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In2O3 thin films have been deposited on glass substrates by spray pyrolysis using InCl3 as the precursor. The effect of 
precursor concentration that varied in the range, 0.01-0.25 M on the physical properties of sprayed In2O3 films deposited at 
400 oC was investigated. The structural properties of the as-deposited films were studied using X-ray diffractometer and 
Atomic force microscope. The XRD analysis indicated that the layers had cubic structure with (222)/(400) as the preferred 
orientation. The AFM studies revealed a decrease of grain size at higher precursor concentrations with an increase of 
surface roughness. The layers were optically characterized in order to evaluate the absorption coefficient, optical band gap, 
refractive index, extinction coefficient and other optical parameters. An average visible transmittance of ~ 90 % was 
observed with an optical band gap of 3.62 eV for the layers grown at a solution concentration of 0.1 M. The Hall effect 
measurements revealed that the films deposited at a solution concentration, 0.1 M exhibit a minimum resistivity of 2.72x10-3 
Ωcm with the carrier concentration and mobility of the order of 7.6x1019 cm-3 and 30.2 cm2/Vs respectively. The layers 
showed the highest figure of merit of 8.2x10-3 Ω-1. 
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1. Introduction 
 
Thin films of transparent conducting oxides (TCOs) 

have been widely used as transparent electrodes in solar 
cells, panel liquid crystal displays and organic light 
emitting diodes [1] because of their unique properties of 
high optical transparency in visible region and high 
conductivity, which can be modulated from insulator to 
metal. In general, the electrical conductivity in any 
semiconductor can be improved by increasing the charge 
carrier concentration or the carrier mobility. However, an 
increase in the charge carrier concentration will decrease 
the optical transparency due to the free carrier absorption. 
An increase of the carrier mobility can improve the 
conductivity with out sacrificing optical transparency. 
Hence, the materials with high carrier mobility would 
enhance the overall properties of TCO materials [2]. The 
conductivity of TCOs is a function of number of oxygen 
vacancies present in the matrix, each of which donate two 
electrons to the conduction band and dopant concentration. 
Various binary, ternary and compound oxide materials 
have been developed and obtained good opto-electronic 
transport properties. The use of multi-component oxide 
materials makes it possible to design TCO films suitable 
for specialized applications, as their physical properties 
can be precisely controlled by changing the chemical 
composition or by doping. But the preparation of doped 
ternary and multi-component oxide layers with suitable 
composition and understanding of the chemistry involved 
are rather difficult when compared to undoped TCO 
materials. In general, undoped binary oxide films are 
insulators in its stoichiometric condition. But the 
conductivity of pure oxide layers can be improved to the 
level of doped layers by suitably controlling the density of 

oxygen vacancies, each of which donate two electrons to 
the conduction band and can be tailored from insulator to 
conductor. This deficiency determines the conductivity of 
undoped oxide layers. Thus the binary TCOs are mainly 
oxygen deficient and the ultimate attainable properties of 
TCOs are material dependent [3]. 

Various undoped metal oxides such as ZnO, SnO2, 
CdO, Sb2O5 and doped metal oxides like In2O3: Sn, ZnO: 
Al, CdO: Sn and ternary compounds such as Cd2In2O4, 
Zn2In2O5, have been used in industrial applications 
depending on their suitability. Among the different metal 
oxides, In2O3 was found to be a potential material that has 
wide band gap, low resistivity and highly stable when it is 
exposed to different atmospheres at higher temperatures (~ 
1000 oC) [4,5]. Thin films of In2O3 can be prepared by a 
variety of physical and chemical methods. In the present 
study, In2O3 films were prepared by spray pyrolysis 
technique.  

