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Abstract.  

We apply the first principles approach using the GGA-PBE+U approximation to study the effect of Sr 

doping on the structural, electronic and optical properties of ZnO. The computed results show that the 

optimized lattice parameters as well as the calculated band gaps of pure ZnO and Sr-doped ZnO (SZO) at 

low and high concentrations are in good agreement with the experimental data. Electronic investigations 

show that for low Sr concentrations, the appearance of Sr 5s states at a lower energy level than the Zn 4s 

states at the bottom of the conduction band, causes a reduction of the band gap. However, by increasing 

further the Sr content, the band gap increases because the Sr 5s states shift to higher energies. The 

calculated optical properties improve the optical performance of the SZO systems. Hence these findings 

provide a theoretical reference for future research on Sr-doped ZnO. 

Keywords: GGA-PBE+U, SZO, Electronic properties, DFT calculations, Optical properties. 

1. Introduction 

As a semiconductor with a large direct bandgap of 3.37 eV [1, 2] and a large exciton binding 

energy of 60 meV at room temperature, zinc oxide (ZnO) has attracted significant interest for its 

potential applications across optical and optoelectronic devices [3]. Owing to its thermal and 

chemical stability and efficient excitonic emission, ZnO may prove to be a promising material 

for several applications, which include light emitting diodes (LEDs) [4] transparent conducting 

oxides for solar cells [5] transparent thin-film transistors [6] and gas sensors [7, 8]. ZnO also 

exhibits better efficiency in photocatalytic degradation compared to other metal oxides (e.g., 

TiO2) due to its high reactivity [9]. 
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Doping pure ZnO with non-metallic and metallic elements have been considered as a 

promising way to tune its properties in order to design new ZnO-based devices. For example, Yu 

et al. have shown that N, C, and S doping represent a potentially promising way to increase the 

quantum efficiency of ZnO-based photocatalysis [10]. Regarding metal dopants, Ga [11], Al [12], 

and Fe [13] have been widely studied. Besides, Zhang et al. have calculated the electronic and 

optical transition of heavy metal doped ZnO, and have demonstrated that Ag or Au doped ZnO 

enhances the optical transitions [14]. Other investigations show that doping with metal elements 

increases the excitonic relaxation time, which increases the possibility of their reaction with 

peripheral ions and therefore enhancing photocatalytic activity [15].  

In comparison with transition metal elements, alkaline earth metals dopant can be a suitable 

choice for ZnO doping due to the absence of d-shell in their electronic structure, which could 

decrease the threshold energy of absorption [16]. Among them, strontium (Sr) has been used 

recently with the potential to improve the performance of ZnO for many applications. In 

particular, the effect of dopant concentrations in Sr-doped ZnO films on love wave filter 

characteristics has been examined [17]. In addition, it has been demonstrated by Vijayan et al. 

that SZO films, and especially for higher concentration, deposited with a chemical bath 

deposition method can have high sensitivity to ethanol vapor with a maximum of 55% [18]. 

Furthermore, another study [19] has demonstrated that the red shift in band gap enhanced white 

light luminescence from SZO nanorods, prepared by cost effective reflux method. Likewise, 

further studies [20, 21] 

of ZnO thin films prepared by spray pyrolysis method. Attempts have been made most recently 

to obtain SZO nanoparticles, for photocatalytic applications [22, 23]. Beside these experimental 

studies, there have been very limited theoretical investigation on the structural and electronic 

properties of SZO.  
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In a semiconductor material, the electronic band structure is one of the most essential 

characteristics, because it provides the information about the energy levels of electrons and band 

gap, allowing the description and understanding of many important properties such as the 

optoelectronic properties. Therefore, accurate prediction of electronic band structures is very 

important. First-principles calculations serve as a valuable tool that can help us calculate the 

electronic structures and optical properties of materials [24-28]. In addition, DFT has become a 

popular methodology to perform an in-depth analysis of relevant properties of the synthesized 

nanomaterials at the atomic scale [29-31], as well as to investigate the effect of intrinsic point 

defects on the electronic and optical properties of semiconductor materials [32, 33].  

