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 Abstract 

Impact of annealing on structural, morphological, elemental, electrical, and optical properties of 

bilayer ZnO/Al2O3 films has been investigated. Bilayer films have been deposited on microscope 

slides by ultrasonic spray pyrolysis method at 350°C substrate temperature. Then, those films 

have been annealed at 400°C, 500°C, and 600°C under atmospheric conditions, respectively. 

Structural analysis has revealed that bilayer films have polycrystalline with hexagonal wurtzite 

structures of ZnO. Also, there is no other structures have been found like Zn-Al, etc. 

Morphological and elemental analyses have been presented that the alterations of surface, and 

diffusions of Al to ZnO layer. Cross-sectional images have revealed the film thicknesses are 

between 0.78-1.56 m. Resistivity values of the films have been obtained between 6.78x101 ohm-

cm to 3.29 x101 ohm-cm. Optical method has been used for the calculation of optical band gap 

values of the films which are found between 3.17-3.25 eV. The results have revealed that 

annealing leads to diffusion from the bottom layer of Al2O3 of the material to the upper layer, 

ZnO. In addition, the properties of ZnO/Al2O3 films are still the focus of researchers. 
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1. INTRODUCTION 

Bilayers or otherwise known as “laminates” at nano or micro scale films come out of alternating layers as 

metal oxides [1].  This layer-by-layer structured film design reveals unique properties according to single-

layer film structures like electrical, optical, morphological, and photocatalytic properties. Each layer can 

have a specific thickness that arranges the film behavior. This bilayer film structure consists of different 

metal oxides like ZnO, ZnS, TiO2, Al2O3, Fe2O3, CuO, etc, and can be used in many application areas like 

optoelectronic devices, solar cells, photocatalysis as a result of the unique properties of each structure [5-

9]. In particular, bilayer films combined with these metal oxides are intended for use in optoelectronic 

applications. Among them, bilayer structures consisting of ZnO and Al2O3 layers have been attracting 

attention, recently [10-13]. Due to the optical properties like high transparency of ZnO and high specific 

surface area of Al2O3 layers, ZnO/Al2O3 bilayer/laminate films are especially useful for optical coatings 

[14, 15]. 

ZnO/Al2O3 bilayer films and derivatives can be produced by many techniques such as chemical vapor 

deposition (CVD), atomic layer deposition (ALD), sol-gel dip coating, and ultrasonic spray pyrolysis (USP) 

techniques [16-22]. However, production of bilayer ZnO/Al2O3 has been studied by few works and few 

production methods [23-26]. Ultrasonic spray pyrolysis is a low-cost, easy-used technique that enables to 

production of homogeneous films on different types of substrates in large areas. Also, this technique does 

not require vacuum, which is a great advantage. Adjustable production parameters like molarity of spraying 

solution chemicals, the flow rate of spraying, solutions, type of solvents such as alcohol and/or pure water, 

substrate temperature, and configurable spraying nozzle to substrate distance are other advantages of USP 

technique. However, the possibility of layered film production with USP and the fact that the studies in this 
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field are quite up-to-date and few contribute to the originality of the research to be conducted in the related 

field [27, 28]. 

In general, research is focused on the production and characterizations of optoelectronic, morphologic, and 

electrical properties of layered films by combining metal oxides. However, it is well known that annealing 

has great effects on layered film properties as in single-layered films. The crystallinity level, crystallite 

sizes, dislocations, and phase transformations may occur in the structure after the annealing process [2, 29]. 

According to production parameters like temperatures, chemicals, type of solvent, etc., it is well known 

that the crystallization of ZnO can occur at different phases with the effect of annealing while Al2O3 needs 

higher production temperatures [30-32]. 

Despite the importance of layer-by-layer films in optoelectronic applications, no study focusing on the 

investigation of some physical properties of “annealed double-layer films produced by ultrasonic spray 

pyrolysis” has been encountered so far. Hence, the present work focuses on investigating and determining 

the effect of annealing on structural, morphological, elemental, and optical alterations of bilayer ZnO/Al2O3 

film produced by USP technique.  