Spray pyrolysis is a versatile and effective technique 
used to deposit metal oxide thin films over large areas on 
large scale for various industrial applications. Recent 
advances in spray pyrolytic deposition process makes 
possible for the preparation of metal oxide, chalcogenide 
and even metal films [6-10]. Spray pyrolysis opens up the 
possibility to control the film morphology and particle size 
in the nanometer range. The quality and properties of the 
films depend largely on the process parameters. The most 
important parameter for film formation is the substrate 
surface temperature. At higher substrate temperatures, the 
films will become rough and exhibit a more porous 
microstructure. If the temperature is too low, the films are 
cracked and mostly amorphous in nature. In addition, 
precursor solution and other additives in the precursor can 
also influence the morphology, crystallinity, texture and 
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other physical properties of the deposited films. The 
primary requirement to obtain good quality thin films is 
the better control over the deposition parameters. This 
technique offers an easy control over the deposition 
conditions such as substrate temperature, rate of 
deposition, concentration of precursor solution etc. In 
these process parameters, the most critical one is the size 
of droplet and their distribution over the preheated 
substrates. The enhancement in deposition efficiency 
results in the formation of good quality thin films. The 
properties of films can be easily tailored by controlling the 
process conditions. As the electro-optical properties of thin 
films are highly sensitive to microstructure as well as the 
level of residual stress/strain caused during the deposition 
process [11] and orientational changes which inturn 
depend on the deposition conditions [12], it is essential to 
study the influence of each process parameter on the 
physical properties of the grown films. Although there are 
reports in the literature on the growth of sprayed In2O3 
films, the data available on the influence of solution 
concentration on different physical parameters are very 
meagre. Hence, in the present investigation, it was aimed 
to study the influence of solution concentration, (Sc) on the 
physical properties of undoped indium oxide (In2O3) films 
that includes preferred orientation, grain size, lattice strain, 
energy band gap, refractive index, charge carrier density 
etc. 

 

 
 

Fig. 1. The variation of the growth rate of as a function of 
solution concentration. 

 
 
2. Experimental details 
 
Thin films of In2O3 were prepared using chemical 

spray pyrolysis. Resistively heated coil was employed to 
provide thermal energy necessary for the pyrolytic 
process. The upper side of the resistance coil was covered 
with a thick copper plate and the other sides were 
thermally insulated from the atmosphere in order to reduce 
the loss of heat energy. The Eurotherm temperature 
controller was used to maintain the pre-determined 
substrate temperature using a Chromel-Alumel 
thermocouple as a temperature sensor for the controller. 
Stainless steel (Model 1/4 JAU-SS) spray gun was used to 
spray the precursor solution, which was suspended from a 

rigid support. This consists of two inlet tubes, one of 
which is connected to solution reservoir and the other to a 
gas compressor. The gas pressure and flow rate can be 
monitored through the flow meter set-up. The spray head 
was moved in the horizontal plane by means of a 
microprocessor controlled stepper motor system in order 
to get uniform films on the substrate. High purity (5N) 
InCl4 was dissolved in de-ionized water to prepare the 
precursor solution at different concentrations in the range, 
0.01 - 0.25 M. Compressed purified air was used as the 
carrier gas at a pre-determined flow rate of 8 l/min and the 
solution was sprayed at a flow rate of 6 ml/min onto 
ultrasonically cleaned corning 7059 glass substrates. The 
optimum substrate temperature was determined as 400 ± 5 
oC in our previous studies reported elsewhere [13] and the 
same is maintained in this study. The substrate to nozzle 
distance was maintained as 25 cm. In the spray pyrolysis, 
the temperature of the substrates decreases due to the 
interaction of sprayed droplets of the solution with the pre-
heated substrate. Hence, the precursor solution was 
sprayed onto the substrates at an interval of 1-2 min. i.e., 
the spray process lasts for 10 sec and was paused for 1-2 
min, in order to recover the required substrate temperature 
and for ensuring the complete re-evaporation of the 
reaction by products. Such type of spraying cycles was 
repeated several times and after completion of the 
deposition process the films were allowed to cool slowly 
to room temperature. The structural surface topological 
and morphological studies of the films were carried out 
using Siemens X-ray diffractometer, Hitachi scanning 
electron microscope and Vecco atomic microscope. The 
electrical properties of the films were carried out using 
Hall effect measurements using van der Pauw method. The 
optical properties were evaluated using Hitachi UV-Vis-
NIR spectrophotometer with unpolarised light. 

