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Tin doped indium oxide (ITO) films with high conductivity and charge carrier
mobility were deposited at room temperature using RF-magnetron sputtering,
without any post annealing treatment. It is observed that structural, optical,
morphological and electrical properties of these ITO films depend on deposi-
tion time. All the synthesized films show optical transmittance > 90% and
band gap of � 3.6 eV. A change in crystal orientation from (222) to (400) with
slight shift of peaks toward lower 2h has been observed with the increase in
deposition time. The synthesized films are compact, uniform and free from
cracks. Moreover, there was an increase in grain size and shape with the
progress in deposition time. Synthesized ITO films with (400) orientation have
high conductivity (� 2 9 103 X�1 cm�1), high charge carrier mobility
(� 348 cm2 V�1 s�1) and a high figure of merit (104 9 10�3 X�1). The syn-
thesized thin films can have prospective applications in opto-electronic devices
such as solar cells, light emitting diodes, etc.
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INTRODUCTION

Transparent conducting oxides (TCOs) such as
doped ZnO, In2O3, SnO2 etc., play a significant role
as transparent electrodes in various opto-electronic
devices. The existence of transparency and electri-
cal conductivity are normally contradictory to each
other but TCOs possess both of these properties
simultaneously. TCOs are generally n-type wide
band gap semiconductors (p-type too) with a rela-
tively high concentration of free electrons in the
conduction band. The wide band gap is responsible
for high optical transmittance whereas large num-
ber of free electrons are responsible for high

electrical conductivity. Indium tin oxide (ITO) thin
films as TCO layer has attracted a lot of interest in
recent years due to high optical transparency in the
visible and near-infrared region, high electrical
conductivity and an inherent wide band gap > 3.5
eV. ITO has been successfully employed in various
opto-electronic devices such as photovoltaic cells,1

liquid crystal displays2 and gas sensors.3

ITO thin films are commonly synthesized by
employing different techniques such as magnetron
sputtering,4 the sol–gel process,5 thermal evapora-
tion,6 pulsed laser deposition (PLD),7 chemical
vapour deposition,8 atomic layer deposition
(ALD),9 spray pyrolysis,10 jet nebulizer spray pyrol-
ysis,11 chemical solution deposition (CSD) process,12

electron beam evaporation method,13 etc. The elec-
trical and optical properties of ITO film strongly
depend on its structure, tin content, etc. Each
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deposition method has its own merits and demerits
and thereby yields films with different properties.
For example, PLD method results in TCO coatings
with appropriate electrical and optical properties,14

with its major advantage being preservation of the
target chemical composition in the transferred
films. However, a major disadvantage associated
with the PLD process is, high kinetic energy of laser
plume causing re-sputtering which creates defects
on the substrate surface and on the growing film.15

Spray pyrolysis is the most attractive technique for
the synthesis of ITO thin films, as the set-up is
simple and the process can be scaled up easily.16

However, it is difficult to control the film thickness
and also homogeneity over the substrate area in
spray pyrolysis technique.17 Furthermore, cooling of
the substrate during deposition significantly affects
the film structure.18 RF-magnetron sputtering tech-
nique has received considerable attention as ITO
thin films of desired opto-electronic properties can
be easily synthesized. A major advantage of RF-
magnetron method is that it results in ITO coatings
with desired opto-electronic properties, preserves
the target chemical composition and also maintains
stoichiometry. Moreover, it allows deposition to
occur at low substrate temperature, gives better
adhesion, larger coverage, high uniformity, control-
lable thickness, high surface mobility in condensing
particles, conformal films morphologies and dense
film compared to other methods.

It is reported in the literature that to obtain ITO
films with desired opto-electrical properties, the
films are either deposited at high substrate temper-
ature or requires high temperature post annealing
treatment. High substrate temperature or high
temperature post annealing treatment limits its
use in device fabrication. In this paper we report
device quality ITO films synthesized at room tem-
perature by RF-magnetron sputtering. The effect of
deposition time on the structural, morphological
and opto-electrical properties of RF-magnetron
sputtered ITO films has been investigated. We
observed that these properties critically depend on
the deposition time.