2.MATERIALS AND METHODS 

Ultrasonic spray pyrolysis technique has been used for the production of ZnO/Al2O3 bilayer films on 

microscope slides. Glass substrates have been cleaned with detergent, ultra-pure water (≥15 MΩcm), and 

ethanol before the film production, respectively. 0.1 M Zn[(CH3COO)2Zn.2H2O] (purity ≥99.999%, Sigma 

Aldrich) and Al(NO3)3.9H2O (purity ≥98%, Sigma Aldrich) have been used as a chemical source of 

spraying solution in ultra-pure water. These chemical solutions have been stirred for 30 minutes at room 

temperature and sprayed onto 350°C preheated microscope slide substrates, respectively. To create a bilayer 

structure, firstly, the aluminum solution has been sprayed onto microscope slides. Then, the zinc solution 

has been sprayed on the first/bottom layer that cooled down, in order to grow the ZnO layer. Flow rate of 

the solutions has been kept at 5 ml/min and controlled by a flowmeter during the spraying. Also, for 30 

minutes using an ultrasonic nozzle total of 150 ml of starting solutions have been sprayed for each layer 

under the 1 bar air pressure as a carrier gas. After the bilayer film production, ZnO/Al2O3 film have been 

annealed at 400°C, 500°C, and 600°C, respectively in an atmosphere-controlled furnace.  

The structural alterations of as-deposited and annealed ZnO/Al2O3 films have been studied by using Bruker 

D8 Advanced diffractometer (XRD) with CuK (1.5418 Å) radiation in the 20º≤2≤80º range. The surface 

morphology, cross-sectional images with film thicknesses, and changes in the elemental distributions have 

been investigated by Jeol JSM 6060LV scanning electron microscope (SEM) and Energy Dispersive X-ray 

Spectrometer (EDX, IXRF system). Optical properties have been analyzed by Shimadzu UV-Visible model 

2600 spectrophotometer in the range of 200 nm to 800 nm. Optical band gap values of all films have been 

obtained by an optical method. The resistivity measurements have been performed via van der Pauw method 

with square-shaped (1x1 mm2) samples and ohmic contacts in the corner. Electrical contacts have been 

used for confirming the ohmic behavior by the current-voltage characteristics. The measurements have been 

made at room temperatures using Lakeshore Hall effect measurement system (HMS). The data have been 

analyzed using the QMSA technique. For simplicity, the films are coded as Z/A-As, Z/A-400, Z/A-500, 

and Z/A-600 according to the as-deposition and annealing temperature.  

3.RESULTS AND DISCUSSION 

XRD graphs of bilayer Z/A-As, and annealed Z/A-400, Z/A-500, and Z/A-600 films have been shown in 

Fig.1. XRD graphs present several diffractions at different intensities (remarked with a line equal to 1000 

counts) that are well matched with the peaks related to the ZnO (ICDD: 36-1451). These several diffractions 

show the polycrystalline nature of the films. However, no diffraction belonging to the Al phases has been 

seen in the XRD pattern that is related to its crystallization behavior at high temperatures. Peaks specified 

diffracted from (100), (002), (101), (102), (110), (103), (200), (112), and (201) planes present the hexagonal 

wurtzite structure of ZnO. Research in the literature made by Tuzemen et.al. has presented almost a similar 

behavior for the crystallization of ZnO structure on Al2O3 coated glass substrates by RF magnetron sputter 

technique [14].  
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Figure  1. XRD patterns of as-deposited and annealed bilayer ZnO/Al2O3 films 

From Table 1, it can be seen that the diffraction angles (2), intensities (I), interplanar spacing (d) with 

ICDD values, and  full width half maximum) values of three intense diffraction peaks that present the 

alterations in the crystal structure according to annealing temperature. Among the three most intense peaks, 

the (002) diffraction plane has a higher crystallinity level after the as-deposited ZnO/Al2O3 film has been 

annealed at 400°C. However, all peaks exhibit the increasing peak intensity that indicates the improving 

crystal quality with the effect of annealing at 400°C. After the annealing temperature reaches 500°C, bilayer 

film presents almost the same crystalline behavior although the decreasing peak intensities. Nevertheless, 

when the annealing temperature reaches 600°C, the dominance of (101) diffraction plane increased and 

changes the crystal structure.  In Table 2, the data such as texture coefficient (P), the crystallite size (D), 

and dislocation density () values related to three major peaks have been given as a result of the 

mathematical calculations [33-35], and explanations on the subject are brought in below.   