 
3. Results and discussion 
 
The visual appearance of all the grown layers grown 

at different solution concentrations (Sc) indicated that the 
layers were homogeneous, pinhole free and well adherent 
to the substrate surface. The layers grown at Sc < 0.15 M 
were transparent where as the layers grown at Sc > 0.15 M 
were whitish in appearance. 

3.1. Structural properties 

Fig. 1 shows the growth rate of In2O3 films as a 
function of concentration of the spraying solution, Sc. The 
growth rate was calculated from the ratio of thickness of 
the films and deposition time, and found to have a linear 
dependence on the Sc between 0.01 M and 0.1 M, whereas 
an exponential increase was observed above 0.15 M. The 
initial monotonous increase in the growth rate with the 
molarity can be understood from the fact that the oxide 
films can be grown by a continuous adsorption followed 
by reaction of metal containing species with the adsorbed 
water molecules [14]. Hence, the growth rate of In2O3 
mainly depends on the number of indium species available 
to form the corresponding layer. The initial linear increase 
in the growth rate upto Sc ~ 0.1 M can be attributed to the 
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appropriate proportion of indium containing species and 
oxygen from water molecule. At higher Sc (> 0.1 M) 
values, as the concentration of indium species is very high 
and the available oxygen from the water molecule may be 
insufficient to form the desired film that caused to 
decrease the growth rate of the films with a deviation from 
the linearity. Fig. 2 shows the X-ray diffraction profiles of 
In2O3 films deposited at a temperature of 400 oC with 
different precursor concentrations, Sc. All the grown layers 
were polycrystalline with a strong (222) and (400) 
reflection and weak (211), (400), (411), (440) and (622) 
reflections. From this data, it can be observed that the 
preferred orientation of the grains varied with the variation 
of the precursor solution. The films deposited at Sc ~ 0.01 
M showed a low intensity for the (222) reflection, which 
was increased for Sc ~ 0.1 M. This showed an 
improvement in the crystallinity of the as grown films at Sc 
~ 0.1 M in the (222) orientation. Further increase in the Sc 
value led to a change in the film orientation from (222) to 
(400). The films grown at 0.25 M exhibited multi-phase 
orientation with (222) and (400) as dominant peaks. This 
clearly indicates the influence of solution concentration on 
the preferred orientation of grains in the films. Agashe et 
al. observed a similar behaviour of change in the growth 
direction of SnO2 films prepared by spray pyrolysis and 
reported that with the increase of Sc, tin occupies the 
regular lattice sites at low concentrations. When the Sc 
value of the precursor solution increases certain limit, Sn 
occupies interstitial sites rather than lattice vacancies, 
which change the preferred growth of the films. Hence, the 
present results correlated well with the reported 
observations and the behaviour of preferred orientation 
can be attributed to the theory given by Agashe et al. [15]. 
Elangovan et al. observed a similar behaviour for spray 
deposited SnO2: F films prepared at different precursor 
concentrations and explained the variation of preferred 
orientation due to the variations in the precursor 
concentration that alter the nucleation and growth process, 
which decides the orientation of the film [16]. Moreover, 
the change in the preferred orientation can be explained 
that the orientation of grains in a particular direction 
depends on both the deposition rate and substrate 
temperature [17]. In this study, as the substrate 
temperature was kept constant at 400 oC, the parameter 
influencing the film growth direction and its 
characteristics was the deposition rate, which is directly 
related to the number of indium containing species 
supplied in the solution onto the substrate surface. At 
higher Sc values as the deposition rate was very high i.e., 
number of indium containing species in the precursor 
solution increased with the increase of precursor 
concentration, which resulted in the formation of In2O3 
films containing small grains with less pronounced 
preferred orientation, and the available time for grain 
growth is short due to which the (222) orientation did not 
sustain itself. This results in the dominance of random 
orientation over the (222) direction observed at higher Sc 
values. Mouthino et al. [18] reported that the lack of 
preferential orientation is due to the increase of film 
thickness. From this study, it can be ascertained that it is 

easy to control the growth rate of the films and interstitial 
incorporation of constituent atoms, which influence the 
properties of the films. The earlier reports showed that in 
case of the films prepared using evaporation methods in 
oxygen atmosphere, the preferred orientation is mainly 
dependent on the level of oxygen present in the crystal 
structure [19]. But in case of the films prepared by 
chemical methods, most of the authors reported the 
prevalence of (222) orientation [20,21]. Moreover, 
epitaxially grown indium oxide films using electron beam 
evaporation method also showed the existence of (222) 
orientation [22]. 

