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Abstract
Indium-doped zinc oxide (IZO) thin films have been deposited on glass (IZO/glass), ITO (IZO/ITO), and silicon (IZO/Si) 
substrates using sol–gel spin coating method. Glancing angle X-ray diffraction has been used to verify phase purity, aver-
age grain size, and microcrystalline stress of the annealed films. Effect of substrates on surface morphology is explicitly 
investigated using the conventional statistical techniques along with nonlinear fractal and multifractal geometrical analysis. 
The root-mean-square surface roughness value is the lowest in IZO/glass films and increases in IZO/ITO films and the 
highest in IZO/Si films. Fractal and multifractal formalism acts as a scale-independent microscopic analytical tool for sur-
face analysis. All IZO films show fractal and multifractal behaviour. The fractal parameters such as fractal dimensions and 
Hurst exponents are different for films deposited on different substrates and, thus, able to characterize surface morphology 
precisely. Hurst exponent values of IZO films indicate that although IZO/Si films have highest vertical roughness, it has 
strongly correlated (highest self-similarity) surface morphology than other two films deposited on glass and ITO substrates. 
Inhomogeneity in scaling exponents could be better understood with the help of multifractal formalism. The difference of 
fractal dimensions in all IZO films deposited on glass, ITO, and Si substrates is very small (almost close to zero). Therefore, 
there is very little multifractality exist in those film surfaces. Width of multifractal spectrum is the largest in IZO/Si and the 
smallest (also similar) in IZO/ITO and IZO/glass films, indicating that multifractallity in IZO/Si film is more prominent. 
A quantitative information about the surface morphology has been provided by inferring multifractal parameters. Detailed 
fractal and multifractal formalism of surface morphology may find its importance in understanding various surface-based 
device fabrication and performances.

1  Introduction

Science and technology of oxide semiconductors having a 
wide bandgap have seen intense progresses since last few 
decades due to utility of them in optoelectronic devices 
such as short wavelength lasers, LEDs, etc. and in low-cost 
energy-harvesting technology [1–3]. Among various wide 
band-gap compound semiconductors zinc oxide (ZnO) is 
a low cost and nontoxic one. It has potential to be used as 
transparent conducting oxide (TCO) electrodes in various 
optoelectronic devices [4, 5]. ZnO has been also used to fab-
ricate super hydrophobic [6] and self-cleaning [7] coatings.

Doping of group III elements (Al/Ga/In) in ZnO enhances 
transparency, bandgap, etc. [8, 9]. Therefore, In-doped ZnO 

thin films were studied for their various structural, optical, 
and electrical properties by many researchers [10–12].

