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ABSTRACT  

A multifractal analysis has been performed on the three-dimensional surface microtexture of the 

ZnO thin films doped with Mg deposited by sol-gel spin coating on glass substrates. The effects of 

Mg doping element with amounts of 0, 2, 4, and 5 % on structural and morphological properties of 

the coated films were investigated. From the X-ray diffraction pattern analysis, it was found that the 

obtained thin films had a polycrystalline hexagonal wurtzite structure with preferential c-axis 

orientation and increased grain size with increasing the Mg doping. From scanning electron 

microscopy (SEM) analysis, it can be concluded that the surface of coated thin films had dense and 

uniformly distributed grains of nanoscale without any cracks over all surfaces of coated firms. From 

atomic force microscope (AFM) analysis, it can be also concluded that the surface of coated thin 

films had a dense columnar grain growth uniformly distributed over the entire 1 m  1 m - 

scanned area. The surface microtexture was characterized in terms of multifractal analysis. 

 

Keywords: AFM, Mg doping, SEM, multifractal analysis, surface microtexture, ZnO thin films, 

XRD. 

 

1. INTRODUCTION 

Diversity of structures and the excellent physical properties of metal oxide (MO) semiconductors 

offer a wide range of favorable features to be used in plethora of optoelectronic devices [1-5].  

The monitoring of metal oxide experimental conditions like the deposition technique type, reagent, 

substrate, temperature, etc. has an important influence on the structure and properties of the 

semiconductor thin films [6]. On the other hand, the tuning or degeneration of the metal oxide 

systems by impurity doping, meaning, by a small addition of one or further metallic elements to 

form a thin film with further functional elements, is currently a scope of prime scientific concern. 

Among the potential metal oxides, zinc oxide (ZnO) thin films in their pure, doped [7-8] and co-
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doped [9] forms have been processed widely by use of various techniques, especially the solution-

based process, where, the overall process of obtaining microstructures ZnO thin films with high 

oriented crystallinity using the sol-gel techniques was very cost-effective and nontoxic.  

Numerous researcher articles have recently focused on the preparation of ZnO thin films by sol-gel 

spin coating method [8, 10-11] because the spin coating is a simple oxide thin-film deposition 

technique, but it requires soluble types of reagents. Therefore, it is possible to control the ZnO film 

structures and their properties by the doping route. As an option, not an example, Mg2+ doping, 

which has an ionic radius of (0.57 Å) slightly smaller than the ionic radius of Zn2+ (0.60 Å) has 

been studied extensively [8-12], where, the incorporation of Mg elements in ZnO system tends to 

lighten the weight and to increases flexibility in the spinning process [8, 12]. 

Over the last decades, various studies were performed about the 3-D (three-dimensional) surface 

microtexture of thin films that allow extracting different topographic characteristics quantitatively 

for new technological applications [13-15]. On the other hand, the microtexture of the 3-D surface 

can be characterized by stereometric [16-18], fractal [19-21], and multifractal [22-25] analyzes with 

a set of parameters that highlight the particular morphological characteristics of the surface. Atomic 

force microscopy (AFM), in combination with modern image processing techniques, offers 

advanced facilities for extracting particular topographic features of surfaces and highlights the local 

nanoscale configuration of 3-D complex surfaces [26-28]. 

The objective of this study is to determine the 3-D surface microtexture of the spin-coated pure and 

magnesium doped ZnO thin films on glass substrates using AFM and multifractal analysis. 

 

2. MATERIALS AND METHODS 

 

2.1. Preparation of the samples 
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In this study, pure and zinc oxide films doped with Mg were ready by sol-gel spin coating method 

on glass substrates. Gel sols were prepared from the zinc acetate dihydrate [ZAD: (Zn 

(CH3COO)2∙2H2O)] as the precursor, the Monoethanolamine [MEA: H2NCH2CH2OH] as a 

stabilizer, the Isopropanol [2-Propanol: CH3CH(OH)CH3] as a solvent and the Magnesium chloride 

hexahydrate [MgCl2∙6H2O] as a source of Mg doping elements.  