 
 

 
 
Fig. 2. X-ray diffraction patterns of indium oxide films  

grown on glass substrates at Ts = 400 oC. 
 

The grain size (D) of In2O3 films prepared at different 
Sc values was calculated from the fringe width at half 
maximum (FWHM) of the (222) peak using Scherrer 
formula [23], 

θθβ
λ

cos2

9.0
=D          (1) 

where β is the FWHM and λ is the wavelength of CuKα 
radiation (1.542 Å). Table 1 shows the variation of grain 
size of In2O3 films deposited as a function of Sc. The grain 
size was high at Sc ~ 0.1 M and reduced with further 
increase in the Sc. This reduction in the grain size at higher 
Sc may be due to the re-orientation of the films that is 
responsible for the formation of smaller grains with less 
pronounced preferred orientation. Moreover, the 
deposition rate is very high at higher Sc and can also 
influence the growth kinetics of the grains [24]. 

Fig. 3 shows the three dimensional AFM images of 
In2O3 films scanned over an area of 2μm x 2μm. It can 
seen that the surface morphology of the films was highly 
influenced by precursor solution concentration, Sc. All the 
pictures showed spherical grains that were uniformly 
distributed irrespective of the Sc. The surface roughness 
was found to decrease from 20 nm to 16 nm when the Sc 
varied from 0.01 M to 0.1 M. This decrease in the surface 
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roughness might be due to the coalescence of small grains. 
When the Sc > 0.1 M, roughness of the films increased 
drastically to 28 nm at Sc = 0.25 M despite a decrease in 
the grain size of the films. This might be due to the 
increase of rate of deposition with the increase of solution 
concentration as discussed above. 
 
(a) Sc = 0.01 M                                   (b) Sc = 0.05 M 
 
 

 
 
 

(c) Sc = 0.1 M                                   (d) Sc = 0.15 M 
 

   
(e) Sc = 0.2 M                                      (e) Sc = 0.25  M 
 

      
Fig. 3. AFM pictures of the sprayed In2O3 films prepared 

 at six solution concentrations. 
 
 
The lattice parameter ‘a’ for cubic In2O3 films was 

calculated using the relation, 

a = d (h2+k2+l2)1/2   (2) 

where, h, k, l are the lattice planes and ‘d’ is the 
interplanar spacing, measured  using Bragg’s equation. 
Fig. 4 shows the variation of lattice constant with Sc. The 
lattice constant of In2O3 films was found to be lower than 

the reported value of 10.118 Å [25] for the cubic In2O3. 
The lattice constant increased from 9.951 Å to 9.965 Å as 
the molarity of the precursor was increased. This implied 
that the thicker films exhibit less defects [26].  

The lattice distortion (Δd/dhkl) is defined as, 

Δd/dhkl = (dexp - dhkl)/dhkl   (3) 

where dexp is the interplanar spacing determined from the 
position of the experimental peak by using Bragg formula, 
and dhkl is the theoretical value calculated from the lattice 
constant (10.118 Å). As the statistical microstrain, 
ε = Δd/dhkl in the films is proportional to lattice distortion, 
it is correlated with the XRD line broadening Δ(2θ), which 
is caused due to the inhomogeneous strain as, [27]  

( ) ( )εθθ tan22 =Δ  

Generally, the strain in thin films arises from a 
number of sources such as departure from ideal 
stoichiometry and mechanical residual stress and the 
difference in the thermal expansion coefficients of the 
deposited film and substrate. Fig. 4 shows the variation of 
internal strain with solution concentration, which indicated 
a lowest microstrain for the films prepared at Sc ~ 0.05 M 
and increased beyond this value of molarity. This increase 
in the strain at higher Sc value could be due to the increase 
of film thickness or the rate of deposition. Korotcenkov et 
al. observed a similar behaviour for indium oxide films 
prepared by spray pyrolysis at higher precursor 
concentrations [28].  

