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Abstract This study probes the effect of annealing temperature on electrical, optical and microstructural properties of indium tin oxide (ITO) films deposited onto soda
lime glass substrates by conventional direct current (DC)
magnetron reactive sputtering technique at 100 watt using
an ITO ceramic target (In2O3:SnO2, 90:10 wt%) in argon
atmosphere at room temperature. The films obtained are
exposed to the calcination process at different temperature
up to 700 C. X–ray diffractometer (XRD), ultra violetvisible spectrometer (UV–vis) and atomic force microscopy (AFM) measurements are performed to characterize
the samples. Moreover, phase purity, surface morphology,
optical and photocatalytic properties of the films are
compared with each other. The results obtained show that
all the properties depend strongly on the annealing temperature. XRD results indicate that all the samples produced contain the In2O3 phase only and exhibit the
polycrystalline and cubic bixbite structure with more
intensity of diffraction lines with increasing the annealing
temperature until 400 C; in fact the strongest intensity of
(222) peak is obtained for the sample annealed at 400 C,
meaning that the sample has the greatest ratio I222/I400 and
the maximum grain size (54 nm). As for the AFM results,
the sample prepared at 400 C has the best microstructure
with the lower surface roughness. Additionally, the transmittance measurements illustrate that the amplitude of
interference oscillation is in the range from 78 (for the film
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annealed at 400 C) to 93 % (for the film annealed at
100 C). The refractive index, packing density, porosity
and optical band gap of the ITO thin films are also evaluated from the transmittance spectra. According to the
results, the film annealed at 400 C obtains the better
optical properties due to the high refractive index while the
film produced at 100 C exhibits much better photoactivity
than the other films as a result of the large optical energy
band gap.

1 Introduction
Since the discovery of the transparent conducting oxide
(TCO) films, researchers have endeavored to improve their
electrical, optical and microstructural properties to make
them suitable for the advanced technological devices such
as solar cells, light emitting diodes, photodiodes, photocatalysts, optical memories, flat panel displays, gas sensors,
energy efficient windows, storage-type cathode ray tubes,
surface layers in electroluminescent applications [1–9].
Indium tin oxide (ITO) films are the most promising
materials for the potential technological and industrial
applications including solar cell, liquid crystal displays and
photodetectors, etc. [10–13] because of the higher optical
transparency, lower resistivity, chemical stability, excellent
adhesion and etching properties compared to other transparent and conducting oxide films such as TiO2, SnO2 or
ZnO [14–18]. As well known, the ITO material behaves as
an insulator in its stoichiometric form while the material is
a conductor in the non-stoichiometric form with a wide
direct optical band gap of 3.6 eV [19], resulting from the
formation of a conducting carrier-oxygen vacancies with
the addition of a dopant tetravalent cation Sn?4 to the
matrix In2O3. Thus, the oxygen vacancies acting as doubly-
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ionized donors contribute maximum two electrons to the
electrical conductivity in the sample [20]. As a result, the
conductivity of the ITO sample changes. The preparation
conditions such as the operational procedures, annealing
ambient (time, temperature atmosphere and pressure),
composition, type and quantity of the dopant and heattreatment method also affect the level of the conducting
carrier concentration and oxygen vacancies. In particular,
the annealing ambient plays a very significant role on the
fabrication of the high-quality ITO films. It is argued that
the crystallinity of the ITO thin films improves with the
post-deposition annealing temperature because of the decrement in the structural defects [21–24]. In other words, the
variation of the optical and electrical characteristics for the
ITO thin film studied stems from the changes in the local
ordering of the material during crystallization and the
oxygen vacancy creation [16]. In order to prepare high
quality ITO film, several deposition techniques such as
thermal evaporation, chemical vapor deposition, electron
beam evaporation, sol–gel, spray pyrolysis, pulsed laser
deposition and magnetron sputtering have been experienced for years [25–29]. The conventional sputtering
methods, among others, are the most preferred technique
due to the reproducible deposition of the films accomplished quite easily compared to the other methods [30].
In the current study, the effect of the various annealing
temperature on the microstructural, optical and electronical
properties of the ITO thin films produced via DC sputtering
method is examined by means of the X–ray diffractometer
(XRD), atomic force microscopy (AFM) and ultra violetvisible spectrometer (UV–vis) measurements. Optical
energy band gaps, porosities, packing densities and
refraction indices deduced from transmittance spectra are
also discussed clearly.

