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Rhombohedral In2O3 (rh-In2O3) thin films were synthesized by O2 plasma processed indium thin films prepared by RF
sputtering. The as-prepared and processed thin films were characterized to know the influence of the plasma power, O2 gas
flow rate and also process time on the surface morphology and electrical properties. SEM images showed the film quality as
uniform, well adherent and completely free of pin-holes and creaks. All processed films showed indium clusters as islands over
the surface. The resistivity of the as-prepared films was drastically decreased by the O2 plasma process. Plasma power and
O2 flow rate influenced the change in resistivity of the rh-In2O3 thin films. I-V characteristics showed the conductivity behavior
of rh-In2O3 thin film for various process conditions. The observed particle size of rh-In2O3 lie in between 75 and 105 nm and
were confirmed by AFM analysis. A noticeable change in surface roughness was also confirmed with respect to plasma process
conditions using AFM images.
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Introduction

Indium oxide (In2O3) is a potential material for use in
solar cells, for ultraviolet lasers and sensor applications [1].
Therefore, there have been many investigations of their
growth conditions and the optimization of their properties
in depending on the synthesis method ranging from evapo-
ration, sputtering, a sol-gel process and chemical pyrolysis
to metal organic chemical vapour deposition. In2O3 thin
films have a good adherence to the substrate surface
and high chemical inertness [2]. In2O3 can appears in two
stable modifications as body-centered (bcc) cubic (a =
10.118 Å) and rhombohedral (rh) (a = 5.478 Å and c =
14.51 Å) (crystallographic data are taken from [3]).
Nowadays In2O3 has became a very interesting material
for gas sensor applications being the best material which
allows detection of ozone in the ppb range [4, 5]. The
literature also shows that indium oxide can be used to detect
NOx [6, 7], and that it presents high selectivity detection
for CO in the presence of H2 [8]. Its properties such as
high transparency in the visible region and high electrical
conductivity make In2O3 an interesting material also for
other applications such as: solar cells [9, 10], optoelectronic
devices [11], liquid crystal displays [12], etc.

In2O3 is also a typical transparent oxide semiconductor
(TOS) material with a direct wide band gap of about
3.6 eV. A high performance, a high transparency and a low

processing temperature enable the realization of transparent
circuits on cheap, flexible substrates, although much work
is still needed under these prospects. Indium oxide can
exhibit considerable non-stoichiometry [13-15], and shows
extremely good n-type dopability [16], the origin of which
is still under debate. The functional properties of these
oxides are, to a large extent, controlled by the presence
of native point defects and impurities.

In the case of rh-In2O3, there are only a few reports con-
cerning the growth and characterization of rh-In2O3 in the
literature using hydrothermal processing [17] and MOCVD
[18], because rh-In2O3 can only be synthesized through
high pressure and high temperature processes[19, 20].
However, the electrical and surface characteristics of rh-
In2O3 thin films prepared at room temperature (using an
O2 plasma) have not been reported in the literature so far.
Thus, further research on the properties and applications
of this material is hindered due to lack of appropriate
deposition methods. In this paper, the electrical, surface
and IV characteristics of rh-In2O3 thin film prepared by an
O2 plasma are reported in detail. The observed results
are compared with those in the published literature.

Experimental Technique

Indium (In) films were deposited on soda lime glass
substrates in an Ar atmosphere at ambient temperature
by RF magnetron sputtering (Edwards make, Model-Auto
500). Pure In (99.999%) and high purity argon gas were
used as the sputtering target and the work gas, respectively.
The base pressure of the chamber was ~2 × 10−7 torr
(26.66 µPa). During the deposition, a gas flow rate of
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14 sccm and a gas pressure PAr of 1.4 × 10−2 torr (18.66 ×

