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Abstract. 
We communicate theoretical results of the structural, electronic, and optical properties of  () in the zincblende structure. The calculations are performed using full potential linearized augmented plane waves (FP-LAPW) method, based on density functional theory (DFT). The structural properties are calculated with simple GGA (PBEsol), while the electronic and optical properties are calculated using mBJ-GGA. The mBJ-GGA is used to properly treat the active d-orbital in their valence shell. The ZnOTe alloy is highly lattice mismatched and consequently the lattice constants and bulk moduli largely deviate from the linear behavior. The calculated bandgaps are in agreement with the experimentally measured values, where the nature of bandgaps is direct for the whole range of  except at . We also calculate the bandgap bowing parameter from our accurate bandgaps and resolve the existing controversy in this parameter.



1. Introduction
Solar radiations are widely spread, environment-friendly, and permanent natural source of energy. Different techniques such as photochemical, photothermal, and photoelectrical conversions are being used to convert sunlight into other forms of energies [1]. The concept of intermediate band solar cell (IBSC) materials has attracted great attention for efficient solar energy convergence [2–6]. Both quantum dots and highly mismatched alloys (HMAs) are renowned for IBSC [3, 4, 7]. HMAs are mostly referred to as dilute III-V nitride and II-VI oxide semiconductors. Because of the huge difference in the size and electronegativity between nitrogen/oxygen atom and other group V/VI atoms in the III-V/II-VI host materials, such as N in GaAs or O in ZnTe, deep level states may be formed when nitrogen/oxygen atoms are replaced by the group V/VI atoms. Besides IBSC, these HMAs are of special interest because their bandgaps and other physical properties change greatly with anion/cation compositions [8]. These materials are important from bandgap engineering point of view and their bandgaps can be tuned for their effective use in optoelectronic devices and solar cells.
Wide bandgap semiconductors ZnO, ZnTe, and their ternaries and quaternaries II-VI alloys are known as functional materials in solid state devices including light detectors and emitters operating in the visible and ultraviolet range of electromagnetic spectrum and transparent electronics [9]. The IBSC in ZnOTe is predicted using Band Anticrossing (BAC) model [10], with a theoretical efficiency of 63%, demonstrated by Lee and Wang [11]. Due to the wide range of applications, the alloy has been extensively studied experimentally using different techniques [3, 5, 12–18]. All of these experimental reports concluded that ZnOTe in the zincblende crystal structure is a precious material for optoelectronic devices. They observed reduction in the bandgap with the increase in oxygen concentration. Similar behavior (reduction in the bandgap) is also observed in the experimental studies of ZnOSe [19]. This reduction is evident from the bowing behavior of the bandgaps as a function of the composition . The deviation from linear behavior is often described by bowing parameter . The subject for ZnOTe is experimentally investigated by Merita et al. [16] and theoretically by Moon et al. [20], where both studies suggest further investigation of the bowing parameter. Bouarissa et al. [21] investigated the elastic and vibrational properties of the compound using density functional perturbation theory, while the dielectric and optical properties have been reported by Zerroug et al. [22] and Gueddim et al. [23] using Engel and Vosko exchange correlation functional (EV-GGA).
In the present study the structural, electronic, and optical properties as well as bandgap bowing parameter of ZnTeO are investigated theoretically, to examine the effect on the physical properties of the crystal with the increase in oxygen concentration. The strong p-d coupling between Zn-d and group VI-p states makes these alloys strongly correlated electron systems, and this strong p-d coupling cannot be treated with the ordinary DFT exchange and correlation approximations like LDA and GGA. Modified Becke and Johnson (mBJ) exchange potential is very efficient in solving such problems up to great extent; therefore, in the present theoretical studies, mBJ potential is used within the FP-LAPW method to investigate the optical bandgaps and other physical properties of ZnOTe.
2. Computational Details
The physical properties of a material are sensitive to its structural geometry and correlation of nearby neighboring atoms and molecules [24]. The effects of local correlation of the atomic arrangements on the stability of a crystal are important; therefore the supercells are modeled using SQS method developed by Zunger et al. [24], in which short and intermediate range correlations are considered. In the present work 1 × 1 × 1 supercell having 8 atoms is used.
The calculations are performed using the FP-LAPW method within the framework of the DFT as implemented in the Wien2k package [25]. The exchange and correlation potentials of the generalized gradient approximation (GGA-PBE-sol) are used for the calculation of the structural properties, while for the electronic and optical properties in addition to GGA we also used modified Becke-Johnson (mBJ) exchange potential [26]. The mBJ approach is very successful in the prediction of the bandgaps of the II-VI semiconductors [27–33]. In the FP-LAPW method the potential and charge density are expanded in spherical harmonics inside the nonoverlapping spheres (muffin-tin spheres) and in plane waves basis set in the remaining space of the unit cell (interstitial region). For the wave function expansion inside the atomic spheres, the value of  is confined to  and for interstitial nonspherical part . The muffin-tin radii are used in such a way that no charge leakage from the core takes place and the total energy is converged. For the wave function in the interstitial region the plane wave cutoff value of  is , while the charge density is Fourier expanded up to  (Ry). The Brillouin zone integration is performed using a mesh of 2000 k points, and convergence is checked through self-consistency.

