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High Transparency Iron Doped Indium Oxide (In2—xFexO3, x = 0.0, 0.05,
0.25, 0.35 and 0.45) Films Prepared by the Sol-gel Method
(Filem Indium Oksida Terdop Ferum (In2-xFexO3, x = 0.0, 0.05, 0.25, 0.35 dan 0.45)
Berlutsinar Tinggi yang Disediakan dengan Kaedah Sol Gel)
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Abstract

High quality indium oxide and iron doped indium oxide nanocrystalline films were prepared by the sol-gel method followed
by a spin coating technique. The samples were characterized by an X-ray diffractometer, an atomic force microscopy
and a UV-vis spectroscopy. All samples had good crystallinity with a preferred orientation in the (222) direction. The
crystallite size increased from 12.1 nm for the pure sample to 16.1 nm for the sample with x=0.35 and then decreased
to 12.1 nm for the sample with x=0.45. All samples contained nanometer grain sizes with a smooth surface. All films
showed a high transmission of over 91% in the wavelength range of 200-800 nm.
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Abstrak

Filem nanohablur indium oksida dan indium oksida terdop ferum berkualiti tinggi telah disediakan dengan kaedah solgel diikuti dengan teknik salutan berputar. Sampel dicirikan dengan meter pembelauan sinar-X, mikroskop daya atom
dan spektroskopi sinar nampak – UV. Kesemua sampel mempunyai penghabluran yang baik dengan orientasi pada arah
(222). Saiz hablur meningkat daripada 12 nm untuk sampel tulen ke 16.1 nm untuk sampel x=0.35 dan berkurangan
kepada 12.1 untuk sampel x=0.45. Kesemua sampel mengandungi butiran bersaiz nanometer dan permukaan yang rata.
Kesemua sampel menunjukkan transmisi yang tinggi melebihi 91% dalam julat panjang gelombang 200 - 800 nm.
Kata kunci: Indium oksida; penghabluran; transmisi
Introduction
Transparent semiconductor oxides ( TCO) become an
important topic in materials science research because they
have high transparency and good electrical conductivity
thus can be used in many applications such as in flat
panel displays, solar cells and gas sensors. Recently there
are many papers reporting on the magnetic properties of
these materials after being doped by a small amount of
transition metal (Gao et al. 2010; Gupta et al. 2007; Li et
al. 2007; Reddy et al. 2007; Sharma et al. 2003; Yoo et al.
2005; Zhao et al. 2009). The possibility of using TCO in
a spintronic device may result in real size spintronic and
opto-electronic devices (Kim et al. 2007; Munawar et al.
2011; Pearton et al. 2003).
Indium (III) oxide (In2O3) is a transparent conductor
oxide (TCO) with a wide band gap, i.e 3.6 eV. Doping In2O3
with other elements could improve its physical properties.
It has been reported that doping In2O3 with tin improves its
electrical property thus making it suitable for application
such as an electrode in solar cells, photovoltaics and flat
panel displays (Antonia 2011; Kang et al. 2011; Li et al.
2010; Manavizadeh et al. 2009) while doping with Ba was
reported to induce its sensing property to NOx gas (Shekhar
et al. 2011). Ferromagnetic properties can be induced in a

TCO by doping it with transition metals such as Fe, Ni, Cr

and Mn (Gao et al. 2010; Gupta et al. 2007; Li et al. 2007;
Reddy et al. 2007; Sharma et al. 2003; Zhao et al. 2009).
Iron is an attractive dopant for induction of magnetic
properties in indium oxide because of its high solubility
in the matrix. Iron doped indium oxide film has been
prepared by laser ablation deposition and the sol-gel
method (Gao et al. 2010; Yoo et al. 2005). The sol-gel
method is a simple and low cost method. It also offers
a precise control of the material composition (Chen et
al. 2009; Shaiboub et al. 2012). Murakawa et al. (2004)
proposed that iron doped indium thin film can be used as
a high performance flat-panel display materials. In this
paper iron doped indium oxide was prepared by the solgel method followed by a spin coating technique using
indium nitrate hydrate, iron chloride hexahydrate and
ethanol as a source, dopant material and reaction medium,
respectively. The solvent used in the present work is
different from the solvent used by Gao et al. (2010). The
aims of this study were to study the effect of the iron
dopant on the microstructure and optical properties of
In2O3 films and to study the effect of different iron dopant
values (x) on the microstructure and optical properties of
In2-xFexO3 films.
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Experimental Details

Results and Discussion

where t, λ, B and θB are the crystalline size, the wavelength
of Cu Kα (λ=1.5406 Å), width at half maximum (FWHM)
in radian and Bragg angle, respectively. All parameters in
the equations were determined from the analysis of XRD
patterns using an EVA software. The surface morphology
and roughness were studied using a Nova atomic force
microscopy (AFM). The optical properties of the films were
characterized using a Perkin Elmer (Lamda 35) UV-visible
spectrophotometer.