2 Experimental details
Deposition of the ITO thin films on soda lime glasses is
conducted by DC magnetron sputtering system (NSC–3000
DC Sputter Machine) using an oxide ceramic target composed of 90 wt% In2O3 and 10 wt% SnO2. Prior to the film
deposition process, all the substrates are ultrasonically
cleaned by acetone, degreased in a dilute detergent solution, rinsed thoroughly with deionized water and blown dry
in nitrogen flow. ITO disk (99.99 % pure) with a 50 mm in
diameter and a 4 mm in thickness is used as sputtering
target. The substrates are vertically placed onto the substrate holder and the distance between them is adjusted to
be about 60 mm. The chamber is evacuated down to a
pressure lower than 10-6 Torr and the sputtering process is
performed in 99.999 % pure argon (30 sscm for sputtering
gas) at a DC power of 100 W. During the deposition, the
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substrates are kept at room temperature for 10 min. The
ITO films removed from the sputtering system are exposed
to the calcination process at different temperature in a
range of 100–700 C for 2 h in the tube furnace (ProthermModel PTF12/75/200). The ITO films will be herein after
denoted as ITO-100, ITO-200, ITO-300, ITO-400, ITO500, ITO-600 and ITO-700, respectively.
The crystallographic structures of the ITO films studied
are examined via X-ray diffraction (XRD) method by using
the nickel-filtered Ka emission line (k = 1.5418 Å) of
copper in the range 2h = 20–60 at a scan speed of 3/min
and a step increment of 0.02 at room temperature in a
Rigaku Multiflex instrument. The measurements are carried
out under beam acceleration conditions of 38 kV/28 mA.
Average crystallite sizes of the samples are derived from the
Scherrer–Warren approach with the aid of the broadening
nature of the XRD peaks when interplaner distance and lattice constant values are deduced from the peak (222). At the
same time, optical measurements of the films obtained are
performed by the unpolarized light at normal incidence in the
wavelength range of 400–700 nm, with a JASCO 430 UV–
VIS spectrophotometer. Refractive index (nk), porosity and
optical band gap energy values of the films are calculated
with the help of the transmittance spectra. Further, morphological features of ITO thin films prepared are examined
using AFM (Nanomagnetic Instrument). Topographic and
phase images are obtained in the non-contact mode under
room conditions with typical rate of about 1 line per second
with a resonance frequency of about 300 kHz. Measurements are performed with 512 scan lines. Several regions on
the specimen surface are scanned to observe the similar
images. AFM images analysis is carried out with special
software written by Nanomagnetic Instrument group. Analysis is performed in the non-contact mode. Moreover, the
AFM measurements are conducted with an imaging aspect
ratio of 1:4 to minimize the signal distortion in the scan slow
direction due to thermal drift [31–33]. Height asymmetries
for the films are also discussed clearly.

3 Results and discussion
3.1 X–ray diffraction patterns
The X-ray diffraction patterns between 20 and 60 for the
ITO films grown on the glass substrates at different annealing
temperatures are shown in Fig. 1. The diffraction patterns
obtained are used to determine the texture, grain size, interplaner distance and lattice constant parameters of the thin
films. The deposition conditions of all the samples except for
the post annealing temperature are kept constant during the
film fabrication process. The corresponding (h k l) Miller
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Fig. 1 XRD patterns of the ITO samples annealed at different
temperature

indices belonging to the In2O3 main lines are shown in the
diagrams. It is visible from the figure that all the samples
produced contain the In2O3 phase only and exhibit the
polycrystalline and cubic bixbite structure with more intensity of diffraction lines with increasing the annealing temperature up to 400 C, illustrating that the tin atoms are
probably doped substitutionally into the In2O3 lattice.
Moreover, the film annealed at 100 C does not displays a
peak at 2h = 38.1 corresponding to (411) plane of In2O3.
This phenomenon can be explained by the crystallization
temperature (160–180 C) of amorphous ITO films [34–36].
Figure 1 also shows that although the locations of the diffraction peaks do not change considerably, the peak intense
dramatically increases with the enhancement in the substrate
annealing temperature up to 400 C. At the same time, some
peak intensities such as (222), (400) and (440) enhance
significantly with the increment in the annealing temperature
while the peak (211) intensity starts to appear over the
annealing temperature of 400 C. Additionally, other peak
intensities including (411) and (431) are observed only for
the ITO-400 sample, confirming the coexistence of h411i
and h431i textures. The peak (222) becomes very strong for
this sample as a result of the preferred orientation in the
direction of h111i, attributed to the increment of the donor
sites trapped at dislocations or point defects aggregates [37,
38]. Based on the XRD results, the different structure and
orientation are observed for the samples produced in this
research because of the fact that the structure and orientation
of ITO films depend strongly on the energy of the sputtered
particles arriving at the substrate. It was reported that [39–
41], the thermalized atoms favor to crystallize in (222) orientation whereas the high energy particles prefer the (400)
and (440) directions in consequence of their energy. The
strongest intensity of (222) peak is obtained for the sample
annealed at 400 C, confirming that the ITO-400 has the best
crystallinity and largest grain size among the other samples.