Surface plays a major role in TCO materials as their trans-
parency and electrical transport properties are greatly influ-
enced by more and more homogeneous and defect free sur-
faces. Wettability and self-cleaning properties also depend 
on complex surface architecture [13, 14]. Hence, precise 
characterization of In-doped ZnO thin-film surface morphol-
ogy deposited on various substrates is needful. Among many 
surface imaging techniques, atomic force microscopy (AFM) 
is a proficient non-destructive technique to obtain surface 
micrographs [15]. AFM images are generally quantified by 
many researchers using the conventional average roughness, 
root-mean-square (RMS) roughness, skewness, and kurtosis 
analysis. These conventional parameters are not free from 
measuring instruments inherent limitations [16, 17]. On the 
other hand, fractal and multifractal calculations are scale-
independent methods for surface morphology characteriza-
tion [18].
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A few researchers in the past have done fractal and multi-
fractal analysis of thin-film surface micrographs. Raoufi [19] 
found that fractal dimension can quantify surface morphol-
ogy while analysing ITO thin films on glass substrates using 
power spectral density (PSD)-based fractal analysis method. 
Dallaeva et al. [20] have observed that fractal dimension 
can play crucial role in surface topography measurement of 
AlN thin films on Al2O3 substrates. Fractal characteristics of 
transition-metal oxide thin films (ZnO, TiO2, Al2O3, WO3, 
and Nb2O5) were investigated by Chen et al. [21]. Fractal 
analysis of conducting polypyrrole thin films using PSD, 
perimeter-area and box-counting methods shown that frac-
tal dimension (FD) increases upon increasing film thick-
ness [22]. Interdependence of FD with different shape and 
size of Cu was observed in Cu2O/Cu composites [23]. Gas-
sensing performance of SnO2 thin films was found to be 
correlated with fractal parameters which were computed 
from scanning electron microscopic (SEM) images using 
box-counting technique [24]. Fractal patterns of oxide nano-
particles on flat surfaces can generate super hydrophilicity 
[25]. A correlation between super hydrophobicity and the 
PSD was observed by Awada et al. [26]. Effect of fractal 
parameters on rough surface’s wettability property was also 
investigated by Jain et al. [27]. PSD-based fractal methodol-
ogy was applied to understand nanostructure formation and 
wettability property in ion-treated silver (Ag) thin films [28]. 
In nanostructured LiF films, FD is inversely proportional to 
the substrate temperature in the course of deposition [29]. 
Higuchi’s algorithm was used to compute fractal dimension 
of reactive magnetron sputtered Ag–Cu thin films and com-
plexity of surface morphology was understood in terms of 
fractal behaviour [30]. Yadav et al. [31] observed correlation 
between deposition angle, fractal dimension, and grain size 
in atom beam-sputtered ZnO thin films. Fractal analysis was 
done on the AFM images of ion-bombarded Si surfaces and 
it was observed that roughness exponent is proportional to 
the ion fluence [32]. Fractal dimensions were computed for 
ion-treated Au nanostructures and it was observed that FDs 
do not follow any trend with ion fluence [33]. Multifractal-
lity of nanostructured gold (Au) thin films was investigated 
using multifractal detrended fluctuation analysis (MFDFA) 
method [34]. In swift heavy ion (SHI) irradiated BaF2 thin 
films, fractal and multifractal parameters do not follow 
any trend with ion fluence, although average roughness 
decreases monotonically with increasing ion fluence [35]. In 
SHI irradiated CaF2 thin films, multifractal analysis indicate 
that surface complexity first decreases and then increases 
with increasing ion beam fluence [36]. Multifractallity of 
thin-film surface increases with increasing film thickness, 
and, thus, complexity of surface increases as observed from 
multifractal characterization of AFM images of Al-doped 
ZnO [37], silver [38], and LiF [39] thin films. Multifractal 
analysis of LiF thin films deposited at different substrate 

temperature using electron beam evaporation method had 
shown that multifractallity increases as the substrate tem-
perature increases, and thus, inhomogeneous surfaces devel-
oped [40].

Although some works regarding fractal and multifractal 
analysis of thin-film surfaces are done, but, to the best of 
our knowledge, no one have done a fractal and multifractal 
analysis of In-doped ZnO thin-film surfaces deposited on 
different substrates using sol–gel spin coating method. Effect 
of glass, ITO, and silicon substrates to the complexity of In-
doped ZnO thin-film surface morphology are investigated 
explicitly using fractal and multifractal analysis along with 
the conventional statistical analysis.

2 � Experimental details

2.1 � Thin‑film deposition

In this work, indium-doped ZnO thin films were deposited 
on glass, ITO, and Si substrates using sol–gel spin coat-
ing technique. Solvent, precursor compounds, and stabilizer 
were of electronic grade and brought from Sigma-Aldrich. 
All these chemicals were used without further purification. 
The solution was prepared for spin coating by dissolving 
zinc acetate dehydrate (Zn (CH3COO)2. 2H2O) [ZAD] in 
2-methoxy ethanol (C3H8O2). Mono-ethanolamine (MEA, 
C2H7NO) was mixed in the solution to stabilize the reac-
tion. Total solution concentration was preserved at 0.4M 
and MEA to ZAD molar ratio was kept at 1.0. Indium nitrate 
hydrate [In(NO3)3, xH2O] was taken as a source of Indium 
dopant in the solution. Indium-doping concentration was 
fixed at 2 at%. The solution was stirred for 1 h at 50 °C using 
a magnetic stirrer to acquire a transparent solution. The solu-
tion was aged at room temperature for 48 h to obtain gel with 
needed viscosity. Glass, ITO, and silicon substrates were 
cleaned with acetone, methanol, and deionized water using 
ultrasonicator. Then those substrates were dried by blowing 
air and heating in air at 120 °C for 10 min. Thin films were 
then deposited on glass, ITO, and silicon substrates using a 
spin coater at a spinning rate of 3000 RPM for 30 s, includ-
ing an accelerating time of 5 s. Deposited thin films were 
baked on a hot plate at 120 °C for 10 min to remove organic 
residuals. To obtain films of desired thickness, entire process 
was repeated ten times. Deposited and baked films were kept 
in a furnace to anneal them at 500 °C for 2 h. Annealed In-
doped ZnO thin films (IZO) deposited on glass, ITO, and Si 
substrates are named as, respectively, IZO/glass, IZO/ITO, 
and IZO/Si.
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2.2 � Characterization techniques