Herein, for the first time, we systematically investigate numerically the effect of strontium 

doping of ZnO in the case of low and high concentrations, regarding the evolution of crystal 

structures, electronic and optical properties with the dopant concentration by means of DFT 

calculations using GGA-PBE+U approach. The analysis was carried out using low (i.e. 4.17) and 

high (i.e. 6.25, 8.34, 12.5 and 25 at.%) Sr concentrations. Our refined analysis can provide new 

insights into the fundamental understanding of the variation of electronic and optical properties 

of SZO systems, and potentially help to the development of new applications. 

2. Computational Method 

First-principles calculations were carried out using the Cambridge Serial Total Energy 

Package (CASTEP). There are based on the density functional theory (DFT) [34] combined with 

the Perdew-Burke-Ernzerhof generalized gradient approximation (GGA-PBE) [35] by applying 

the GGA-PBE+U method, where U is an effective on-site interaction parameter. Plane-wave 

ultra-soft pseudo-potential method [36] with valence electron configurations of 4s23d10 for Zn, 

2s22p4 for O, and 4s23d104p65s2 for Sr was employed to perform the present calculation with a 

cut-off energy of 420 eV [37]. The Brillouin zone integrations are performed with a Monkhorst-

Pack scheme and a grid size of 5×5×4 is used for pure ZnO [38] and 4×4×2 for Sr-doped ZnO 



4 
 

[39]. The convergence threshold for self-consistent iteration was set at 10-5 eV/atom, and the 

lattice parameters and all atomic positions for each supercell were fully relaxed until the maximal 

force on each atom was less than 0.03 eV/Å, the internal stress was below 0.05 GPa, and the 

displacement of each atom was below 0.001 Å.  

 
Figure. 1. Schematic of the structure of pure ZnO and SZO systems: (a)- ZnO, (b)- Zn0.9583Sr0.0417O, (c)- 

Zn0.9375Sr0.0625O, (d)- Zn0.9166Sr0.0834O, (e)- Zn0.875Sr0.125O and (f)- Zn0.75Sr0.25O. 

We accurately describe the electronic structures by applying the Hubbard U correction to the 

Zn-3d, O-2p states and Sr-4p. The Up (O) value of 7 eV for oxidized materials is appropriate for 

first-principles calculations, according to previous work [40-43]. Therefore, we adopted Up (O) 
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= 7 eV, Ud (Zn) = 10 eV and we fix the Hubbard parameter at 2 eV for the Sr-4p electrons in the 

case of doping. Details regarding band gap variation of pure ZnO with Ud,(Zn) are given in the 

Supporting Information (Figure S1). 

Starting from the primitive cell, Figure 1 (a) illustrates a 2 2 2 supercell (with 32 atoms, 

Zn16O16) of pure ZnO, while Figures 1 (b), (c), (d), (e) and (f) illustrate SZO systems from 4.17 

(Zn23Sr1O24), 6.25 (Zn15Sr1O16), 8.34 (Zn11Sr1O12), 12.5 (Zn7Sr1O8) to 25 at.% (Zn3Sr1O4), 

respectively. In all the supercells shown in Figure 1 as well as for all different concentrations of 

Sr, a single Sr atom replaces one of the Zn atoms. For Sr-doped ZnO with 4.17 and 6.25 at.%, 

the composition corresponds to Zn0.9583Sr0.0417O and Zn0.9375Sr0.0625O with a supercell 2×2×3 and 

2×2×2, respectively. For 8.34 at.%, the composition corresponds to Zn0.916Sr0.0834O, with a 

supercell 3×2×1, respectively. From 12.5 to 25 at.%, the composition corresponds to 

Zn0.875Sr0.125O and Zn0.75Sr0.25O with a supercell 2×2×1 and 2×1×1, respectively. In addition, the 

small pictures in Figure 1 show the increase in Sr concentration from 0 to 25 at.%, taken in the 

top view. 