The ratio between the peak intensities of (222) and (400)
is known as the crystal quality parameter. The I222/I400
value is calculated for all the samples and the results
obtained are listed in Table 1. It is apparent from the table
that the parameter of the ITO-100 sample is about 0.85 (the
smallest value among the values determined) which is
much less than standard value of 3.33 ITO powder [42],
meaning that the most part of layer parallel to the film
surface is textured in h100i direction. On the other hand,
the ratio of the ITO-400 sample is found to be near the
standard value of the ITO powder (Table 1), showing that
the layers of the ITO-400 sample obtain more oxygen
vacancies compared to other ones, resulting in the (222)
growth direction. Moreover, the lattice constant (a) and
interplaner distances (d) calculated by means of the peak
(222) for all the samples are tabulated in Table 1. As seen
from the table, all the parameters obtained are found to be
larger than the ITO standard parameters as a result of the
growth induced stress [43], which stems from the oxygen
deficiency [44, 45] and thermal expansion coefficient
mismatch between the film and substrate [46, 47]. Additionally, the cell constants and interplaner distances of the
samples produced in this work are found to decrease with
the increase in the annealing temperature up to 400 C
beyond which these parameters are obtained to enhance
slightly. Change of the parameters can be explained in
terms of crystal growth in the (400) direction as a result of
the stressed growth due to the variation of the oxygen
vacancy number [48, 49].
Furthermore, the grain sizes of the samples prepared can
be derived from the broadening nature of the XRD peaks
following the Scherrer method [50–54]. The grain size d is
given by
d¼

0:941k
B cos hB

ð1Þ

where d denotes the thickness of the crystal, k is the
wavelength, B presents the fullwidth half maximum (FWHM)
of the Bragg peak corrected using the corresponding peak in
micron-sized powder and hB is the Bragg angle. Further,
B2 ¼ B2m  B2s

ð2Þ

where Bs is the half-width of the standard material in
radians. The results obtained demonstrate that the grain
sizes monotonously increase with the enhancement in the
annealing temperature until 400 C beyond which the
crystallite size values start to slightly reduce. The largest
grain size (54 nm) is obtained for the ITO-400 sample
(Table 1) whereas the smallest one is found to be about
22 nm for ITO-100. According to the results, among the
samples produced, the ITO-400 sample has the best crystallinity and connectivity between grains as a result of less
number of grain boundaries, leading to less radiative
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Table 1 X-ray intensity ratios, I222/I400, texture, grain size, lattice parameter and plane distance for the ITO films prepared at different annealing
temperature
Main parameters

ITO-100

ITO-200

ITO-300

ITO-400

ITO-500

ITO-600

ITO-700

Ið222Þ
Ið400Þ

0.853

1.091

1.377

2.688

1.398

1.365

1.142

Texture
´
Lattice constant (Å)a
´ a
Plane distance (Å)

h100i

h100i

h100i

h111i

h111i

h100i

h100i

10.372

10.357

10.245

10.129

10.186

10.301

10.361

2.992

2.874

2.958

2.924

2.941

2.963

2.984

Grain size from XRD (nm)

22

29

41

54

47

35

26

a

The standard values for ITO powder are: cell constant (a0) = 10.118 Å [40] and plane distance: (d0) = 2.921 Å [39]

recombination centers or vise-versa [55, 56]. As well
known, the improvement in the crystallinity is attributed to
a decrease of donor sites trapped at the dislocations and
grain boundaries, and also to the out-diffusion of oxygen
atoms from interstitial positions [57].
3.2 Surface morphology
Atomic force microscopy (AFM) is useful method to both
analyze the surface morphology of a thin film and obtain
information about the thickness, roughness and height
asymmetries values such as the skewness and kurtosis of
the film [58, 59]. The typical AFM images corresponding
to the ITO films annealed at 100 C (the worst microstructure) and 400 C (the best microstructure) are depicted
in Fig. 2a and b, respectively. The surface scanned is
5 9 5 lm. It is visible from Fig. 2 that the surface morphology is strongly dependent upon the annealing temperature. The image of the ITO-100 sample illustrates
smaller individual grains with higher roughness compared
to that of the ITO-400 sample whereas a denser granular
structure is observed for the latter, presenting the decrement in the separation between the grains. The grain size,
average roughness and height asymmetry values are measured using the software analysis written by Nanomagnetic
instrument and the results obtained are depicted in Table 2.
It is apparent from the table that the crystallite size values
are obtained to enhance with the increment in the annealing temperature up to 400 C after which the values are

