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a b s t r a c t

ZnO thin films were deposited by ultrasonic spray technique, zinc acetate was used as starting solu-
tion with a molarity of 0.1 M. A set of indium (In) doped ZnO (between 2 and 8 wt%) thin films were
grown on glass substrate at 350 ◦C. The present work is focused on the influence of the doping level
on the structural, optical and electrical films properties. Optical film characterization was carried by
eywords:
nO
hin films
ltrasonic spray
emiconductor doping

using UV–visible transmission spectroscopy, the optical gap was deduced from absorption. From X ray
diffraction (XRD) analysis, we have deduced that ZnO films are formed with nanocrystalline structure
with preferential (0 0 2) orientation. The grain size is increased with In doping from 28 to 37 nm. Elec-
trical characterization was achieved using two-probes coplanar structure, the measured conductivity
varies from 2.3 to 5.9 � cm−1 when increasing the doping level. However the optical gap is reduced from
3.4 to 3.1 eV.
. Introduction

ZnO thin films became the most promising candidate material
or the production of optoelectronic devices in the UV region and
ptical or display devices. They are used as gas sensors [1], surface
coustic devices [2], transparent electrodes [3] and solar cells [4,5].
inc oxide has a wide band gap of 3.3 eV, low resistivity and high
ransparency in the visible range.

ZnO thin films have been mainly prepared by numerous meth-
ds such as: sputtering [6,7], chemical vapour deposition [8,9],
ol–gel process [10,11] and spray pyrolysis [12–17]. Spray pyrol-
sis technique is attractive because it is simple, efficient and non
ontaminating production process [18]. It is based on the spray
f droplets produced from Zn containing solution on a heated
ubstrate. Droplets are generated by two ways: (i) the solution con-
aining the precursors is carried by a relatively pressurized air flow,
he atomization into droplets is formed at the nozzle orifice. This

ethod is called the pneumatic spray (PS); (ii) the solution is atom-
zed by an ultrasonic wave generator, this is so-called ultrasonic
pray (USP). The droplet size is more uniform and finer in ultrasonic
pray jet than in pneumatic spray. Moreover, the droplet velocity
s relatively low in USP than in PS, these differences may have an
nfluence in films growth in these two methods. The PS technique

s largely used by comparison to USP one. On the other hand, ZnO
hin films have been prepared by many researchers using an aque-
us solution with and without adding alcohol [19–21]. However,
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only a few studies have dealt with the deposition of ZnO in non
aqueous medium.

ZnO can be doped with a wide variety of ions. The ZnO dop-
ing is achieved by replacing Zn2+ atoms with atoms of elements of
higher valance such as In3+, Al3+, Sn4+ and Pb4+. Several deposition
techniques are used to grow indium doped zinc oxide (IZO) thin
films such as: sputtering [22–24], sol gel [25] and spray pyrolysis
[26–31]. For IZO films prepared by spray pyrolysis, the In intro-
duction into film network was achieved by adding indium chloride
(InCl) into the zinc salt solution [26–30], or by ZnO spraying on a
substrate with In evaporated layer and followed by a subsequent
annealing [28]. However, only a few studies have been devoted to
the influence of In doping level and the investigated doping ratio
In/Zn do not exceed 5 wt% [30].

In the present study, we have investigated the effect of a larger
In doping ratio range (up to 8%) on the structural, optical and elec-
trical properties of indium doped zinc oxide thin films deposited
by ultrasonic spray. Moreover, ZnO thin films were deposited by
ultrasonic spray technique with a non aqueous starting solution.