As seen in Table 2, calculations have revealed that Z/A-As, Z/A-400, and Z/A-500 films present the 

preferential orientation (P) remarked with bold type, through the (002) diffraction plane. When the bilayer 

Z/A-As film was annealed at 600°C, a sudden change occurred, and preferential orientation transform to 

the dominant growth directions through the (100) and (002) planes. These type changes indicate the co-

growth of different phases in the crystal structure after the annealing process of bilayer film at 600°C. It 

can be seen from Table 2 that the crystallite sizes (D) have been changed between 31-39 nm that presenting 

the fluctuations in the crystallite sizes as a result of annealing. In another word, annealing at 400°C has 

caused a decrease to 34.83 nm in crystallite size while annealing at 500°C has caused an increase to 37.33 

nm, and also at 600°C a decrease again to 31.52 nm. These fluctuations of crystallite sizes indicate the 

variable grain boundaries and so the number of defects in the film structure. 
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Table 1. Structural parameters of as-deposited and annealed bilayer ZnO/Al2O3 films 

 

Dislocation density values are seen in Table 2 and Fig 2 together with variations in crystallite sizes. From 

these values and images, it can be seen that the as-deposited film has minimum dislocation value according 

to annealed ones. Also, the highest annealing temperature has led to higher dislocation density values and 

so deteriorated crystal structure. It is estimated that the dislocation density increases due to the increase in 

the grain boundary per unit area while the crystal sizes decrease. This situation indicates transformations 

from compressive to tensile movements in the structure.  

Table 2. Calculated structural parameters of as-deposited and annealed bilayer ZnO/Al2O3 films 

 

 

 

Sample 
Miller 

Indice 
2º 2º I I d (Å) d0 (Å) º

Z/A-As 

(100) 31.835 31.772 1755 58 2.8088 2.8143 0.289 

(002) 34.438 37.422 2631 45 2.6021 2.6033 0.209 

(101) 36.312 36.253 2006 101 2.4720 2.4759 0.305 

         

Z/A-400 

(100) 31.835 31.772 2384 58 2.8088 2.8143 0.284 

(002) 34.517 37.422 3539 45 2.5964 2.6033 0.239 

(101) 36.351 36.253 2936 101 2.4695 2.4759 0.307 

         

Z/A-500 

(100) 31.914 31.772 2181 58 2.8020 2.8143 0.268 

(002) 34.596 37.422 3307 45 2.5906 2.6033 0.223 

(101) 36.371 36.253 2627 101 2.4682 2.4759 0.264 

         

 

 

Z/A-600 

(100) 31.775 31.772 2141 58 2.8139 2.8143 0.178 

(002) 34.418 37.422 2059 45 2.6036 2.6033 0.264 

(101) 36.253 36.253 2334 101 2.4759 2.4759 0.240 

Sample P D (nm) (line/nm2) ohm-cm)

 

Z/A-As 

0.82587 28.60 1.22E-03  

1.63204 39.82 6.31E-04 6.78 E+01 

0.54209 27.43 1.33E-03  

     

Z/A-400 
0.81877 29.11 1.18E-03  

1.60218 34.83 8.24E-04 7.59 E+01 

0.57905 27.25 1.35E-03  

     

Z/A-500 
0.81291 30.85 1.05E-03  

1.62479 37.33 7.17E-04 5.3 E+01 

0.56229 31.69 9.96E-04  

 

 1.03673 46.43 4.64E-04 

 

Z/A-600 1.31426 31.52 1.01E-03 3.29 E+01 

 0.64902 34.85 8.23E-04  
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Figure  2. Variations of crystallite sizes and dislocation density values belonging to the (002) diffraction 

plane 

Plan-view surface morphologies of Z/A-As, Z/A-400, Z/A-500, and Z/A-600 films have been investigated 

at X2500 and X5000 magnifications that are given in Fig 3 (a-h). Micrographs taken at X2500 

magnification (Fig. 3 a-d) of all films exhibited agglomerations, cavitied areas, root-like formations, and 

cracks (indicated with red lines in Fig. 3 a), f), e), and d), respectively) especially film annealed at 600°C. 

