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A B S T R A C T   

Zinc oxide films with and without barium-doping have been prepared by the SILAR technique at 
different concentrations (1 mol%, 3 mol%, 5 mol% and 7 mol%) of Ba content on glass slides. The 
effects of the concentration of barium doped zinc oxide (BaZnO) were characterized using x-ray 
difffractometry (XRD), scanning electron microscopy (SEM), energy dispersive x-ray spectroscopy 
(EDX), transmission electron microscopy (TEM), selected area electron diffraction (SAED) tech-
niques, ultraviolet–visible spectroscopy and photoluminescence (PL) studies. The structural 
studies using XRD plots confirmed the polycrystalline nature of ZnO films. The Ba doped ZnO 
films deposited were found to have strong orientation at (002) lattice plane which exhibited 
polycrystalline hexagonal wurtzite structure. TEM and SAED results confirmed the morphological 
and structural properties of the films. The SEM showed that the grain size of the films increased as 
a result of increase in the concentration of barium doping. EDX results confirmed the elemental 
presence of the films. An increase in the Ba concentration showed a decrease in the optical band 
gap values between 3.41 eV and 3.19 eV. PL studies confirmed the presence of defects in the ZnO 
films.   

1. Introduction 

Zinc oxide (ZnO) has been synthesized and characterized by researchers for many years due to its unique properties of wide band- 
gap, optical transparency, high binding energy of excitons and optical transparency in the visible region [1]. At 300 K, ZnO as a 
semiconductor has a wide band gap of 3.37 eV [2]. Due to its wide band gap, ZnO thin films have been utilized in optoelectronic 
devices [3–6], photo-thermal conversion systems, blue/UV light emitter devices, solid state sensors, transparent electrodes, hetero-
junction solar cells etc. [7–12]. The applications of undoped zinc oxide thin films are limited. This has led to the addition of dopant ions 
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to ZnO thin films to obtain varying melting points, band gaps and optical absorbance via different deposition techniques. 
Specialized techniques such as RF magnetron sputtering [13], chemical vapour deposition [14], chemical bath deposition [15], 

pulsed laser deposition [16], spray pyrolysis [17], sol-gel process [18,19], chemical co-precipitation [20], hydrothermal [21], ul-
trasonic irradiation assisted solution route [22], solid-state reaction [23], successive ionic layer adsorption and reaction (SILAR) [24, 
25] etc. have been employed to synthesize ZnO nanostructured thin films. SILAR technique is therefore a preferred deposition tech-
nique due its low cost, uniform film deposition and simplicity. Furthermore, this technique requires low temperatures and facilitates 
large-area deposition [26]. ZnO doped with Ba is a technological material used in varistors and in the guiding layers of liquid sensors 
[27]. Barium was chosen as a dopant because of its stable current-voltage properties, useful for producing optoelectronics and 
miniaturized devices in the nanoscale [28]. Despite having the same valence electron with the host atom, the ionic radius of barium 
makes it able to substitute itself into the lattice of the ZnO during the doping process. The doping of ZnO with Ba creates crystalline 
structures with smooth surfaces and low density, which also have the ability to absorb internal stress [29]. Doping with barium helps to 
reduce the energy bandgap and increase the separation of charges in ZnO nanoparticles [30]. 

This paper investigates the effect of varying percentages of barium (Ba) as a doping material on zinc oxide (ZnO) thin films syn-
thesized by a simple yet effective SILAR technique, using ZnSO4⋅2H2O and BaCl2 as precursor materials. Comprehensive discussion 
from the XRD, TEM, SAED, SEM, EDX, UV–vis spectroscopy and PL results have been presented. The obtained results would be 
beneficial in optoelectronics device applications. 

