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Abstract: Configurational disorder due to high level multi element doping has gained huge attention from research 
community because of its possibility of unique phase stability as well as unusual functional properties. Based on this context 
extensive researches performed in recent decades to establish a new horizon of materials i.e. high entropy alloy and ceramics. 
Of-late, compositionally complex ceramics (CCCs) has been released as an extended form of high entropy ceramics (HECs) 
where compositional space has been broadened by consideration of both non-equimolecular compositions and relatively low 
entropy regions. This report aims to stabilize ZnO wurtzite phase at room temperature replacing the Zn-site with five metallic 
elements i.e. Ba, Sr, Mn, Fe, Ni in equimolecular ratio to impose configurational disorder in the ZnO lattice. Therefore, 
(BaxSrxMnxFexNix) Zn1-5xO (where x=0, 0.01, 0.02 and 0.03; the films are denoted hereby as ZO, 5DZO, 10DZO and 
15DZO respectively) thin films were deposited by low cost spray pyrolysis technique at 200°C. These high-level multi-element 
doping results in significant effects on the structural, morphological, optical properties of pure ZnO thin film. X-ray diffraction 
study demonstrated ZnO wurtzite phase stabilization for each deposited film. SEM micrographs revealed a noteworthy 
transition from original nanorod to well distributed homogeneous fine particles morphology. UV-vis spectroscopy disclosed a 
sharp rise in transparency (~98%) and band gap (4eV) doped films. At the end, correlations of structural and morphological 
parameters with tuned functional properties were demonstrated. 
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1. Introduction 

ZnO is one of the most prominent type of semiconducting 
materials that shows remarkable wide and direct band gap 
energy of 3.37 eV at room temperature [1]. Therefore, the 
material is on extensive research focus since the last few 
decades to make it promising candidate for optoelectronic 
and photovoltaic applications [2-4]. Diversified film 
fabrication methods such as: 

Laser/plasma-assisted molecular beam epitaxy, CVD, sol-
gel, spray pyrolysis, RF/DC sputtering, pulsed laser deposition 
etc. reported by this time [5, 6]. Furthermore, the variation of 

dopants type and numbers in the ZnO nanostructure revealed 
enhanced structural, optical, electrical and magnetic 
performances of ZnO-based thin films. Also, the fabrication 
parameters, heat treatment technique etc. play vital role in 
tuning the ZnO thin film functionalities [6]. However, this 
study attempts to substitute the Zn-site with five metallic 
elements i.e. Ba, Sr, Mn, Fe and Ni to obtain stabilized 
wurtzite ZnO phase with cationic disorder in the 
microstructure. Hereby, the argument has been introduced 
taking into account of compositionally complex ceramics 
(CCCs) synthesis forwarded from the concept of high entropy 
ceramics (HECs) exposed first by Wright et al [7, 8]. HECs are 
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defined as mixture of five or more element in equimolecular 
ratio in at least one cationic sub-lattice of ceramic structure 
with mixing entropy (∆S���)  >  1.60R  where entropic 
contribution overcome enthalpic barrier to stabilize structure 
[9]. But recent researches revealed that entropic stabilization 
can happened in non-equimolecular mixture as well as in 
mixture where entropy values are far less than the previously 
defined value (entropy >1.6R) [10-12]. Wright et al has 
broadened exclusively the concept of entropy stabilized 
ceramics from high entropy ceramics to compositionally 
complex ceramics (CCCs) [7, 8]. Very recently Sen et al also 
reported compositionally complex BiFeO3 ceramics by 
incorporation of five different cations in Fe sites, BiFe1–
5xMoxTixZrxNixCexO3 (x=0.01, 0.02, 0.03) keeping ∆S��� 
value sharply under 0.69R [13]. Moreover, Miracle et al 
concluded that there is no hard and fast rule to define the 
entropy stabilized compounds on the basis of entropy 
requirement or composition rather than relies on the generation 
of single-phase structure [14]. Hence, the opportunity of 
exploring wide compositional space of CCCs group materials 
boosted this study to synthesize (BaxSrxMnxFexNix) Zn1-
5xO thin films. Here five elements have been chosen randomly 
just on the basis of size variation to impose lattice distortion 
which is a prominent factor to raise entropy [15]. Besides, 
transition Metals (TM) i.e. Fe, Mn and Ni were chosen as they 
have synergistic effects on optoelectronic properties of ZnO. 
[16, 17]. Films were deposited by spray pyrolysis technique as 
it is one of the most cost effective, stable and reliable methods 
to fabricate high quality thin film [18]. Along with structure 
(X-ray Diffraction) and morphology (SEM), optical properties 
of the as deposited films were evaluated using UV-vis 
spectroscopy. The experimental findings are explained later in 
this report and to the best of our knowledge no such literature 
has been found yet showing structural stabilization in the low 
entropy region of compositionally complex ceramics. 