3. Results and Discussions
3.1. Structural Properties
The favorable state for ZnOTe is cubic zincblende structure at ambient pressure. Therefore, the alloys are modeled in steps of 0.25 in this structure and each unit cell is optimized by minimizing the total energy with respect to the cell volume, as done in our previous work [39]. The lattice constants and bulk moduli are evaluated by fitting the total energy versus unit cell volume to Murnaghan’s equation of state [40]. The calculated lattice constants and bulk moduli of  at different concentrations of O are summarized in Table 1.
Table 1: Calculated lattice constants, bulk moduli, and bandgaps compared with experimental and other theoretical results.
	

		Lattice constant (Å)	Bulk modulus,  (GPa)	Bandgap (eV)
	Exp.	Theoretical	Exp.	⁢Theoretical	Exp.	Theoretical
	Present	Other	Present	Other	Present	Other
	

	0	6.10	6.09	6.011	52.8	45.94	55.36, 55.44	2.39	2.39	2.39
	1/4 	 	5.96	 	 	49.80	 	 	1.70	 
	1/2	 	5.53	 	 	88.85	153.68	 	1.40	 
	3/4 	 	5.12	 	 	120.94	 	 	2.38	 
	1 	4.47	4.58	4.60	 	168.39	168, 252	3.19	3.15	3.15
	


Ref. [34]. Ref. [29]. Ref. [35]. Ref. [36]. Ref. [37]. Ref. [33]. Ref. [38]. Ref. [31]. Ref. [21].


Our calculated lattice constant for ZnTe (6.09 Å) is in agreement with the experimental value (6.10 Å) [34], whereas the lattice constant of ZnO (4.58 Å) is slightly overestimated compared to the experimentally (4.47 Å) reported result [35]. This overestimation can be related to the fact that GGA generally overestimates lattice constants and underestimates bandgaps due to the lack of electrons correlation effects. In comparison with the results of [29, 37], our results of binary semiconductors are much closer to the experimental ones [34, 35]. This can be related to the use of different GGA schemes (PBEsol) in the calculations. The variation in the lattice constant and bulk modulus of the  with the increasing oxygen concentration is shown in Figure 1(a). From the figure it is obvious that the lattice constant is decreasing with the increase in oxygen concentration. This decrease in the lattice constant is related to the smaller size of oxygen than tellurium.
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(b)
Figure 1: Variation of (a) lattice constant and (b) bulk modulus of ZnOTe with concentration .