105 µPa) were employed. An RF power of 40 W was used
for all In coatings. To get a uniform thickness, a rotary
drive system was used and 25 rpm was fixed for all the
In film coatings. The sputtering duration was adjusted to
yield In thicknesses of about 100 nm. All indium films
were coated at 0.09 nm S−1. The sputtered In films were
then subjected to an oxygen plasma in an inductive coupled
plasma and reactive ion etching system (ICP-RIE, Oxford
Plasmalab 80 Plus) for various plasma powers (100 W and
200 W), gas flow rates (15 and 20 sccm) and various
process times (5 and 10 minutes). The samples name are
identified for the different process conditions throughout
this text as follows: S1- as grown, S2-100W; 15 sccm;
5 min, S3- 100 W; 15 sccm; 10 minutes, S4- 200 W;
15 sccm; 5 minutes, S5- 200 W; 15 sccm; 10 minutes, S6-
100 W; 20 sccm; 5 minutes, S7- 100 W; 20 sccm; 10
minutes, S8- 200 W; 20 sccm; 5 minutes, S9- 200 W;
20 sccm; 10 minutes. The process pressure for In films
was fixed at 80 mtorr (10.66 × 106 µPa).

The crystal structure of the plasma processed In thin
film is confirmed as rhombohedral In2O3 (see Fig. 1) by
using a high resolution X-ray diffraction (HRXRD,
X’pert-PRO, Philips, Netherlands). A CuKα (k = 1.54056 Å)
source was used and the scanning range was between
2θ = 20o and 80o. The surface morphology of the plasma
processed samples was characterized using a scanning
electron microscope (Model-JSM-6460 LV). The topography
of these films was characterized by a commercially available
atomic force microscope system (model: ULTRA Objective,
Surface Imaging Systems, GmbH) in the non-contact mode.
The sheet resistance of all the processed samples was
measured using a four probe resistivity measurement system
(Model: Changmin Tech CMT-SR2000N). To obtain a

current-voltage (I-V) plot of the film, the substrate was
cut into a 4-mm wide strip. Two strips of conductive paste
were put on the cut substrate as contacting electrodes
with a 4-mm gap.

Results and Discussion

SEM analysis
Scanning electron micrographs of Indium thin films

before (Fig. 2(e)) and after processed with various plasma
conditions are shown in Fig. 2(a)-(d). The film growth
is found perpendicular to the substrate surface. Fig. 2(e)
shows an as-grown In thin film. After the O2 plasma process,
the surface morphology of the film changes significantly
and shows that the films are uniform, well adherent and
completely devoid of pin holes and cracks. This indicates
that the process mechanism in the reactive ion etching
plasma technique is controlled by the two-dimensional (2D)
layer-by-layer mode (Frank-van der Merwe mode)[21].

The images revealed that the film processed in the presence
of the O2 plasma consisted of loosely populated islands
with smaller grains (Fig. 2(b)-(d)). Similar results have been
reported for In2O3 film preparation at a low substrate
temperature (ie 250 oC) [2]. This may be due to the presence
of free-standing indium nanoclusters showed better electrical
conducting properties (see I-V characteristics section) [22].

Electrical studies
Fig. 3 shows the variation of resistivity of O2 plasma

processed indium thin films for samples S1-S9. The as-

Fig. 1. XRD spectra of O2 plasma processed In thin film shows
the (110) rh-In2O3 phase.

Fig. 2. SEM images of rh-In2O3 thin films prepared at (a) 100 W-
15 sccm-5 minutes, (b) 200 W-15 sccm-10 minutes, (c) 100 W-
20 sccm-5 minutes, (d) 200 W-15 sccm-10 minutes and (e) RF
sputtered In metal film.
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grown sample showed a higher resistivity of about 675Ω/cm
but this decreased as the plasma power and O2 gas flow
rate were increased. From Fig. 3, it is observed that the
resistivity of the S2 sample is nearer to the as-grown.
An increase in the O2 flow rate from 15 sccm to 20 sccm
does not show any improvement in the resistivity when
processed at 100 W. It is also found that a drastic
reduction in resistivity is observed with an increase in
plasma power from 100 to 200 W at an O2 flow rate of
15 sccm with a 5 minutes duration whereas the resistivity
increases for the 20 sccm O2 flow rate at the same plasma
power increase.

I-V Characteristics
Fig. 4 displays the I-V characteristics of the rh-In2O3

thin films prepared from the O2 plasma processed indium
thin film deposited by RF sputtering at room temperature.