EXPERIMENTAL

Film Preparation

The ITO thin films were deposited on Corning
#7507 substrates using in-house built RF-mag-
netron sputtering system details of which have
been described elsewhere.19 It consists of a cylin-
drical stainless steel chamber coupled with turbo
molecular and rotary pumps which yields a base
pressure less than 1.33 9 10�7 kPa. An ITO target
with a composition of 90% In2O3 and 10% SnO2

having diameter of 4 inch (Vin Karola Instrument,
USA) was used for the deposition of ITO films. The
target was kept facing the substrate holder at
� 7 cm away. In order to obtain films of uniform
thickness, substrates were kept rotating during the

whole sputtering process using a stepper motor with
variable speed. The RF power was kept at 120 W
and the deposition time was varied between 8 min
to 40 min (in steps of 8 min). The substrates can be
clamped on a substrate holder which is heated by
inbuilt heater controlled using thermocouple and
temperature controller. All depositions were carried
out at 25�C. The pressure during deposition was
kept constant (0.0021 kPa) using an automated
throttle valve and was measured with a capacitance
manometer. Prior to each deposition, substrates
were cleaned using a standard cleaning procedure.
The substrate holder and deposition chamber were
baked for 2 h at 100�C in vacuum to remove any
water vapour absorbed on the substrates and to
remove the oxygen contamination from the film.
Sputter-etch of 10 min were used to remove the
target surface contamination. The deposition was
carried out for different durations and then the
films were taken out for characterization.

Material Characterization

X-ray diffraction was performed using x-ray
diffractometer (Bruker D8 Advance, Germany) hav-
ing CuKa line (k = 1.54056 Å) with a range of 2h
values from 20� to 65� (with step of 0.1�). The optical
band gap and thickness of ITO films were estimated
from the transmittance spectra recorded using a
JASCO, V-670 UV-VIS-NIR spectrometer in the
range of 300–1200 nm. For the estimation of band
gap and film thickness we have followed the method
introduced by Tauc20 and Swanepoel,21 respec-
tively.The film thickness was also confirmed by
surface profiler (KLA Tencor, P-16+). Microscopic
features of ITO films were studied using HITACHI,
S-4800, Japan field emission scanning electron
microscopy (FE-SEM)and non-contact mode atomic
force microscopy (NC-AFM) (JEOL, JSPM-5200).
The elemental composition of ITO was made using
energy dispersive x-ray spectroscopy (EDAX)
attached to the FE-SEM instrument. The bulk
concentration, resistivity, sheet resistance, electri-
cal conductivity and charge carrier mobility mea-
surements of ITO films were carried by using Hall
Effect measurement (Ecopia HMS-3000, Bridge
Technology, USA) unit with applied magnetic field
of 0.5 Tesla. The Williamson–Hall (W–H) method
was used for the residual strain calculations.

RESULTS AND DISCUSSION

X-ray Diffraction Analysis

Figure 1 shows the x-ray diffraction (XRD) pat-
tern of ITO films deposited for different deposition
time using RF-magnetron sputtering. Presence of
multiple peaks indicates polycrystalline nature of
ITO films. Major diffraction peaks were observed at
2h � 21.5�, 30.5�, 35.4�, 37.6�, 51�, 56� and 60.6�
corresponding to (211), (222), (400), (411), (440),
(611) and (622) diffraction planes, respectively.
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These peak positions are in good agreement with
the JCPDS data card # 06-0416 corresponding to the
standard XRD pattern of cubic structure of ITO
films.22 As seen from the figure, with increase in
deposition time the intensity of (222) and (400)
diffraction planes changes significantly. Up to depo-
sition time of 32 min, ITO films shows preferred
orientation of crystallites in (222) direction whereas
the ITO film deposited for 40 min has preferential
orientation in (400) direction. Furthermore, with
increase in deposition time from 8 min to 40 min
diffraction planes, (222) and (400) shifts towards
lower 2h values (see Fig. 2). These results indicate
that ITO films deposited for higher deposition time
are under tensile stress.23 Figure 3 shows the
Rietveld refinement for the ITO films deposited for
32 min and 40 min of deposition time. The corre-
sponding estimated parameters are shown in the
inset of Fig. 3a and b. The average crystallite size
(dx-ray) of ITO films was calculated by the Scherrer’s
formula,24

dx�ray ¼ 0:9k
b cos hB

; ð1Þ

where, k is the wavelength of diffracted radiation,
hB is the Bragg angle and b is the full width at half
maximum (FWHM) in radians.

The volume of unit cell (V) of ITO films has been
calculated from the equation,

V ¼ a3: ð2Þ

The dislocation density (d) and strain (�) in ITO
films deposited for 32 min and 40 min using RF-
magnetron sputtering were calculated using follow-
ing equations,11

d ¼ 1

d2
x�ray

; ð3Þ

and

e ¼ b cos h
4

: ð4Þ

Fig. 1. X-ray diffraction pattern of ITO films deposited using RF-
magnetron sputtering for various deposition times.