Structural and phase purity characterization of IZO thin 
films were done using a 9 KW Rigaku SmartLab X-ray dif-
fractometer. Glancing angle XRD spectra was taken using 
Cu Kα radiation having wavelength of 0.154 nm. Operat-
ing voltage and current of X-ray tube were maintained at, 
respectively, 45 kV and 200 mA. A Shimadzu scanning 
probe microscope (SPM 9600) was used to take surface 
micrographs of the annealed IZO thin films. In dynamic 
noncontact mode (10 × 10 μm2), surface micrographs were 
acquired using a Si3N4 pyramidal tip. AFM images used for 
fractal and multifractal analysis were digitized in 256 × 256 
pixels.

3 � Results and discussion

3.1 � Effect of substrates on structural properties

Crystalline structure and phase purity have been studied 
using glancing angle X-ray diffraction (GAXRD). GAXRD 
spectra of IZO films on glass, ITO, and Si substrates are 
shown in Fig. 1. All prominent characteristic planes for 
IZO thin films are indexed in this figure, and they are 
(100), (002), (101), (102), (110), (103), (200), (112), and 
(201). XRD patterns of IZO thin films deposited on three 
different substrates match with the hexagonal wurtzite pat-
tern of JCPDS: 036-1451 [41]. No other peaks correspond-
ing to indium and its oxides have been observed in XRD 
patterns which indicate the deposition of phase pure hex-
agonal wurtzite IZO films on glass, ITO, and Si substrates. 
Williamson–Hall (W–H) plots [42] of XRD spectrum have 
been used to calculate microcrystalline stress and average 
grain size of IZO films. A detailed methodology for W–H 
plot has been described in a previously published paper 
[43]. Figure 2 depicts W–H plots of IZO films. Calculated 
values of average grain size and microcrystalline stress 
from these plots are given in Table 1. Average grain size 
is maximum (22.03 nm) in films deposited on Si substrates 
and minimum in films deposited on glass (13.91 nm) and 
ITO (14.30 nm) substrates. The average grain size does 
not have much difference in case of IZO films deposited 
on glass and ITO substrates, whereas IZO thin films on Si 
substrates have higher average grain size because of the 
wrinkle formation at surface (as a result of this mounded 
surface appears) as could be seen in AFM image shown in 
the next section. Kumar et al. [44] also observed that the 
ZnO films deposited on Si substrates have higher average 
grain size than those deposited on glass substrates. The 
microcrystalline stress of IZO films deposited on all the 
three substrates is found to be compressive in nature. The 

reason behind this compressive nature of stress may be 
due to creation of large number of oxygen vacancy and 
zinc interstitials due to indium doping. The value of it 
is the highest in films deposited on Si substrate (− 0.676 
GPa) and the lowest in films on ITO substrates (− 0.038 
GPa), and in glass substrates, it is − 0.347 Gpa. Lattice 
and thermal expansion coefficient mismatch plays a crucial 
role in introduction of residual stress in thin films [45]. 
However, in the present case, these are not dominant fac-
tors, because if it is so, then glass and ITO should have 
highest residual stress [46]. Maximum residual stress may 
be understood in terms of maximum oxygen stoichiometry 
deterioration in case of Si substrates by the formation of 
its oxide at the junction during annealing of the films. 
Similar higher residual stress in ZnO films deposited on Si 
substrates than on glass substrates was observed by Ozen 
et al. [47]. However, further detailed experimental inves-
tigation is necessary to find out the origin of compressive 
stress and variation of it.

