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| ABSTRACT 

The investigation focused on studying the effect of annealing temperature on the surface morphology and crystalline structure 

of ZnO films. The Electron-beam evaporation method was used to prepare thin films of zinc oxide (ZnO) on glass substrates. 

The annealing process was conducted at temperatures of 200°C, 300°C, 400°C, and 500°C for the samples. The phase and crystal 

structure of the samples were determined using an X-ray diffraction (XRD) device. Additionally, the statistical parameters of 

surface roughness and morphological analysis of the layer's surface were calculated using an Atomic Force Microscope. The 

obtained results were analyzed using Gwyddion software and MATLAB coding. The x-ray diffraction analysis confirmed that the 

samples exhibit a similar pattern to the reference ZnO, and the crystallite size was found to be larger in the samples annealed 

at higher temperatures compared to those annealed at lower temperatures. The results obtained from both approaches were 

in excellent agreement, ensuring consistency in the characterization of surface roughness and indicating the presence of 

crystalline ZnO within the films. Moreover, higher annealing temperatures were observed to result in increased surface 

roughness, as confirmed by statistical methods and fractal analysis in the AFM analysis. 
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1. Introduction 

Nanostructured materials are characterized by having structural elements such as clusters, crystallites, or molecules with 

dimensions ranging from 1 to 100 nm (Xu et al., 2019). Recently, there has been a significant increase in the use of nanostructures 

and thin films in industry (Benelmekki & Erbe, 2019). This issue is caused by the diverse behavior of nanostructures compared to 

bulk materials. Meanwhile, oxide semiconductors have attracted the attention of researchers (Guermat et al., 2021 & Amakali et 

al., 2020). Zinc oxide (ZnO) is a nonorganic compound that takes the form of white powder and is insoluble in water (Chen et al., 

2020 & Kayani et al., 2020). It is a semiconductor with a gap energy of 3.37eV, transparent in the visible wavelength range, and 

suitable for optoelectronic applications (Chen et al., 2020). ZnO is an extensively used functional material with a large exciton 

binding energy, excellent chemical and thermal stability, and optically visible transparency (Mehmood et al., 2021). The surface, 

the first boundary between matter and environment, plays a vital role in interacting matter and environment (Bukhari et al., 2019). 

Surface roughness greatly influences critical physical phenomena, such as mechanical contact (Hobson, 2019), sealing, adhesion, 

wave scattering, and friction (Xia et al., 2022). Layering another material on its surface can arbitrarily change some of the material's 

physical properties (Chen et al., 2020 & Ghule et al., 2006). Among the advantages of the coating method with electron beam 

evaporation is the possibility of adjusting the thickness of the coating, producing layers with uniform thickness and suitable 

hardness, and not harming the environment (Butt, 2020 & Borysiewcz, 2016). In this method, to reduce the collision between air 

molecules and sample atoms, it is necessary to use a vacuum environment to produce layers (Viswanathan et al, 2016). Most 

surfaces are rough, and the roughness of the interfaces can directly control many physical and chemical properties of the films 
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(Lee et al., 2003 & Henniges et al., 2013). This motivation can be studied as a random process. A surface for a particular application 

requires specified statistical properties. ZnO thin films have been prepared by many techniques, such as pulsed laser deposition 

(PLD), electron beam evaporation, magnetron sputtering, chemical vapor deposition (CVD), molecular beam epitaxy (MBE), and 

the sol–gel method (Abegunde et al., 2019). In another work, electron-beam physical vapor deposition (EBPVD) has produced thin 

zinc oxide films on a glass substrate. It employs atomic force microscopy (AFM) to investigate surface characterizations. Surface 

roughness, roughness exponents, and correlation length have been measured. ZnO thin film in different scales with glass substrate 

has been explicitly studied using fractal and multifractal formalism. Based on this, the surface growth and roughness of thin film 

are discussed.  

 

2. Experimental details  

The electron beam evaporation method is used for scattering layers with the dimensions of 1μm×1μm used in this research. All 

glass substrates were deposited under the same deposition conditions at room temperature. ZnO, with a purity of 99.99%, has 

been used as the target material (evaporation source). A quartz crystal controls the deposition rate to obtain layers with 150nm 

thickness at chamber vacuumed pressure of 3.5⋅10-5 mbar. To study the surface morphology and the effect of annealing 

temperature on grain size and roughness parameters, the layers were annealed at 200∘ C, 300∘ C, 400∘ C, and 500∘C. The prepared 

samples, after annealing, were scanned with an atomic force microscope, and the obtained results were images with dimensions 

of 1μm x 1μm, which were analyzed with MATLAB software. The XRD method has investigated the samples' phase composition at 

an average temperature of 25∘<2θ<80∘ and (2θ/S) =0.02step scanning.  