2. Experimental Details 

2.1. Film Formation 

To deposit (ZnO) and (BaxSrxMnxFexNix) Zn1-5xO a 
simple hand-made spray pyrolysis set up was used in this 
experiment. ZnO film was synthesized by dissolving 
analytical grade zinc acetate Zn(CH3COO)2.2H2O 
(Assay>99%, Merck), in deionized water solvent fixing 
precursor solution concentration of 0.12 M. Similar 

concentration of precursor solutions were prepared by mixing 
Zn(CH3COO)2.2H2O, (Assay>99%, Merck); Ba(NO3)2, 

(Assay>99%, Merck); SrCO3, 
(Assay>99%, Merck); Mn(NO3)2·4H2O, (Assay>99%, 

Merck); Fe(NO3)3.9H2O, (Assay>99%, Merck); 
Ni(NO3)2·6H2O, (Assay>99%, Merck); salts in deionized 
water to fabricate the 5DZO, 10DZO and 15DZO films. Also, 
one drop of high concentration HCl (Assay>37%, Sigma 
Aldrich) was added in doped samples’ solution for complete 
dissolution. During the experiment, except the solution 
concentration; the other process parameters were set as: i) 
substrate temperature: 200°C, 

ii) solution flow rate: 0.5 ml/minute and iii) spray outlet to 
substrate distance: 30cm. Spray were deposited on 
ultrasonically cleaned and preheated (at 300°C) microscopic 
glass substrates. The deposited film samples were wrapped in 
tracing paper and stored for their subsequent 
characterizations. Several sets of samples were synthesized 
for each composition and found that their structural, 
morphological and optical properties could be reproduced. 

2.2. Film Characterizations 

The structural analysis was conducted by X-Ray 
diffractometer (Bruker Advanced D8, Germany) for phase 
identification with Cu wavelength (Kα1=1.54060 Å and 
Kα2=1.54439 Å). FULLPROF study was performed for 
structural refinement by Rietveld analysis. Surface 
morphology was investigated by SEM (ZEISS-EVO 18, UK). 
Optical transmittance and band gap performance were 
measured by using UV–vis spectroscopy (Perkin Elmer 
Lambda 35 UV-Vis spectrophotometer) in the range of 200–
800 nm. 

3. Result and Discussion 

3.1. Structural Study 

The X-ray diffraction patterns of the ZO, 5DZO, 10DZO, 
15DZO thin films deposited at substrate 200°C are shown in 
figure 1. All the XRD peaks in all the patterns could be 
indexed to monophasic zinc oxide hexagonal wurtzite 
structure according to Joint Committee of Powder Diffraction 
Standards data (JCPDS card number 36-1451). From the 
Table 1 it can be noticed that the JCPDS. 

Table 1. XRD data for all the tested samples indexed with JCPDS card number 36-1451 for wurtzite ZnO. 

JCPDS no. 36-1451 ZnO 

(wurtzite structure) 
ZO 5DZO 10DZO 15DZO 

2Θ hkl 2Θ Relative intensity 2Θ Relative intensity 2Θ Relative intensity 2Θ Relative intensity 

31.749 100 31.95 308 31.9 624 31.8 105 31.5 94 

34.228 002 34.55 135 34.45 499 34.4 93 34.15 87 

36.257 101 36.4 238 36.35 627 36.05 100 36.25 96 

47.257 102 47.6 34 47.6 173 47.35 35 47.65 36 

 
110 56.7 104 56.7 271 56.2 36 56.45 28 

103 66.6 25 66.55 124 66.95 23 66.55 19 
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ZnO wurtzite crystal’s peak positions and spray deposited 

samples of XRD patterns well match with very negligible 
dispositioning [19]. 

