications by opening a plethora of innovative devices with unmatched outcomes. For instance, direct bandgap semiconductors have been widely employed in signal processing, energy supply, display technology, solar cells, photodetectors, optical sensors, and medical imaging, which lead to the engineering of optoelectronic devices in both the economic and technological sectors (Colak, 1993; Benkabou et al., 2000; Tamargo, 2002; Adachi, 2009; Deng et al., 2009; Iqbal M. A. et al., 2022). Their characteristics are also size-dependent, and recently, attention has been diverted to the 2023 Nobel Prize in chemistry, which was awarded for the discovery of quantum dots due to their size-dependent display and photodetection applications (Abdullah et al., 2023). In addition to the size, chemical doping and dopant concentration are also important factors that enable the tuning of the material characteristics for the fabrication of novel low-cost, highly efficient devices. In this regard, photonic materials, particularly group II–VI materials, can be tuned to exhibit highly significant and unique properties needed for manufacturing novel and more efficient optoelectronic devices for commercial purposes (Hile et al., 2022). Such properties can be acquired by changing the compounds’ composition so that they can function favorably at a wide range of wavelength spectra. The direct bandgap of group II–VI semiconductors involving cadmium-substituted zinc selenide (CdZnSe) alloys makes them an attractive candidate for use in fabricating various devices in the optoelectronic, photonic, and photovoltaic industries (Colak, 1993; Benkabou et al., 2000; Tamargo, 2002; Adachi, 2009; Iqbal M. A. et al., 2022; Hile et al., 2022; Wang et al., 2022; Abdullah et al., 2023).
The ternary alloys of II–VI group elements are notable semiconductors because their electronic bandgap can be regulated by controlling the dopant content and they are more stable under ambient and extreme conditions (de Melo, 2023; Kurban et al., 2023). These materials exhibit promising potential in connection with photoconductive, photoluminescent, and display devices owing to their flexible bandgap engineering based on the adjustment of dopant concentrations (Burger and Roth, 1984; Razykov, 1988; Nasibov et al., 1989; Sutrave et al., 2000). Transition metals have been frequently used as dopants in these semiconductors, and the alloys of manganese, copper, chromium, nickel, and cadmium are reported in the literature (Nguyen et al., 2022; Jafarova, 2023; Mondal et al., 2023; Sheokand et al., 2023). Various synthetic methodologies, such as vacuum evaporation, chemical bath deposition, the SILAR method, hydrothermal, electro-deposition, and molecular beam epitaxy, have been employed in synthesizing such compounds to explore their potential in fabricating devices with desired outcomes. In particular, CdZnSe semiconductors have been comprehensively synthesized (Schreder et al., 2000; Sutrave et al., 2000; Kishore et al., 2005; Murali and Austine, 2009) to investigate their dielectric, structural, optical, photoluminescence, and magnetic characteristics. In addition, their structural characteristics have also been discussed in the literature (Loglio et al., 2008; Deo et al., 2014), along with their magnetic, luminescence, and dielectric characteristics (Gupta et al., 1995; Margapoti et al., 2012). Despite the availability of multiple reports on the experimental and theoretical studies of noble metals (such as silver and copper) along with transition metal-doped ZnSe semiconductors, there is still a need to explore them further. Along this line, it is necessary to test the suitability of the aforementioned heavily doped semiconductors in selected phases for optimizing dopant content (Xu et al., 2016). Loghina et al. (2019) synthesized quantum dots of CdZnSe alloys and reported their electronic bandgap energy as 2.27 eV. Deng et al. (2009) reported the synthesis of ZnxCd1-xSe (0 ≤ X ≤ 1) quantum dots with tunable blue photoluminescence. Their XRD results revealed that the Zn/Cd ratio agrees with Vegard’s law (Vegard, 1921). Recently, Liu et al. (2022) explored CdZnSe quantum dots as the composition of visible displays in blue, red, and green light-emitting diodes. Chen et al. (2022) investigated the impact of the Zn/Cd ratio and studied the photoelectric properties of ternary CdZnSe alloys at Cd contents of 0.1, 0.5, and 0.9. In addition to the experiments, low-cost and effective first-principle approaches have been potentially used to specify a number of physical parameters at ambient pressure in relation to the material’s electrical, optical, thermodynamic, and structural characteristics (Jafarova, 2023; Korozlu et al., 2011; Aarifeen and Afaq, 2017; ul Aarifeen and Afaq, 2019; Ameri et al., 2012; Iqbal et al., 2022b). The optical and electronic properties of ternary Cd0.25Zn0.75Se semiconductors have been investigated theoretically using the CASTEP code (Korozlu et al., 2011), while thermodynamic properties have been explored in the temperature range of 0–1000 K and a pressure range of 0–10 GPa, using Quantum ESPRESSO software (Aarifeen and Afaq, 2017). Najam et al. explored these ternary semiconductors (Zn1-xCdxSe; 0.25 ≤ X ≤ 0.75) to clarify their thermodynamical properties, using the FP-LAPW + lo method within the generalized gradient approximation (GGA) function along with the Hubbard parameter. Thermal conductivity, thermal expansion, internal energy, entropy, Debye temperature, and heat capacities were all calculated (ul Aarifeen and Afaq, 2019). In our recent work, we explored the physical attributes of the Cd0.25Zn0.75Se alloy under high pressure and discussed its potential for photovoltaic applications (Iqbal et al., 2022b).