Micrographs that have been taken at X5000 (Fig. 3 e-h) show the details of the film surface and these 

formations. For example, cavitied areas can be associated with droplet trails coming from spraying. 

However, root-like formations are associated with the temperature difference between the layers of film, 

evaporation of solvent during the production process, and losing the hydroxyl/alkoxy groups as a result of 

the heating process of this method in the literature and also been detailed in our earlier study [19, 36-39]. 

Cracks, as seen in the film annealed at 600°C, indicate structural deformations under the effect of higher 

annealing temperatures. To investigate these cracks, detailed images in different locations of the film have 

been taken. Results present the increasing crack formations (Fig. 3 d inset) in some regions accompanied 

by (Fig. 3 h inset) shrinkage. This situation may be correlated with the high thermal annealing temperatures 

and the loss of chemicals in the structure.   

 

Figure  3. Plan-view SEM images of as-deposited and annealed bilayer ZnO/Al2O3 films 

Cross-sectional SEM images of Z/A-As, Z/A-400, Z/A-500, and Z/A-600 films have been analyzed to 

determine the approximate film thicknesses and are given in Fig. 4 (a-d). From these figures, the average 

approximate thicknesses of all films have been determined as 1.25 m; 776 nm; 1.49 m; and 1.56 m, 

respectively for Z/A-As, Z/A-400, Z/A-500, and Z/A-600 films. The decreasing thickness values for film 

annealed at 400°C may be associated with surface morphology, decreased roughness, and perhaps 

manufacturing conditions. Other studies on this subject have revealed the smooth, and homogeneous 

nanoscale film surface morphology, and thickness obtained from SEM and TEM images [14, 40-42]. 
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However, it should be taken into account that the studies on ZnO/Al2O3 films have been exhibited by 

expensive vacuum production systems using gas-phase precursors, unlike spray pyrolysis.  

 

Figure  4. Cross-sectional SEM images of as-deposited and annealed bilayer ZnO/Al2O3 films 

EDX analyses have been implemented on ZnO/Al2O3 films to understand the elemental behavior of layers 

after annealing. In figure 5, elemental investigations related to the Zn, Al, and O elements have been 

attempted to be determined from layers of ZnO/Al2O3 film numbered as 1, 2, and 3 points. It should be 

noted here that the layers have been selected and produced as Al2O3 on the bottom layer and ZnO on the 

upper layer during the spraying. Accordingly, 3 different points have been tried to be investigated for EDX 

analyses so as to be two layers and one junction region of films. 

 

Figure  5. EDX analysis regions of as-deposited and annealed bilayer ZnO/Al2O3 films 

Atomic weights (at %) of Zn, Al, and O elements from these points are listed in Table 3. From these selected 

points in the figures and analyzed results given in Table 3, it can be said that the 1st points present the 

decreasing zinc (Zn) concentrations under the effect of increasing annealing temperature. However, 

aluminum (Al) concentrations at these points are increasing with the increasing temperature. In the 2nd 

points, which we call the junction region, it can be seen that the Al concentrations are higher than in the 

first point which indicates the ZnO layer and increasing these values with annealing temperature as 

determined in the first points. Unlike the first points, a higher amount of Al concentration has been 

determined in these points, which can be attributed to the closeness of the junction region to the bottom 

aluminum layer. Considering the 3rd points, small concentrations of zinc have been determined. This can 

be attributed to the thickness/closeness of the layers and/or low precision of EDX measurement. 
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Consequently, it can be interpreted that all data indicates a higher amount of Al diffusions from the bottom 

layer to the top ZnO layer as a result of increasing annealing temperature.   

Table 3. EDX measurement results of as-dep. and annealed bilayer ZnO/Al2O3 films. 