 

 
 

Fig. 4. Variation of strain and lattice constant with solution 
concentration. 

 
 
The analysis of XRD data for preferred orientation in 

In2O3 films, prepared at different solution concentrations 
was carried out by  

Lotgering factor, ( ) ( )( )

( )( )hklpowderP

hklpowderPhklP
L

−

−
=

1
        (5) 

where, P(hkl) is the ratio of the integrated XRD intensities 
of  certain orientation (hkl) to the sum of all reflections 
and P(powder)(hkl) is the equivalent ratio for a randomly 
oriented powder sample [29]. The Lotgering factor, L 
reveals how strong a surface orientation (hkl) occurs with 
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respect to its powder sample. Negative values of L(hkl) 
indicate a reduced occurrence of a certain orientation 
whereas the positive values of L(hkl) indicate that the 
orientation (hkl) is strongly pronounced compared to the 
powder sample. From Fig. 5, the Lotgering factor for a 
powder sample with no preferred orientation would lie on 
the dashed line L = 0. The L value for (222) plane was 
found to approach unity at Sc ~0.1 M, indicating that this 
orientation was energetically preferred. Whereas, L was 
negative for (622) and (400) planes at Sc > 0.15 M, which 
indicated that these orientations were less pronounced. 
From this, it could be assumed that the decrease in the 
crystalline texture with the increase of solution 
concentration is caused by the increase in the rate of 
deposition that induces a more random growth pattern of 
the grains in the films [30].  
 
 

 
 

Fig. 5. Variation of Lotgering factor of different orientations 
 in the films prepared at different solution concentrations. 

 
 

3.2. Optical properties 
  
The transmittance spectra of In2O3 films measured in 

the wavelengths between 300 nm and 1700 nm deposited 
for six different concentrations in the range, 0.01 M – 0.25 
M is shown in Fig. 6. All the films showed good 
transmittance in the visible region and exhibited 
interference pattern, which implies that the films were 
highly uniform. The spectra showed a high transmittance, 
~ 90 % for the films deposited at a concentration, Sc of 0.1 
M and decreased with the increase of Sc due to the 
thickness effect, causing an increased absorption [31]. The 
higher transmittance observed in the films was attributed 
to less scattering effects, structural homogeneity and better 
crystallinity whereas the observed low transmittance in the 
layers might be due to the less crystallinity leading to more 
light scattering [32]. As the film thickness decreases, the 
absorption edge is shifted towards shorter wavelengths. 
Further, the shift in the fundamental absorption edge with 
the increase of solution concentration is nominal. 

 

 
 

Fig. 6. Transmittance versus wavelength spectra of indium  
oxide films for different solution molarities. 

 
The absorption coefficient, α in the strong absorption 

region where the envelop method is not valid as the region 
was interference free, was evaluated from the optical 
transmittance data using Lambert’s principle, 

 α = -(1/t) ln T,   (6) 

where T is the transmittance and ‘t’ is the thickness of the 
film. In the lower absorption region of the interference 
zone, the absorption coefficient can be calculated using the 
relation [33], 
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refractive index of the film and s is the refractive index of 
the substrate. 

The absorption coefficient at the absorption edge was 
determined to be of the order of 105 cm-1. This high 
absorption in the films reflects the direct band to band 
transition [34]. Fig. 7 shows the spectral dependence of 
absorption coefficient in In2O3 films. In amorphous or 
polycrystalline materials the absorption coefficient follows 
exponential behaviour near the fundamental absorption 
edge that arises due to potential fluctuations of the internal 
fields associated with the structural disorder and is of the 
form [35], 