From the above discussion, it is evident that CdZnSe wide-bandgap semiconductors are still gaining the attention of the scientific community, although they have been extensively investigated. In this regard, tuning their electronic and optical responses by calibrating material size and the dopant concentration-controlled specific phase is particularly important in fabricating optoelectronic and photovoltaic devices with enhanced stability and applicability in visible displays (Korotcenkov, 2023). The selection of an appropriate dopant and its concentration can lead to novel electronic interactions, such as electron–photon, electron–phonon, and electron–electron interactions, which can be used to induce plasmonics effects (Iqbal et al., 2021a) and attain the tuned optical responses. Keeping this in mind, the present study is designed to modify and improve existing outcomes on CdZnSe alloys by combining the electrical and optical parameters of these semiconducting materials using an all-electronic approach. For this, the optoelectronic and structural properties of Zn1-xCdxSe (0 ≤ X ≤ 1) alloys were investigated by performing DFT calculations, including GGA, Engel–Vosko GGA (EV-GGA) functionals, and mBJ potential. A detailed comparison with existing theoretical and experimental studies (Korozlu et al., 2011; Ameri et al., 2012; Loghina et al., 2019; Iqbal et al., 2022b) was also carried out to identify the potential of these alloys in fabricating electronic, photovoltaic, and optoelectronic devices. We examined the cubic symmetry of these materials at varying Cd concentration, with a special focus on the Cd content of x = 0.50, which has never been reported in the cubic phase before, along with the impact of high pressure on the electronic characteristics. This study also aims to encourage experimentalists to analyze our subsequent findings on the alloys for their commercial applications as optoelectronic and photovoltaic devices robust to altitude variations.
2 THEORETICAL METHOD
Kohn–Sham equations were solved via the full-potential linearized augmented plane-wave (FP-LAPW) method (Kohn and Sham, 1965) using the Wien2k code (Blaha et al., 2001) within the DFT framework (Iqbal et al., 2021b). In these evaluations, the interstitial regions and muffin-tin spheres were treated using the FP-LAPW approach to derive eigenvalues together with estimating the physical attributes. The Fourier series was used to understand the basic functions of the method. However, the Schrödinger wave equation was employed to attain the related analytical understanding for the spherical component of the potential. The potential attributed toward the charges was indicated by the spherical harmonics of muffin-tin, which range up to the value of Lmax = 10, while the product of RMT×Kmax was set at 7 and the Gmax value was set as 12. The radii for structural generations of muffin-tin spheres were varied for Zn, Cd, and Se, that is, by setting the radii at 2.29, 2.33, and 2.37 a. u. for Zn and Cd and at 2.18, 2.22, and 2.26 for Se for Cd contents of 0.25 ≤ X ≤ 0.75. The energy that separated the core and valence states was set at 10–6 Ry, while the irreducible Brillouin zone, which is comparable to the Monkhorst–Pack, has a mesh framework of 12×12×12 k-points (Monkhorst and Pack, 1976). The total energy, force, and charge of the system were optimized by self-consistent field (SCF) calculations and fixed as 0.00001 Ry, 1 arb. units, and 0.00001 e, respectively. Moreover, for structural optimization, GGA (PBE Sol) (De Waele et al., 2016) was used as an exchange-correlation functional, while EV-GGA (Engel and Vosko, 1993) was used to compute the electronic band structures along with the Tran–Blaha mBJ potential (Singh, 2010). The tuned optical spectra were explored within the mBJ approximation only and provided highly efficient results, comparable to the experimental findings.
3 RESULTS AND DISCUSSION
3.1 Structural characteristics
To explore the exotic characteristics of the crystal at an equilibrium state, the lattice parameters were optimized with a minimum correlating ground-state energy, which was computed by employing Murnaghan’s equation of state (Tyuterev and Vast, 2006), and the findings are summarized in Table 1. The structure of the generated supercell and the variation in structural parameters as a function of the Cd content are shown in Figure 1. To study the structural characteristics and optimize the parameters, a unit cell of CdZnSe was generated. Then, we further investigated the variation of electronic and optical properties as a function of the Cd compositional factor (x), along with the cubic symmetry of these alloys at all Cd concentrations ranging from 0 ≤ X ≤ 1.
TABLE 1 | Comparison of the lattice constant and bulk modulus computed within GGA with the available literature studies.
[image: Table 1][image: Figure 1]FIGURE 1 | Cd content-dependent structural parameters. (A) Cubic structure of Cd0.50Zn0.50Se alloy. Change in the (B) lattice constant and derivative of bulk modulus, (C) bulk modulus, and (D) ground-state volume.
Figure 1A shows the CdZnSe cubic crystal structure at a Cd concentration of x = 0.50, while the linear variation in the lattice constant with an increase in the Cd content is presented in Figure 1B. The outcome observed in Figure 1B almost follows Vegard’s law, which states that the lattice constant of an alloy’s crystal structure has a linear relationship with its elemental concentration (Vegard, 1921). The linear increase in both the lattice constant and volume is related to the high Cd concentration, whose atoms substitute Zn sites in the CdZnSe structure. Figures 1C, D show the bulk modulus and volume variation, respectively, with an increase in Cd content. Table 1 summarizes the computed parameters for Cd concentration, including the lattice constant and bulk modulus of the material, as well as their comparison with the existing literature regarding both theoretical and experimental outcomes. The comparison of structural parameters reveals the cubic phase of the investigated alloys at all Cd concentrations, including x = 0.50, which is a unique and important improvement in the existing literature. Recently, a similar cubic symmetry has been reported in the literature for CdZnS semiconductors both theoretically (Iqbal et al., 2022c) and experimentally (Iranmanesh et al., 2017), and it agrees well with the findings of this study. It is also observed that the bulk modulus of CdZnSe semiconductors decreases with an increase in Cd content because the toughness of the material decreases, which indicates its ductile nature. However, ZnSe has a larger bulk modulus compared to its counterparts (CdZnSe alloys), while it has lesser compressibility in comparison with CdSe semiconductors.
3.2 Electronic characteristics