A 0.5 mol/l ZnO gel sols were prepared by dissolving 1.0974, 1.07550, 1.0535, 1.0425 mg of zinc 

acetate within an appropriate quantity of isopropanol (~10 ml) solvent. Then by adding different 

amounts of magnesium acetate (doping element), four ZnO sols were prepared. The Mg+2 doping 

elements were defined by Mg/(Mg+Zn) ratio, where they took the amount 0, 2, 4, and 5 %. A 

magnetic stirrer on a hot plate rigorously stirred the sols at a fixed temperature of 50°C for 15 

minutes. By maintaining the molar ratio of MEA to zinc acetate at 1:1, the MEA was added drop-

by-drop to the four alcoholic sols, where these sols were continuously heated accompanied by a 

magnetic stirrer for 2 hours at the same temperature (50 °C) to until a clear, colorless, homogenous 

sols were obtained. The yielded four gel sols were kept for 24 hours at room temperature. Using 

spin coater at a speed of 3000 rpm for 30 seconds, the four gel sols were spun onto four glass 

substrates that were pre-cleaned in an ultrasonic washer. The as-coated films were pre-heated at 250 

°C for 4 minutes immediately after coating. After repeating the coating followed by a pre-heating 

procedure ten times, the films were annealed in a tube furnace at 500 °C for 90 minutes in the air.  

 

2.2. Characterization techniques 

The coated samples were characterized using X-ray diffractometer (XRD, BRUKER 

D8DISCOVER x-ray diffractometer, having a Cu Kα x-ray source) to check the structural 

properties and phase purity. The surface morphology and microstructure of each coated samples 

were characterized via scanning electron microscopy (SEM, ZEISS Gemini SEM 300).  
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The topography of the 3-D surface of the samples was analyzed by an atomic force microscope 

device (AFM, Bruker Dimension Icon AFM device operating in tapping mode), where all 512 × 

512 pixels images were obtained by scanning square region of 1 μm × 1 μm.  

 

2.3. The multifractal analysis of the thin film 3-D surface microtexture 

The multifractal technique was applied to the AFM images by MATLAB software.   

In literature, there are various methods to investigate the multifractality of the surface, and one of 

the most common is the box-counting method [13]. Therefore, we analyzed the AFM images of 

ZnO thin films using the box-counting method to study the multifractality of the effect of Mg 

doping, where it is briefly expressed below. 

The AFM images are partitioned into the number of boxes to cover the images; therefore, Pij is 

defined as following [13]: 

        (1) 

Pij is deposition probability (height distribution probability) in the box (i,j) and hij defines for the 

box (i,j) with ɛ size as average height. In terms of the Lipschitz-Holder exponent (α) we have [13]: 

         (2) 

                                                                                                 (3) 

Nα(ɛ) is the number of boxes and f(α) is the singularity spectrum of α sub-datasets, which is known 

as a multifractal spectrum. In random multifractal, the singularity spectrum f(α) can be obtained 

using partition function χq(ε), as follow [13]: 

       (4) 

where q (-∞ < q <+∞) is called moment order.  

τ(q) indicates mass exponent of order q [13]: 
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        (5) 

The exponent α and fractal dimension f(α) are obtained through Legendre transformation by the 

following equations [13]: 

α (q)=(dτ(q))⁄dq        (6) 

f(α)=qα(q)-τ(q)        (7) 

The value of q (moment order) in practice calculation is a finite number. The width of the 

multifractal spectrum is given by the relation ∆α = αmax- αmin [13], which specifies the value of the 

f(α) in these values to obtain ∆f(α). Some important parameters that can be obtained from the 

multifractal spectrum are ∆α, ∆f(α), D0 (capacity dimension), and D1 (information dimension) [13]. 

 

2.4. Statistical analysis 

All statistical analyses were performed using the software OriginPro 2016 (OriginLab, MA, USA). 

Variance analysis (ANOVA) was realized to compare the average values of the measures, and the 

pairs compared with Tukey post-hoc test, with significance levels of 5% (p < 0.05). 