⎥
⎦

⎤
⎢
⎣

⎡ −
=

oE
Eh 1exp

ν
αα      (8) 

where αο is a constant, h is the Plank’s constant and Eo is 
width of the tail (Urbach tail) of the localized states in the 
forbidden band gap. The width of the tail is a direct 
measure of structural disorder [36]. The absorption 
coefficient as a function of the incident photon energy near 
the band edge was determined for all the films prepared 
with different precursor concentrations. From this data, the 
empirical parameter Eo was calculated from the plot of lnα 
versus hν as shown in Fig. 7, and the results are shown in 
Table. 1. The value of Eo was low for the films prepared at 
Sc ≤ 0.1 M after which the variation in Eo was very less. 
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This represents the better crystallinity/structural order of 
the films prepared at Sc = 0.10 M. From this study, it was 
observed that the films with single orientation had less 
Urbach tail width that indicated better structural order in 
the films deposited at Sc ~ 0.1 M. The evaluated values of 
Eo are in close agreement with the reported data for 
sprayed indium oxide films [37].  
 
 

 
 

Fig. 7. Variation of absorption coefficient as a function  
of photon energy. 

 
The electronic transition between the valence and 

conduction bands can either be direct or indirect.  In the 
two cases, the transition of electron from the valence band 
to conduction band can be allowed or forbidden where 
such probability could not exist according to the transition 
probability, p. The transition probability follows the 
relation, which relates the energy band gap of the films 
and the absorption coefficient, α as a function of photon 
energy, hν, 

(αhν)p  = A (hν-Eg )  (9) 

where A is a constant, Eg is the optical energy band gap. 
The nature of transition can be determined by plotting 
(αhν)p against photon energy. For a suitable value of p, 
strain line behaviour of the plot can be obtained and 
extrapolation of which on to the energy axis gives the 
value of the energy band gap of the material. The value of 
p = 2 and 3 represents the direct allowed and direct 
forbidden transitions respectively. Further, the value of 
p=1/2 and 1/3 represents the indirect allowed and indirect 
forbidden transitions respectively. In the present study, the 
variation of absorption coefficient with photon energy 
followed the above relation for p=2, indicating that the 
transition must correspond to a directly allowed electronic 
transition. Fig. 8 shows a plot of (αhν)2 versus hν and the 
variation of energy band gap in the films deposited for five 
different solution concentrations. The energy band gap 
varied from 3.67 eV to 3.31 eV when the films deposited 
in the solution concentration range, 0.01M≤ Sc≤ 0.25M. 
The observed higher value of the energy band gap over the 
bulk value for the films deposited at lower precursor 
concentration might be due to the smaller crystallite size 
of the films. This could be explained on the basis of three-
dimensional quantum size effect, which leads to an 

increase in the band gap with the decrease of crystallite 
size [38]. This is the usual phenomenon observed in the 
case of nanocrystalline materials. The decrease in the band 
gap at higher precursor concentrations, i.e., Sc≥0.1M, in 
spite of the decrease of crystallite size might be attributed 
to presence of high density of grain boundaries and 
disorders at the grain boundaries [39]. This was also 
supported from the variation of Urbach tail width. 
 

 
 

Fig. 8. (αhν)2 versus hν plot of In2O3 films. 
 
 

Table. 1. Grain size, energy band gap and width of the  
Urbach tail in In2O3 films. 

 

Sc (M) 
Grain 
size 
(nm) 

Energy 
band gap, 
Eg (eV) 

Width of the  
Urbach tail 

(meV) 
0.01 53 3.67 331 
0.05 82 3.61 301 
0.10 91 3.59 286 
0.15 65 3.41 308 
0.20 57 3.34 335 
0.25 54 3.31 352 

 
The refractive index of the films was calculated from 

the transmittance versus wavelength spectrum. This 
method is based on the analysis of the transmittance 
spectrum of a weakly absorbing film deposited on a non-
absorbing substrate [33]. The refractive index, n over the 
spectral range is calculated by using the envelopes that are 
fitted to the measured extreme. The refractive index, n is 
given by 

n2 = N + ( N2 - na
2.ns

2 )1/2  (10) 

 
where N = (na

2 + ns
2/ 2 )+ 2 nansT 

Here na and ns are the refractive indices of air and 
substrate and T = (Tmax – Tmin )/ Tmax.Tmin. Tmax is the 
maximum envelope, and Tmin is the minimum envelope. 
The refractive index ‘nf’ of the films was found to decrease 
continuously with the increase of wavelength. The n values 
were in close agreement with the reported data for pulsed 
laser deposited indium oxide films [40]. The refractive 
index values obtained in the weak absorption region was 
fitted to the classical Cauchy relation, 