Fig. 1   XRD spectra of IZO thin films deposited on glass, ITO, and Si 
substrates (* and # marked peaks are substrate peaks)
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3.2 � Effect of substrates on surface morphology

AFM images in Fig. 3 show surface morphology of IZO thin 
films deposited on three different substrates. Columnar grains 
at surface present in IZO/glass and IZO/ITO films where wrin-
kled surface formed in IZO/Si films. The average roughness 
and RMS roughness values of IZO films deposited on Si sub-
strates are much higher than the films deposited on glass and 
ITO substrates (Table 2). RMS roughness profiles of AFM 
images are compared in Fig. 4a. It indicates prominent wrin-
kle formation on the IZO/Si film surface. Height distribution 
at the surface of IZO/glass film is very sharp, whereas, in 
IZO/FTO and IZO/Si, it is wider than the former as shown in 

Fig. 4b. Surface instability causes deformation at surface due 
to stress relaxation during the evaporation of solvent above 
boiling point, and thus, wrinkle formation took place [48, 49] 
It has been observed in XRD results that the highest com-
pressive stress has been developed in IZO films on Si sub-
strate. This compressive stress might have induced volumetric 
strain, and thus, wrinkles are formed which yielded large sur-
face roughness in IZO/Si films [50]. Surface of polycrystal-
line ITO substrates (1.8 nm) has higher roughness than glass 
(0.5 nm); therefore, bigger grains are formed during deposition 
and crystallization; thus, IZO/ITO films have higher rough-
ness than IZO/glass films. Symmetry of the surface could be 
understood in terms of skewness (Rsk) and kurtosis (Rku) of 
the AFM images [51]. The value of skewness was smaller 
for films deposited on glass substrate and increased in case of 
ITO and Si substrates. The value of it is the highest in films 
deposited on Si substrates. Smaller skewness values represent 
more planner surfaces. Kurtosis value is the highest for the 
films deposited on ITO substrates which means that the surface 
has more peaks than valleys [52]. Kurtosis value is the small-
est for the IZO films deposited on glass substrates. Therefore, 
the films deposited on glass substrates are flatter than others. 
However, spatial distribution of mass at the surface could not 
be understood precisely with these symmetry parameters. All 
the above-mentioned parameters come under the first-order 
statistics [53]. The first-order statistics or the height distribu-
tion function and parameters derived using this have certain 
limitations. It can only describe statistical mass distribution of 
a surface at individual positions. However, it cannot find corre-
lation between those individual positions. Simply, one can say 
that the first-order statistics fails to find spatial self-similarities 
in surfaces having different surface texture and interface width. 
Therefore, to differentiate between different spatially organised 
surfaces, one needs to correlate surface heights.

3.2.1 � Correlation length, fractal dimension, and Hurst 
exponent

The correlation of surface heights can be characterized in 
terms of correlation functions [39]. There are two forms of 
correlation functions, such as autocorrelation function (ACF) 
and height–height correlation function (HHCF). However, 
they provide similar information about a surface. The autocor-
relation function has been usually derived from height profile 
h(i,j) of Np × Np no. of points along the first scan direction as 
follows [35]:

where h(i,j) is the height profile from the first scan direc-
tion, r is the distance between two points along the first scan 

(1)Ac(r) =
1

2Np

(

Np − m
)

A0

Np
∑

j=1

Np−m
∑

i=1

h(i + m, j)h(i, j),

Fig. 2   Williamson–Hall plots of IZO thin films deposited on glass, 
ITO, and Si substrates (straight lines are linear fit to the data)

Table 1   Average grain size and microcrystalline stress of In-doped 
ZnO thin films on glass, ITO, and Si substrates

Sample name Average grain size, D 
(nm)

Microcrystal-
line stress, σ 
(GPa)

IZO/glass 13.91 − 0.347
IZO/ITO 14.30 − 0.038
IZO/Si 22.03 − 0.676
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Fig. 3   Two- and three-dimensional AFM images of IZO thin films deposited on glass, ITO, and Si substrates

Table 2   Roughness parameters 
calculated from AFM images 
of In-doped ZnO thin films 
deposited on glass, ITO, and Si 
substrates

Sample name Average roughness 
(Ra) (nm)