 

3. RESULTS 

3.1. XRD analysis 

The x-ray diffraction patterns as shown (Fig. 1) are used to examine the crystallographic structures 

of coated thin films and their phase purity. All the observed diffraction peaks (100), (002), (101), 

and (110) are related to the polycrystalline hexagonal wurtzite structure (Zincite, JCPDS 36-1451). 

Also, no impurity peaks, corresponding to MgO or Mg elements were detected in XRD patterns of 

coated films. To provide quantitative information of preferred orientation of crystallinity, the 

texture coefficient (TChkl) is calculated by the formula (8) and their calculated values are listed in 

Table 1: 
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          (8) 

where I(hkl) is the measured intensity of the diffraction (hkl) peak, I0(hkl) is the standard intensity 

given in the reference JCPDS pattern that matches with the taken (hkl) peak from the analyzed XRD 

patterns, and n is the number of diffraction peaks considered.  

The Scherrer equation has been used to calculate the average microcrystalline size (grain size) of 

the polycrystalline thin films and its formula (9) [11] is: 

                  (9) 

where λ, θ, and β are the wavelength of X-ray CuKα (λ = 1,54056 Å), Bragg diffraction angle, Full 

width at half maximum (FWHM) of XRD peaks, respectively.  

By using Bragg’s law and the hexagonal system equation, the cell parameters c-length and a-length 

axes and their ratio c/a are calculated by tacking the (100) and (002) XRD peaks as expressed by 

the following formula (10) [11]: 

  (10a) 

 (10b) 
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Fig. 1.  XRD diffraction patterns of deposited ZnO thin films with different percentage of Mg doping: a) pure ZnO; b) 

ZnO doped with %2 Mg; c) ZnO doped with %4 Mg; d) ZnO doped with %5 Mg. 

 

Table 1. Calculated parameters from XRD spectrum of layers in Fig. 1. 

The XRD parameters ZnO thin films with different Mg doping 

Pure ZnO Doped with %2 Doped with %4 Doped with %5 

2θ (degree) of (002) peak 34.5123 34.5135 34.5251 34.5889 

TC 

(100) 0.34 0.14 0.24 0.34 

(002) 2.92 2.51 3.14 2.54 

(101) 0.49 0.38 0.21 0.28 

FWHM 0.243257 0.219342 0.142039 0.167813 

D [nm] 34.20 37.92 58.57 49.58 

Cell 

parameter 

a [nm] 3.243 3.247 3.260 3.241 

c [nm] 5.193 5.193 5.191 5.182 

c/a 1.601 1.599 1.592 1.598 

 

It is clear, as shown in fig. 1 that the four samples have prominent and narrowest peaks at the plane 

(002). Furthermore, as recorded in Table 1, these prominent and narrowest (002) peaks are located 

around (2θ ~ 34.5°) and showed TC values higher than that of the other recorded main peaks. These 

observations indicate that the phase reflection of the preferential orientation of micro-crystallinity is 

following (002) plane along the c-axis. 

The grain size of coated samples, as listed in Table 1 had an opposite tendency compared to the full 

width at half maximum (FWHM) of (002) peak. Where, the coated ZnO thin films doped with 0, 2 

and 4 % have increased grain sizes of 34.20, 37.92, and 58.57 nm, respectively. While the grain size 

tends to decrease again at film doped with 5 % of Mg to 49.58 nm. In general, this increasing trend 

means that high Mg incorporation within ZnO films causes grain size to increase.  

https://www.wordhippo.com/what-is/the/arabic-word-for-aee008ec9735a3d5987aff5e1b124d69adc61e82.html
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Siregar et al. [12] found that the increase in Mg concentration within ZnO lattice increases the grain 

size and causes a gradation in crystal quality, crystal defects, and crystal distortion. In addition to 

the decrease of its FWHM-broadening, the (002) peak slightly shifted to higher angles compared to 

that of pure ZnO film as determined in Table 1. As per the Braggs law, such tendency can be 

explained by the substitution of Zn2+ by Mg2+, which has an atomic radius slightly smaller than that 

of the Zn2+. Where, this slight difference causes the slight shirking in the lattice plane hence a 

crystalline defectiveness will be induced that leads to shifting of major (002) peak to higher angle 