 

3. Statistical analysis 

This A rough surface can be described by its statistical properties through the ℎ(𝑟) function [25]. This function can determine the 

deviation from a reference level at any point 𝑟. Therefore, ℎ(𝑟) is the height of the points of the rough surface, and 𝑟 is the position 

vector of the surface points; note that every point on the two-dimensional surface is determined by two spatial variables, 𝑥 and 𝑦. 

The mean height of the character is a single-valued function of the position vector 𝑟.  Surface roughness is a random parameter 

that describes the random field and is an n-dimensional probability density function of 𝑝𝑛(ℎ1, ℎ2, ⋯ ℎ𝑛; 𝑟1, 𝑟2, ⋯ 𝑟𝑛), where 

𝑟1, 𝑟2, 𝑟3 ⋯ 𝑟𝑛 is a set of different positions on the surface, and the ℎ1, ℎ2, ℎ3 ⋯ ℎ𝑛 is the corresponding random variable (AverYanova 

et al., 2017). 

 

The arithmetic mean height parameter is a global roughness parameter used to control the general quality of the surface. 
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RMS roughness shows the standard deviation of surface height distribution, which is more sensitive than the arithmetic mean of 

height. 
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The Skewness of a profile is the third central moment of the probability density distribution function of the profile domain. The 

Skewness of profiles with deep valleys is negative, and shapes with high peaks are favorable. 
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The kurtosis parameter determines the degree of convergence of the curve peak of a statistical distribution concerning the normal 

distribution. If 𝑅𝑘𝑢 < 3, the distribution is Platycortic, and its peak is lower than the normal distribution; if it is greater than 3, the 

distribution is Liptocortic, and its height is higher than the normal distribution, and if it is equal to 3, the curve is called Mesocortic 

distribution, which shows the same as the normal distribution. Gives. 
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The height-height correlation function can be expressed as: 

 

𝐻(𝑚𝑑) =
1

𝑁(𝑁−𝑚)
∑ ∑ (ℎ(𝑖 + 𝑚, 𝑗) − ℎ(𝑖, 𝑗))𝑁

𝑖=1

2𝑁
𝑗=1        (5) 

     𝑚 = 0,1,2, . ..  

 

For self-affine surfaces, the dynamic scaling hypothesis suggests that height-height correlation function 𝐻(𝑙) has the scaling form 

of: 

 

𝐻(𝑙) = {
(𝑝𝑙)2𝛼𝑓𝑜𝑟𝑙 << 𝑙0

2𝜔2𝑓𝑜𝑟𝑙 >> 𝑙0
(6) 

 

Where 𝜌 = 𝜔1/𝛼/𝑙0 is the local slope, α is the roughness exponent that describes how locally “wiggly” the sample surface is or to 

what degree the surface randomly fluctuates in a short range, and 𝑙0 is the lateral correlation length, which is defined as the most 

considerable distance at which the height is still correlated. The roughness exponent, 𝛼, is directly related to the fractal dimension, 

𝐷𝑓, of the random surface by 𝐷𝑓 = 𝐸 + 1 − 𝛼, with 0 < 𝛼 < 1, where 𝐸 + 1 the size of the embedded space (𝐸 = 1𝑓𝑜𝑟𝑝𝑜𝑟𝑓𝑖𝑙𝑒; 𝐸 =

2𝑓𝑜𝑟𝑎𝑝𝑙𝑎𝑛). 

 

The bearing area curve is a plot showing the distribution of contact pressure between two surfaces. It shows the percentage of the 

total contact area carrying a portion of the entire load (Salditt et al., 1995 & Manesh et al.,2010). 

 

4. Results and Discussion  

4.1 Structural properties of 𝒁𝒏𝑶 thin films  

Figure 1 shows the XRD diffraction spectra of zinc oxide thin film samples annealed under different temperature conditions. The 

XRD outcome spectra show predominantly ZnO peaks, showing nature’s Crystallinity, as shown in Figure 1. The ZnO nanostructures 

obtained are homogeneous and similar, which offer fine crystalline. Zinc oxide nanoparticles have been effectively synthesized in 

the Nano size scale. 

 

All the samples have the highest peaks at an angle of approx 35∘. Other graph peaks in other models are slightly different, especially 

in the fourth sample where the number of primes is more than others; it shows that the samples annealed at high temperature, 

the crystalline structure, and the Miller indices of the plates are easily accessible. These samples match well with standard card 

numbers 079-0207. The models have a hexagonal crystal structure in the p63mc space group with group number 186; its unit cell 

parameters are listed in Table 1. 

