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Abstract. We report the conducting and transparent In doped ZnO films fabricated by a homemade chemical spray pyrolysis system (CSPT). The effect of In concentration on the structural, morphological, electrical
and optical properties have been studied. These films are found to show (0 0 2) preferential growth at low
indium concentrations. An increase in In concentration causes a decrease in crystalline quality of films as
confirmed by X-ray diffraction technique which leads to the introduction of defects in ZnO. Indium doping
also significantly increased the electron concentrations, making the films heavily n type. However, the crystallinity and surface roughness of the films decreases with increase in indium doping content likely as a result of
the formation of smaller grain size, which is clearly displayed in AFM images. Typical optical transmittance
values in the order of (80%) were obtained for all films. The lowest resistivity value of 0⋅045 Ω-m was
obtained for film with 5% indium doping.
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Introduction

Recently there has been a great interest in the investigation of transparent conducting oxides (TCOs). Among
them, ZnO is particularly more interesting as it has strong
applications in optoelectronics devices owing to its direct
bandgap (Eg ~ 3⋅3 eV) at 300 K. ZnO is also found to
have other strong applications such as fabrication of electronic devices, transparent thin film transistor, where the
protective covering preventing light exposure is eliminated since ZnO based transistors are insensitive to visible
light. As a matter of fact, simultaneous occurrence of
both high optical transmittance in the visible range, and
low resistivity make ZnO an important material in the
manufacture of heat mirror used in gas stoves, conductive
coating in aircrafts glass avoiding surface icing, and as
thin film electrode in amorphous silicon solar cells. By
controlling the doping level electrical properties can be
changed from insulator through n-type semiconductor to
metal while maintaining optical transparency that makes
it useful for transparent electrodes in flat panel displays
and solar cells (Ozgur et al 2005). n-Type doping of ZnO
is relatively easy as compared to p-type doping. Group III
elements like Al, Ga and In can be used as n-type dopant
(Kato et al 2002). Doping with Al, Ga and In has been
attempted by many groups, resulting in high quality,
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highly conducting n-type ZnO thin films (Minami et al
1984; Ataev et al 1995; Myong et al 1997; Ko et al 2000;
Chen et al 2001; Assuncao et al 2003; Liu et al 2003).
Among group III element much of the work has been
done by using Al as a dopant because the ionic radius of
Al is smaller than that of In and Ga. However, thermodynamic data show that the free energy of formation of
Al2O3 is lower than that of ZnO, suggesting that Al2O3
has very high reactivity with oxygen. In this regard, indium is an attractive dopant for n-type ZnO, as it has less
reactivity and greater resistivity to oxidation relative to
Al. So far there have been few reports on indium doped
ZnO thin films. Cao et al (2006) prepared indium doped
ZnO films by rf sputtering method and obtained film with
a minimum resistivity and maximum crystalline size.
Kim et al (2007) deposited ZnO thin film by rf magnetron sputtering. They investigated the effect of indium
doping on the structural and electrical properties of the
fabricated film.
Numerous thin film deposition techniques have been
employed by different workers e.g. chemical vapour
deposition (CVD) (Ataev et al 1999), radio frequency
magnetron sputtering (Song et al 2002), sol–gel process
(Lee et al 2003), pulsed laser deposition (Singh et al
2001), electrodeposition (Cembrero et al 2004) and spray
pyrolysis (Ma and Lee 2000; Lee and Park 2004) for the
preparation of undoped and doped ZnO films. Among
these techniques CSPT has many advantages; it is easy,
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inexpensive, and well adapted for mass fabrication. In
this paper, we report the results of our investigation of
IZO at different doping concentrations. In the present
work, all films have been prepared by using CSPT. We
have particularly studied the structural, morphological,
electrical and optical properties of IZO films deposited
onto glass substrate at a temperature of 380 ± 5°C.
2.

Experimental

Undoped ZnO and indium doped ZnO thin films at different
dopant percentages were deposited by CSPT (Godbole et
al 2007). This technique is most suitable for the deposition of oxide films. Aqueous solution of Zn(NO3)2⋅6H2O
(0⋅05 M) was used for spraying. Doping was achieved by
the addition of indium trichloride to the precursor solution, and the whole mixture was sprayed onto the microscopic glass slides. The concentration of In was varied at
1–5% in the initial solution. Dry air was used as a carrier
gas and the spray rate of the solution was 1 cm2/min. The
temperature of the substrate was maintained at 380 ± 5°C
and monitored by a chromel–alumel thermocouple close
to the substrates. All deposition parameters were optimized.
The characterization of the prepared film was carried
out by Rigaku X-ray diffractometer using Cu-Kα radiation having wavelength, 1⋅5418 Å. The morphological
studies were done by using AFM (Digital instruments
Nanoscope-IV, with Si3N4 100 nm cantilever, 0⋅58 N/m
force constant) measurements in contact mode. The resistivity measurements were done using Keithley 617 programmable electrometer in association with Lakeshore
temperature controller in a homemade set-up with Teflon
insulated shielded coaxial cables. The optical measurements were done by means of UV–Vis spectrophotometer
(Perkin Elmer Lambda 950).
3.