The density of states (DOS) and electronic characteristics of the CdZnSe alloy were investigated within the first Brillouin zone, including their potential applicability in semiconducting electronic devices. The total density of states (TDOS) was investigated to clarify the origin of electronic band structures, along with the exploration of partial DOS (PDOS) to illustrate the orbital contribution of each atom. The electronic band structures show a direct bandgap behavior, where the gap decreases as the concentration of Cd increases. This behavior is well justified with the TDOS being plotted at various Cd concentrations (0 ≤ X ≤ 1), which was computed within the mBJ potential only (as its computational results are very close to the experimental ones) by setting the Fermi energy (Ef) at 0. DOS spectra show that the total and partial densities of the states of CdZnSe alloys are quite similar to one another, with a minor difference in the intensity, height, and energy of the peak (Figure 2).
[image: Figure 2]FIGURE 2 | Density of state analysis along with electronic and optical parameters. (A) TDOS of CdxZn1-xSe alloys for 0 ≤ x ≤ 1. The inset is the zoom of the TDOS within the conduction band and clearly shows its variation with different Cd content. Similarity in their trends confirms cubic symmetry at all the compositional values of Cd, particularly at x = 0.50. (B) Illustration of the orbital contribution of Zn, Cd, and Se atoms in CdxZn1-xSe alloy to PDOS at a Cd composition of 75%. (C) Dependency of the electronic bandgap energy variation on Cd content. (D) Change in [image: image] depending on Cd content along with the literature (Korozlu et al., 2011).
The density of states is prominent within the three regions of the valence band, which have multiple peaks. With an increase in Cd content, the intensity increases, and the maximum intensity corresponds to the Cd0.75Zn0.25Se alloy for both the valence and conduction bands, as can be seen from the blue curve in Figure 2A. The first region in the valence band of DOS is mainly composed of the hybridization of Se-p and Cd-p states, with a minor addition of Se-s and Zn-p states. The second region, where the valence band peak increases with an energy range of -5.92 eV to -6.10 eV, is largely composed of Zn-d, Se-p, and Cd-s states. However, for the third region in the valence band, the peak appears approximately -7.10 eV of incoming light and is composed of Cd-p, Se-s, Se-p, and Zn-p states. It can be concluded that the Se-s and Se-p orbital states contribute to Cd-p and s orbital states, along with Zn-d and Zn-p orbital states that the electrons occupy in CdZnSe alloys (Figure 2B). On the other hand, the conduction band is mainly composed of Zn-p, Zn-s, Se-p, and Se-d states, as well as the contributions of Cd-p and Cd-s orbital states. The zoom of the TDOS within the conduction band is shown in the inset of Figure 2A, where it displays the variation for Cd-based ZnSe alloys, from which one can notice the variation pattern of the band structures and its bandgap dependence. From the similar trend of the DOS pattern, we can confirm cubic symmetry at all compositional values, particularly for x = 0.50.
The electronic band structures were generated in the energy range of -8 eV–10 eV for all Cd concentrations (Figure 3A). A close view of the conduction band DOS near the Fermi energy to acknowledge the change in the bandgap with Cd content is presented in Figure 2A (right panel), which clearly shows a varying trend in the TDOS with the increase in the value of Cd concentration. Table 2 summarizes the electronic bandgap (Eg) of the present research at all Cd contents (0, 0.25, 0.50, 0.75, and 1) with a comparison of previously reported theoretical and experimental studies (Benosman et al., 2000; Hernández, 2002; Benkhettou et al., 2004; Deligoz et al., 2006; Korozlu et al., 2011; Ameri et al., 2012; Jamble et al., 2017; Iqbal et al., 2022b). Based on this table, we confirmed that the present study provides the best calculation to investigate the electronic properties of semiconductor alloys, while the band energies are estimated by EV-GGA and mBJ approximations. mBJ has been proven to have more promising results than EV-GGA because it shifts the conduction band more. Moreover, the direct bandgap nature of the semiconductors has been depicted by the maxima and minima positions of the valence and conduction bands, which are aligned with the same k-space region. The direct bandgap energy values of the materials range from 2.76 eV to 1.87 eV, as displayed in Figure 2C, presenting the semiconductor characteristics, while a comparison of EV-GGA, mBJ, and LDA (Korozlu et al., 2011) data is made in this figure by multi-colored curves. The computed results are in good agreement with the experimental findings (Loghina et al., 2019).
[image: Figure 3]FIGURE 3 | Electronic band structures. (A) At varying Cd concentrations (0 ≤ x ≤ 1), without considering the pressure impact within the mBJ potential. (B) Under the impact of pressure ranging from 10–40 GPa within the EV-GGA functional.
TABLE 2 | Comparison of bandgap energy and static dielectric constant with the literature studies.
[image: Table 2]To further investigate the nature of band structures under the influence of high pressure (0–40 GPa), we employed EV-GGA exchange and correlation functional and generated pressure-dependent electronic structures of CdZnSe alloys (Figure 3B). From this analysis, we observed that the pressure significantly shifted the electronic orbitals, and an increase in the electronic bandgap has been noticed. It is also noted that Eg varies directly with pressure and that the direct bandgap nature of all these alloys has been retained, suggesting the use of these wide-bandgap alloys as optical sensors that can function at varying altitudes.
3.3 Optical properties
The mechanism of light–matter interactions is of great significance in studying the photonic and optoelectronic properties of a material. This mechanism provides a better understanding of the electron–photon interaction and the process of energy emission by hot electrons during cooling, which can be used to investigate the optical response of the material. The excitation spectra hold important information and are observed due to the shifts in the electron from an occupied to an unoccupied state, which are related to the system’s linear response and joint densities. The linear optical response of a material is explained by the behavior of the complex dielectric function, which can mathematically be expressed as follows (Fox, 2001):
[image: image]