Fig. 2 Atomic force
microscopy images of the ITO
films annealed at a 100 C and
b 400 C
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observed to reduce from 64 to 39 nm monotonously.
However, the smallest value of grain size is found to be
about 32 nm for the ITO-100 sample. Further, the average
crystallite sizes deduced from the AFM measurements are
found to be greater than those inferred from the Scherrer
method [60, 61]. Nevertheless, all the data obtained
are observed to be in well agreement with each other
(increase up to 400 C of annealing temperature and then
decrease).
Additionally, average roughness (Sa) and rms roughness
parameter (Sq) are evaluated from the AFM images. As
reported in literature, the former is the arithmetic mean or
average of the absolute distances of the surface points from the
mean plane whereas the latter is the root mean square of the
surface departures from the mean plane within the sampling
area [62]. Sa value can be calculated by the following relation:
Sa ¼

N X
M
1 X
jzjðxi ; yj Þ
MN j¼1 i¼1

and Sq can be computed by means of the equation,
vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u
N X
M
u 1 X
Sq t
z2 ðxi ; yj Þ
MN j¼1 i¼1

ð3Þ

ð4Þ

where M denotes the number of columns in the surface and
N is the number of rows in the surface. The Sa and Sq
values obtained are given in Table 2. As seen from the
table, the ITO-100 sample has the highest surface
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Table 2 Microstructural, morphological and statistical parameters of the ITO films annealed at various temperature
Statistical parameters

ITO-100

ITO-200

ITO-300

ITO-400

ITO-500

ITO-600

ITO-700

Grain size from AFM (nm)

32

44

53

64

59

49

39

Average roughness (nm)

4.45

4.06

3.92

3.85

3.89

4.02

4.26

RMS roughness (nm)

4.58

4.13

4.04

3.96

4.01

4.09

4.38

Skewness, ssk

1.04

1.06

1.09

1.10

1.10

1.07

1.05

Kurtosis, sku

1.11

1.17

1.26

1.31

1.29

1.22

1.16

N X
M
1 X
ssk ¼
z3 ðxi ; yj Þ
MNS3q j¼1 i¼1

ð5Þ

N X
M
1 X
z4 ðxi ; yj Þ
MNS4q j¼1 i¼1

ð6Þ

sku ¼

The ssk and sku values calculated are tabulated in
Table 2. One can see from the table that the surface
skewness is obtained to be positive for all the samples
while the surface kurtosis is found to be less than 3.
According to the combination of the skewness and kurtosis
values, all the film surfaces contain the disproportionate
number of peaks and spread out distribution [59],
confirming that the ITO thin films produced in this work
can be useful for applications in technology and industry.

100
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80

Transmittance(%)

roughness (Sa: 4.45 nm and Sq: 4.58 nm) among the films
produced while the Sa of 3.85 and Sq of 3.96 are found to
be the smallest values for the ITO-400 sample. Based on
the results, the regular structures are observed on the surface of the films studied. However, the different surface
roughness values might show the possible reason for the
variation of the oxygen vacancies in the ITO films prepared. Moreover, similar results were reported in the literature [43, 63].
The height asymmetries including surface skewness and
kurtosis are determined from the height distribution histogram for the samples [64]. The surface skewness (ssk) is a
measurement for the symmetry of the variation of a surface
about its mean plane whereas the surface kurtosis (sku) is a
measurement of the peakedness or sharpness of a surface.
The former and latter of a sample can be computed from
the following relations, respectively:
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Fig. 3 Optical transmittance spectra of the ITO thin films

300–700 nm for the ITO thin films prepared in this work.
As seen from the figure, no significant optical difference is
observed for the transmittance curves, but the transmittance
threshold shifts towards the lower energy as a result of the
decrease in the optical band gap. The amplitude of interference oscillation of the thin films is obtained to be in a
range of 78–93 %. The maximum transmittance is
observed to be 78 % for the ITO-400 sample while the
minimum transmittance is obtained to be 93 % for the ITO100 film. A significant enhancement in the transmittance
value is related to both the loss of light due to the oxygen
vacancies and the growth of particles, supported by both
XRD and AFM results. Based on these results, the ITO-400
sample obtains the largest crystallite and the best optical
property among the ITO films studied; on the other hand,
the ITO-100 film exhibits much better photoactivity than
the other films.