IZO allow us to state that there is a predominant growth
of ZnO microcrystal with the c-axis tilted around 58
degree towards the plane of substrate at higher doping
while for lightly doped samples c-axis is perpendicular to
the plane of the substrate (Major et al 1986). For obtaining the quantitative information concerning the preferential crystalline orientation, texture coefficient TC along
(0 0 2) plane has been calculated (Barret and Massalski
1980) by using the relation
I (hkl )
I 0 (hkl )
TC (hkl ) =
×100%,
I (hkl )
∑ n I (hkl )
0

where I (hkl) is the measured relative intensity of a plane
(hkl) and I0 (hkl) the standard intensity of the plane (hkl)
taken from the JCPDS data. The value, TC (hkl) = 1,
represents the film with randomly oriented crystallites,
while higher value indicates the abundance of grains oriented along (0 0 2) direction. The variations of TC for
IZO at different In concentrations are presented in table 1.
The highest TC value has been found for undoped ZnO
film, as we increase the doping concentration, value of
TC goes down showing randomly oriented crystallites.
The crystallite size of the film was calculated by the
Debye–Scherrer formula, showing a decreasing trend
with the increase in In doping concentrations. The lattice
parameter c summarized in table 1 slightly increases with

Results and discussion

3.1 Structural studies
The X-ray diffraction spectra of IZO films deposited at
380°C for various dopant concentrations are shown in
figure 1. Undoped ZnO film shows a preferential orientation along the (0 0 2) plane at 2θ = 34⋅3°. The other peaks
observed in the X-ray diffractogram are (1 0 2), (1 1 0)
and (1 0 3), but intensity of these peaks are found to be
too less as compared to the preferentially oriented peak.
The 2θ values were compared with the standard JCPDS
data card (80-0075). With the increase in indium doping
percentage, the intensity of the peak corresponding to the
plane (0 0 2) is found to decrease and that corresponding
to (1 0 1) and (1 0 0) plane increase. Similar behaviour
has been reported by other workers (Goyal et al 1993;
Delgado et al 2000; Yoshida et al 2000). The results of

Figure 1. XRD spectra of undoped and indium doped ZnO
films.

Effect of indium doping on zinc oxide films

583

Table 1. Values of lattice constant, texture coefficient, grain size, roughness, optical bandgap and resistivity of IZO film deposited at 380°C at various indium dopant concentrations.
Indium
concentration (%)
0
1
2
3
4
5

Lattice
constant (C)
5⋅2066
5⋅224
5⋅225
5⋅653
–
5⋅628

Figure 2.

Texture coefficient
(TC) (0 0 2)
0⋅951
0⋅661
0⋅597
0⋅414
–
–

Grain size
(nm)
86⋅59
156⋅36
131⋅24
128⋅32
126⋅87
112⋅23

Roughness
(nm)
13⋅01
7⋅010
4⋅665
4⋅536
2⋅462
1⋅914

Optical bandgap
(Eg) (eV)
3⋅26
3⋅28
3⋅93
3⋅93
3⋅93
3⋅95

AFM micrographs of IZO films at (a) 0%, (b) 1%, (c) 2%, (d) 3%, (e) 4% and (f) 5%.

Resistivity
(Ω-m)
2⋅8 × 103
0⋅537
0⋅229
0⋅226
0⋅047
0⋅045
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Figure 3. (a) Optical absorbance spectra and (b) optical transmittance spectra of IZO films.

nature of the IZO films. Undoped ZnO film has a uniform
surface morphology with many voids. When a small
amount of indium (1%) was doped, numbers of voids are
found to decrease. The particle size and roughness of IZO
are found to decrease with the indium doping percentage.
In addition the density of the features increases as the
doping concentration increases. The AFM image (figure
2b), corresponding to the lowest IZO (1%) exhibits grains
of size 156⋅36 nm (calculated from the statistical distribution curve). As the indium content increases, the grain
size decreases, the lowest grain size has been obtained for
5% IZO film, i.e. 112⋅23 nm. This reveals that doping
with indium leads to the formation of the films with bigger smoothness or we can say that the indium atoms distributed uniformly in ZnO film making an orderly
arrangement.
Figure 4.

Variation of (α hν)2 vs hν curve for IZO films.

the indium dopant percentage. The increase in the lattice
parameter must be caused by interstitial incorporation of
indium ions into the lattice. It is reported that indium
atom takes interstitial site rather than replacing zinc sites
thereby deforming the lattice. Chen et al (2006) also
reported the same results for development in the
C parameter by Li doping.
4.

Morphological studies

Figure 2(a–f) shows the AFM of IZO deposited at 380°C
on glass substrate with different indium dopant concentrations. The micrograph shows uniform polycrystalline

5.