2. Details of experiments 

2.1. Substrate cleaning 

For deposition of ZnO films on glass slides, SILAR technique was adopted. The clean glass slides (micro slide-25.4 mm 
wide � 76.2 mm lengths and thickness 1mm-1.2 mm) were soaked in acetone (to degrease the substrates from any possible stains) for 
30 min, ultrasonicated for 20 min and rinsed in distilled water. Finally, they were dried in a thermo-blast furnace for 20 min at 60 �C. 
The cleaned glass slides were gently safe guarded in a clean glass slide pack and ready for use. 

2.2. Synthesis procedure 

For depositing the undoped ZnO film, 0.8 M of hydrated zinc sulphate (ZnSO4⋅2H2O) was prepared with aqueous ammonia 
(NH4OH, 29%) and 50 ml of distilled water. The aqueous solution was then stirred thoroughly on a magnetic stirrer for about 20 min to 
allow for complete dissolution in order to produce a colourless aqueous solution of [Zn(NH3)4]2þ (Zinc(II) tetra-amine ion) cationic 
precursor. The aqueous ammonia added to the resultant mixture helped to moderate the pH solution to 8.1. For the growth of ZnO 
(intrinsic semiconductor) films, 40 cycles were carried out in each case. 

For the synthesis of Ba-doped ZnO (BaZnO) (extrinsic semiconductor) thin films, a measured amount of barium chloride (Bacl2) was 
added to the initial solution in a separate beaker. In order to determine the effect of varying percentages of barium (Ba) as a dopant on 
ZnO thin films, we conducted the experiments at five different concentrations. Ba2þ ions were added to the deposition beakers at 1 mol 
%, 3 mol%, 5 mol% and 7 mol%. 

The summary of the procedure for depositing the ZnO films at 40 cycles are: 
The clean glass slides (substrates) were dipped in the complex aqueous of zinc (II) tetra-amine ion [Zn(NH3)4]2þ (cationic pre-

cursor) kept at room temperature for 30 s. Immediately the precipitates were formed, the substrates were immersed in distilled water at 
room temperature for 30 s. The substrates were dipped in hot distilled water bath maintained at 70 �C–80 �C for 30 s to adsorb oxygen 
and generate ZnO. The glass slides were afterwards dipped for 30 s in distilled water at room temperature in order to separate the 
counter ions S04

2� from loosely precipitated Zn(OH)2 grains as shown in Fig. 1. 

Fig. 1. Experimental set up for the SILAR technique adopted.  
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2.3. Reaction equations 

From equation (1)–(5), it exemplifies a chemical reaction connected with both the undoped and doped process: 
Un-doped process: 

ZnSO4:2H2Oþ 2NH4OH → ZnðOHÞ2 þ ðNH4Þ2SO4 þ 2H2O (1)  

ZnðOHÞ2 þ 4NH3:H2O →
�
ZnðNH3Þ4

�2þ
þ 2OH� þ 4H2O (2) 

It was deduced from the process of the anionic reaction, complex aqueous solution of zinc (II) tetra-amine ions, broke up with Zn 
(OH)2 precipitation: 

�
ZnðNH3Þ4

�2þ
þ 4H2O → ZnðOHÞ2 ↓ þ4NH4 þ 2OH� (3) 

Therefore, 

ZnðOHÞ2 → ZnOþ H2O (4) 

Doped process: 
�
ZnðNH3Þ4

�2þ
þ BaCl2:2H2O →

�
ZnBaðNH3Þ4

�2þ
þ Cl2 þ 2H2O (5)  

2.4. Characterisation 

XRD, TEM, SAED, SEM, EDX and UV–Vis analyses were performed in order to figure out the structural, morphological, elemental 
compositions and optical analysis of the undoped and doped ZnO films. A D8 advanced X-ray diffractometer was used to obtain the 
crystal structures of the films over a scanning range of 2θ ¼ 10 � 90 � while a Zeiss scanning electron microscope was used to obtain 
the film morphologies. TEM micrographs and SAED patterns were obtained using a Tecnai G2 F20 S-Twin High Resolution Trans-
mission Electron Microscope (HRTEM) operated at 200 kV. The optical analysis of the films was determined using Shumalzu UV-1800 
spectrophotometer at room temperature over the range of 200–1000 nm. Photoluminescence (PL) spectroscopy was carried out using 
an F-7000 FL spectrophotometer model at a chopping speed of 40 Hz. 
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Fig. 2. The XRD pattern for undoped ZnO and Ba-doped ZnO a) for all the diffraction peaks b) for the (100) diffraction plane c) for the (002) 
diffraction plane. 
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3. Results of the experiment and discussion 