3.3 Transmittance spectra
It is argued that homogeneity, optical band gap energy,
refraction index, porosity and photocatalytic performance
of a semiconductor thin film can be determined with the aid
of transmittance spectra [59]. As well known, high transmittance of a thin film indicates its low surface roughness,
low refraction index, small crystallite size, high porosity
and good homogeneity [65]. Figure 3 shows the transmittance spectra as a function of wavelength in the range of

3.3.1 Refractive index, packing density and porosity
analyses
The refractive index (nk), a fundamental property of a thin
film, is closely associated with the electronic polarizability
of ions and local field inside the film [66]. Table 3 indicates the refractive index and porosity (evaluated from nk)
values of the ITO films prepared at different annealing
temperatures in a range of 100–700 C. The former is

123

J Mater Sci: Mater Electron
Table 3 Electro-optical characteristics of the ITO films with different annealing temperature
Electro-optical characteristics
Refraction index
Porosity (%)

ITO-100

ITO-200

ITO-300

ITO-400

ITO-500

ITO-600

ITO-700

1.72

1.77

1.85

1.94

1.89

1.81

1.75

45.57

37.45

28.96

18.96

24.57

33.25

39.52

Packing density

1.268

1.322

1.404

1.487

1.442

1.364

1.301

Optical band gap energy (eV)

3.92

3.85

3.76

3.68

3.72

3.81

3.89

derived from the optical transmittance data with the aid of
the Swanepoel’s envelope method [67], which is based on
the analysis of the transmittance spectrum of a weakly
absorbing film deposited on a non-absorbing substrate [68].
Hence, the refractive index (nk) over the spectral range is
inferred from the envelopes fitted to the extrema measured:
nk ¼ ½N þ ðN 2  n20 n21 Þ1=2 1=2
ð7Þ


N ¼ 2n0 n1 ðTMðkÞ  TmðkÞ Þ=TMðkÞ TmðkÞ þ ðn20 þ n21 Þ=2
ð8Þ
where TM(k) and Tm(k) are the transmittance maximum and
minimum of the film at a wavelength (k = 500 nm); n0
denotes the refractive index of air (n0 = 1.00) and n1
presents the refractive index of the substrates (in our case
n1 = 1.51), respectively. The films prepared are considered
as homogeneous structures in the computation. The
calculated refractive indices of the ITO samples studied
in this work are observed to be in the range from 1.72 to
1.94. Among the films studied, the ITO-400 (ITO-100)
obtains the maximum (minimum) refractive index.
However, the calculated refractive indices are found to
be smaller than the values reported in [69] and [70] due to
lesser packing density of grains and lower oxygen
vacancies in the samples studied, meaning that the
refractive index plays an important role on the determination of the packing density. In this study, the packing
densities of the ITO samples are deduced from the
following equation [71, 72],
ð1  pÞn4m þ ð1 þ pÞn2m n2s
n ¼
ð1 þ pÞn2m þ ð1  pÞn2s
2

ð9Þ

where n is the refractive index of the film studied, ns
denotes the substrate refractive index, nv illustrates the void
refractive index (nv = 1.00 for air) and p is the packing
density. For our samples, the packing density increases
with ascending annealing temperature up to 400 C after
which the density starts to decrease monotonously
(Table 3) as a result of the decrement in the refractive
index of the samples. The maximum and minimum packing
densities are obtained to be about 1,487 and 1.268 for the
ITO-400 and ITO-100 sample, respectively.
Additionally, the porosity values of the ITO films are
determined from the following equation [73]:
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Porosity ¼


n2  1
1 2
 100ð%Þ
nd  1

ð10Þ

where the nd is 2.1 (the refractive index of pore-free ITO)
[21, 74] when the n denotes the refractive index of the
porous thin film. The porosity values calculated are listed
in Table 3. One can see from the table; like the XRD and
AFM results, the porosity values reduce with the
enhancement in the annealing temperature up to 400 C
after which the porosities start to increase again. The
maximum porosity is found to be about 45.57 % for the
ITO-100 sample while the porosity of 37.8 % is noted to be
the minimum for the ITO-400 sample. Based on the results,
the ITO-400 sample is least porous compared to the other
films fabricated in this work, confirming that the refractive
index, packing density and porosity of the ITO film studied
are strongly dependent upon the annealing temperature.
3.3.2 Optical band gap energy analysis
As well known, there are several models and reports to find
the optical absorption coefficient (a) and optical band gap
energy (Eg) of a material [75]. In the present study, we
assume a direct transition (value of the energy separation
between the top of the valence band and the bottom of the
conduction band) to determine the optical band gap energy
of the samples studied [76]:
aðhvÞ 1 Aðhv  Eg Þ2