Generally, in ordered alloys it has been observed that the physical properties of the alloy vary linearly with the compositions , whereas this linear behavior can be explained by Vegard’s law [41]. From Figure 1(a) it is obvious that lattice constant does not obey Vegard’s law and deviates largely from linear behavior. This deviation is due to the fact that the alloy is highly lattice mismatched and hence there is a large difference in the lattice constants of ZnTe (6.09 Å) and ZnO (4.58 Å). It is also clear from Figure 1 that both the present and reported results [22] of the lattice constants are larger than those of linear fit. The bulk modulus is a very meaningful mechanical parameter of the compound and is also plotted against concentration  in Figure 1(b). Our calculated result for the bulk modulus of ZnTe (45.94 GPa) is in agreement with the experimentally measured value (52.8 GPa) [34], whereas the other reported theoretical results [21, 29] are slightly overestimated compared to the experimental value. In ZnO our calculated result (168 GPa) is in agreement with the reported value of 168 GPa [36]. Bouarissa et al. [21] reported the bulk modulus for ZnO using elastic stiffness coefficients and their evaluated value is too much overestimated as compared to presently calculated data and also reported in [36]. From Figure 1(b) it can be seen that the bulk modulus increases with the increase in O composition. The increase in the bulk modulus is nonlinear and deviates largely from Vegard’s law. This deviation is also found by Zerroug et al. [22] but the results are underestimated with respect to present results. These deviations in lattice constants and bulk moduli are due to the large mismatch in the electronegativity between the constituting atoms Zn (1.65), Te (2.1), and O (3.44) and the structure deformation; this is a common trend in  ternary semiconductors [31].
3.2. Electronic Properties
Band structure is a key parameter in solid state semiconductors, because almost all physical properties of materials are directly or indirectly related to the energy gap. Both binary ZnTe and ZnO are wide and direct bandgap semiconductors and the calculated bandgap energies of these materials are listed in Table 1. From the table it is clear that our calculated results for the binaries are in agreement with the experimental [34, 38] and other theoretical results [31, 33], which confirms the validation of our theoretical model (mBJ). The calculated bandgaps of  (, 0.50, 0.75) are shown in Figures 2(a)–2(c), and the corresponding numerical values are presented in Table 1. From the figure it is clear that at 25% of O concentration the alloy has an indirect bandgap of 1.7 eV at Γ- and direct bandgap of 1.8 eV at Γ-Γ symmetry points of the Brillouin zone. With the substitution of oxygen in ZnTe, the energy states are rearranged and the direct nature of the bandgap shifts to indirect. The conversion of direct to indirect bandgap in ZnOTe can be related to the large difference in the sizes and the electronegativities of Te and O. Gueddim et al. [23] studied  with oxygen concentration up to 6.25% and confirmed the direct band nature of the material.
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(c)
Figure 2: Bandgap energies of (a) ZnO0.25Te0.75, (b) ZnO0.50Te0.50, and (c) ZnO0.75Te0.25.


The material has direct bandgaps at 50% and 75% of oxygen concentration. From the table it is clear that the bandgap decreases up to 1.4 eV at  and then it increases. The reduction in the calculated bandgap is in agreement with the experimental results [16, 17]. The variation in the bandgap with concentration  is shown in Figure 3, which is also compared with the theoretical results of Moon et al. [20]. The figure shows that the bandgap energy deviates largely from the linear behavior and therefore large bowing is expected. This deviation and this conversion from direct to indirect bandgap are because of the large electronegativity difference between Te and O, variation of bond nature, volume deformation, and charge transfer [42]. The bowing parameter  is composition dependent and it is nearly constant near  but increases significantly at the dilute limits. From the plot it is clear that the bandgap is decreased significantly by adding only small percent of O into ZnTe or Te into ZnO. This is due to the large size and chemical mismatch between Te and O. Adding more electronegative O to ZnTe creates an isovalent defect level below the conduction band minimum (CBM), whereas adding the less electronegative Te to ZnO creates a deep isovalent defect level above the valence-band maximum (VBM) in the impurity limit. Because of this, the wave function of the band-edge states in the dilute limit is strongly localized, and the bowing coefficient is therefore large, resulting in the decrease in the bandgap. At , the defect levels hybridize with the host states and couple between themselves, forming defect bands. In this band like region, the band-edge wave functions become more delocalized than in the dilute limit, so the bowing coefficients become smaller and nearly constant [20], and the dip in the bandgap is observed at .