Herein, [image: image] and [image: image] present the real and imaginary portions of the dielectric function, respectively. The real portion depicts the material’s polarization and also indicates the dielectric function at an irradiation frequency of 0 Hz. The imaginary part helps to determine the absorption. All the optical parameters can be approximated from the analyses of the complex dielectric function. The static dielectric constant ([image: image]) is also an important parameter since it is closely related to the optical bandgap of the material; that is, the optical bandgap can be computed using the relation ε1 (0) ≈ 1 + (ħω/Eg)2. The Kramers–Kronig relationship can be used to relate and compute both the real and imaginary portions of the dielectric function as follows (Johnson, 1975):
[image: image]
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where P represents the momentum matrix and [image: image]/ represents the collective density of states.
The dielectric function can also be used to calculate other optical quantities, such as refractive index [image: image] and extinction coefficient [image: image], which provide information about the decrease in the speed of radiation when it passes through a medium and absorption, respectively (Fox, 2001). Both [image: image] and [image: image] can mathematically be expressed in the forms as follows:
[image: image]
[image: image]
In addition, to calculate the optical absorption of the material, the absorption coefficient can be used by employing the imaginary component of the material’s refractive index (Fox, 2001). This coefficient also provides useful information about the decay of radiation with an increase in distance. Mathematically, it can be presented as follows:
[image: image]
Reflection spectra that are used to investigate the response of incident light to the material’s surface can be written as follows (Fox, 2001):
[image: image]
The electrical transport to high frequencies is referred to as optical conductivity, which is a contact-free measurement and sensitive to charge responses. Its real part can be determined from the imaginary part of the dielectric coefficient such that (Fox, 2001):
[image: image]
The interacting electrons’ energy loss function [image: image] can be expressed as a function of the dielectric function as follows (Fox, 2001):
[image: image]
CdZnSe alloys show an isotropic optical response, owing to their cubic symmetry. To further study the optical properties of the alloys, a dense framework of k points was used to investigate the incident radiations of approximately 30 eV by using the mBJ potential. Figures 4, 5 show the spectra of all optical parameters.
[image: Figure 4]FIGURE 4 | Approximated dielectric function and optical parameters as a function of incident photon energy. (A) [image: image], (B) [image: image], (C) [image: image], and (D) [image: image] variations with Cd concentrations (0 ≤ x ≤ 1).
[image: Figure 5]FIGURE 5 | Variations in optical parameters over the incident photon energy depending on the Cd concentration (0 ≤ x ≤ 1). (A) Absorption, (B) Optical conductance, (C) Reflectance, and (D) Energy loss function.
Figure 4A shows a fluctuating trend in the peak position, which is observed to be rapidly increased in the first interval and then showed a minor drop, which again turned into an increase with the maximum peak position for the real part of the dielectric function and seems to have more transitions ranging from 2.16 eV to 5.91 eV. With high Cd concentrations, the highest peak tends to decline and shifts toward lower incident energy. For the incident photons ranging from 6.41 eV to 16.53 eV, there exists a maximum reflectance; hence, they show a metallic nature below zero-unit values, which is applicable in shielding the vacuum and intense UV radiation. After the energy range of 17.93 eV, the real part again became positive, and a static spectrum was observed, indicating that these materials do not interact with incoming radiations and, hence, can be used in optical shields for this particular energy range. By increasing the Cd concentration in alloys, the value of the static dielectric constant decreases from a maximum value that corresponds to pure ZnSe; that is, it decreases as a function of Cd content from 5.45 to 5.22, and a minimum value corresponds to CdSe (Figure 2D). The results for Cd0.25Zn0.75Se alloys agree well with the existing literature (Iqbal et al., 2022b). With the increase in Cd concentration, the threshold energy of the imaginary part of the dielectric constant keeps on decreasing, inducing a decrease in the bandgap, as observed from the band structures. This causes the direct interband transitions at these points from valence to conduction bands, while out of these points, the imaginary part of the dielectric coefficient is found to increase at the incoming radiation energy of approximately 5.37 eV, where the first peak appears. Figure 4B shows the four major peaks observed in the range of radiation energy from the threshold level to 10.59 eV, wherein the highest threshold corresponds to ZnSe; the highest major peak which is different depending on the Cd concentration experiences a drop from 14.55 to 9.31 units with the increase in the concentration of Cd, whereas the spectrum for CdSe exhibits lower energies. On the other hand, these semiconductors have a low absorption coefficient at and above 22.48 eV because the energy spectra do not occur prominently and disappear at 28.20 eV and higher.
The investigated CdZnSe material has a cubic symmetry; hence, the refractive index is similar in both transverse directions, wherein the static refractive index of the alloy experiences a decline with an increase in Cd concentration and the main active peak region of incoming energy ranges from 2.16 to 7.41 eV (Figure 4C). Furthermore, new peaks appear depending on Cd content, and these diverse peaks last at 27.50 eV of incoming radiation. The overall pattern remains the same except for the decrease in spectrum intensity with Cd content. The refractive index at the irradiation frequency of zero (n(0)) shows a variation with the Cd concentration in the range of 2.32 to 2.28 units, and a steady response of the material can be seen at the incident radiation energy of approximately 28 eV and above. Figure 4D shows the variation in extinction coefficient and the drop in peak height from 2.43 to 1.87 units along with the decrease in threshold energy from 2.70 to 1.67 eV with the variation of Cd concentrations (0 ≤ X ≤ 1). A decreasing trend in [image: image] and [image: image] is observed with an increase in Cd concentration, and there is no spectrum present above the incident photons’ energy range of 28.16 eV, implying that the absorption at these high energies is ignorable (see Figures 4B, D).