Figure 1 presents the X-ray diffraction patterns of undoped
and Fe doped indium oxide thin films. All samples
showed good match with pure In2O3 (JCPDS card number
006-0416). They are single phase polycrystallines with
strong preferential orientation along (222) direction.
Their structures are cubic with Ia-3 space group. There is
no peak observed related to iron oxide or its compound.
The peaks refer to doped samples clearly shift to a higher
angle, indicating that the iron atoms have been incorporated
into the In2O3 structure (Yoo et al. 2005). This shift are
due to the replacement of indium atom, RIn3+=0.80 Å by a
smaller ion size of iron, RFe3+ = 0.645 Å (Shannon 1976).
This can also be confirmed from the lattice parameter
calculation. The lattice parameter was calculated using
full pattern matching function in the EVA software. In this
function, the XRD pattern was fitted with the standard data
(JCPDS 006-0416) using an empirical model for a peak
shape. The lattice parameter of undoped sample (x = 0) is
10.1052 Å which is less than the standard value for bulk
In2O3 (10.1180 Å). The lattice parameters for all samples
are summarized in Table 1. These results showed that the
Fe solubility in these samples is similar as reported by
Yoo et al. (2005). They reported the solubility of iron in
indium oxide is 20%. These XRD results also showed that
the annealing temperature of 500ºC is sufficient to fully
crystallize the samples.
Table 2 shows the XRD peaks intensities ratio between
the XRD peak and the highest XRD peak. The results clearly
show that the sample containing the highest dopant gives
the highest intensities ratio meaning that it has the best
crystallinity.

In2-xFexO3 thin films were prepared by the sol-gel method
followed by a spin coating technique. Indium nitrate
hydrate (In(NO3).H2O) and iron chloride hexahydrate
(FeCl3. 6H2O) were used as the starting materials. Ethanol
and acetylacetone were used as the solvents. Indium
nitrate was first dissolved in a mixture of ethanol and
acetylacetone while iron chloride was dissolved in ethanol.
Each solution was stirred for 1 h at room temperature
(30oC). The solutions were mixed and stirred for 2 h, then
it was filtered using a 0.45 μm syringe filter and aged
for 2 days. The aged solution was dropped onto a clean
glass substrate and spin-coated at 1500 rpm for 30 s. The
coated layer was dried at 70oC for 20 min to evaporate
the organic solvent, followed by an annealing process at
500ºC for 30 min to crystallize the films. The phase and
crystal structure were investigated using a Bruker X-ray
diffractometer (XRD) (2θ from 15 to 60o). The crystallite
size of all samples was calculated using Scherrer’s equation
(Cullity 1978) as follows:

Intensity (unit arbitrary)

t=

2 theta (degree)
Figure

1. XRD pattern of In2-xFexO3 thin film (x=00, 0.05, 0.25, 0.35, 0.45)
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Table

1. The lattice parameter, relative reliability, crystal size, grain size, root mean square roughness,
thickness and energy band gap of (In1-xFex)2O3 (x=00, 0.05, 0.25, 0.35, 0.45) thin films

Iron
concentrations
(x)

Lattice
parameter
(Å)

Relative
reliability

0

10.1052

1.3

0.25

10.0238

1.04

9.9781

1.28

0.05

10.0989

0.35

10.0232

0.45

Table

12.1

1.3

13.73

1.06

16.1

Average grain
size (nm)/
Standard
deviation

Root Mean
Square
roughness
(nm)

Thickness
(± 0.1 nm)

Eneregy band
gap
(eV)

24/10

2

92.3

1.2

50.0

3.76±0.06

35/9

2

62.0

3.73±0.07

15.5/5

0.96

19.5/8

14.3

66/17

12.1

1.8

I*

0

309

59

309

58

16

15

20

44

0.19

0.25

414

83

414

94

36

29

30

70

0.20

0.35
0.45

250
348
89

55
77
36

3.74±0.06

65.0

3.72±0.08

77.6

3.78±0.08

2. The peaks intensities ratio between the peak and the highest peak for all samples

x
0.05

I1

Crystal size
(nm)