P. Prathap, Y. P. V. Subbaiah, K. T. Ramakrishna Reddy 

 

 

258 

2λ

ban += ,   (11) 

where a and b are the Cauchy parameters and λ is the 
wavelength of the light used. The data followed the 
general relation given by Equation. (6) and the resultant 
equations were shown in the Table. 2 for all the films 
deposited at Sc values in the range, 0.01 – 0.25 M. This 
implied that the films had normal dispersion for the entire 
range of wavelength studied. Fig. 9 shows the variation of 
refractive index with wavelength where the solid curve 
represents the Cauchy fit. At higher wavelengths when 
λ → ∞, the Cauchy’s parameter, α represents the longer 
wavelength limit of refractive index, n∞. It can be noted 
from Table. 2 that the refractive index increased with the 
increase of precursor concentration. This might be due to 
the increase in the density of the film [41]. As the 
thickness of the films increased with the increase of Sc, a 
reduction in the density of voids occur that could also 
cause an increase in the refractive index. Thus, by 
monitoring the refractive index of the films, it is possible 
to estimate the density of the films [42].  
 

 
 

Fig. 9. Dispersion of refractive index and the corresponding 
Cauchy fit. 

 
 

Table. 2. Cauchy fitting equations. 
 

Sc 
(M) 

Cauchy equations, 
n = 

0.01 
0.05 
0.10 
0.15 
0.20 
0.25 

1.80+1.40x104/λ2 
1.83+1.38x104/λ2 
1.80+2.30x104/λ2 
1.85+2.61x104/λ2 
1.89+2.16x104/λ2 
1.93+1.67x104/λ2 

 
 

The extinction coefficient (k) was directly calculated 
from the absorption coefficient by using the relation [43], 

π
αλ
4

=k        (12) 

The variation of extinction coefficient with 
wavelength is shown in Fig. 10. The evaluated value of 
extinction coefficient had a maximum at the fundamental 

absorption edge and its variation with wavelength was 
marginal. The extinction coefficient was low for the films 
prepared at Sc = 0.01 M and its value increases with the 
increase of Sc. This might be due to the increase in the 
thickness of the films with the solution concentration, 
which is the fundamental property of solids. The higher 
value of extinction coefficient at higher thicknesses could 
also be attributed to more light scattering in the films. 
However, the value of extinction coefficient was found to 
be high for all the films that may be due to the 
crystallographic defects such as grain boundaries and 
voids present in the layers.  

 

 
 

Fig. 10. Extinction coefficient as a function of wavelength. 
 

3.3. Electrical properties 

Fig. 11 shows the variation of carrier concentration 
(n), mobility (μ) and electrical resistivity (ρ) plotted 
against solution concentration, Sc. For the films prepared 
at Sc = 0.10 M, the carrier density was approximately 
3.4×1019 cm-3 with an electrical resistivity of 8.92×10-3 