Figure 5A shows the optical absorption spectra of the materials, which can be attributed to the imaginary part of the dielectric function. The absorption peak of CdZnSe semiconductors decreases from 180.65 to 163.49 units, whereas ZnSe exhibits the extreme peak, while the absorption coefficient of CdZnSe (at x = 0.25) is 175.96 arb. units at 8.29 eV, which is higher than that of its counterparts (at x = 0.50, 0.75, and 1). A steady pattern of the spectrum is observed above the incident photon energy of 28.39 eV. There is no absorption if the energy of incident photons is below the bandgap energy, while maximum absorption takes place in the range of 5.99 eV–21.26 eV, along with the newfangled peaks that occurred due to the valence to conduction band electronic transitions. The overall decreasing trend in absorption along with the increase in Cd content is noted, which is in accordance with the literature (Iqbal et al., 2022b). The change in the optical conductivity of CdZnSe semiconductors is shown in Figure 5B, and from this, it can be seen that the conductance value remains 0 if the photon energy is less than the bandgap energy of the material. Above the bandgap energy of the incident radiation, it starts to sharply increase up to its maximum value, while the peak height decreases to 6.87 from 10.91 units with an increase in the Cd concentration. Moreover, in the energy range of 4.32 eV–13.16 eV, the spectra exhibit a greater number of peaks. A steady response is also observed at a high incident photon energy of 28.12 eV. The ZnSe semiconductor has the maximum optical conductivity value at an incident energy of 6.04 eV, while this material presents a high conductivity in the range of incident photon energy of 6.04 eV–7.79 eV, which proved it to be optically active in this region. In general, all these semiconductors are optically active and have a high conductivity in the energy range of 4.37 eV–10.82 eV.
When the incident photon energy increases, an increase in reflectance spectra is observed, as shown in Figure 5C. A peak shift is also observed in conjunction with the wider spectra; that is, the peak moves toward the lower energies as the Cd concentration (0 ≤ X ≤ 1) increases, while its height decreases, and the humps in the peak are observed in the energy range of 4.15 eV–27.50 eV. Although CdSe shows the maximum reflectance at a certain photon energy, the reflectance of the alloys drops with an increase in Cd concentration from 0 to 1 at most photon energies. The reflectance values at the irradiation frequency of 0 decreased from 0.161 to 0.154 when subjected to Cd concentrations, and new peaks have been observed in the incident photon energy of 4.15 eV–19.99 eV. Peak height is observed to have increased and the main peak that appears at 9.43 eV for ZnSe shifted further up. The minimum reflectance was observed for the CdSe semiconductor from and above the incident energy of 10 eV, while ZnSe shows a reverse trend in this region. The main reflectance region lies in the incoming radiation range of 5.63 eV–16.93 eV, with dispersed peaks. However, if the incident electron energy is less than the material’s bandgap energy, then there is no loss of electron energy, showing no observation of electron scattering at all. Inelastic electron scattering can be observed at specific energy levels that are higher than bandgap energy, which forms a spectrum that is proportional to the incoming radiation. Figure 5D shows an observation of higher electron energy loss for ZnSe semiconductors at a high energy value of 20.13 eV, with a value of 2.82 arb. units, while it decreases with an increase in Cd concentrations. While the main peaks are detected in the range of 10.12 eV–27 eV for photon energy, the peak heights shift to low energy values with an increase in Cd concentrations. However, the electron energy loss function is ignorable when the incident photon energy is above 28 eV, and it can also be neglected if the incident photon energy is under 3.87 eV with a peak detection range of 10.12 eV–27 eV.
4 CONCLUSION
We investigated the structural and optoelectronic characteristics of CdZnSe semiconductors with varying Cd concentration by utilizing the FP-LAPW method within DFT. Our outcome proves that the alloys managed to have a cubic symmetry, while the lattice constant increases linearly as the Cd concentration increases. However, their bulk modulus exhibits a reverse trend with the augmentation of Cd concentration. The semiconducting properties of the materials are predicted from the band structure and density of state analysis, whereas the bandgap is observed to decrease with an increase in Cd content. However, under the influence of pressure, a reverse trend in electronic bandgap is observed. These alloys exhibit isotropic optical properties that are closely related to their cubic symmetry, while the optical spectrum is favorable for visible display. Hence, they can potentially be applied in the field of optoelectronics, such as photodetectors and optical lenses in the industrial sector of photonics and photovoltaics.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material; further inquiries can be directed to the corresponding authors.
AUTHOR CONTRIBUTIONS
MAI: conceptualization, formal analysis, funding acquisition, methodology, resources, software, validation, writing–original draft, and writing–review and editing. SB: software, validation, and writing–review and editing. MI: validation, visualization, and writing–review and editing. MS: writing–review and editing. MRI: writing–review and editing, and validation. SM: writing–review and editing. JC: funding acquisition, project administration, validation, and writing–review and editing.
FUNDING
The authors declare that financial support was received for the research, authorship, and/or publication of this article. The authors thank the Research Supporting Project for funding this work through Research Supporting Project number (RSPD2023R708), King Saud University, Riyadh, Saudi Arabia, and acknowledge the support provided by the National Research Foundation of Korea (NRF) grant funded by the Korean government (MSIT) (No. NRF-2021R1F1A1062849).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Aarifeen, N. U., and Afaq, A. (2017). Effects of temperature and pressure on thermodynamic properties of Cd0.25Zn0.75Se alloy. Chin. Phys. B 26, 123103. doi:10.1088/1674-1056/26/12/123103