ð11Þ

where a denotes absorption coefficient, A illustrates the
edge width parameter and hm is the photon energy. Figure 4
shows (aht)2 versus photon energy (eV) plots for all the
films prepared. The band gap values of the films are
deduced from the extrapolation of the linear plots of (ahm)1/2
versus hm when (a = 0). The estimated values of optical
band gap are obtained to be in a range of 3.68–3.92 eV.
The ITO-100 sample has the maximum value of the Eg
whereas the minimum value belongs to The ITO-400
sample. Based on these results, the energy band gap for the
ITO-400 sample is obtained to shift to lower energy value,
attributed to the increase in the grain size due to the
quantum confinement effect [77–81]. As was reported in
the previous studies [82, 83], the direct optical band gap of
the ITO thin films changes from 3.5 to 4.5 eV. This wide
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Fig. 4 Optical absorption coefficient a versus band gap energy (Eg)
of the ITO films

range of the band gap for the degenerate semiconductor
oxides such as TiO2 and ITO is associated with two competing mechanisms: the first one is the band gap narrowing
because of the electron–electron and electron-impurity
effects on the valence and conduction bands, the second
mechanism (Burstein–Moss effect) is the band gap widening due to the blocking of the lowest states of the conduction band by means of the excess electrons.

•

•

•

4 Conclusion
In this study, it is analyzed that how the annealing temperature affects the microstructural, optical and electrical
properties of ITO thin films prepared on Soda lime glasses
by the standard DC magnetron reactive sputtering technique. For the characterization of the samples produced,
the XRD, AFM and UV–vis measurements are conducted.
The results obtained indicate that the microstructural,
optical and electrical properties of the films are found to
depend strongly on the annealing temperature and the
following findings are summarized:
•

•

All the samples produced contain the In2O3 phase only
and exhibit the polycrystalline and cubic bixbite
structure with more intensity of diffraction lines with
increasing the annealing temperature until 400 C;
however, the locations of the measured diffraction
peaks do not change significantly. Moreover, some
peak intensities including (411) and (431) are observed
only for the ITO-400 sample, demonstrating the
presence of h411i and h431i textures.
The strongest intensity of (222) peak is obtained for the
sample annealed at 400 C, showing that the ITO-400
has the best crystallinity and largest grain size among
the other samples as a result of the decrease in the
donor sites trapped at the dislocations and grain

•

boundaries, and the out-diffusion of oxygen atoms
from interstitial positions. The smallest (greasiest) ratio
I222/I400 is also obtained for the ITO-100 (ITO-400)
sample.
The lattice constants and interplaner distances of the
ITO thin films reduce with the enhancement in the
annealing temperature up to 400 C after which
the parameters slightly increase due to the variation of
the oxygen vacancy number causing the stressed growth.
The maximum grain size of 54 nm is obtained for the
ITO-400 sample as against 22 nm (minimum size) for
the ITO-100 sample. Moreover, the ITO-400 sample
has the best and densest granular structure owing to the
reduction of the separation between the grains.
The ITO-100 sample has the highest surface roughness
(Sa: 4.45 nm and Sq: 4.58 nm) among the samples
produced whereas the Sa of 3.85 and Sq of 3.96 are the
smallest values for the ITO-400 sample.
The surface skewness (ssk) is obtained to be positive for
all the samples while the surface kurtosis (sku) is found
to be less than 3, meaning that all the film surfaces are
found to be spread out distribution and comprised of
disproportionate number of peaks.
The transmittance of the ITO-400 film is found to be
the smallest (78 %) while the ITO-100 sample is
observed to have the maximum transmittance value
(93 %) as a result of the different particle sizes. The
refractive index of 1.94 is found to be the maximum for
the former film.
The ITO-100 is found to be most porous whereas the
ITO-400 sample is noted to be densest among the films,
supported by AFM images. Moreover, the former
sample has the maximum band gap energy of 3.92 eV
while the smallest optical band gap is obtained to be
about 3.68 eV for the latter one.
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