3. Results and discussion 

3.1 Geometry optimization  

We carried out an optimization of the equilibrium with the aim of determining the validity of 

our simulation. The stable phase of ZnO at ambient temperature and pressure is a hexagonal 

wurtzite (WZ) structure (Space group; P6_3mc). Originally, the primitive cell parameters a = 

3.249 Å and c = 5.205 Å ( and ) (e.g. ISDD card No. 5-0664) were used 

for pure ZnO. A comparison of the optimized lattice parameters, volume, and optical gap energy 

of pure ZnO with the available experimental and theoretical data are included in the Supporting 

Information (Table S1). The deviation in lattice parameters between the calculated and standard 

values was less than 1%, indicating that our calculations after optimization are reliable and proves 

the validity of our approach. 
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Table 1. Calculated lattice parameters, volume, Mulliken charges and supercell (K-P) of pure ZnO and 
SZO systems (4.17 to 25 at.%).  

 Lattice parameters  Mulliken charges |e| Supercell 

 a (Å)a c (Å)a V (Å3)a Zn Sr O K-P 
ZnO 3.251 5.216 47.775 0.94 - -0.94 2  

4.17% 3.277 5.265 48.990 0.93 1.07 -0.94 2  
6.25% 3.288 5.285 49.512 0.92 1.08 -0.94 2  
8.34% 3.301 5.272 49.935 0.91 1.08 -0.95 3  
12.5% 3.341 5.329 51.515 0.91 1.09 -0.94 2  
25% 3.453 5.417 55.371 0.85 1.09 -0.94 2  

a: Note that the lattice parameters and volume are normalized. 

 
Figure. 2. Bond length and Mulliken charges for the atoms adjacent to the substitutional Sr atom with 

different concentrations.  

The lattice parameters, volume, Mulliken charges and supercell (K-P) of pure ZnO and SZO 

systems for different dopant concentration (4.17 to 25 at.%) are summarized in Table 1. We 

observe an increase of the lattice parameters and of the volume with the doping concentration 

and no change in symmetry observed. This is due to two factors: firstly, the ionic radius of Sr is 

larger than that of Zn. Secondly, the repulsion between Zn and Sr causes further expansion of the 

cell. These findings are consistent with the experimental results [1, 20, 22, 23].  
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Within such a crystal lattice, the Mulliken charges describes the extent of the electron density 

sheared by an atom compare to neutral atoms. As indicated in Table 1 and Figure 2, the Sr-O 

bond length is longer than the Zn-O bond length and as the Sr concentration increases, all bond 

lengths parallel and vertical to the c-axis direction increase compared to pure ZnO. In addition, 

Mulliken population analysis suggests that Sr has a larger positive charge than Zn (1.09 vs. 0.91 

for 12 at.%), while the variation of the Mulliken charges for O is not significant. The Sr dopant 

contributes more to the oxygen reduction than Zn and the Coulomb attraction between Sr and O 

(|(1.09)(-0.91)|) is then larger than between Zn and O (|(0.91)(-0.94)|). More information on the 

average band length/volume as a function of the Sr concentration is given in the Supporting 

Information (Figure S2). 

 

3.2 Electronic properties 

3.2.1 Undoped ZnO 

The band structure, the partial density of states (PDOS) and the total density of states (TDOS) 

of pure ZnO, as shown in Figures 3-4 (a). Meanwhile, Figures 5 and 6 illustrate a schematic of 

the variation of the band gap and the electronic orbitals distribution evolution in function of Sr 

concentrations, respectively. According to Figure 3 (a), the calculated electronic band structure 

shows that pure ZnO is a semiconductor with a direct band gap at Gamma of 3.37 eV, which is 

in excellent agreement with previously reported experimental values [1, 2]. It should be noted 

that, in the standard DFT calculations, only an approximate band gap of 0.74 eV can be obtained 

for pure ZnO. In order to obtain further details about the electronic properties; more specifically, 

the atomic orbital contributions in the formation of each energy band, we calculated the total 

(TDOS) and the partial (PDOS) densities of states of pure ZnO (Figure 4 (a)).  
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Figure. 3. Band Structure of pure ZnO and SZO systems: (a)- ZnO, (b)- Zn0.9583Sr0.0417O, (c)- Zn0.9375Sr0.0625O 

(d)- Zn0.9166Sr0.0834O, (e)- Zn0.8750Sr0.1250O and (f)- Zn0.75Sr0.25O. Each band energy is shifted with 
reference to the Fermi level, being set to zero.  