 Abdullah, M., Al-Nashy, B. O., Korotcenkov, G., and Al-Khursan, A. H. (2023). “QDs of wide band gap II–VI semiconductors luminescent properties and photodetector applications,” in Handbook of II-VI semiconductor-based sensors and radiation detectors (Cham: Springer International Publishing), Vol. 2, 399–425. Photodetectors.
 Adachi, S. (2009). Properties of semiconductor alloys: group-IV, III-V and II-VI semiconductors. John Wiley & Sons. ISBN 0470744391. 
 Ameri, M., Fodil, M., Aoumeur-Benkabou, F. Z., Mahdjoub, Z., Boufadi, F., and Bentouaf, A. (2012). Physical properties of the ZnxCd1-xSe alloys: ab-initio method. doi:10.4236/msa.2012.311112
 Benkabou, F., Aourag, H., and Certier, M. (2000). Atomistic study of zinc-blende CdS, CdSe, ZnS, and ZnSe from molecular dynamics. Mater. Chem. Phys. 66, 10–16. doi:10.1016/s0254-0584(00)00239-x
 Benkhettou, N., Rached, D., Soudini, B., and Driz, M. (2004). High-pressure stability and structural properties of CdS and CdSe. Phys. status solidi (b) 241 (1), 101–107. doi:10.1002/pssb.200301907
 Benosman, N., Amrane, N., and Aourag, H. (2000). Calculation of electronic and optical properties of zinc-blende ZnxCd1−xSe. Phys. B Condens. Matter 275 (4), 316–327. doi:10.1016/s0921-4526(99)00396-8
 Blaha, P., Schwarz, K., Madsen, G. K., Kvasnicka, D., and Luitz, J. (2001). wien2k. An augmented plane wave+ local orbitals program for calculating crystal properties. 60(1). 
 Bouamama, K., Djemia, P., Lebga, N., and Kassali, K. (2009). Ab initio calculation of the elastic properties and the lattice dynamics of the ZnxCd1−xSe alloy. Semicond. Sci. Technol. 24 (4), 045005. doi:10.1088/0268-1242/24/4/045005
 Burger, A., and Roth, M. (1984). Temperature gradient solution zoning growth and characterization of ZnXCd1−XSe single crystals. J. Cryst. Growth 70, 386–392. doi:10.1016/0022-0248(84)90291-4
 Caicedo, L. M., Cediel, G., Dussan, A., Sandino, J. W., Calderon, C., and Gordillo, G. (2000). Study of optical, morphological and structural properties of ZnSe thin films deposited by evaporation. Phys. status solidi (b) 220 (1), 249–253. doi:10.1002/1521-3951(200007)220:1<249::aid-pssb249>3.0.co;2-h
 Chen, J., Wu, Y., Lei, Y., Du, P., Li, C., Du, B., et al. (2022). The effects of Zn/Cd ratio and GQDs doping on the photoelectric performance of ZnxCd1-xSe. Mater. Sci. Eng. B 286, 116058. doi:10.1016/j.mseb.2022.116058
 Colak, S. (1993). “Devices and applications of II-VI compounds,” in II-VI semiconductor compounds ( World Scientific), 397–426. doi:10.1142/9789814439770_0016
 Deligoz, E., Colakoglu, K., and Ciftci, Y. (2006). Elastic, electronic, and lattice dynamical properties of CdS, CdSe, and CdTe. Phys. B Condens. Matter 373 (1), 124–130. doi:10.1016/j.physb.2005.11.099
 de Melo, O. (2023). “Introduction in II-VI semiconductors,” in Handbook of II-VI semiconductor-based sensors and radiation detectors (Cham: Springer International Publishing), Vol. 1, 3–19. Materials and Technology.
 Deng, Z., Lie, F. L., Shen, S., Ghosh, I., Mansuripur, M., and Muscat, A. J. (2009). Water-based route to ligand-selective synthesis of ZnSe and Cd-doped ZnSe quantum dots with tunable ultraviolet A to blue photoluminescence. Langmuir 25 (1), 434–442. doi:10.1021/la802294e
 Deo, S. R., Singh, A. K., Deshmukh, L., Paliwal, L. J., Singh, R. S., and Adhikari, R. (2014). Structural, morphological and optical studies on chemically deposited nanocrystalline CdZnSe thin films. J. Saudi Chem. Soc. 18, 327–339. doi:10.1016/j.jscs.2014.01.005
 De Waele, S., Lejaeghere, K., Sluydts, M., and Cottenier, S. (2016). Error estimates for density-functional theory predictions of surface energy and work function. Phys. Rev. B 94 (23), 235418. doi:10.1103/physrevb.94.235418
 Engel, E., and Vosko, S. H. (1993). Exact exchange-only potentials and the virial relation as microscopic criteria for generalized gradient approximations. Phys. Rev. B 47 (20), 13164–13174. doi:10.1103/physrevb.47.13164
 Fox, M. (2001). Classical propagation. Optical properties of solids. New York: Oxford University Press Inc., p25–p48. 
 Gupta, P., Maiti, B., Maity, A. B., Chaudhuri, S., and Pal, A. K. (1995). Optical properties of ZnxCd1−xSe films. Thin Solid Films 260, 75–85. doi:10.1016/0040-6090(94)06461-x
 Hernández, I. (2002). Calderón, Optical properties and electronic structure of wide band gap II–VI semiconductors, II–VI Semiconductor Materials and Their Applications. New York: Taylor & Francis, 113. 
 Hile, D. D., Swart, H. C., Motloung, S. V., and Koao, L. F. (2022). “Zinc selenide semiconductor: synthesis, properties and applications,” in Nanoscale compound semiconductors and their optoelectronics applications . (Sawston, United KingdomWoodhead Publishing), 1, 67–84.
 Iqbal, M. A., Ashraf, N., Shahid, W., Afzal, D., Idrees, F., and Ahmad, R. (2021b). Fundamentals of density functional theory: recent developments, challenges and future horizons. Density functional theory-recent advances, new perspectives and applications. IntechOpen. doi:10.5772/intechopen.99019
 Iqbal, M. A., Malik, M., Shahid, W., Ahmad, W., Min-Dianey, K. A., and Pham, P. V. (2021a). Plasmonic 2D materials: overview, advancements, future prospects and functional applications. 21st century nanostructured materials: physics, chemistry, classification, and emerging applications in industry, biomedicine, and agriculture. 47–68. doi:10.5772/intechopen.101580
 Iqbal, M. A., Malik, M., Shahid, W., Din, S. Z. U., Anwar, N., Ikram, M., et al. (2022a). Materials for photovoltaics: overview, generations, recent advancements and future prospects. Thin films photovoltaics. IntechOpen5. doi:10.5772/intechopen.101449
 Iqbal, M. A., Malik, M., Shahid, W., Irfan, S., Alguno, A. C., Morsy, K., et al. (2022b). Ab-initio study of pressure influenced elastic, mechanical and optoelectronic properties of Cd0.25Zn0.75Se alloy for space photovoltaics. Sci. Rep. 12 (1), 12978. doi:10.1038/s41598-022-17218-8
 Iqbal, M. A., Malik, M., Zahid, A., Islam, M. R., Arellano-Ramírez, I. D., and Al-Bahrani, M. (2022c). Unveiling concentration effects on the structural and optoelectronic characteristics of Zn1−xCdxS (x= 0, 0.25, 0.50, 0.75, 1) cubic semiconductors: a theoretical study. RSC Adv. 12 (35), 22783–22791. doi:10.1039/d2ra03850a
 Iranmanesh, P., Saeednia, S., and Khorasanipoor, N. (2017). Tunable properties of cadmium substituted ZnS nanocrystals. Mater. Sci. Semicond. Process. 68, 193–198. doi:10.1016/j.mssp.2017.06.029