2. Experimental

The samples used in this study were deposited using a home made system. The
starting solution is composed with 0.1 molarity of zinc acetate (C4H6O4Zn·2H2O)
salt diluted in methanol. In doping is achieved by adding a small quantity of InCl3
in the solution. The weight of the added dopant source is calculated as function of

the desired In/Zn ratio. The latter was varied in the range of 0–8%. The prepared
solution is then sprayed on the heated glass substrates by ultrasonic nebulizer sys-
tem (Sonics) which transforms the liquid to a stream formed with uniform and fine
droplets of 40 �m average diameter (given by the manufacturer). The temperature
of the substrates was 350 ◦C.
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http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:aida_salah2@yahoo.fr
dx.doi.org/10.1016/j.jallcom.2011.04.058


7268 A. Hafdallah et al. / Journal of Alloys and Compounds 509 (2011) 7267–7270

20 30 40 50 60

0
20
40
60
80
100
120
140
160
180
200
220
240
260
280
300
320

Dopag
e 

(%
wt)

(0
02

)
(0

02
)

(0
02

) (0
02

)
(0

02
)

 ZnO undoped
 ZnO doped 2% In
 ZnO doped 4% In
 ZnO doped 6% In
 ZnO doped 8% In

In
te

n
si

ty
 (

u
.a

)
t
g

D

w
ˇ
�

U
f

d

w
a

m
e

˛

w
c
w
b

(

w
a
s

˛

t
i

˛

w

o

3

3

w
e
p

86420
28

29

30

31

32

33

34

35

36

37

38

G
ra

in
 s

iz
e 

(n
m

)

Doping level (%wt)
2θ

Fig. 1. X-ray diffraction spectra of undoped and In doped ZnO thin films.

The structural characterization of the films was carried out by X-ray diffraction
echnique using an X-ray diffractometer (Philips X’Pert) with CuK� radiation. The
rain size is simply determined using the Scherrer formula:

= 0.9�

ˇ cos �

here D is the grain size of crystallite, � (=1.54059 Å) the wavelength of X-rays used,
the broadening of diffraction line measured at half of its maximum intensity and
is the angle of diffraction.

The films’ optical transmittances were studied by using Shimadzu 3101 PC
V–visible spectrophotometer. The thickness of the film was calculated using the

ollowing relation:

= �1�2

2(n1�2 − n2�1)

here n1 and n2 are the refractive indices at the two adjacent maxima (or minima)
t �1 and �2. The zinc oxide film thickness was found to be 0.25 �m.

The measured films thicknesses of our films were between 250 nm and 300 nm.
The absorption coefficient ˛ of ZnO films was determined from transmittance

easurements. The films’ absorption coefficient was calculated using the following
xpression:

= − 1
d

ln T

here T is the normalized transmittance and d is the film thickness. These absorption
oefficient values were used to determine optical energy gap. The energy gap (Eg)
as estimated by assuming a direct transition between valence and conduction

ands from the expression:

˛h�)r = ˇ(h� − Eg )

here ˇ is a constant, the exponent r is equal to 2 and 1/2 for direct allowed
nd indirect allowed transitions respectively. Since ZnO is known to be a direct
emiconductor we have chosen the exponent r = 2.

Eg is determined by extrapolating the straight line portion of the spectrum to
h� = 0.

The absorption coefficient of films shows a tail for sub-bandgap photon energy
his tail is so-called Urbach tail. The latter, which is closely related to the disorder
n the film network, is expressed as [15].

= ˛0 exp

(
h�

Eu

)

here ˛0 is a constant and Eu is the Urbach energy.
The electrical conductivity of the films was measured in a coplanar structure

btained with evaporation of two golden stripes on film surface.

. Results and discussion

.1. Structural properties
Fig. 1 shows the XRD patterns of undoped and In doped films
ith different doping levels. As seen from this figure, the films

xhibit a dominant peak at 2� = 34.34◦ corresponding to the (0 0 2)
lane of ZnO. Other peaks corresponding to (1 0 0) and (1 0 1) plans
Fig. 2. Variation of grain size with doping level.

are also present in the spectra indicating the polycrystalline nature
of the obtained films.

It is also evident in Fig. 1 that the preferential (0 0 2) peak
intensity increases with increasing In dopant concentration. This
indicates an improvement in films crystallinity with In film dop-
ing. This is due to the fact that the In incorporation in film network
enables more nucleation sites. However, in contrary to In doped
ZnO thin films prepared by pneumatic spray (PS) [27], the films’
crystallinity is degraded [30] with In doping and the preferential
orientation are changed from [0 0 2] to (1 0 1) and (1 0 0) [26,29].
This discrepancy may be due to the difference in the surface reac-
tions involved during film growth in both techniques.