[9]. As shown in Table 1, the cell parameters c-length was decreased drastically from 5.193 nm for 

pure ZnO film to 5.182 nm for the ZnO film doped with 5 % of Mg compared to the wavering 

decrease of a-length. The listed ratio c/a in Table 1 sums the changes of a- and c-axes to express the 

change rate in the structure. Where, the ZnO film doped with 4 % of Mg showed the low ratio, 

which means that the change in the two directions a- and c-axes was the most comparable and lead 

to the high grain size. At this change rate, the grain size was as high as 58.57 nm. Such high grain 

size may attribute to the smaller grains that have sufficient driving force to undergo diffusion to 

form bigger grains [12]. 

 

3.2. SEM analysis 

Fig. 2 shows the surface morphology of spin-coated and annealed ZnO thin films doped with Mg 

that were assessed by scanning electron microscopy (SEM). These SEM images reveal that the 

grain sizes depend on the amount of Mg concentration within the film. All films showed extremely 

dense and uniformly distributed nano-sized grains overall surface area with even no cracks or voids. 

Also, the ZnO thin film doped by 4 % of Mg showed a higher grain size. 
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Fig. 2. SEM images of deposited ZnO thin films with different percentage of Mg doping: a) pure ZnO; b) ZnO doped 

with %2 Mg; c) ZnO doped with %4 Mg; d) ZnO doped with %5 Mg. 

 

3.3. AFM measurements 

The representative 3-D AFM images are shown in fig. 3. These images show the growth of dense 

columnar granules uniformly distributed on the entire scanned surface. These grains are 

interspersed by small and deep pits. Also, the spikes of these grains are sharp for the pure film fig. 

3(a). When Mg doping is increased, the spikes tend to flatten out, as shown in fig. 3(b, c, and d). To 

find out how is the change in surface morphology of ZnO thin films with Mg doping, the AFM 

images (fig. 3) of the layers were analyzed using a multifractal technique. 
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Fig. 3. AFM images of deposited ZnO thin films with different percentage of Mg doping: a) pure ZnO; b) ZnO doped 

with %2 Mg; c) ZnO doped with %4 Mg; d) ZnO doped with %5 Mg. 

 

The lnχq(ε) curves vs. lnɛ for the ZnO thin films with different doping of Mg is plotted in fig. 4. The 

figure shows that the curves are linear for all four thin films. 
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Fig. 4. lnχq(ε) versus lnɛ for the ZnO thin films with different percentage of Mg doping: (a) pure ZnO, (b) ZnO doped 

with %2 Mg, (c) ZnO doped with %4 Mg, (d) ZnO doped with %5 Mg. 

 

By using eq (5), the τ(q) was obtained as a function of q for all samples, which is shown in fig. 5. 

The results show that the curve of τ(q) has a nonlinear response for all samples. Nonlinear and 

linear mass exponent and partition function curves, respectively, indicate that surfaces of the 

deposited ZnO thin films are multifractal.  
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Fig. 5. τ(q) as a function of q for the ZnO thin films with different percentage of Mg doping. 

 

The multifractal spectrum obtained from the multifractal analysis of these images using the Matlab 

software is shown in Fig. 6. The data obtained from the multifractal spectrum including αmin, αmax, 

∆α, f(αmin), f(αmax), ∆f(α), α(q=0) and fmax(α) = f(q=0) = D0 (capacity dimension) are listed in the 

table 2.  

 

 

Fig. 6. The curve of the f(α) in terms of α, as a multifractal spectrum, for the ZnO thin films with different percentage of 

Mg doping. 



14 

 

 

The data obtained show that Mg doping in ZnO thin films and increasing its percentage to 4% 

decreases ∆α and then with increasing doping to 5% the ∆α increases. It means that the multifractal 

spectrum for the ZnO thin film with Mg doping becomes narrower up to a percentage of 4%. This 

indicates that the complexity and multifractality of the ZnO surface is decreased, but with more 

increasing Mg doping, it increases. 