It shows that the valence band (VB) mainly consists of contributions from 2p and 2s states of 

O, and 3d states of Zn. On the other hand, the conduction band (CB) is mainly composed of the 

4s and 4p states of Zn, and the 2p states of O. As we can see from Figure 4 (a), the VB is situated 

between -15.5 and 0 eV and split into three parts. The upper part (-5.4 eV to 0 eV) of the VB is 

consists mostly of O 2p states with a minor contribution from the Zn 3d states, resulting in d-p 
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coupling. While the middle part (-8.8 to -5.4 eV) of the VB is mainly composed of Zn 3d and 

partial O 2p states. Finally, O 2s states are the main contributors to the bottom part (-15.5 to -

13.8 eV) of the VB, with some small contribution from the Zn 3d states. This is described 

schematically in Figure 6 (a). It has been experimentally reported that the CB is mainly made up 

of Zn 4s states and 2p states in O-sites [44]. In contrast, our study showed that the composition 

of the CB is consistent with the total density of ZnO, and mainly formed by Zn 4s and Zn 4p 

states mixed with a small amount of O 2p states (See Figure 6 (a)). Similar results have also been 

reported by Wu et al. [40]. 

3.2.2 Sr-Doped ZnO  

We now turn to Sr-doped ZnO. Figures 3 (b-f) illustrate the electronic band structure with 

varying Sr concentrations in which all concentrations show direct band gaps. From the band 

structure, we observed that at low Sr concentration (i.e. 4.17 at.%), the conduction band of SZO 

is slightly shifted downward. These results are in agreement with the experimental results, which 

show that Sr doping up to 5% causes a decrease of the band gap [20, 23]. Following the 

substitution of a Zn atom with a Sr atom, both Sr 3d and Sr 5s states appear in the CB, where the 

minimum of this band is determined by the Sr 5s states. While the Sr 4p states appear in the low 

energy band (Figure 4 (b)). because of the lower atomic level.  

In contrast, for high Sr concentrations (i.e. 6.25, 8.34, 12.5 and 25 at.%), the corresponding 

band gap values were found to be, 3.42, 3.45, 3. 50, and 3.55 eV, respectively (Figures 3 (c-f) 

coupled with Figure 5). All these values are higher than those of pure ZnO. These results are in 

agreement with the experimental and theoretical results [18, 45]. Analyzing the PDOS (Figures 

4 (c-f)), we observe that the CB minimum edge is determined by Zn 4s states as for pristine ZnO 

and shift to higher energy as Sr concentration increased from 6.25 to 25 at.%. The Sr-5s level are 

displaced to higher energies. Furthermore, the Sr 3d contributes significantly to CB and the Sr 

4p states in the VB contribute to the two peaks located at -12 eV and -15 eV. This is schematically 
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illustrated in Figure 6. The increase in band gap energy at high levels of doping could be assigned 

to the difference in ionic radius between Sr and Zn. This creates lattice distortion in the lattice 

structure, which in turn leads to changes in the electronic structure of the material. As a result, 

localized energy levels may be formed near the conduction band, contributing to the observed 

increase in band gap as the Sr doping concentration increases. 

 
 

Figure. 4. TDOS and PDOS of pure ZnO and SZO systems, where the Fermi level is set to 0: (a)- ZnO, 
(b)-Zn0.9583Sr0.0417O, (c)- Zn0.9375Sr0.0625O, (d)- Zn0.9166Sr0.0834O, (e)- Zn0.8750Sr0.1250O and (f)- 
Zn0.75Sr0.25O.  
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Figure. 5. Schematization of band gap variation in function of Sr concentrations. 

Experimentally, in the case of low Sr doping concentration, Raghavendra et al. reported the 

reduction in the band gap from 3.32 eV in the undoped ZnO to 3.23, 3.21 and 3.17 eV at Sr 

concentrations of 1, 2 and 3% respectively. They attributed this reduction to the increase in 

crystallite size [20]. Other observations were also reported by Suwanboon at al. [23], show that 

the band gap of ZnO was reduced after doping with Sr. This behavior explained by the existence 

of defects in ZnO lattices, which caused a shift in the absorption band edge to a lounger 

wavelength, as a result of a reduction in the optical band gap [23].  