No new phases have been observed in the XRD pattern even
at higher doping level. Thereafter, the In incorporation does not
alter the hexagonal structure of ZnO films and does not initiate the
formation of In2O3 phase. The same conclusion has been reported
by Ratheesh Kumar et al. in ZnO thin film doped by evaporation of
In layer followed by annealing [28].

Fig. 2 shows the variation of the grain size calculated from the
XRD pattern as mentioned in Section 2. The grain size increases
with increasing the doping level. This is a general trend observed
by many authors [27,31].

3.2. Optical properties

Fig. 3 shows the optical transmission spectra recorded in the
range from 200 to 800 nm obtained in films prepared with differ-
ent In doping levels. As can be seen, a region of strong transparency
is located between 400 and 800 nm. The value of the transmission
is about 65–85%. In this wavelength range we have also observed
interference fringes. These fringes are due to the multiple reflec-
tions on the two interfaces of the film. This indicates that the films
prepared with these conditions are smooth and uniform [12]. In
addition, a strong absorption region, which corresponds to the fun-
damental absorption due to the inter-band electronic transition, is
seen in the higher photon energy region.

The optical gap and the Urbach tail energy are estimated from
the absorption coefficient variation, as described in Section 2. Fig. 4a
and b shows a typical variation of (˛h�)2 and ln ˛ drawn as a func-
tion of photon energy respectively. Fig. 4a is used to extrapolate the
optical band gap, while Fig. 4b is used to deduce the Urbach band

tail width. Fig. 5 shows the variations of the optical gap together
with the Urbach tail energy as a function of In doping level. It is
clear that the optical gap is reduced with In doping. This band gap
narrowing is due to the increase in the band tail width as shown
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Fig. 3. Transmission spectra of undoped and In doped ZnO thin films.

n Fig. 5. It is worth to bear in mind that the Urbach tail energy
s closely related to the disorder in the film network. Since the ion
adius of In is larger than Zn [27], the In introduction into the film is

hen followed by the lattice distortion and consequently disorder
reation which cause the optical reduction. The same conclusion
as been reported by Paul et al. [34] in Zr doped ZnO and Ilican
t al. [30] in In doped ZnO prepared by PS spray.
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Fig. 6. Electrical conductivity of undoped and In doped ZnO thin films.

3.3. Electrical properties

Fig. 6 shows the variation of the conductivity of In doped ZnO
thin films. The obtained results indicate that the conductivity of the
samples increases with the increase in doping level and reached its
maximum value of 5.3 � cm−1 with a concentration of indium of
6%. This increase in conductivity with the increase in the In con-
centration can be attributed to the increase in the free carriers
(electrons) concentrations. The latter are coming from the ions In3+

donors in the substitutional sites of Zn2+ [12]. The electrical con-
ductivity increases with doping level up to 6% (Fig. 6). With further
increase of In ratio the conductivity is reduced. The same behavior
was reported by many authors in In doped ZnO thin films [29,31], Al
doped ZnO thin films [31–33] and Zr doped ZnO [34]. The reduction
in the conductivity is due to the inactivity of added dopant atoms.
However the doping ratio threshold of the conductivity diminu-
tion was ranged from 0.8% for Al to 2% for In and Zr doping which is
lower than our case. The reduction of the conductivity with increas-
ing the doping level is explained by the feature that the excess of
introduced atoms are segregated into the grain boundaries where
they become electrically inactive [23].

4. Conclusions
ZnO thin films were deposited by ultrasonic spray technique
with a non aqueous solution. The effect of In concentration
on the structural, optical and electrical properties of films was
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nvestigated. The crystallinity of doped films is improved with In
oping. Doped ZnO films preserve their (0 0 2) preferential orien-
ation. The optical gap is reduced with the increase in doping ratio
ecause of the disorder introduction with incorporation In the film
etwork. The electrical conductivity is enhanced with In doping
uggesting that introduced In atoms act as donors. However, doping
eyond 6% is followed by the conductivity reduction.
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