The obtained data in table 2 show that the sign of ∆f is positive and its value decreases with 

increasing doping Mg in ZnO thin films. The sign of the ∆f is attributed to how deposition 

distributes at the highest and lowest sites on the surface of layers. Therefore, when the sign of ∆f is 

positive, it means that the deposition tends to be lying at the highest sites than the lowest sites on 

the surface of layers. These results show that large-scale events determine the surface behavior and 

are the dominant phenomenon on the surface of the ZnO thin films. Also, it can be concluded that 

the growth of the ZnO thin films has followed Volmer-Weber (island formation) mechanism and 

this growth mechanism of ZnO layers becomes more dominant with the Mg doping. 

 

Table 2. Obtained parameters from multifractal spectrum of layers in fig. 6. 

The multifractal 

parameters 

ZnO thin films with different Mg doping 

Pure 

ZnO 

Doped with %2 Doped with %4 Doped with %5 

D0
 1.8976 1.8684 1.7938 1.7918 

D1 1.8178 1.7893 1.7387 1.6800 

Α0 1.9392 1.9162 1.8380 1.8186 

Α1 1.8399 1.8054 1.7414 1.6950 

αmax 2.4974 2.4419 2.3131 2.2966 

αmin 1.8346 1.7990 1.7377 1.6909 
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Δα = αmax - αmin 0.6628 0.6429 0.5754 0.6057 

f0 1.8976 1.8684 1.7938 1.7918 

f1 1.8178 1.7893 1.7387 1.6800 

f(αmin) 1.7974 1.7613 1.7172 1.6687 

f(αmax) 1.1664 1.1506 1.1110 1.1420 

Δf = f(αmin) - f(αmax) 0.6328 0.6107 0.6062 0.5267 

 

4. CONCLUSIONS 

 

Pure and ZnO thin films doped with Mg were deposited on glass substrates using the sol-gel spin 

coating method. Different amounts of Mg (0, 2, 4, and 5 %) doping elements were used to modify 

the structure in a nanometer scale. After investigating the coated films by XRD, SEM, and AFM 

devices, it turns out that the Mg doping has stark effects on the structural and morphological 

properties of these ZnO thin films. As a result, XRD analysis revealed that the pure and ZnO thin 

films doped with Mg had wurtzite crystalline structures with nanoscale grains of size hovering in 

the range of 34.20 - 58.57 nm. Besides, the presence of these grains was dense and distributed 

uniformly over all the surfaces, as shown by the SEM analysis. Furthermore, AFM analysis 

revealed that the grains had columnar growth and were interspersed by small and deep pits on the 

entire scanned surface. But, from AFM micrographs the coated ZnO thin films doped with Mg on 

glass substrate exhibit the appropriate surface quality, which is hold promising for use as an 

absorber in thin films solar cells, as an electrode in biosensors also in  other modern technological 

applications. 
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Figures

Figure 1

XRD diffraction patterns of deposited ZnO thin �lms with different percentage of Mg doping: a) pure ZnO;
b) ZnO doped with %2 Mg; c) ZnO doped with %4 Mg; d) ZnO doped with %5 Mg.



Figure 2

SEM images of deposited ZnO thin �lms with different percentage of Mg doping: a) pure ZnO; b) ZnO
doped with %2 Mg; c) ZnO doped with %4 Mg; d) ZnO doped with %5 Mg.



Figure 3

AFM images of deposited ZnO thin �lms with different percentage of Mg doping: a) pure ZnO; b) ZnO
doped with %2 Mg; c) ZnO doped with %4 Mg; d) ZnO doped with %5 Mg.



Figure 4

lnχq(ε) versus ln for the ZnO thin �lms with different percentage of Mg doping: (a) pure ZnO, (b) ZnO
doped with %2 Mg, (c) ZnO doped with %4 Mg, (d) ZnO doped with %5 Mg.



Figure 5

τ(q) as a function of q for the ZnO thin �lms with different percentage of Mg doping



Figure 6

The curve of the f(α) in terms of α, as a multifractal spectrum, for the ZnO thin �lms with different
percentage of Mg doping.