The interplaner spacing dhkl increases with dopants addition 
in the ZnO structure as it proved from Bragg’s law of 
diffraction: 2dhkl sinθ=nλ which implies that the decrement of 
2Θ value increase interplaner spacing d. The dhkl for wurtzite 
structure ZnO unit cell is calculated from the equation. 

�

��
���

�
� ����������

��� � ��
���                      (1) 

No other extra peak other than ZnO wurtzite structured 
XRD peaks in all the samples suggests the presence of only 
one phase of wurtzite ZnO of space group of P 63 mc [20]. 
Slight dispositioning of doped samples peaks in comparison 
with ZO ensures complete doping. Moreover, doping 
occurred from the substitutional replacement of Zn cation (r 
Zn2+=0.074 nm) by Ba, Sr, Mn, Fe and Ni (rBa2+=0.135 nm, 
rSr2+=0.118 nm, rMn2+=0.07nm, rFe3+=0.06nm, 
rNi2+=0.07nm) cations. As large sizes Ba, Sr replace Zn that 
may result in unit cell volume increment as shown in Table 2. 

Table 2. Structural parameters of ZO, 5DZO, 10DZO & 15DZO thin films obtained by Reitveld refinement, thickness & band gap of the samples. 

Parameters 
Sample 

ZO 5DZO 10DZO 15DZO 

D (nm) 10.593 9.23 9.34 9.45 

a (Å) 3.238 3.243 3.256 3.258 

c (Å) 5.204 5.207 5.206 5.218 

c/a 1.607 1.606 1.599 1.602 

d100 (Å) 7.863 7.887 7.951 7.96 

V (Å3) 47.29 47.42 47.81 47.95 

RZn " Oa (Å) 1.997 2.00 1.99 1.896 

RZn " Ob (Å) 1.9675 1.976 1.952 1.896 

Ob– Zn– Ob (Degree) 108.00 107.95 108.08 108.00 

Ob– Zn– Ob (Degree) 110.90 110.95 110.83 110.9 

Strain (ε) *10-3 3.27 3.75 3.71 4.1 

Chi2 1.20 1.38 1.11 1.98 

G.o.f 1.1 1.2 1.0 1.4 

Rexp 17.8 8.3 17.3 17.5 

Film thickness (nm) 69.3 98.6 59.8 91.2 

Eg (eV) 3.36 3.95 4.0 3.8 

 

Figure 1. (a) XRD graphs of ZO, 5DZO, 10DZO, 15 DZO thin film samples (left) and peaks shifting to lower angle (right). 
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Figure 2. Reitveld refinement of ZO, 5DZO, 10DZO, 15 DZO samples. 

Full width at half maximum intensity (FWHM), β of (100), 
(101) and (002) characteristics peaks were utilized in 
Scherrer equation D=kλ/βcosθ, to calculate the average 
crystallite size, D of ZO, 5DZO, 10DZO and 15DZO thin 
films, where k is the dimensionless constant with a typical 

value of -0.9, λ is the wavelength of Cu Kα radiation with the 
value of 1.5418 Å and θ is the Bragg angle. Since with the 
doping elements addition characteristics XRD peaks 
broadens shown in figure 2; crystallite size (D) would be 
decreased. The crystallite size values have been measured as: 
10.593, 9.23, 9.34 and 9.45 nm respectively. This can be 
attributed to the increase of produced nucleation centers due 
to higher concentration and multi elements doping [21]. 

Among all the samples improved crystalline properties of 
5DZO samples as diffraction intensities of all peaks 
enhanced than ZO samples and preferred growth orientation 
changed from (100) plane in to (002) plane in 5DZO, 10DZO 
and 15DZO samples. This c-axis preferential growth may 
result from an easy crystal growth due to highest atomic 
planer density along (002) [22]. As with higher doping of 10 
and 15%, peaks intensity falls down with high background 
noise which indicates reducing crystallinity and inducing 
stress. Highly induced stress in 10DZO, 15DZO films also 
may be attributed to the change in O-Zn-O angle and Zn-O 
bond length values. Annealed stress released samples may 
show improved crystallinity [23]. 

To investigate the changes in crystal structure and 
parameters, Reitveld refinement of the synthesized samples 
was carried out using FULLPROF Suite program as shown in 
figure 2. The XRD pattern shows that the deposited samples 
have hexagonal wurtzite structure belonging to the space 
group of P63mc [20]. The refined structural parameters of the 
synthesized thin film samples are enlisted in following Table 
2. 