Materials As-dep. 400°C 500°C 600°C 

Elements  Zn Al O Zn Al O Zn Al O Zn Al O   

1st   

Points  

66.02 10.46 23.52 47.36 25.37 27.27 59.25 29.82 10.92 22.07 64.69 13.25 
  

2nd 

Points 

47.54 38.56 13.91 42.87 46.04 11.10 24.66 52.98 22.36 11.53 68.91 19.56 
  

3rh  

Points 

21.72 53.05 25.23 20.30 52.23 27.47 15.01 72.45 12.55 8.41 72.78 18.82 
  

 

Electrical resistivity measurement results of ultrasonic spray pyrolyzed ZnO/Al2O3 films have been listed 

in Table 2. These results indicate that the annealing of ZnO/Al2O3 films has caused a decrease in the 

resistivity values of the films from 6.78x101 ohm-cm to 3.29 x101 ohm-cm. In general, resistivity of the 

films is increased with decreasing crystallite sizes in the film due to the increasing grain boundary [43, 44]. 

In the current study, the resistivities of our films have almost the same values. Alterations in the coefficients 

could be associated with the structural changes as phase transformations from (002) to (101) diffraction 

planes, thicknesses of the films, surface morphology as porosity and/or roughness, defects in the film 

structure like Zn interstitials and O vacancies.  

Figure 6 presents the absorption spectra (a) and optical band gap of as-deposited and annealed ZnO/Al2O3 

films. Almost the same and constant absorbance values have been determined for all bilayer ZnO/Al2O3 

films throughout the 400-800 nm wavelength as seen in Figure 6 a). When it comes to short wavelengths 

an abrupt increase in the absorbance values indicates the fundamental absorption edges have been obtained 

between the 375-400 nm wavelengths. These absorption edges also indicate the optical band gaps of these 

films. However, in all films, only the annealed at 600°C film has revealed a distinctive absorbance behavior 

that shifts to the higher wavelength which presents the red shift of the absorption edge. This shift of the 

absorption edge indicates the lower energy level for optical band gap values of the ZnO/Al2O3 films 

annealed at 600°C. Optical band gap values of the ZnO/Al2O3 films have been calculated by the optical 

method as a result of absorbance spectra. From Figure 6 b), it can be seen that the films have 3.25 eV, 3.19 

eV, 3.21 eV, and 3.17 eV optical band gap energies for as-deposited, annealed at 400 °C, 500 °C, 600 °C, 

respectively. Determined optical band gap values present the decreasing energies for the films after the 

annealing according to as-deposited film and bulk ZnO which is important for optoelectronic applications. 

Also, obtained band gap results in the current study present decreasing values compared to the study 

performed by Tuzemen et. al. who found approximately 3.28eV band gaps for nano-thick films [14].   
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Figure  6. Absorbance spectra and bandgap from the plot of (αhν)2 as a function of photon energy (hν) of 

as-deposited and annealed bilayer ZnO/Al2O3 films 

 

4.CONCLUSION 

In this study, the attitude of ZnO/Al2O3 bilayer film produced by ultrasonic spray pyrolysis on microscope 

slides under thermal annealing has been investigated. Therefore, precursor solutions including aluminum 

and zinc have been sprayed on substrates, respectively.  In this process, the second layer has been produced 

by waiting for it to cool after the first layer is produced. After the production, ZnO/Al2O3 film was subjected 

to thermal annealing under atmospheric conditions at 400 °C, 500 °C, 600 °C, respectively. XRD analyses 

have presented the improved crystallinity until the annealing temperature reaches 600 °C. After that, Z/A-

600 film exhibited a decline in the crystal structure, with changing preferred orientation to dominant growth 

directions according to Z/A-As, Z/A-400, and Z/A-500 films. So, crystallite sizes and dislocation densities 

which are indicators of crystal quality and/or defects present the alterations at this annealing temperature 

as a result of phase transformation between (002) and (101) diffraction planes. Plan-view SEM images 

exhibit agglomerations, cavitied areas, root-like formations, and cracks on the surfaces especially film 

annealed at 600°C related to the higher temperature. EDX analyses revealed the elemental diffusion from 

the Al2O3 layer to the ZnO layer as the annealing temperature increased. Also, cross-sectional SEM images 

have shown the average thicknesses of all films between 776nm to 1.56 m. Resistivity values of the films 

from 6.78x101 ohm-cm to 3.29 x101 ohm-cm. Calculated optical band gap values of annealed bilayer films 

have shown that the decreasing values according to as-deposited ZnO/Al2O3 bilayer film is an expected 

situation for optoelectronic applications.  
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