Several recent experimental and theoretical works show that high Sr doping causes an 

increase of the band gap [18, 45]. Vijayan et al. [18] have shown experimentally, using UV 

analysis, that the band gap of ZnO thin films, synthesized by the chemical bath deposition 

method, increased for high Sr concentration from 3.20 to 3.27 eV. Furthermore, Mahmood et al. 

[45] theoretically investigate by DFT calculation the effect of Sr doping on the electronic band 

structure and optical properties of ZnO. They showed an increase in the band gap from 0.76 eV 

in the undoped ZnO to 0.83 (6 at.%) and 0.92 eV (12 at.%), for one and two Sr-doped atoms, 

respectively. 
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We emphasize that in the case of alkaline earth metals (i.e. Sr) the modification of the band 

gap is related to shape of the CB and the relative energy of the Sr 5s and Zn 4d levels. For other 

type of dopants, theoretical works [40, 46] have shown the modification of the optical absorption 

edge in due to the Burstein Moss effect, i.e. the partial filling of the conduction band by extra-

electrons coming from dopant atoms.  

 

Figure. 6. Schematic of gap energy of (a)- ZnO, (b)- low doping (4.17 at.%; Zn0.9583Sr0.0417O) and (c)- 
high doping (6.25 at.%; Zn0.9375Sr0.0625O).  

When studying Sr-doped ZnO, it is essential to evaluate the structural, thermodynamic, and 

dynamical stability [47-52]. This is because studying the physical properties of unstable 

compounds would not be fruitful. The structural stability of a solid material is determined by the 

way in which its bonding type and arrangement are reflected by the charge density differences. 

The graph in Figure 7 illustrates the variations in charge density between undoped ZnO and Sr 

doped ZnO, in which a higher value (orange regions) represents a gain of electrons. Figures 7 (b-
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c) indicates a clear difference in the charge density distribution due to the presence of Sr. This 

difference is evident in the Mulliken charge values as listed in Table 1, as the electron densities 

around Zn2+ (0.93 e) and Sr2+ (1.07 e) ions are dissimilar. When Sr is incorporated into a crystal, 

the electron density distribution between the ZnO crystal lattice ions is modified, as demonstrated 

in Figures 7 (b-c). The calculated bond length for the Zn-O bond in Sr-doped ZnO is 2.009 Å, 

which is larger than that for the corresponding bond in pure ZnO (1.995 Å). Thus, the electronic 

interaction in ZnO can be changed by the addition of Sr, which leads to Sr-doped ZnO with a 

larger band gap compared to pure ZnO when the Sr content is above 6.25 at.%. Furthermore, the 

addition of Sr results in electronic hybridization between the Sr and O atoms, as demonstrated 

by the formation of the Sr-O bond. Figures 7 (b-c) shows that the calculated bond lengths for the 

Sr-O bond are longer (2.254 Å and 2.259 Å) than that of the corresponding Zn-O bond (1.974 

Å), this gives the existence of ionic bonding, with a slight difference in covalency between the 

bonds parallel to c-axis and those vertical to it. Furthermore, the results obtained in [45] are in 

line with the findings of the present study. Therefore, the addition of Sr affects the structural 

stability of Sr-doped ZnO systems and suggests that it will become more difficult to obtain a high 

concentration of Sr doped ZnO. 

 

Figure. 7. Calculated charge density contour plot along the (101) plane, (a)- ZnO, (b)- low doping (4.17 
at.%; Zn0.9583Sr0.0417O) and (c)- high doping (6.25 at.%; Zn0.9375Sr0.0625O). In the case of pure 
and Sr-doped ZnO, the yellow and orange regions surrounding the Zn, O and Sr atom indicate 
electron enrichment, while the blue and green regions indicate electron loss.  



14 
 

3.3 Optical properties 

Based on the previous band structure calculation, we have systematically examined the 

optical properties of pristine and Sr-doped ZnO based on the complex dielectric function ( ), 

absorption coefficient ( ( )), reflectivity (R( )), and transmittance (T( )) by comparing of the 

optical spectra of pure ZnO. The complex dielectric function is defined as follows:  

 

In which  is the incident photon frequency;  and are the real and imaginary parts of the 

dielectric function, respectively. Neglecting the electron correlations, we calculate from 

the momentum matrix elements between the VB and CB wave function [53]: 

 

In this case, e, u, k, , c and v designate respectively the incident photon frequency, the 

polarization of the incident electric field, the reciprocal lattice vector, the unit cell volume, CB 

and VB. The values of are calculated from  using the Kramer- Kronig relations [54] 

owing to the causal response of the dielectric function. 