Optical studies

The absorbance spectra of IZO in the UV–Vis region are
shown in figure 3(a). From the figure it is clear that there
was no optical absorption in the visible region. However,
the UV region of the absorbance versus wavelength curve
shows a split peak for undoped and lightly indium doped
ZnO films. This may be due to the fact that the Zn+2 with
d electron energy level could be split by the effect of the
crystal field, resulting in the split peak in the UV spectrum (Rathneesh Kumar et al 2005). Beyond the absorption edge figure was not symmetric for the undoped and
lightly indium doped film. This could be related to the
oxygen and metal charge transfer. The energy at which
charge transfer occurs between oxygen and metals
depends on the cations and the symmetry of its coordi-
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Figure 5. Temperature vs resistance curve for IZO films.

nate site (Lin et al 2004). As the indium doping
increases, the figure was found to be more symmetric.
Thus we can say that for lightly doped film there is less
charge transfer, while at higher doping better charge
transfer is seen between oxygen and zinc. Symmetry of
the absorption spectrum could be related to the transfer of
electron to the conduction band and hence to the variation
in resistivity. Optical transmittance spectra (figure 3(b))
of IZO show excellent transmittance (> 80%) and a sharp
cut off between 360 and 375 nm. It is clear from the
transmittance spectra that increment in doping percentage
slightly affects the transmittance of the film. This might
be due to the formation of grainy surface leading to large
scattering loss. The optical bandgap (Eg) of the thin films
could be obtained by plotting (αhν)2 vs hν curve
(α is the absorption coefficient and hν the photon energy)
and extrapolating the straight-line portion of this plot
to the energy axis as shown in figure 4. The absorption
coefficient ‘α’ has been calculated using Lambert’s law
for directly allowed transition for simple parabolic
scheme as a function of incident photon energy as (Ables
1992):

α hν ∝ (hν − Eg )1/ 2 ,

where Eg is the optical band. The values of optical bandgap so obtained are listed in table 1. As can be seen from
the figure that initially up to 2% In doping Eg value
increases drastically and then at higher doping it remains
nearly constant. This large shift in optical bandgap is
mainly due to Burstein moss effect, which states that in
semiconductor as we increase the doping concentration
the lowest state in the conduction band is blocked which
is responsible for the widening in the optical bandgap.
This shift is caused by a charge carrier density increase,
which is presumably the reason for the measured resistivity
decrease with doping concentration. At higher doping small
widening in Eg value might be due to low crystallinity.
6.

Electrical studies

The resistivity measurement of the above prepared films
has been done by using conventional four probe resistivity method at various dopant concentrations. The results
so obtained are shown in figure 5(a–d). From the figure it
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is clear that resistance decreases as the temperature
increases showing the semiconducting behaviour of ZnO.
The activation energy (Ea) corresponding to the films
prepared at various In dopant concentrations are calculated by using Arrhenius equation which are plotted in
figure 6. A look at the figure reveals that activation energy shows decreasing trend with the increase in indium
doping percentage. The resistivity values are listed in
table 1. At room temperature resistivity values were
found to decrease from 2⋅8 × 103 to 0⋅045 (Ω-m) as the
indium doping percentage increases from 0 to 5%. This
trend can be understood from the fact that the number of
electrons increases owing to the formation of many electrons. This suggests that the number of oxygen vacancies
decreases because indium ions combine with the oxygen
more strongly thereby reducing oxygen vacancies scattering with electron, the resistivity decreases (Pankove
1965). At lower doping concentration electrons from the
dopant play a dominant role in the film and as less oxygen vacancy scattering occurs, the resistivity decreases.
However, at higher doping percentage (~ 4%, 5%), the
grain size becomes smaller and numerous grain boundaries formed. Consequently grain boundary scattering
disturbs electron movement. So there is no large decrease
in resistivity with higher indium doping concentrations.
7.

The AFM micrograph reveals that the film deposited at
lower dopant concentrations has well defined grains,
however, high dopant concentration lead to a more uniform and smoother surface. The minimum electrical resistivity values of the order of 0⋅045 (Ω-m) were obtained
for the film deposited with 5% indium dopant concentrations. The optical transmittance and absorption band edge
are found to increase as the indium dopant concentration
increased. While at higher doping it is nearly constant.
Bandgap values are found in the interval of 3⋅26–3⋅95 eV
for the film reported in this work. So, we may conclude
that the present method of preparation has resulted into
an optimum IZO film with good crystallinity, structural,
optical and electrical characteristics.
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Conclusions
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IZO films have been deposited at various dopant concentrations on glass substrate by CSPT. The samples are
(0 0 2) preferentially oriented, although orientations
became lower as the In concentration increased implying
that doping with indium leads to the introduction of defects in the ZnO crystals. This indicates changes in the
lattice symmetry and loss of crystalline quality of films.

Figure 6. Activation energy of IZO films as a function of In
doping.
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