	
	
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
		
		
		
		
		
			
				
			
			
		
		
		
			
		
		
			
		
		
			
		
		
			
	


Figure 3: Bandgap energy as function of composition .


From Figure 3 it is clear that the bandgaps calculated by Moon et al. [20] are underestimated; this discrepancy is associated with the model used (GGA) which underestimates bandgaps. Though the bandgap bowing parameter is previously calculated both experimentally [16] and theoretically [20], both have ambiguous results and suggested further investigations of the bowing parameter. In the present theoretical work we calculate the bowing parameter by using (1) and quadratic fit equation, that is, (2) as given below [31]:The average bowing parameter calculated by using (1) is 4.83 eV and by (2) is 4.91 eV, which are close to each other. It is expected that the experimental bowing parameter will be around 4.9 eV, because we expect that our calculated bandgaps will be in closer agreement with the experimental values.
3.3. Optical Properties
The wide range of bandgap energies (2.39–3.15 eV) of  makes this material attractive for optoelectronic devices. Therefore it is necessary to attain accurate knowledge of the optical properties like dielectric functions, refractive index, reflectivity, and energy loss function of these compounds. The topic was recently reported in [22, 23] using EV-GGA exchange and correlation functional which needs to be dealt with using a better theoretical model to obtain more accurate results. In the present study we revisit the dielectric functions of the compound with the most accurate theoretical model mBJ-GGA. In this study other optical parameters such as refractive index, reflectivity, energy loss function, and oscillator strength are also investigated.
The real part of the complex dielectric function has been displayed in Figure 4(a). The values of the static dielectric function  are 6.1, 6.5, and 4.1, for ZnO0.25Te0.75, ZnO0.50Te0.50, and ZnO0.75Te0.25 having direct bandgap energies 1.8, 1.4, and 2.38 eV, respectively. This shows that larger bandgap materials yield smaller dielectric constants and smaller bandgap materials yield larger dielectric constants. From the static dielectric function, the real part goes on increasing up to a hump for all concentrations which can be related to the fundamental bandgaps of compounds. The real part of dielectric function  reaches its maximum value for ZnO0.25Te0.75, ZnO0.5Te0.5, and ZnO0.75Te0.25 corresponding to the incident photon energies 4.4, 2.8, and 4.5 eV.
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(b)
Figure 4: Frequency dependent (a) real and (b) imaginary part of dielectric function.


The imaginary part of complex dielectric function is one of the most important optical parameters because it reflects optical gap as well as optical absorption. Figure 4(b) shows the imaginary part of dielectric function  of  in the energy range 0–15.0 eV. The offset points are observed at 1.8, 1.5, and 2.4 eV for ZnO0.25Te0.75, ZnO0.5Te0.5, and ZnO0.75Te0.25, respectively. These offset points are related to the fundamental direct bandgaps of these materials. Beyond these points the curves increase abruptly and reach the peak values at energies 5.6 eV for ZnO0.25Te0.75 and ZnO0.5Te0.5 and 8.0 eV for ZnO0.75Te0.25.
Refractive index explains the ability of a material to permit or bend light as it passes through it. The normal refractive index versus energy plot has been displayed in Figure 5(a). At zero frequency limit , its values are 2.45, 2.55, and 2.05 for , 0.50, and 0.75, respectively. From these calculated values it is clear that a larger bandgap material yields smaller value of refractive index and vice versa, as observed in the real part of dielectric functions. With the increasing incident photon energy, the normal refractive indices increase up to humps which correspond to the fundamental bandgaps. The refractive indices reach peak values of 3.33, 3.06, and 2.66 for different concentrations. Beyond these peak values the refractive indices decrease abruptly with some variations and drop below unity at energies 8 eV for ZnO0.25Te0.75 and ZnO0.50Te0.50 and 11 eV for ZnO0.75Te0.25. This is because refractive index measures phase velocity, which does not carry any information. Phase velocity is the speed at which the crests of a wave move and can be faster than the speed of light and thereby gives a refractive index below unity.
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(b)
Figure 5: Frequency dependent (a) refractive index and (b) reflectivity.