RMS roughness 
(Rq) (nm)

Skewness (Rsk) Kurtosis (Rku)

IZO/glass 8.62 10.96 0.42 0.34
IZO/ITO 22.16 28.55 0.64 0.97
IZO/Si 62.71 79.98 0.70 0.70
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direction for which the correlation between pixels is calcu-
lated, Np is the no. of pixels taken care of in the calculation, 
m is number of pixels used in the calculation, and Ac = A0 
at r = 0 is equal to Rq

2 (i.e., the square of RMS roughness). 
The height–height correlation function along the first scan 
direction is given by the following [32]:

All parameters of the Eq.  (2) have same meaning as 
already discussed in above.

Height–height correlation function and autocorrelation 
function are related by the following [33]:

The height–height correlation functions have been 
computed from AFM images which are shown in Fig. 5. 

(2)Hc(r) =
1

2Np

(

Np − m
)

Np
∑

j=1

Np−m
∑

i=1

[

h(i + m, j) − h(i, j)
]2
.

(3)Hc(r) = 2R2
q

[

1 − Ac(r)
]

.

The value of horizontal distance (r) for which the HHCF 
increases by a factor (1–1/e) is termed as correlation 
length [29]. It can also be calculated from ACF. In both 
cases, the value of correlation length will be same. The 
values of correlation lengths are 0.41 µm, 0.30 µm, and 
0.92 µm, respectively, of IZO/glass, IZO/ITO, and IZO/
Si films. The correlation length denotes the spread of the 
surface fluctuation laterally. However, correlation function 
defines short range lateral correlation length and beyond 
that the function starts to oscillate.

Power spectral density (PSD) can be used to understand 
long-range correlation in rough surface morphology [19]. 
It is calculated as a first Fourier transformation of surface 
profile and defined as follows [54]:

where the frequency is defined in the range 1/L < q < Np/2L 
for a L × L-sized image. A relationship between PSD and 
frequency (q) is established using the scaling concept and 
given by the following [55]:

where ‘s’ is defined as the slope of linear fit to PSD log–log 
plot in Fig. 6. Now, the fractal dimension can be calculated 
using the following formula [55]:

where Ed is Euclidian dimension. The scaling properties of 
stochastic surfaces can be measured in terms of Hurst expo-
nent [56]. Hurst exponent is calculated as 3-Df [39]. The 

(4)PSD =
R2
q

2�

∞

∫
0

Ac(r)e
iqldr,

(5)PSD ∝ q−s,

(6)Df = Ed +
3 − s

2
,

Fig. 4   a RMS roughness profiles and b Height distribution curves 
obtained from AFM images of IZO thin films deposited on glass, 
ITO, and Si substrates

Fig. 5   Height–Height correlation functions calculated from AFM 
images of IZO thin films deposited on glass, ITO, and Si substrates
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values of Df and H of IZO films have been computed and 
are presented in Table 3.

Fractal dimension is also calculated using square count-
ing method. A fractal object obeys certain power law such 
as [57]:

where N(ε) is the no of features with size ε and Df is the frac-
tal dimension. The square counting (SC) method is used to 
find the scaling properties of two-dimensional fractal objects 
by repeating a measure with square of size ε and counting 
the number of squares containing atleast one pixel present-
ing the object under study, N(ε) [57]:

Thus, the square counting dimension can be calculated 
from the slope of the log[N(ε)] versus log(1/ε) plot, as 
shown in Fig. 7. Fractal dimension and Hurst exponent val-
ues of IZO films have been computed using square counting 
method and are tabulated in Table 3.

Comparison of the results in Table 3 indicate that Df and 
H values calculated from PSD and SC methods are close to 

(7)N(�) ∼ �
−Df ,

(8)Df = lim
�→0

logN(�)

log (�)
.

each other, and hence, the values are trustable. The values 
of Hurst exponent quantify different qualities of surface mor-
phology [31]. The values of H = 0.5, H > 0.5, and H < 0.5 indi-
cates respectively, uncorrelated, correlated, and anti-correlated 
Brownian surfaces [58]. Thus, for IZO/glass film surfaces, 
the value of H is close to 0.5, and hence, this film surface is 
not correlated. However, for IZO/ITO films, the value of H 
increases, and thus, it is a correlated surface. Whereas, for 
IZO/Si film surfaces, value of H is the highest, and thus, this 
surface is strongly correlated. Thus, although IZO/Si surface is 
wrinkled, it has the highest self-similarity. The other two films 
such as IZO/glass and IZO/ITO have jagged surface morphol-
ogy and less self similar than IZO/Si films. Thus, the horizon-
tal roughness, i.e., the self-similarity, of a thin-film surface 
can be quantified precisely with the help of fractal analysis.