Table 1: The crystal lattice parameters of the samples obtained using XRD technique. 

Angles between sides Crystal lattice parameters 

90∘ 𝛼 3.25 ± 0.0054
∘𝐴 𝑎 

90∘ 𝜷 3.25 ± 0.0054
∘𝐴 𝑏 

120∘ 𝛾 5.20 ± 0.0054
∘𝐴 𝑐 

The preferred growth direction of the sample layers is plane (101). The differences seen in the values and FWHM of the samples 

with reference ZnO are caused by the stresses applied to the lattice and inherent crystal defects. The size of the crystals, depending 

on the dominant orientation, was calculated using Scherer's relation (Equation 7). 
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𝐷 =
0.9𝜆

𝛽 ⋅ cos𝜃
                                           (7) 

 

The size of the crystallites of the samples was calculated using the values of the diffraction angle 2𝜃, corresponding to the highest 

peaks (101), and the full width at half maximum related to the maximum intensity, which was established in the Scherer relationship, 

and are listed in Table 2. The results show that the crystallites' size increased with the annealing temperature of the samples. 

Table 2 X-ray diffraction results and crystal size calculations in the samples obtained using Scherer's equation. 

Crystallite size [nm]  FWHM 2𝜃 Highest peak Simple 

5.9 1.43 36.47 101 A 

11.4 0.73 36.18 101 B 

15.6 0.4329 36.90 101 C 

20.3 1.2939 34.21 101 D 

  

4.2 Atomic Force Microscopy Results 

Typ Figure 2 (A-D) shows the three-dimensional Atomic Force Microscope images of the surface of ZnO thin films annealed at 

temperatures of 200∘𝐶, 300∘𝐶, 400∘𝐶 and 500∘𝐶, respectively. 

 

 

Figure 2 3D images of ZnO thin film surfaces taken by atomic force microscopy 

According to Figure 2, the size of the surface of all samples is 1𝜇𝑚 × 1𝜇𝑚, and the maximum height of the surface is 60.5, 28.8, 

29.0 and 32.5 nm, respectively. The grain size of the surface annealed at higher temperatures appears coarser than samples that 

annealed at lower temperatures. The roughness of the samples was analyzed using an Atomic Force Microscope and MATLAB 

software (Figure 3), and the results are listed in Table 3. Histograms of height distributions, which are approximately Gaussian 

distributions, along with their normal distributions, are plotted in Fig. 3 (A-D). 
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Figure 3 (A-D) Images of ZnO thin layers obtained with MATLAB software. 

 

 

Figure 4 Histogram of the height distribution of the samples and the normal curve of each of them. 

In Figures 4 (B) and 4 (C), a part of the distribution is placed to the left of the standard distribution curve, indicating negative 

skewness; that is, most sample materials are above the average level line. In Fig. 4 (D), a small part of the distribution is placed to 

the right of the standard distribution curve, which indicates positive skewness; that is, the majority of the sample materials are 

below the average level line, and in Fig. 4 (A), the sample distribution is almost consistent with the Gaussian (normal) distribution, 

that is, the distribution of particles is practically uniform. 

Table 3: The results of the statistical parameters of the surface of the ZnO thin layer obtained by atomic force microscopy, which 

𝑅𝑎 shows the arithmetic mean of height, 𝑅𝑞 RMS roughness, 𝑅𝑠𝑘 skewness and 𝑅𝑘𝑢 kurtosis. 

𝑅𝑎 𝑅𝑞 𝑅𝑠𝑘 𝑅𝑘𝑢 Sample 

12.5756 3.9358 2.2513 3.2949 A 

10.1805 3.2349 0.4230 3.1757 B 

12.9024 3.4724 0.3515 3.1497 C 

14.2280 4.0822 0.2960 3.1074 D 
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Figure  4 The tolerance bearing curve for sample surfaces 

 

 
Figure 5 shows the height-height correlation function for all four samples. 

As can be seen in the table, the samples annealed at higher temperatures have higher RMS roughness, and their skewness and 

kurtosis parameters are lower. It can be seen in Figure 4 that the particle distribution on the sample surfaces during the coating 

process is almost uniform, and about 80% of the data are located on the surface (mean line). Approximately 10% of the data are 

above the mean line, and another 10% are below the mean line, which has resulted in the creation of surface roughness. 