The refined lattice parameters (a & c) values demonstrate 
the effect of doping as it is clearly noticed that larger size Ba, 
Sr doping increase unit cell parameters and accordingly the 
cell volumes as tabulated below. To summarize, the XRD 
patterns of ZO, 5DZO, 10DZO and 15DZO samples well 
match with single phase ZnO crystal with wurtzite-type 
structure and hexagonal phase (P 63 mc space group). 

3.2. Morphological Study 

Surface morphological studies of ZO, 5DZO, 10DZO and 
15DZO films were carried out from scanning electron 
micrographs (SEM). Figure 3 (a-d) shows the SEM images of 
all the undoped and doped ZnO thin films. The micrographs 
indicate that, during deposition of ZnO and doped ZnO by 
spraying the solution onto heated substrates, the growth has 
taken place by nucleation and coalescence process. 

Both spherical and rod like textures of grains were 
observed in ZO film surface morphology. This nano rod 
texture may be due to particle agglomeration effect. But in all 
the doped samples this morphology changed to flakes like 
appearance. Such type of morphology well match with the 
report of Deshpande’s work of ZnO spray deposited thin film 
[24]. The size distribution of nanorod and flake-like particles’ 
diameter is depicted utilizing linear intercept method through 
histogram graph as in figure 4 [25]. It is evident from SEM 
micrographs and histogram chart that dopant addition in ZnO 
structure significantly reduces the particle size. This particle 
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size reduction may be due to the effect of dopant (Ba, Sr, Mn, 
Fe and Ni) atoms influence in rising nucleation sites and 

lattice distortion; thus, hindered the growth process resulting 
into the formation of smaller grains. 

 

Figure 3. Scanning Electron micrographs (SEM) at 10,000X of (a) ZO, (b) 5DZO, (c) 10DZO and (d) 15DZO. 

3.3. Optical Study 

Optical transmission spectroscopy results of all the 
samples has been shown in figure 5 keeping wavelength 
range of 200–800 nm. The transmission is found to be 
maximum for 5DZO film sample about 98% in 780-790 nm 
wavelengths and then decreased for 10DZO and 15DZO film 
gradually. The surface morphology of 5DZO films is more 
coherent, smooth and well-crystalized than other films’ 
surface. Therefore, 5DZO shows highest transmittance 
performance due to less light scattering and it can be 

exclusively used for window layers in solar cells [26]. Then 
for higher dopants in ZnO the surface texture changed 
towards enhanced roughness, voids presence, lattice 
distortion and enhanced residual stress as noticed in SEM 
micrographs and XRD results. Hence, increased scattering of 
photons by crystal defects in 10DZO and 15DZO films may 
be attributed in the reduction of optical transmittance [27, 28]. 
Besides, defects in the microstructure influence strongly the 
transmittance of the film and the argument aligns with the 
study of Sun et al [29]. 
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Figure 4. Histograms of (a) ZO (b) 5DZO (c) 10DZO and (d) 15DZO samples regarding particle size distribution. 

A characteristic difference in the absorption edge was 
observed with dopants incorporation in ZnO. A sharp 
absorption edge has been observed for ZO at around 380 nm. 
As dopant concentration increased, significant blue shifting 
of absorption edge has been observed towards the lower 
wavelength at 290 to 300 nm range for 5DZO and 10DZO 
films as shown in figure 6. These shifting are considered as 
the indicator of enhanced band gap for doped film samples. It 
was found that the absorbance initially decreased sharply and 
then decreased gradually for all the samples in the visible 
range. The decrease in absorbance with doping may be 
attributed to the decrease in the size of nanoparticles which 
ultimately widens the bandgap [30]. 

Film thickness can be measured from optical reflectance 
data. If &� and &� are the refractive indices at two adjacent 
reflectance maxima (or minima) at the wavelength λ1 and λ2, 
respectively, then by Swanepoels method [31] film thickness 
d can be measured from the following equation. 

d �
()(�

�(*)(��*�())
                                    (2) 

The determined film thickness of all the samples has been 
enlisted in the Table 2. The optical band gap (Eg) for the 
deposited films was calculated on the basis of spectral 

absorption for ZnO type direct band gap material using the 
Tauc’s relation as follows: 

αhυ � (hυ "  Eg�)
�                            (3) 

Where hυ is the incident photon energy, A is constant and 
hence the band gap has been calculated by extrapolating the 
linear region of the plots �αhυ�2 versus h0 on the energy axis 
as shown in figure 7 (a-d). The optical band gap of material 
depends on many properties like thickness, defects, absorption 
co-efficient and type of materials [32]. The material with high 
band gap is useful for solar cell application [33]. 