 Jafarova, V. N. (2023). High Curie temperature and half-metallic ferromagnetism in Cr-and V-doped ZnSe in wurtzite phase: first-principles study. Solid State Commun. 369, 115197. doi:10.1016/j.ssc.2023.115197
 Jamble, S. N., Ghoderao, K. P., and Kale, R. B. (2017). Hydrothermal assisted growth of CdSe nanoparticles and study on its dielectric properties. Mater. Res. Express 4 (11), 115029. doi:10.1088/2053-1591/aa9971
 Johnson, D. W. A. (1975). A Fourier series method for numerical Kramers-Kronig analysis. J. Phys. A Math. General 8 (4), 490–495. doi:10.1088/0305-4470/8/4/009
 Khenata, R., Bouhemadou, A., Sahnoun, M., Reshak, A. H., Baltache, H., and Rabah, M. (2006). Elastic, electronic and optical properties of ZnS, ZnSe and ZnTe under pressure. Comput. Mater. Sci. 38 (1), 29–38. doi:10.1016/j.commatsci.2006.01.013
 Kishore, V., Saraswat, V. K., Saxena, N. S., and Sharma, T. P. (2005). Structural and electrical measurements of CdZnSe composite. Bull. Mater. Sci. 28, 431–436. doi:10.1007/bf02711232
 Kohn, W., and Sham, L. J. (1965). Self-consistent equations including exchange and correlation effects. Phys. Rev. 140 (4A), A1133–A1138. doi:10.1103/physrev.140.a1133
 Korotcenkov, G. (2023). “Cd-and Zn-based wide band gap II-VI semiconductors,” in Handbook of II-VI semiconductor-based sensors and radiation detectors (Cham: Springer International Publishing), Vol. 1, 21–65. Materials and Technology.
 Korozlu, N., Colakoglu, K., Deligoz, E., and Ciftci, Y. O. (2011). The structural, electronic and optical properties of CdxZn1−xSe ternary alloys. Opt. Commun. 284, 1863–1867. doi:10.1016/j.optcom.2010.11.032
 Kurban, M., Şimşek, Y., and Erkoç, Ş. (2023). “II-VI semiconductors bandgap engineering,” in Handbook of II-VI semiconductor-based sensors and radiation detectors (Cham: Springer International Publishing), Vol. 1, 109–131. Materials and Technology.
 Liu, B., Guo, Y., Su, Q., Zhan, Y., Chen, Z., Li, Y., et al. (2022). Cadmium-doped zinc sulfide shell as a hole injection springboard for red, green, and blue quantum dot light-emitting diodes. Adv. Sci. 9 (15), 2104488. doi:10.1002/advs.202104488
 Loghina, L., Iakovleva, A., Chylii, M., Svec, P., Houdek, J., Slang, S., et al. (2019). Synthetic development in Cd–Zn–Se quantum dots chemistry. Opt. Mater. 97, 109385. doi:10.1016/j.optmat.2019.109385
 Loglio, F., Telford, A., Salvietti, E., Innocenti, M., Pezzatini, G., Cammelli, S., et al. (2008). Ternary CdxZn1−xSe nanocrystals deposited on Ag (111) by ECALE: AFM and EXAFS characterization. Electrochim. Acta 53, 6978–6987. doi:10.1016/j.electacta.2008.01.046
 Margapoti, E., Alves, F. M., Mahapatra, S., Lopez-Richard, V., Worschech, L., Brunner, K., et al. (2012). Paramagnetic shift in thermally annealed CdxZn1−xSe quantum dots. New J. Phys. 14, 43038. doi:10.1088/1367-2630/14/4/043038
 Mondal, P., Sathiyamani, S., Das, S., and Viswanatha, R. (2023). Electronic structure study of dual-doped II–VI semiconductor quantum dots towards single-source white light emission. Nanoscale 15 (37), 15288–15297. doi:10.1039/d3nr03542e
 Monkhorst, H. J., and Pack, J. D. (1976). Special points for Brillouin-zone integrations. Phys. Rev. B 13 (12), 5188–5192. doi:10.1103/physrevb.13.5188
 Murali, K. R., and Austine, A. (2009). Deposition of CdxZn1-xSe films by brush electrodeposition and their characteristics. Chalcogenide Lett. 6, 23–28. doi:10.1149/1.3005182
 Nasibov, A. S., Korostelin, Y. V., Shapkin, P. V., Suslina, L. G., Fedorov, D. L., and Markov, L. S. (1989). Exciton luminescence in ideal solid solutions (ZnXCd1−XSe system, 0< X< 1). Solid State Commun. 71, 867–869. doi:10.1016/0038-1098(89)90214-7
 Nguyen, V. K., Pham, D. K., Tran, N. Q., Dang, L. H., Nguyen, N. H., Nguyen, T. V., et al. (2022). Comparative studies of blue-emitting zinc selenide nanocrystals doped with Ag, Cu, and Mg towards medical applications. Crystals 12 (5), 625. doi:10.3390/cryst12050625
 Razykov, T. M. (1988). Physical properties of II–VI binary and multi-component compound films and heterostructures fabricated by chemical vapour deposition. Thin Solid Films 164, 301–308. doi:10.1016/0040-6090(88)90153-8
 Schreder, B., Kümmell, T., Bacher, G., Forchel, A., Landwehr, G., Materny, A., et al. (2000). Raman investigation of CdxZn1−xSe/ZnSe quantum wires: length dependence of the strain relaxation. J. Cryst. Growth 214, 787–791. doi:10.1016/s0022-0248(00)00233-5
 Sheokand, S., Ahlawat, D. S., and Singh, A. (2023). Nickel doped zinc selenide nanoparticles for spin based dilute magnetic semiconductor applications. Micro Nanostructures 185, 207711. doi:10.1016/j.micrna.2023.207711
 Singh, D. J. (2010). Electronic structure calculations with the Tran-Blaha modified Becke-Johnson density functional. Phys. Rev. B 82 (20), 205102. doi:10.1103/physrevb.82.205102
 Sutrave, D. S., Shahane, G. S., Patil, V. B., and Deshmukh, L. P. (2000). Micro-crystallographic and optical studies on Cd1−xZnxSe thin films. Mater. Chem. Phys. 65, 298–305. doi:10.1016/s0254-0584(00)00240-6
 Tamargo, M. C. (2002). II-VI semiconductor materials and their applications. Florida, United States: CRC Press. 
 Tyuterev, V. G., and Vast, N. (2006). Murnaghan’s equation of state for the electronic ground state energy. Comput. Mater. Sci. 38 (2), 350–353. doi:10.1016/j.commatsci.2005.08.012
 ul Aarifeen, N., and Afaq, A. (2019). First principles study of thermodynamic properties of Cd-substituted Zn Chalcogenides by employing quasi harmonic Debye model. Mater. Res. Express 6 (11), 116303. doi:10.1088/2053-1591/ab4397
 Vegard, L. (1921). Formation of mixed crystals by solid-phase contact. J. Phys. 5 (5), 393–395. doi:10.1007/bf01327675
 Wang, J., Xing, Y., Wan, F., Fu, C., Xu, C. H., Liang, F. X., et al. (2022). Progress in ultraviolet photodetectors based on II–VI group compound semiconductors. J. Mater. Chem. C 10, 12929–12946. doi:10.1039/d2tc02127g
 Xu, S., Xu, X., Wang, C., Zhao, Z., Wang, Z., and Cui, Y. (2016). Theoretical and experimental investigation of doping M in ZnSe (M= Cd, Mn, Ag, Cu) clusters: optical and bonding characteristics. Luminescence 31 (2), 312–316. doi:10.1002/bio.3056
 Yu, Y., Zhou, J., Han, H., Zhang, C., Cai, T., Song, C., et al. (2009). Ab initio study of structural, dielectric, and dynamical properties of zinc-blende ZnX (X= O, S, Se, Te). J. Alloys Compd. 471 (1-2), 492–497. doi:10.1016/j.jallcom.2008.04.039
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Iqbal, Bakhsh, Ikram, Sohail, Islam, Manoharadas and Choi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/inline_14.gif
Klw)