3.1. Structural characterisation 

Crystallographic analysis of ZnO films was determined using XRD technique. Fig. 2 shows the XRD plots of the undoped ZnO 
(intrinsic semiconductor) and barium-doped ZnO (extrinsic semiconductor) films at different dopant concentrations. Several 
diffraction peaks were noticed as in Fig. 2(a). These diffraction peaks show the polycrystalline nature of the films [31]. 

The x–ray diffractograms were used to confirm the presence of the dopant: barium in the lattice plane of ZnO. For the Ba-doped ZnO 
(BaZnO) (extrinsic semiconductor) films, prominent peaks were showed at 2θ  ¼ 31.7�, 34.5�, 36.3�, 47.6�, 56.7�, 62.8� and 67.8�

which corresponds to (100), (002), (101), (102), (110), (103) and (112) lattice planes respectively compared to the undoped ZnO films 
which showed less number of peaks. An increase in Ba concentration showed an increase in peak intensity at the (002) plane for all the 
deposited films. The undoped film recorded maximum peak intensity at the (100) plane with no peak seen at the (002) plane. The 
lattice planes at (100) and (002) have been zoomed in Fig. 2(b and c) to show the peak broadening and slight peak shift experienced 
upon doping with barium. The most intense peak at the (002) plane has been put as Fig. 2(c) to show the peak broadening and evidence 
of peak shifting due the dopants. This result shows that Ba atoms act as donors in ZnO films thereby donating extra valence electrons to 
the conduction band of the semiconductor. This provided excess electrons to the undoped ZnO thereby making it an n-type 
semiconductor. 

Table 1 shows the different parameters obtained from the XRD plots. Scherrer’s equation was used to obtain the average crystallite 
size [32,33]: 

D ¼
0:9λ

βcosθ
(6) 

Where λ is the wavelength, θ is the Bragg’s diffraction angle and β is the full width at half maximum. The undoped crystallites 
presented a much higher crystallite size than those of the Ba-doped samples. The crystallite sizes of the ZnO at different dopant 
concentrations ranged from 30.4 to 33.6 nm. The separation between parallel atomic planes referred to as inter-planar distance, d, was 
obtained using equation (7) [34]. 

d ¼ λ=2 sin θ (7) 

The lattice strain, ε, which is due to deformities and inhomogeneity of the film was obtained using equation (8) [35]. 

ε ¼ β=4 tan θ (8) 

The dislocation density was obtained using equation (9) [36]. 

δ ¼
1

D2 (9) 

There was a sharp decrease in crystallite size from 82.22 nm for the undoped ZnO to 30.43 nm for Ba-doped ZnO at 1 mol% owing to 
the dopant introduction. However, slight variations in the crystallite sizes have been observed at different dopant concentrations of the 
films as seen in Table 1. 

Transmission electron microscopy (TEM) has been adopted to confirm the shape, size and hexagonal crystal structure of the 
deposited films. The TEM micrographs and SAED patterns are shown in Fig. 3. TEM technique was used to further explain the 
morphology of the barium-doped nanoparticles. The particles showed capsule-like morphology with similar sizes as the 31 nm average 
calculated from the Debye-Schrerrer’s equation. Smaller particles with sizes less than 10 nm and some agglomerations were also 
observed. The TEM analysis therefore confirms that the deposited samples are nano-sized particles. A selected smaller area was used to 
obtain intense reflections which are seen in the SAED images in Fig. 3. The indexing in red colour corresponds to the wurtzite structure 
of zinc oxide upon doping with barium. The average d-spacing obtained from the visible lattice fringes for the 3%, 5% and 7% were 
0.292 nm, 0.270 nm and 0.253 nm respectively. An increase in the grain size of the particles is seen as an increase in the intensity of the 
ring pattern. The weak diffused rings correspond to smaller grain sizes [37] which were also observed in the TEM images. {{}} 