Fig. 2. Magnified x-ray diffraction pattern of ITO films deposited at
various deposition time indicating shift of (222) and (400) diffraction
planes towards lower 2h values.

Fig. 3. Rietveld refined x-ray diffraction pattern of RF sputtered ITO
films for deposition time 32 min and 40 min. Observed and the
calculated profiles are denoted by black and red solid lines,
respectively. Positions of the Bragg reflection are shown by short
vertical blue markers and the lower curve denotes difference
between observed and calculated profiles.
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The calculated structural parameters of ITO films
deposited for 32 min and 40 min deposition time for
all (hkl) planes are tabulated in Table I. The
average crystallite size was found in the range of
19.1 nm to 33.6 nm for ITO films deposited for
32 min of duration and 19.1 nm to 40.4 nm for
40 min of duration. Due to tensile stress a small
expansion in the unit cell of ITO has been observed.
This was further confirmed from the Rietveld
refinement analysis.

The dislocation density was found in the range
8.8 9 1014 lines/m2 to 27.4 9 1014 lines/m2 for the
ITO films deposited for 32 min of duration and
6.0 9 1014 lines/m2 to 27.4 9 1014 lines/m2 for
40 min duration. The values of strain were found
in the range of 10.3 9 10�3 to 18.1 9 10�3 for the
ITO films deposited for 32 min duration and
0.8 9 10�3 to 18.1 9 10�3 for 40 min of duration.
The change in average crystallite size can be
attributed to reduction in the dislocation density of
corresponding diffraction plane in the ITO films.
The dislocation density measures the defects in the
crystal structure. These results confirm the
improvement in crystalline quality of ITO films
with increase in deposition duration. The disloca-
tions, point defects such as site disorder, vacancies,
etc., in the crystal structure can introduce lattice
strain in the film.11 The observed reduction in strain
is related to the change in shape of the particles and
indicates reduction of point defects. The FE-SEM
analysis further support this (discussed later).The
residual strain induced in the ITO films for deposi-
tion duration of 16 min, 24 min, 32 min and 40 min
were calculated using the Williamson–Hall (W–H)
method.25,26 The breadth of the Bragg peak is a
combination of both instrument and sample depen-
dent effects. To decouple this effect it is necessary to
collect a diffraction pattern from the line broaden-
ing of a standard material such as silicon (to
determine instrumental broadening). The instru-
ment-corrected broadening bD corresponding to
diffraction peak of ITO was calculated from follow-
ing relations,27

b2
D ¼ ðb2ÞMeasured � ðb2ÞInstrumental

� �
; ð5Þ

D ¼ Kk
bD cos h

: ð6Þ

Crystal imperfection and distortion due to strain

induced broadening is given by e � bs
tan h

� �
. Equa-

tion 5 has diffraction angle (h) dependency, whereas
the W–H plot method does not have 1

cos h

� �
depen-

dency and it varies as tan(h). When microstructure
causes occurrence of small crystallites size and
microstrain together, then h dependency allow
separation of reflection broadening. The size and
strain broadening components together contribute
to the width of the breadth of a Bragg peak.28 By

considering the Scherer equation and e � bs
tan h

� �
we

can write as,

bhkl ¼ bs þ bD; ð7Þ

bhkl ¼
Kk

bD cos h

� 	
þ ð4e tan hÞ: ð8Þ

Rearranging Eq. 6 we get,

bhkl cos h ¼ Kk
D

� 	
þ ð4e sin hÞ: ð9Þ

By plotting bhklcosh versus 4sinh, residual strain
of ITO thin films can be extracted from the slope of
the fitted line. The W–H plot for all the deposited
ITO thin films is shown in Fig. 4. It is interesting to
note that the value of crystallite size and strain as
estimated from W–H plot matches well with the
lattice strain calculations (see Table I).

Optical Properties

Optical transmission and reflection spectrum of
RF-magnetron sputtered ITO thin films as a func-
tion of deposition time is shown in Fig. 5a in the
range of 300–1200 nm. The optical transmission of
ITO thin films for different deposition duration
times is almost > 90% over the entire range of the

Table I. Crystallite size (dx-ray), dislocation density (d) and strain (�) for ITO films deposited for 32 and 40 min
deposition time

(hkl)
plane

Deposition time = 32 min Deposition time = 40 min

dx-ray (nm) d (3 1014) (Lines/m2) e (3 1023) dx-ray (nm) d (3 1014) (Lines/m2) e (3 1023)