The optical band gap significantly increased for 5DZO, 
10DZO and 15DZO films (Eg=3.95, 4.0 and 3.8 eV 
respectively) compared to ZO (3.36 eV). Such widening of 
optical band gap with multi- element doping where an 
enhancement of n type carrier concentration occurred in ZnO 
structure due to (Fe3+ doping) can be well described by 
Burstein–Moss effect [33-35]. By enhancement of n type 
carrier concentration with doping; absorption edge forms at 
much shorter wavelengths than intrinsic samples and lowers 
the Fermi level down into the conduction band which widens 
band gap. This is the well-known as Burstein–Moss effect. 

 

Figure 5. UV-vis transmission spectrum of ZO, 5DZO, 10DZO and 15DZO films. 
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Figure 6. UV-vis absorbance spectrum of ZO, 5DZO, 10DZO and 15DZO 

films. 

 

Figure 7. Plot of (1 20 )2 versus incident photon energy (h0 ) for (a) ZO, (b) 

5DZO, (c) 10DZO and (d) 15DZO films. 

The refractive index and extinction coefficient of these 
films were determined using transmittance and reflectance 
measurements. Figure 8 shows the refractive index spectrum 
of both doped and undoped samples. The refractive index, (n) 
has been calculated using the relation [36]. 

n � ���3�
��43� � 5 �3

��43��46�                        (4) 

As well as, refractive index is found to decrease with the 

addition of Ba, Sr, Mn, Fe and Ni dopants. This may be due 
to the change in crystallite size, stoichiometry and internal 
strain with the addition of various sizes dopants to the Zn-O 
network [37, 38]. It has been observed that an overall 
decreasing trend for the refractive index with the photon 
energy shifting to the higher value that is towards the lower 
value of wave length. It has been found for all the samples 
that an overall increase in the refractive index towards the 
larger wavelength in the visible region. 

 

Figure 8. Refractive index versus wavelength for ZO, 5DZO, 10DZO and 

15DZO films. 

4. Conclusion 

This experiment highlights the effects of five elements 
equimolecular ratio doping on the structural, morphological 
and optical characteristics of pure and doped 
(BaxSrxMnxFexNix) Zn1- 5xO (where x=0, 0.01, 0.02 and 
0.03) spray deposited thin films. As the multi-component 
(BaxSrxMnxFexNix) Zn1-5xO structure for the first time 
ever reported in literature; easier and effective synthesis route 
selection was a crucial issue to proceed the work. To meet 
this challenge, selection of spray pyrolysis method for film 
deposition is appropriate as multiple dopants penetration into 
the lattice is easier in this method. No impurity phase 
presence in the XRD data interprets ZnO wurtzite phase 
lattice formation with multiple dopants in the structure. 
Single ZnO wurtzite phase stabilization even for high 
concentration doping in 15DZO film is evidence of entropic 
influence in the nanostructure. In addition, sluggish diffusion 
phenomenon in crystal growth stage due to multicomponent 
doping effects is supposed to be another factor in single 
phase stabilization of ZnO class CCCs. Afterwards, the 
comparative structural analysis showed good crystallinity, 
homogeneous flake and nanowire shaped particles were 
found in 5DZO compared with other films from XRD and 
SEM results. Very good optical transparency, band gap 
widening and increased optical conductivity were noticed in 
doped samples; especially in 5DZO film (%T=98, Eg=4.0 
eV). This composition has vast potentiality to be employed in 
semiconductor that could be operated at much higher 
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voltages, frequencies and temperatures other than 
conventional Si-based semiconducting material. Though for 
higher doping transmittance value decreased, conduction of 
post annealing after film deposition might retain higher 
transmittance level. To conclude, the wide compositional 
space of CCCs needs to be extensively explored yet to open 
the possibilities of establishing noble category materials of 
supreme structural and functional properties in this context. 
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