3.2. Surface morphology and chemical compositions 

These micrographs showed that the surfaces of BaZnO films improved after the doping process. Relatively varying grain sizes were 

Table 1 
Crystallographic parameters of undoped ZnO and Ba-doped ZnO.  

Ba Concentration FWHM (o) D (nm) d (nm) ε (x10-3) δ (x10-4 nm-2) 

Undoped 0.1004 82.2167 0.281 1.539 1.48 
1 mol% 0.2733 30.4258 0.260 3.841 10.80 
3 mol% 0.2510 33.1290 0.260 3.528 9.11 
5 mol% 0.2727 30.4955 0.259 3.529 10.75 
7 mol% 0.2616 31.7807 0.260 3.685 9.90  
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observed upon introduction of different percentages of dopant. Fig. 4(a) shows an arrangement of highly dense and agglomerated 
undoped ZnO in bud-like form. Introduction of Ba dopant in smaller concentrations (1–3 mol%) produced more evenly dispersed 
nanostructures with no change in the budlike shape. Further increase in the concentration (5–7 mol%) revealed the formation of 
nanocapsules. 

The number of cycles plays a huge role in the agglomeration rate of the nanoparticles. As illustrated in Fig. 5, sparsely distributed 
nanostructures were formed during the growth process. Increasing the number of cycles results in more densely packed nanostructure 
while increasing the film thickness. In our case, 40 cycles produced highly agglomerated nanoparticles with increased sizes at varying 
dopant concentration. 

The compositions of the elements of ZnO films were studied using EDX as shown in Fig. 6. For all samples, zinc element has a higher 
ratio when compared to oxygen (O) element. The peaks of silicon originated from the glass substrate. The EDX spectra showed the 
presence of Zn and O which indicates the deposition of ZnO. Apart from the key elemental composition, the appearance of other 
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Fig. 3. Low magnification transmission electron micrographs of a) 3% b) 5% c) 7% barium-doped ZnO thin films. Corresponding SAED patterns are 
shown on the right hand side. 
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elements such as silicon Si, C, and Ca was as a result of the glass substrates and the carbon adhesive used during the sample 
preparation. 

3.3. Optical properties 

The undoped ZnO thin film recorded the highest energy band gap value when compared with those doped with 1 mol%, 3 mol%, 
5 mol% and 7 mol% as shown in Fig. 7(a–e). As represented in Fig. 7(f), the band gap values of ZnO film decreased with increase in the 
percentages of doping. This decrease is because the dopant tends to increase the valence band of the ZnO film; thereby minimizing the 
amount of energy needed by the electrons to jump from the valence band to the conduction band. This decrease in band gap can be 
used to improve the visible light capturing in solar cell applications [38]. 

Fig. 4. SEM images of (a) undoped ZnO; Ba doped ZnO at (b) 1 mol%; (c) 3 mol%; (d) 5 mol% and (e) 7 mol%.  

Fig. 5. Growth formation of Ba-doped ZnO nanoparticles using SILAR method.  

Fig. 6. EDX graphs of (a) undoped ZnO; Ba-doped ZnO at (b) 1 mol%; (c) 3 mol%; (d) 5 mol% and (e) 7 mol%.  
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Fig. 8 shows the transmittance curves of the deposited films. The films presented relatively lower transmittance in the visible light 
region which increased towards higher wavelength regions. The highest transmittance was recorded for the Ba-doped ZnO at 1 mol%. 
Further increase in the dopant concentration showed a slight decline in the transmittance value because the increased dopant con-
centration increases the film thickness which hinders maximum penetration of incident light through the deposited films. 