(211) 33.6 8.8 10.3 40.4 6.0 0.8
(222) 27.4 13.3 12.6 27.4 13.3 12.7
(400) 30.8 10.5 11.2 32.0 9.0 10.8
(411) 25.4 15.5 13.6 27.0 13.7 12.8
(440) 20.9 22.9 16.6 19.9 25.3 17.4
(611) 23.6 18.0 14.7 23.0 18.9 15.1
(622) 19.1 27.4 18.1 19.1 27.4 18.1
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solar spectrum. The optical reflection was found
< 15–20% in visible range of the solar spectrum.
These results suggest that ITO thin films can have
potential applications in opto-electronic devices such
as solar cells, as it can reduce the reflection losses. It
has been observed that distance between two succes-
sive crests and troughs in the interference pattern
decreases successively indicating that the thickness
of ITO films increases with increase in deposition
duration. The thickness of ITO thin films was calcu-
lated using method given by Swanepoel21 and it was
found to be 390 nm, 715 nm, 1000 nm, 1329 nm and
1826 nm for deposition duration of 8 min, 16 min,
24 min, 32 min and 40 min, respectively.

The optical band gap of ITO thin films was
calculated using Tauc plots20 through optical trans-
mission and absorption data. The relation between
incident photon energy (hm) and absorption coeffi-
cient (a) is as follows,

ðahmÞ1=2 ¼ B1=2ðhm� EgÞ; ð10Þ

where Eg is band gap energy and B is constant. On
extrapolation, the linear portion that cuts the x-axis
gives the optical bandgap value. Figure 5b shows
the Tauc plots for ITO films deposited for various
deposition durations. The band gap values are in

the range of 3.6–3.8 eV. The calculated optical band
gap values of ITO films matches well with the
earlier reports.29

Morphology and Surface Properties

Figure 6 shows the FE-SEM micrographs of ITO
thin films deposited for various deposition dura-
tions. All micrographs were captured at 300,0009
magnification. As seen, all synthesized films are
dense, compact, and uniform, i.e., without pinholes
and cracks. However, a significant change has been
observed in the morphology of ITO films deposited
for different deposition durations. For the ITO film
deposited for 8 min granular grains were observed
(Fig. 6a1). The average grain size was found in the
range of � 20–40 nm. However, the ITO film
deposited for 24 min deposition duration shows
triangular grains with average size � 50–90 nm
(Fig. 6a2). The film deposited for 40 min deposition
duration also shows triangular grains with
increased average size (Fig. 6a3). The average grain
size for this film is in the order of 100–160 nm. The
increase of grain size may be due to the relaxation of
grains for longer deposition durations. The inset of
EDAX spectra (Fig. 6b1–b3) gives the quantitative
information of elemental mapping of various

Fig. 4. bhkl cosh versus 4sinh plots (Williamson–Hall (W–H) plots) for the ITO films deposited for 16 min, 24 min, 32 min and 40 min durations to
calculate crystal distortion induced residual strain and crystallite size.
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elements present in the synthesized ITO films. As
seen Indium (In) to Tin (Sn) ratio (In/Sn) is found
almost constant in all the synthesized samples.

The surface roughness analysis of ITO thin films
was carried out by non-contact atomic force micro-
scopy (NC-AFM). The surface features of deposited
ITO thin films were studied by measuring root
mean square (RMS) roughness values. Figure 7
shows the 3D AFM images of ITO films deposited
for different durations. As the deposition time is
increased from 8 min to 40 min, the increase in
RMS roughness from 1.19 nm to 2.08 nm is clearly
observed from Fig. 7. Employment of such ITO films
in solar cells can enhance its efficiency by effectively

trapping of light due to increase in surface
roughness.

Electrical Properties Measurements

Hall Effect measurements were carried out using
the Van der Pauw method in order to estimate the
electrical properties of synthesized thin films. The
electrical conductivity, resistivity, Hall mobility,
sheet resistance and bulk concentration values were
estimated from the advance Ecopia HMS-3000
system. For Hall measurements ITO film of dimen-
sion 1 cm 9 1 cm was taken and four indium wire
contacts were made at the four corners of the