The influence of oxygen concentration in ZnTe can be precisely measured from reflectivity spectra. The reflectivity  is plotted against the incident photon frequency in Figure 5(b). The peaks in the figure show that each concentration has a maximum value of reflectivity. The maximum lies in the energy range 7–12 eV and arises from the interband transitions. The plot also clarifies that with the increase in the oxygen concentration the reflectivity is decreased, which means that the insulating behavior of the compound becomes more dominant.
The energy loss function is an important parameter, which describes the energy loss of an incident photon while traversing through a material medium. During the propagation some of the electrons undergo inelastic scattering and their paths are slightly and randomly deflected. Inelastic interactions include phonon excitations, inter- and intraband transitions, plasmon excitation, and inner shell ionization. The energy loss in inelastic scattering can be theoretically measured via electron energy loss function. The electron energy loss function for ZnOTe () is plotted in Figure 6(a). From the figure it is obvious that if the incident photon energy is lower than the bandgap, then no energy loss occurs, meaning electrons are not responding to the incident photons. In the intermediate energy range, significant energy losses are observed and reach maximum values in the energy range 15–17 eV. These peaks in the energy loss spectra represent the characteristic associated with the plasma resonance and the corresponding frequency is called plasma frequency, above which the material exhibits metallic behavior whereas below which the material has a dielectric property. The peaks shift towards higher energy ranges with the increase in bandgap.




	
	
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
			
		
			
		
			
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


(a)




	
	
		
		
		
		
		
		
		
			
		
			
				
		
		
			
		
			
		
			
		
			
		
			
		
			
	


(b)
Figure 6: Frequency dependent (a) energy loss function and (b) oscillator strength.


To investigate the number of valence electrons involved in the interband transition per unit cell, we evaluate the oscillator strength sum rule. Oscillator strength is a dimensionless quantity that expresses the probability of absorption or emission of electromagnetic radiation in transitions between energy levels of an atom or molecule. The effective number of electrons which contribute to transition from valence band to conduction band is dependent upon the frequency of the incident light photons [21, 42]. The oscillator strength sum rule for  is displayed in Figure 6(b). The effective number of electrons which transfer from valence band to conduction band is zero for energy less than 2.5 eV. Beyond this critical energy, a rapid increase is observed in the effective number of electrons. Saturation in the electron number occurs beyond 30 eV. It is also evident from the plot that the effective number of electrons decreases with the increase in the oxygen concentration. This is due to the fact that the atomic number of oxygen is very small as compared to tellurium atom.
4. Conclusions
The structural, electronic, and optical properties of  () are calculated in the zincblende structure using the FP-LAPW method. It is concluded that the calculated lattice constant and bulk modulus of  deviate largely from the linear behavior with  and do not obey Vegard’s law. It is also found that the mBJ-GGA exchange and correlation potentials are very efficient in reproducing the experimental bandgaps of ZnOTe, which concludes direct bandgap nature for the whole range of concentration except . Furthermore, reduction in the bandgap with the increase in  has been observed and a dip is found at , which is consistent with the experiments. The previously controversial bandgap bowing parameter is revisited with a more realistic approach and a reasonably accurate result is obtained for the bowing parameter. As the material is precious for optoelectronic devices, optical properties like dielectric functions, refractive index, reflectivity, energy loss function, and sum rules are also presented and discussed in detail.
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