The average refractive indices of 2.64, 2.62, 2.63, 2.64 and 2.45 in the visible light region (400 nm–700 nm) were obtained for the 
undoped ZnO, Ba-doped ZnO at 1 mol%, 3 mol%, 5 mol% and 7 mol% respectively (Fig. 9(a)). It has been reported that doping ZnO 
with Li using the spray pyrolysis technique produced refractive indices extending from 1.60 to 2.20 at 500 nm wavelength [39]. Fig. 9 
(b) shows that the extinction coefficient of the samples increased with an increase in dopant concentration. 

The optical absorbance was recorded by using a single beam spectrophotometer from the wavelength ranging from 350 nm to 1000 
nm shown in Fig. 10(a). From the graph, it is observed that absorbance of ZnO thin films decreased as the wavelength increased. The 
absorbance values were calculated with wavelengths in the range of 390 nm–1000 nm in the visible region. The results show that 7 mol 
% Ba-doped ZnO has the highest absorbance in the visible light region. Fig. 10(b) shows a plot of absorption coefficient (α) versus 
wavelength. It can be calculated from equation (10) [40]: 

α ¼ 2:303ðAÞ
t

(10) 

Where A is absorbance and t is the film thickness. From the graph in Fig. 10(b), it is observed that there is an increase in absorption 
coefficient with increased dopant concentration in the visible region. 

Fig. 11(a) shows optical reflectance spectra of different samples of ZnO thin films. It is observed that the reflectance of all the 
deposited thin films is relatively low. The lowest reflectance in the visible light region was observed at the highest Ba concentration 
(7 mol%). 

The change in optical conductivity with photon wavelength showed that the optical conductivity decreased with rise in the photon 
wavelength in the visible region as seen in Fig. 11(b). There was no observed trend to show the direct effect of increasing dopant 
concentration on the optical conductivity. 

The refractive index values were used to obtain some dielectric properties such as the lattice dielectric constant εL and plasma 
frequency ωp using the relation in equation (11) [41]. 

Fig. 7. Energy band gap for (a) undoped ZnO; Ba doped ZnO at (b) 1 mol%; (c) 3 mol%; (d) 5 mol% and (e) 7 mol%. (f) Plot of the decreasing 
bandgap with increased Ba concentration. 

Fig. 8. Transmittance spectra for ZnO and Ba-doped ZnO films.  
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n2 ¼ εL �
�

ω2
p

.
4πc2

�
λ2 (11) 

Where, n is the refractive index, εL is the lattice dielectric constant, ωpis the plasma frequency and c is the speed of light. A plot of n2 

against λ2 as shown in Fig. 12(a) yields εL as the intercept while ωp is calculated from the slope. Table 2 shows the calculated values of 
these parameters at different dopant concentrations. An increase in Ba concentration led to a near constant lattice dielectric constant 
while there was a decrease in the plasma frequency. This decrease in plasma frequency implies that there could be a decrease in the 
charge carrier density as the dopant concentration increases. The plasma frequency indicates the shift to a metallic behaviour from the 
dielectric property in materials. If the frequency of light incident on the material is greater than the plasma frequency, the light is easily 
transmitted through the material. Consequently, at lower incident light frequencies, the light will be reflected [42]. 

The oscillation energy Eo and dispersion energy Ed were obtained using the Wemple and Di Domenico model [43] in equation (12). 

n2ðhvÞ ¼ 1þ
EdEo

Eo
2 � ðhvÞ2

(12) 

A plot of ðn2 � 1Þ� 1 against ðhvÞ2 in Fig. 11(b) produces a slope and intercept of ðEdEoÞ
� 1andðEo=EdÞ, respectively, from which Ed and 

Eo were easily calculated and values represented in Table 2. Both the oscillation energy and the dispersion energy decreased with 
addition of the dopant as compared to the undoped ZnO, and in turn increased with an increased concentration. This is in contradiction 
with [42] which attributes the decrease in Eo to a decrease in energy band gap Eg. 