I2

250
348
89

I3

35
85
27

I4

12
29
14

I5

15
32

I6

18
30
10

I7

34
64
18

I1/I*

I2/I*

0.22

1

0.22
0.40

I3/I*

I4/I*

I5/I*

I6/I*

I7/I*

1

0.19

0.06

0.05

0.06

0.14

1

0.23

0.09

0.07

0.07

0.17

1
1

0.14
0.24
0.30

0.05
0.08
0.16

0.06
0.10

0.07
0.09
0.11

0.14
0.18
0.20

I*:highest intensity;I1, I2,I3,I4,I5,I6,I7 : other peak intensities

The crystallite size of all samples was calculated from
the most intense peak i.e. (222). The crystallite size of
undoped sample is 12.1 nm. The increment of iron dopant
(x=0.05-0.35) produces film with bigger crystallite size,
however at x=0.45 the size decreases to 12.3 nm (Table 1).
A similar result was reported by other researchers for Tb
doped yttrium iron garnet films (Ftema et al. 2012) and Sn
and Au thin films deposited on glass (Chopra 1969). The
film thickness dominates the increment of lattice parameter
(Chopra 1969).
Figure 2 shows the three dimensional AFM images of
the samples. It can be seen that the grain sizes of indium
oxide increase with the iron concentration up to x=0.35,
however the grain sizes decrease at x=0.45. The size of the
crystallite is smaller than the grain size because the grain
consists of many crystallites. The measurement of surface
roughness shows that all samples have smooth surfaces
(Table 1).
The optical transmission of the samples is shown in
Figure 3. All samples showed high transmission (over 91%)
in the wavelength range of 200-800 nm. These values are
higher than the results reported by Gao et al. (2010). They
reported transmission of 75 - 85% for their 50 nm thickness
Fe doped In2O3 films prepared using ethylene glycol
monomethyl as a solvent. Even though their films were
also prepared using the sol-gel method, the solvent used
to dilute the precursor is different. It has been reported that
the microstructure of a sol-gel thin film can be changed by
using a different type of solvent (Hong et al. 2008). Since
a film microstructure is related to the optical properties of

the films, changing the solvent could produce a film with
different optical properties.
Figure 3 also shows that the transmission curves of
doped samples have a small red shift as iron concentration
increases, however sample x=0.45 has a small blue shift.
This shifting indicates the change of the energy band gap
of indium oxide due to iron doping.
The absorption coefficient of films can be calculated
from the film transmission spectra using Lambert’s law:
I = Io exp(-αt),
where Io is the incident light intensity, I is the transmitted
light intensity, α is the absorption coefficient and t is the
film thickness. Then the α can be used to calculate the
optical energy gap using Tauc’s equation:
(αhn)n = (hn - Eg),
where α is the absorption coefficient of the film, hv is the
photon energy and Eg is the energy gap, n is a constant
which depends on the transition process: n=2 for allowed
direct transition, 2/3 for forbidden indirect transition, ½ for
allowed indirect transition and 1/3 for forbidden indirect
transition. The band gap was estimated from the relation
between (αhv)2 vs hv. This relation is a parabolic curve and
the energy gap was estimated by extrapolation a straight
line from the linear part to intersect at hv axis, giving the
Eg value. In our calculation, n is fixed to 2 because the
extrapolation line has maximum regression value at n=2.
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2. AFM micrograph of In2-xFexO3 (x=00, 0.05, 0.25, 0.35, 0.45)

Transmission %

Figure

Wavelength (nm)
Figure

3. Optical transmission spectra of In2-xFexO3 thin film (x=00, 0.05, 0.25, 0.35, 0.45)

Figure 4 shows the optical absorption coefficient vs
wavelength for all samples. Iron dopant effects the
coefficient but in a non systematic way.
The band gap for pure sample is 3.76 eV which is higher
than bulk In2O3 (3.6 eV) due to the smaller grain sizes. This
result is similar to the result reported by Kong et al. (2011)

for their (222) oriented indium oxide thin film deposited on
MgO (100) substrate. The band gap decreases as the iron
concentration increases up 3.72 eV for sample with x=0.35.
Similar result has also been reported elsewhere for Mn doped
indium tin oxide (ITO) thin film prepared by sol-gel method
(Reddy et al. 2007). The Eg decreases from 3.77 to 3.72 eV
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Figure

4. Absorption coefficient vs wavelength for In2-xFexO3 thin film
(x=00, 0.05, 0.25, 0.35, 0.45)

as the Mn concentration increases from 3% to 4%. This result
could be associated with the reduce of electron energies due to
the many body effect of free carriers caused by highly doping
concentration in semiconductors (Schubert 2007). However,
the band gap increases to 3.78 eV for sample x=0.45. The
modification of energy gap of chromium doped indium oxide
prepared on (001) Si and yttria-stabilized zirconia (YSZ) was
reported to be caused by the crystal structural transition (Hsu
2012). Hsu (2012) reported that the optical band gap of their
chromium doped indium oxide showed a maximum at the
intermediate state and decreased, respectively, towards high
and less ideally crystallized states. In the present study, it is
believed that the increment of the band gap in sample x=0.45
could be related to the changes in the microstructure of indium
oxide as shown from the XRD results.
Conclusion
The iron solubility in the In2O3 thin film prepared by the
sol-gel method followed by the spin coating technique
was as high as reported by other researches i.e. ~20%.
In2-xFexO3 (x=0.0, 0.05, 0.25, 0.35 and 0.45) film were
successfully prepared without any impurities. The
crystallite sizes increase from 12.1 for pure sample to
16.1 nm for x=0.35. The grain sizes calculated from AFM
scan analysis showed that all samples contain nanometer
grains sizes. All samples have smooth surface and high
transmission i.e. over 91% which were higher than being
reported by previous researchers for iron doped In2O3. Iron
dopant effect the optical absorption of the samples. The
calculated band gaps decreased from 3.76 eV for pure to
3.72 eV for sample x=0.35.
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