 

The height-height correlation function graphs for the sample surfaces are shown in Figure 5. By fixing the charts and obtaining the 

intersection point between the smooth part of the curve and the inclined part of the graphs, the morphology of the surfaces is 

obtained according to equation (6). The results obtained for the RMS roughness parameter in Table 4-7, which were obtained 

using the statistical definition of this parameter, are consistent with the results presented in Table 4-8, which were obtained using 

fractal analysis of the surface of thin films. There is a minimal difference between them, which can be ignored. 

Table 4 RMS roughness and fractal parameters of ZnO thin films 

 

 

 

 

 

 

 

 

4.3 Surface profile roughness parameters 

The surface of the mentioned samples with 11 dimensions scanned with an atomic force microscope was analyzed using Gwyddion 

software. The numerical results with the obtained images are included in this section. As shown in Figure 6, a slight bump can be 

seen on the surface of the layer, which may have been formed during the coating process or when scanning the surface due to its 

lack of cleanliness. The vertical profile of the layer is between 0.6 and 0.8 micrometers. A relatively high peak can be seen, which 

can affect the numerical results of the roughness parameters of the profile. The statistical parameters of the vertical profile 

𝐷𝑓 𝑅𝑞[𝑛𝑚] 𝛼 
Annealing 

temperature 
Samples 

2.434 3.879 0.566 200∘𝐶 A 

2.185 3.129 0.185 300∘𝐶 B 

2.257 3.495 0.743 400∘𝐶 C 

2.066 3.998 0.935 500∘𝐶 D 
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compared to the horizontal profile in the fourth sample also have higher values, and the reason for this depends on the selection 

of the shape's position on the layer level. With changes in the part of the profile, its statistical parameters also change. 

 

 
Figure 6 (A) horizontal profile and (B) vertical profile of the surface of the thin layer of the first sample. 

 

 
Figure 7 (A)  horizontal profile and (B)  vertical profile of the surface of the thin layer of the second sample. 

 

(A) 

(B) 

(A) 

(B) 

(A) 
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Figure 8 (A) is a horizontal profile, and (B)  is a vertical profile of the surface of the thin layer of the third sample. 

 

 
Figure 9 (A) is a horizontal profile, and (B) is a vertical profile of the surface of the thin layer of the fourth sample 

5. Conclusion  

The XRD outcome spectra show predominantly zinc and oxygen peaks, showing nature's Crystallinity, as shown in Figure 1. The 

ZnO nanostructures obtained are homogeneous and similar, which offer fine crystalline. All the samples have the highest peaks at 

an angle of approx 35o. These samples match well with standard card numbers 079-0207. The size of the crystals, depending on 

the dominant orientation, was calculated using Scherer's relation (Eq. 7). Figure 2 (A-D) shows the three-dimensional Atomic Force 

Microscope images of the surface of ZnO thin films annealed at 200∘C, 300∘C, 400∘C, and 500∘C. According to Figure 2, the size 

of the surface of all samples is 1μm×1μm, and the maximum height of the character is 60.5, 28.8, 29.0, and 32.5 nm, respectively. 

The roughness of the samples was analyzed using an Atomic Force Microscope and MATLAB software, and the results are listed in 

Table 3. Histograms of height distributions, which are approximately Gaussian distributions, along with their normal distributions, 

are plotted in Figure 3 A-D. In Figures 3 B and 3 C, a part of the distribution is placed to the left of the standard distribution curve, 

indicating negative skewness; that is, most sample materials are above the average level line. In Figure 3 D, a small part of the 

distribution is placed to the right of the standard distribution curve, which indicates positive skewness; that is, the majority of the 

sample materials are below the average level line, and in Figure 3 A, the sample distribution is almost consistent with the Gaussian 

(normal) distribution. , that is, the distribution of particles is practically uniform. It can be seen in Fig. 4 that the particle distribution 

on the sample surfaces during the coating process is almost constant, and about 80% of the data are located on the surface (mean 

line). Approximately 10% of the data are above the mean streak, and another 10% are below the mean line, resulting in surface 

roughness. The height-height correlation function graphs for the sample surfaces are shown in Figure 5. By fixing the charts and 

obtaining the intersection point between the smooth part of the curve and the inclined part of the graphs, the morphology of the 

surfaces is obtained according to equation (6). Ultimately, ZnO thin films were prepared on glass substrates using electron-beam 

physical vapor deposition at different deposition rates. X-ray diffraction analysis was performed to identify layer purity and 

determine grain size, and AFM analysis was used to describe the morphology of the thin films. Surface morphologies at different 

annealing temperatures were investigated, and the results indicate that temperature significantly affects surface morphology. 

Similar roughness values for all samples indicate that roughness formation dynamics may be similar. This deposition method allows 

access to thin films with desired thickness and roughness with sufficient accuracy. 

(B) 

(B) 

(A) 
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