The electric current increased linearly up to 4 V; at every
applied voltage, the current could be measured without
fluctuation by a digital multimeter. This is evidence of
the good electrical behavior of the rh-In2O3 thin films
prepared. This reveals that the In film processed at
200 W plasma power with 15 sccm O2 flow rate shows
a better conductive nature than indium films processed
with other parameters. It is also found that a change in O2

flow rate from 15 sccm to 20 sccm reveals an improvement
in the conductive behavior with respective to plasma power.
The O2 flow rate does not show any improvement on
the I-V curve for samples when the indium films were
processed at 200 W.

AFM analysis
In order to study the influence of the O2 plasma in detail,

the surface topography of all processed films is captured
using AFM and presented in Fig. 5(a)-(e). Fig. 5(a)

Fig. 3. Resistivity of rh-In2O3 thin films prepared with various O2

plasma process conditions.

Fig. 5. AFM images of (a) RF sputtered indium metal film and rh-In2O3 thin films prepared at (b) 100 W-15 sccm-5 minutes, (c) 200 W-
15 sccm-10 minutes,(d) 100 W-20 sccm-5 minutes, & (e) 200 W-15 sccm-10 minutes.

Fig. 4. I-V characteristics of rh-In2O3 thin films prepared at
various O2 plasma process conditions.
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shows the topography of the pure indium metal film.
Fig. 5(b)-(e) show the surface morphology of plasma
processed indium metal films with various process con-
ditions. From the AFM images, it is observed that the
grain growth of a processed film is clearly noticed for the
S6 sample. It seems that the O2 gas flow rate modifies the
grain size. It is also noticed that the surface morphology
is modified when the as-grown film is processed at 100 W
with the 15 sccm O2 flow rate (Fig. 5b). In order to
understand the influence of the plasma power, O2 flow
rate and time on the particle size and surface roughness,
the particles size and surface roughness of all processed
film at various time durations were studied.

The variation of particle size for different process times
is plotted in Fig. 6(a). This shows the variation of particle
size with respect to process time duration for various
process conditions. From Fig. 6(a), it is observed that
the particle size for all films lies in between 75 and 105 nm.
It also shows that the sample processed at 100 W with
20 sccm shows an inverse effect when compared with the
sample processed at 100 W with 15 sccm. A considerable
decrease in particle size is observed when the sample is
processed at a high plasma power (200 W) with a 20
sccm O2 gas flow rate for 5 minutes duration. It is also
noticed that an increase in particle size is observed for
15 sccm O2 flow rate with a high plasma power (200 W)
when samples are processed for 10 minutes duration.
Overall, the figure shows that the films processed at a
high O2 flow rate (20 sccm) show a low particle size
irrespective of the plasma power.

The variation of surface roughness for different process
times is plotted in Fig. 6(b). It is observed that the surface
roughness of an indium film processed at a high plasma
power with a 20 sccm O2 flow rate shows a low value
compared to the other samples. But it increases as with
process time increases. Meanwhile, a high surface roughness
is observed with a 15 sccm gas flow rate at a high plasma
power in 10 minutes duration. This is decreased by
increasing the process time to 15 minutes. From Fig. 6(b),

it is also observed that the process time is one of the
main criteria in changing the surface roughness of O2

plasma processed indium films.
This is evidenced by measuring a high surface roughness

for the sample processed at 100 W with a 15 sccm O2 gas
flow rate for 15 minutes process duration. The same behavior
is also observed with the film processed at 200 W with a
15 sccm O2 gas flow rate for a 15 minutes process duration.

Conclusions

RF sputtered indium films were processed under an O2

plasma at various process conditions. The processed films
were confirmed as rhomboheadral In2O3 by XRD analysis.
The prepared films were characterized for the influence
of plasma power, O2 flow rate and process time on the
surface properties and electrical properties using SEM,
AFM and I-V characteristics respectively. The processed
films were uniform, well adherent and creak free with pin
hole free surfaces. In resistivity measurements, a noticeable
decrease and small increases in electrical resistivity were
observed for an increase in plasma power from 100 to
200 W at 15 sccm and at 20 sccm respectively. I-V analysis
proved the good electrical conductivity of the rh-In2O3

thin films prepared. The observed particle size of rh-In2O3

thin films was lie in between 75 and 105 nm. A noticeable
change in surface roughness was observed with respect
to plasma power, O2 flow rate and process time.
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