 

Where P is the main value of the integral.  

reflectivity 

( )), can be determined respectively using the following relations: 

 (  
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Where C0 is the speed of light in vacuum and d is the thickness of the film which equals 250 nm 

in this study. The interference due to the multiple reflections at the interface between the thin 

film and the vacuum are neglected in the above formula. We have verified that this does not 

modify the optical results in the present case. 

3.3.1 Dielectric Function  

Figure 8 presents the imaginary and real parts of the dielectric function of pure ZnO and SZO 

systems. We will first investigate the imaginary part of the dielectric function (Figure 8 (a)), in 

which we clearly observed that there is a significant distinction between the low and high doping 

in SZO systems. Each peak's location is affected through the values of Ud,(Zn) and Up,(O) in several 

exchange-correlation functions such PBE, which either lower or raise the states included in the 

transition between the CB and the VB for producing a given peak. 

For pure ZnO, Figure 8 (b) 2 located at different values of 

the incident photon energy, which is in good agreement with the experimental results [55] and 

theoretical calculations [32, 56]. Firstly, the electronic transition from the upper VB (O 2p states) 

to the lower CB (Zn 4s states), results in the first peak located at 3.3 eV, which is closely related 

to the band edge emission of ZnO [57]. In addition, both the second and third peaks around 7.5-

10.5 eV and 15.25 eV are associated to the electronic transition of O 2p to Zn 3d and Zn 3d to O 

2s states in the valence band, respectively. As we can see in Figure 8 (c), for low doping (i.e. 

4.17 at.%), the peaks located at high energy regions (12.5-17.5 eV) are shifted to a lower energy 

state, as well as the energy level of SZO is higher than the intrinsic optical transition of pure ZnO. 

Within the same context, the SZO has not made any new visible optical transition, which gives 

rise to an increase in the transmission in the visible region. Moreover, according to the previous 

DOS analysis (Figure 4 (b)), this peak in the low energy level corresponds to electron excitation 

of O 2p states from occupied VB to unoccupied CB (Sr 5s states). This process of absorption 

resulted in a decrease in transmittance in the red and infrared regions.  
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Figure. 8. Imaginary and real parts of the dielectric function for pure ZnO and SZO systems.  

Besides, for high doping of SZO (i.e. 6.25, 8.34, 12.5 and 25 at.%), the main peaks around 

15.25 eV are significantly weakened and shift to higher energies with increasing Sr concentration 

(Figure 8 (d)), indicating that the range of absorption frequency narrows and the average optical 

transmittance increases. In addition, the peaks located in the range of 7.5-10.5 eV become 

stronger than that of the intrinsic optical transition of ZnO, with increasing Sr concentration, 

which is due to the strong hybridization between the Zn 3d and O 2p states. Moreover, in low 

energy level (1.6-3.2 eV), the peaks are enhanced successively with increasing Sr concentration 
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(Figure 8 (d)). These observed peaks in SZO systems, should be due to the electronic transitions 

from the upper VB (O 2p states) to the lower CB (Zn 4s states). Similar results were observed 

for the real part of the dielectric function (Figure 8 (e)), as well as the same energy peak 

displacement was observed.  

3.3.2 Absorption, reflectivity and transmittance 

Figure 9 shows the calculated absorption, reflectivity and transmittance spectra for pure ZnO 

and SZO systems at different values of the incident photon energy. As shown in Figure 9 (a), 

pure ZnO exhibits the most prominent peak around 16.8 eV (  =73.8 nm) which is called the 

vacuum ultraviolet region, indicating that pure ZnO exhibits better absorption in the ultraviolet 

region. Furthermore, at low Sr concentration (i.e. 4.17 at.%), the reflectivity and transmittance in 

the red and infrared regions are higher and smaller, respectively, than those of pure ZnO (Figures 

9 (b) and (c)). In addition, the spectrum shifted to lower energy regions from 16.8 eV for pure 

ZnO to 15.74 eV after doping (See inset Figure 9 (a)). This red shift obtained in our work at low 

Sr concentration is in agreement with the experimental result [20, 23].  