Fig. 5. (a) UV–visible transmission and reflectance spectra of ITO thin films deposited for different deposition time, and (b) combined typical
Tauc plot of ITO films deposited for deposition time of 16 min, 24 min, 32 min and 40 min for estimating of band gap.
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sample. The current was varied from 1 lA to 10 lA
in four steps with an interval of 3 lA. The Hall
parameters were recorded during each step by in-
built software. The influence of deposition duration
on intrinsic properties such as electrical conductivity,
resistivity, sheet resistance and charge carrier mobil-
ity are shown in Fig. 8. The vertical bars in the
figure show the standard mean error occurred in
measuring these intrinsic properties. As seen from
Fig. 8a the sheet resistance decreases from 22 X/h to
3 X/h with increase in deposition time. A low sheet
resistance (� 3 X/h) was observed for ITO film

deposited for 40 min duration. For the same film,
the highest conductivity has been observed
(� 2 9 103 X�1cm�1). The charge carrier concentra-
tion decreases slightly from 3 9 1020 cm�3 to
1 9 1020 cm�3 when the deposition duration
increases from 8 min to 40 min (Fig. 8b). It is inter-
esting to note that the charge carrier mobility
increases significantly from 35 cm2 V�1 S�1 to
348 cm2 V�1 S�1 when deposition time was increased
from 8 min to 40 min. The increase in charge carrier
mobility can be attributed to change in preferred
orientation of ITO crystallites from (222) to (400).

Element Atomic %
In 18
Sn 6
O 76

(a1) 8 Min

200 nm

(b1) 8 Min

Element Atomic %
In 24
Sn 7
O 69

(a2) 24 Min

200 nm

(b2) 24 Min

(a3) 40 Min

200 nm

(b3) 40 Min

Element Atomic %
In 24
Sn 7
O 69

Fig. 6. Field emission scanning electron microscopy (FE-SEM) images of ITO film deposited at (a1) 8 min, (a2) 24 min, (a3) 40 min and EDXA
spectra of ITO films deposited for (b1) 8 min, (b2) 24 min, (b3) 40 min.
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Evaluation of ITO as TCO Material

The selection of TCO material requires optimum
thickness with good optical and electrical proper-
ties. Figure of merit is an important parameter

which is used to evaluate the TCO material.30 The
transparent conducting material is well character-
ized by its electrical sheet resistance (Rsh) and
optical transmittance (T). The optical transmittance
was measured from UV–Visible spectroscopy and

Fig. 7. 3D AFM images for ITO films deposited using RF-magnetron sputtering for different deposition times (a) 8 min, (b) 24 min and (c) 40 min.
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the electrical sheet resistance was estimated from
Hall Effect measurement unit. According to Fraser
and Cook31 figure of merit (FTC) is given by,

FFC ¼ T

Rsh
: ð11Þ

Here, the expression of figure of merit is inclined
towards sheet resistance, so maximum value of
figure of merit is obtained for thick film. The
figure of merit has been redefined (uTC) using the
following equation, which balances optical trans-
mittance and sheet resistance,30,32

/FC ¼ T10

Rsh
: ð12Þ

Based on the method adapted in Eqs. 11 and 12
figure of merit for synthesized ITO films deposited
for different deposition duration is listed in Table II.

As evident from Table II, the ITO film deposited
for a duration of 40 min has maximum figure of
merit (Both uTC = 104 9 10�3 X�1 and FTC = 296 9
10�3 X�1) with high optical transparency (� 89%)

and conductivity (2 9 103 X�1 cm�1). Thus, the ITO
films obtained by RF-magnetron sputtering of

Fig. 8. Hall Effect measurements (a) sheet resistance and electric conductivity and (b) charge carrier concentration and mobility of ITO films as a
function of deposition time.
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40 min duration can have potential applications in
thin film solar cells and LEDs.

CONCLUSION

In summary, we have deposited tin doped indium
oxide (ITO) films using RF-magnetron sputtering at
room temperature. The structural, optical, morpho-
logical and electrical properties of these films were
investigated as a function of deposition time, where
other deposition parameters were kept constant.
From XRD analysis it has been observed that with
increase in deposition time the preferred crystal
orientation of ITO crystallites changes from (222) to
(400) with slight shift of diffraction peak towards
lower diffraction angles due to tensile stress. The
optical properties shows the transmittance > 90%
and the bandgap � 3.6 eV for all synthesized sam-
ples. FE-SEM analysis reveal the formation of
compact, uniform, crack-free thin film with increase
in average grain size with deposition duration. The
(400) oriented film shows improved electrical prop-
erties with high mobility (� 348 cm2 V�1 s�1), min-
imum sheet resistance (� 3 X/h) and high electrical
conductivity (2 9 103 X�1 cm�1) together with
charge carrier concentration � 1020 cm�3. The fig-
ure of merit (uTC) was also found at a maximum
(104 9 10�3 X�1) for (400) oriented ITO thin film.

From these results, we can conclude that the
synthesized ITO thin films are suitable for opto-
electronic applications. Moreover, RF-magnetron
sputtering is capable of producing uniform, device
quality films at room temperature and that too
without any post annealing treatment.
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