Different parts of a surface may not have similar scaling 
exponent. Therefore, the idea of fractal can be more general-
ised with the help of multifractal formalism. In this analysis, 
both local and overall thin-film surface morphoogy could be 
understood more microscopically and systematically.

3.2.2 � Multifractal analysis

Fractal models do not characterize spatial anisotropy explic-
itly. Therefore, the concept of multifractallity has been used to 
understand mass distribution more microscopically and gen-
eralised manner. There are many methodology available to 
do multifractal analysis. The method of moments or partition 
function approach has been chosen in this work for its proce-
dural simplicity, accuricy, and widespread use. Mass deposi-
tion in local level can be estimated with the help of probability 
density in the ith square as follows [57]:

(9)Pi(�) =
Ni(�)

∑

Ni(�)
,

Fig. 6   Power spectral density (P) versus frequency (q) log–log plots 
calculated from the AFM images of IZO thin films deposited on 
glass, ITO, and Si substrates

Table 3   Fractal dimensions (Df) and Hurst exponents (H) computed 
using PSD and square counting (SC) methods from AFM images of 
In-doped ZnO thin films deposited on glass, ITO, and Si substrates

Sample name Df (PSD) H (PSD) Df (SC) H (SC)

IZO/glass 2.54 0.46 2.42 0.58
IZO/ITO 2.40 0.60 2.39 0.61
IZO/Si 2.16 0.84 2.20 0.80

Fig. 7   log [N(L)] versus log [1/L] plots calculated from AFM images 
of IZO thin films deposited on glass, ITO, and Si substrates
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where Ni(ε) is the number of pixels containing mass in the 
ith box of size ε (ε ≤ 1) and the denominator contains total 
mass of the system. Lipschitz–Holder exponent αi and prob-
ability density Pi(ε) scale as follows [59]:

If nonlinearity in mass distribution between the squares 
is absent, then Holder exponent becomes monofractal. A 
distribution of Holder exponent values could be found in 
a system. The number of squares N(α) where the probabil-
ity density Pi has αi values between α and α + dα scales as 
[59–61]:

where f(α) is called multifractallity. Multifractallity can be 
characterized through the scaling of q th order moments of 
probability density distributions as follows [60, 62]:

where Dq is generalised fractal dimension. Now, 
(q-1)Dq = τ(q) which is called mass exponent of qth order 
moment [63, 66]. The mass exponent, τ(q), can be obtained 
from the slope of the log–log plot of partition function Z(q,ε) 
versus ε. A relationship between mass exponent and multi-
fractallity can be obtained with the help of Legendre trans-
formation [59, 60, 64]:

and

Square sizes, ε, taken in our computations are 1/256, 
1/128,1/64, 1/32, 1/16, 1/8, ¼, ½, and 1. The q range is taken 
from − 5 to + 5 with a step of 1. Figure 8 shows that the scal-
ing is good for all q moments and square sizes ε for the IZO/
glass films. The partition function versus square size plots 
for other two films of IZO/ITO and IZO/Si are obtained (not 
shown here), and they also show good scaling behaviour. 
Multifractal spectrum has been computed using the slope 
of these plots, τ(q). The mass exponents [τ(q)] have been 
calculated for different values of moments (q) in a range of 
− 5 < q < 5. Figure 9 shows mass exponents as a function 
of moments for IZO films deposited on glass, ITO, and Si 
substrates. Careful observation reveals that mass exponent is 
a nonlinear function of moments. Consequently, there exists 
multifractallity in IZO film surfaces deposited on glass, ITO, 
and Si substrates. Multifractal spectra have been calculated 
using Eqs. (13) and (14). Multifractal spectra of all IZO 
films are shown in Fig. 10 and multifractal parameters are 
depicted in Table 4. Thin-film surface morphology can be 

(10)Pi(�) ∼ �
�i .