In contrast, when the Sr concentration increases from 6.25 to 25 at.%, in the visible light 

range of 1.6-3.2 eV (  = 380- 780 nm), the absorption of SZO is lightly increased compared to 

pure ZnO, resulting in a slight decrease in transmittance in the visible region (Figure 9 (c)). 

Details regarding the calculated absorption, reflectivity and transmittance spectra for pure ZnO 

and SZO systems at different values of wavelengths are given in Figure S3. In addition, in the 

ultraviolet light range of 7.5-12.4 eV, the absorption of SZO systems becomes significantly more 

pronounced than pure ZnO, improving the absorption behaviour of SZO systems and decreasing 

the transmittance in the UV region from  = 100 to 160 nm (Figure S3 (c)). For the highest 

absorption peak at 16.8 eV (  =73.8 nm), the absorption of SZO systems becomes significantly 

weaker than pure ZnO, which significantly decreases the reflectivity in the UV region (Figure 9 

(b)). As we can see from the zoom in Figure 9 (a), for high doping, the peak shifts to higher 
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energy regions from 16.8 eV for pure ZnO to 17.04 eV after doping (i.e. 12.5 at.%). This result 

is in agreement with that obtained experimentally by Vijayan et al [18]. We observed similar 

trends in the reflectivity results (Figure 9 (b)). Indeed, for high doping, in the far ultraviolet range 

from 12.5 to 20 eV, the reflectivity and transmittance decreases and increases significantly after 

doping, respectively. Besides, in the energy range of 7.5-12.5 eV and 1.6-3.2 eV, the reflectivity 

of SZO systems increases markedly after doping (Figure 9 (b)).  

 
Figure. 9. Optical properties of ZnO and SZO systems: (a), (b) and (c) represent respectively absorption, 

reflectivity and transmittance at different values of the incident photon energy and 
wavelengths. 

According to Figure S3 (c) (See Supporting Information), the transmittance of pure ZnO is 

87% in the visible region (  =470 nm) and 57 % in the UV region (  =210 nm). As a result, the 

transmittance values obtained for low doping (4.17 at.%) in the visible and UV regions were 
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88.5% and 60%, respectively, which are higher than those of pure ZnO (See inset Figure S3 (c)). 

We found that the main transmission region of SZO systems is in the range of 250-550 nm, 

resulting in a high transmittance at low Sr concentrations compared to pure ZnO. While, it 

relatively decreased slightly due to the increase of absorption in the range of 550-1000 nm 

compared with pure ZnO (Figure S3 (c)). A similar result was obtained experimentally by 

Raghavendra et al. [20]. At high concentration of SZO, in the ultraviolet light range of -

160 nm (See inset Figure S3 (c)), the stronger and broader occupied states result in lower 

transmission than pure ZnO, which becomes slightly greater in the range of 250-550 nm. Then, 

it slightly decreased owing to the enhancement of absorption in the range of 550-1000 nm, which 

relatively increased the absorption coefficient in the visible light region. Hence, the weak and 

strong doping of ZnO significantly improves the optical performance of SZO systems. 

4. Conclusion 

In conclusion, this paper provides detailed information on the crystal structure, electronic and 

optical properties of SZO systems using GGA-PBE+U calculations. Our results highlighted that 

the difference between lattice parameters and experimental measurements is approximately less 

than 1%, and that the calculated band gaps for both low and high doping systems are in agreement 

with the experimental values. The electronic results show that Sr doping is an effective method 

to adjust its electronic and optical properties, where low Sr concentrations lead to a downward 

shift in the conduction band, while high Sr concentrations lead to an upward shift in the 

conduction band, thus increasing the band gap of pure ZnO after doping. Furthermore, the 

analyses of the optical properties validate the electronic analysis, provide good agreement with 

the experimental data and improve the optical performance of the SZO systems. Therefore, these 

results could also serve as a theoretical reference for future research on Sr-doped ZnO and extend 

the scope of the targeted application. 
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