3.4. Photoluminescence spectroscopy 

Photoluminescence studies give insight into intrinsic point defects like oxygen vacancies, interstitial zinc etc in ZnO. Fig. 13 shows 
the room-temperature photoluminescence (PL) spectra of the undoped and Ba-doped ZnO films under an excitation of 378 nm. As free 
excitons recombine with each other, emissions due to defects are evident from the three emission peaks seen in the visible region of the 
PL spectra [44]. 

The Ba-doped ZnO samples have overlapped spectra patterns in the visible region. The samples show weak emission peaks near 

Fig. 9. (a) Refractive index; (b) Extinction Coefficient for ZnO and Ba-doped ZnO films.  

Fig. 10. (a) Absorbance; (b) Absorption coefficient for ZnO and Ba-doped ZnO films.  

Fig. 11. (a) Reflectance; (b) Optical Conductivity for ZnO and Ba-doped ZnO films.  
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435 nm and strong emission peaks at increasing wavelengths. An increase in the luminous intensity at 528 nm could be due to the 
density of radiative centres and better crystalline nature of the films as confirmed from the SEM and XRD patterns [45]. The decrease in 
the luminous intensity could be attributed to the size of the ZnO nanoparticles and the doping concentration [46]. The broad emission 
is due to the surface excitons on the ZnO nanoparticles. The two strong emission bands observed at 528 nm and 642 nm could be due to 
intrinsic defects like radiative recombination in the oxygen centres and zinc interstitial respectively [44,47]. Emissions could also be 
due to the transition of electrons from the ionized oxygen vacancies level to the valence band. The overlapped PL spectra for the doped 
samples follow similar trend with the undoped sample but at varying intensities. The noticeable increase in the PL spectra of the doped 
samples at 528 nm upon introduction of the Ba dopant as compared to the undoped sample could be likened to increased defect level in 
the material [44]. 

4. Conclusion 

Undoped and Ba-doped ZnO thin films with different molar concentrations of Ba have been successfully synthesized and charac-
terized. The films showed a preferential orientation of (002) plane, which are polycrystalline in nature as confirmed from XRD studies. 
The SEM images indicated that the grain size, thus the roughness, increased in proportion with Ba doping level. EDX spectra confirmed 
the presence of the basic elements deposited. TEM and SAED results confirmed the structural and morphological properties of the films. 
Optical analysis showed that an optical band gap of ZnO films (undoped and doped) reduced from 3.41eV to 3.19 eV with increased Ba 

Fig. 12. Plots (a) n2 vs λ2and (b) (n2-1)-1 vs (hv)2 for calculating the dielectric and optical dispersion parameters, respectively.  

Table 2 
Summary of the optical constants and dispersion parameters of ZnO and Ba-doped ZnO at different molar concentrations.  

Dopant concentration (M%) N Eg (eV) ωp(105 s-1) εL Ed (eV) Eo (eV) 

Undoped 2.64 3.41 3.47 6.955 221.04 36.78 
1 2.62 3.39 7.40 7.006 78.04 13.63 
3 2.63 3.27 6.27 7.012 98.85 17.05 
5 2.64 3.25 5.27 7.046 124.67 20.92  
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Fig. 13. Photoluminescence spectra of the undoped and Ba-doped ZnO.  

C.C. Okorieimoh et al.                                                                                                                                                                                                



Superlattices and Microstructures 130 (2019) 321–331

330

dopant concentration. When Ba molar concentration was increased, there was a decrease in the plasma frequency which showed a 
decrease in both the oscillator and the dispersive energies. PL studies confirmed the presence of defects in the undoped and doped ZnO 
films. The films could find application in optoelectronic devices. In summary, this study reveals the ability to adjust the optical pa-
rameters of ZnO by varying the barium dopant concentration. 
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