(11)N(�) ∼ �
−f (�),

(12)Z(q, �) =

N(L)
∑

i=1

P
q

i
(�) = �

(q−1)Dq ,

(13)f
[

�(q)
]

= q�(q) − �(q)

(14)�(q) =
d�(q)

dq
.

described from analysis of this spectrum after extracting the 
values of Δα and Δf [40]. Δα signifies the wideness of the 
probability distribution of mass at the surface, and on the 
other hand, Δf describes the difference between same size 
squares throughout the surface [65, 66]. In other words, Δf 
represents difference of fractal dimensions between maxi-
mum and minimum singularity strength [39]. If Δf →0, then 
height distribution of the deposited mass at highest site is 
equal to that at the lowest sites [38]. It has been found that Δf 
values for all films are the same and very small, almost equal 
to zero. Therefore, all the films deposited on glass, ITO, and 
Si substrate have equal number of peaks and valleys. It is 
noteworthy to mention that the conventional statistical analy-
sis do not provide this information with such a precision. 

Fig. 8   Plot of Z(q,ε) for different q values calculated from AFM 
images of IZO film on glass substrate

Fig. 9   Mass exponent τ(q) as a function of q. The curves for IZO/ITO 
and IZO/Si have been shifted upwards by 1 and 2, respectively, for 
clarity
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The strength of multifractallity could be better described 
in the present case by the width of the multifractal spec-
trum, Δα. It is clear from Table 4 that the value of Δα, i.e., 
the width of the singularity spectrum, is the highest for the 
films deposited on Si substrates. It is the lowest and almost 
equal in films deposited on glass and ITO substrates. Thus, 
IZO thin films deposited on Si substrates are more vertically 
irregular or rough as, in these films, there exist larger differ-
ence between the highest and lowest growth probability of 
the surface, Whereas the films deposited on glass and ITO 
have almost similar kind of growth.

It is noteworthy to mention that an explicit statistical 
description cannot be extracted from the conventional sta-
tistical analysis of a film surface in a scale-independent 
manner. Thus, the present work discloses the opportunity 
to describe surface morphology of wide band-gap oxide 
multifunctional thin films in more detailed, precise, and 
independent manner which could be used in future works 
to correlate fractal and multifractal parameters with various 
physical properties.

4 � Conclusion

Indium-doped ZnO thin films have been deposited on glass, 
ITO, and Si substrates via sol–gel spin coating method. 
GIXRD patterns analysis show highest average crystallite 
size and residual stress in IZO/Si films, whereas lowest aver-
age crystallite size has been observed in IZO/glass films with 

moderate residual stress. Lowest residual stress is found in 
IZO/ITO films. First-order statistical analysis shows that the 
IZO/Si films have highest vertical roughness, whereas IZO/
ITO has lower roughness than IZO/Si. IZO/glass has the 
lowest vertical roughness and surface symmetry among all. 
Self-similarities in surfaces having different surface texture 
and interface width could not be understood with the help of 
the conventional first-order statistical parameters. Therefore, 
height distribution is correlated, and consequently, fractal 
behaviour of the film surfaces has been studied. Analysis 
of fractal parameters reveals that, despite of wrinkled sur-
face formation with the highest vertical roughness in IZO/
Si films, spatial self-similarity is the highest for these films. 
To assess inhomogeneity in scaling exponents, multifractal 
analysis is done. More prominant multifractallity in IZO/
Si films has been observed than in IZO/ITO and IZO/glass 
films. Thus, height distribution of IZO/Si films is the widest 
as the highest and lowest growth probability of the surface 
has large difference. Multifractal behaviour of IZO/ITO and 
IZO/glass films is almost similar.

Therefore, surface growth and its corresponding physical 
and tribological properties during micro- and nanofabrica-
tion could be understood in further detailed and independent 
manner with the help of fractal and multifractal formalism. 
Thus, understanding the fractal and multifractal features of 
the surface morphology may become highly useful in the 
fabrication and prediction of thin films for application in 
TCO materials, sensors, water-repellent surfaces, etc.
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