Ωcm. The value of n increased to 7.6×1019 cm-3 with 
ρ =2.72×10-3 Ωcm and approximately remains stable for 
Sc values between 0.15 M and 0.25 M. A modest mobility 
of < 30.2 cm2/Vs was measured in all the films. The 
resistivity was low for the films prepared at Sc = 0.1M that 
shows the better crystallinity. The resistivity and mobility 
of the films prepared in the present study is close to the 
values observed for indium oxide films grown by pulsed 
laser deposition [5]. Further, the present study 
demonstrated low mobility for the films grown at higher 
concentration of the precursor. A sharp decrease in the 
value of μ at higher Sc values could be due to interstitially 
incorporated indium, which caused to change in the 
preferred orientation from (222) to (400). This also causes 
a reduction in the grain size and the existence of additional 
orientations other than (400), which may be responsible 
for the observed low mobility [44]. Moreover, as the films 
were prepared in the atmospheric ambience, additional 
incorporation of oxygen and other impurities cannot be 
minimized and therefore the transport properties of the 
films will be more affected. A continuous increase in the 
carrier concentration with the increase of Sc may be 
resulted from the interstitial indium atoms, which act as 
charge carrier donors to the conduction band. But the 
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interstitially incorporated indium atoms had a negative 
influence on the mobility and conductivity. In spite of a 
significant increase in the carrier concentration, the 
resistivity is decreased due to the decrease in the mobility 
at higher precursor concentrations. Finally, the prevalence 
of (222) orientation offers better properties than the (400) 
orientation in In2O3 films prepared by spray pyrolysis.  

 

 
 

Fig. 11. Variation of carrier concentration, mobility, and 
resistivity with the solution concentration 

 
The quality of transparent conducting films is best 

represented using the figure of merit (Φ), calculated from 
the transmittance and sheet resistance data. The higher 
values of the figure of merit represent the better 
performance of the transparent conducting film. The 
electrical conductivity and transmittance of TCO film 
should be as high as possible for application in solar cells. 
The figure of merit, proposed by Haacke, compares the 
performance of various transparent conductors [45] is 
given by 

sRT /10=ϕ            (13) 
where T is the transmittance, Rs is the sheet resistance. As 
shown in Fig. 12 the best performance was obtained for 
the films prepared at Sc = 0.1 M which had                         
Φ=8.2×10-3 Ω-1, with a low electrical resistivity.  
 

 
 

Fig. 12. Variation of figure of merit with the solution 
concentration. 

 
 

4. Conclusions 
 
In the present investigation, transparent and 

conducting indium oxide thin films have been synthesized 
systematically by chemical spray pyrolysis at different 
precursor solution concentrations (Sc), 0.01 – 0.25 M using 
predetermined deposition parameters such as substrate 
temperature, solution and gas flow rates. The growth rate 
of the films increased linearly with the increase of Sc upto 
0.1 M above which the growth rate was non-linear. All the 
films deposited at a temperature, 400 oC for different 
precursor concentrations, Sc showed polycrystalline 
structure. The X-ray diffraction profiles of the as-
deposited films showed a strong (222) and (400) reflection 
and a weak (211), (400), (411), (440) and (622) 
reflections. It was observed that the preferred orientation 
of the films was found to vary with the precursor 
concentration. But the films prepared at Sc ~ 0.1 M were 
strongly crystallized along the (222) orientation. The grain 
size of the films was found to be high for Sc ~ 0.1 M and 
reduced beyond this value. The films prepared at Sc ~ 0.05 
M exhibited lowest microstrain and increased beyond this 
value of molarity. All the films showed high transmittance 
in the visible region and the films deposited at a 
concentration, Sc = 0.1 M had a transmittance of ~ 90% 
that decreased with the increase of Sc due to the thickness 
effect. The absorption coefficient was determined to be ~ 
105 cm-1 above the fundamental absorption edge. From the 
analysis of the absorption coefficient as a function of 
photon energy near the band edge the width of the Urbach 
tail was determined that showed higher structural order for 
the films prepared at Sc=0.1 M. The value of refractive 
index increased with the increase of precursor 
concentration due to the increase of the film thickness. All 
the films showed a normal dispersion over the entire 
wavelength studied. A lowest resistivity of 8.92×10-3 Ωcm 
with a carrier density (n) of approximately 3.4×1019 cm-3 
was observed for the films prepared at Sc = 0.1 M. A 
modest mobility of < 30.2 cm2/Vs was measured in all the 
films. A higher value of the figure of merit, Φ = 8.2x10-3 

Ω-1, was obtained for the films prepared at Sc= 0.1 M. The 
highly conducting and transparent In2O3 films grown with 
a Sc ~ 0.1 M might be useful as a window layer in solar 
cell fabrication. 
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