OPS/xhtml/nav.xhtml
Contents

		Cover

		Investigations on the structural and optoelectronic characteristics of cadmium-substituted zinc selenide semiconductors		1 Introduction

		2 Theoretical method

		3 Results and discussion		3.1 Structural characteristics

		3.2 Electronic characteristics

		3.3 Optical properties





		4 Conclusion

		Data availability statement

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/inline_13.gif





OPS/images/inline_16.gif





OPS/images/inline_15.gif





OPS/images/math_8.gif
®)






OPS/images/math_7.gif
= @)1y + K (w)

Ru) = RO+ (0
(@) = I T (@)

G





OPS/images/inline_12.gif





OPS/images/inline_11.gif





OPS/images/math_9.gif
1 &
L‘“"""( sm) T s@) ©







OPS/images/math_5.gif
k(@) %[ e @+ e (@) - a @] ©®






OPS/images/math_4.gif
1(w) %[ @+ e @) +a @] @






OPS/images/math_6.gif
®





OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
2 frontiers | Frontiers in Chemistry





OPS/images/fchem-11-1299013-g005.gif





OPS/images/fchem-11-1299013-t001.jpg
Zn;,Cd,Se (0< X < 1) Lattice constant (A) Bulk modulus (GPa)

Present work Experimental Theoretical Present work Literature
0 564 566 (Caicedo et al, 2000) | 5.69 (Korozlu et al,, 2011) 66.67 67.05 (Korozlu et al,, 2011)
5.62 (Khenata et al., 2006) 71.82 (Khenata et al., 2006)
567 (Yu et al,, 2009) 6470 (Yu et al,, 2009)

025 577 — 579 (Korozu et al., 2011) 61.77 63.77 (Korozlu et al., 2011)
570 (Bouamama et al., 2009)
5.68 (Bouamama et al., 2009)
050 589 - 5.95 (Korozlu et al,, 2011) 58.09 6170 (Korozlu et al,, 2011)
5.80 (Bouamama et al., 2009)
5.82 (Bouamama et al., 2009)
075 599 - s (Korozlu et al., 2011) 55.01 | ssao (Korozlu et al,, 2011)
5.93 (Bouamama et al., 2009)
591 (Bouamama et al, 2009)
1.00 608 608 (Jamble et al,, 2017) | 6.09 (Korozlu et al., 2011) 53.01 5591 (Korozlu et al,, 2011)

6.5 (Deligoz et al., 2006) 65.12 (Deligoz et al., 2006)

6.06 (Benkhettou et al., 2004) 59.20 (Benkhettou et al., 2004)






OPS/images/fchem-11-1299013-g003.gif





OPS/images/fchem-11-1299013-g004.gif





OPS/images/inline_10.gif





OPS/images/fchem-11-1299013-t002.jpg
Semiconductor Electronic bandgap (eV) Static dielectric consta

EV-GGA Literature mBJ Literature

ZnSe | 276 208 1.24 (Korozlu et al,, 2011) 545 6.51 (Korozlu et al., 2011)
118 (Ameri et al,, 2012)
2,68 (Benosman et al,, 2000)
2,69 (Hernindez,, 2002)
Cdoa5Zn9 758 244 176 113 (Korozlu et al, 2011) 543 632 (Korozlu et al,, 2011)
0.83 (Ameri et al, 2012)
CdysoZnosoSe 224 152 1.03 (Korozlu et al, 2011) 536 | 626 (Kororhu etal, 2011)
0.62 (Amer et al, 2012)
Cdo 75200 258 203 139 1.00 (Korozlu et al, 2011) 532 5,87 (Korozlu et al,, 2011)
048 (Ameri et al, 2012)
Cdse | 187 129 094 (Korordu et al, 2011) 52| 558 (Korordu etal, 2011)
042 (Ameri et al, 2012)

1.6 (Benosman et al., 2000)

1.90 (Jamble et al, 2017)






OPS/images/inline_1.gif





OPS/images/math_1.gif





OPS/images/cover.jpg
& frontiers | Frontiers in Chemistry






OPS/images/inline_9.gif





OPS/images/math_3.gif





OPS/images/math_2.gif
@





OPS/images/fchem-11-1299013-g001.gif





OPS/images/inline_6.gif





OPS/images/fchem-11-1299013-g002.gif
?ﬁ:
]






OPS/images/inline_8.gif





OPS/images/inline_7.gif





OPS/images/inline_3.gif





OPS/images/inline_2.gif
£, (0)





OPS/images/inline_5.gif





OPS/images/inline_4.gif





