Eur. Phys. J. Appl. Phys. (2016) 74: 24611
DOI: 10.1051/epjap/2015150383

THE EUROPEAN
PHYSICAL JOURNAL
APPLIED PHYSICS

Regular Article

Optical properties of undoped and tin-doped nanostructured
In2O3 thin films deposited by spray pyrolysis
Nabil Fellahia , Mohammed Addou, Amina Kachouane, Mohamed El Jouad, and Zouhair Soﬁani
Optoelectronics and Physical Chemistry of Materials Laboratory, Unit Research Associated CNRST-URAC,
Ibn Tofail University, Faculty of Sciences, BP 133, Kénitra 14000, Morocco
Received: 23 July 2015 / Received in ﬁnal form: 17 November 2015 / Accepted: 16 December 2015
c EDP Sciences 2016
Published online: 3 May 2016 – 
Abstract. Tin-doped indium oxide (In2 O3 :Sn) thin ﬁlms in diﬀerent concentrations (Sn = 0, 3, 5, 8 at.%)
were deposited by reactive chemical pulverisation spray pyrolysis on heated glass substrates at 500 ◦ C.
The eﬀect of the tin dopant on the nonlinear optical properties was investigated using X-ray diﬀraction,
transmission, electrical resistivity and third harmonic generation (THG). All ﬁlms were polycrystalline,
and crystallised in a cubic structure with a preferential orientation along the (4 0 0) direction. The Sn
(5 at.%) doped In2 O3 thin ﬁlms exhibited a lower resistivity of 3 × 10−4 Ω cm, and higher transmission
in the visible region of about 94%. Optical parameters, such as the extinction coeﬃcient (k), refractive
index (n) and energy band gap (Eg ), were also studied to show the composition-dependence of tin-doped
indium oxide ﬁlms. The nonlinear properties of the In2 O3 :Sn thin ﬁlms have been found to be inﬂuenced
by doping concentration, and the best value of χ(3) = 3 × 10−11 (esu) was found for the 5 at.% doped
sample.

1 Introduction
High optical transparency in the visible region (over 80%),
low electrical resistivity (less than 10−3 Ω cm) and high
infrared reﬂectivity make tin-doped indium oxides (In2 O3 :
Sn, ITO) good candidates for many potential applications,
such as liquid crystal displays, solar cells and organic electroluminescence diodes [1–3]. Diﬀerent techniques have
been used for growth of thin ﬁlms: high-intensity pulsed
ion beam (HIPIB) [4], horizontal in-line sputtering system [5], co-precipitation [6], thermal co-evaporation [7],
dip coating [8] and electron beam evaporation [9,10]. Here
we have prepared ITO ﬁlms using the spray pyrolysis technique, which can be distinguished from other techniques
by its simplicity, low cost and process yield. This is basically a chemical deposition technique, where the most
important deposition parameters are: the precursors, the
solution concentration, the deposition temperature and
the spray rate. The eﬀects on the structural, morphological, electrical and linear optical properties induced by tindoped indium oxide have been extensively studied
[9,11,12]. However, to our knowledge, a description of
the nonlinear optical properties has not been reported in
the literature. In this paper, we report on the eﬃcient
third-harmonic generation (THG) in thin ﬁlms of In2 O3
a
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and In2 O3 :Sn, prepared by spray pyrolysis, leading to
direct generation of UV light from a Q-switched modelocked Nd:YAG (λ = 1064 nm) laser (model: quantum
elite).
Among the methods used for the investigation of the
nonlinear optical parameters of materials are optical phase
conjugation [13], degenerate four-wave mixing (DFWM)
[14], nonlinear interferometry [15], the Z-scan technique
[16] and third harmonic generation (THG) [17–19].
Because of the high frequencies involved, THG can probe
purely coherent electronic nonlinearity. This technique
also permits exploration of the absorption edge of the
material without damaging the sample using the strong
fundamental beam. One advantage of the THG technique
is that the TH response accounts only for the ultrafast
electronic response, so that vibrational, orientational and
thermal eﬀects, which may contribute to the overall nonlinear response of the material, are excluded.

2 Experimental details
Indium oxide ﬁlms were prepared from a solution of
indium chloride (InCl3 ) dissolved in deionised water and
transported in tubes using a pump ﬂow meter to regulate the spray rate of the solution, which is sprayed in ﬁne
droplets using air as a carrier gas. Tin chloride (SnCl2 :
2H2 O) was used as a doping agent, where the [Sn]/[In]
ratio varied between 0 and 8 at.%. This solution was
sprayed onto clean glass substrates with a size of
(25 mm × 25 mm × 1 mm) heated by a ceramic heater.
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Fig. 1. SEM images of In2 O3 :Sn (5 at.%) prepared at 500 ◦ C.
Nd:YAG
λ = 1064 nm

Fig. 3. XRD patterns of the ITO ﬁlms with diﬀerent Sn doping
concentrations.
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Fig. 2. THG experimental setup, PhS : synchronisation photodiode, PhC : control photodiode, λ/2: half wave plate, BS:
beam splitter, P: polariser, F: transmitting ﬁlter at 355 nm,
PMT: photomultiplier tube.

The indium chloride concentration, the solution ﬂow rate
and the substrate temperature were optimised after several depositions and were ﬁxed at 0.05 M, 5 mL/min
and 500 ◦ C, respectively. The nozzle was directed towards
the substrate (distance nozzle-substrate = 40 cm). The
schematic set-up for the preparation of pyrolytically spray
deposited ﬁlms was described in reference [20].
The average thickness of the deposited ﬁlms
(∼200 nm) was measured using a Tencor Alpha-step proﬁlometer. The ﬁlms reported in this study show a smooth
and fully covered surface with uniform distribution of the
grains (see Fig. 1). The structural characterisations are
performed using X-ray diﬀraction (XRD) with Cu Kα
radiation wavelength (λ = 1.5418 Å). The optical transmission measurements were performed with a Shimadzu
3101 PC UV-Vis-NIR spectrophotometer. The electrical
resistivity was measured at room temperature by the Van
Der Paw method.
Third harmonic generation (THG) measurements (see
Fig. 2) were performed using a Q-switched mode-locked
Nd:YAG (λ = 1064 nm) laser (model: quantum elite) as
the pump beam. It oﬀers 1.62 mJ/pulse (pulse duration
15 ps) at 10 Hz. The fundamental beam energy was controlled with a polariser and a half wave plate then focussed
on the sample through a lens with a focal length of 25 cm.
The beam diameter was 0.65 mm and the applied power
density was 2 GW/cm2 . The sample was mounted on a
rotational step motor. A selective ﬁlter (at 355 nm) is

used to absorb the pump beam letting only the generated one bes collected in a tube photomultiplier (PMT).
We also used density ﬁlters to reduce the generated intensity by the nonlinear medium. The third harmonic signal
was detected by PMT (model: Hamamatsu), which was
integrated with a boxcar and processed by a computer.
A portion of the input beam was picked oﬀ and measured
by a fast photo-diode to monitor the input energy. Finally
we got the so-called Maker-fringes, which were generated
by rotating the sample through the range from ±50 to the
normal.

3 Results and discussion
3.1 Structural properties
X-ray diﬀraction spectra recorded for Sn-doped In2 O3
ﬁlms for diﬀerent Sn concentrations deposited at a substrate temperature of 500 ◦ C using the spray pyrolysis
technique are shown in Figure 3. The analysis of the crystalline structure reveals that all the ﬁlms are polycrystalline and crystallise in a cubic structure. For all the
samples, the peak intensity of the (4 0 0) plane was predominant among the other reﬂection planes, indicating
the preferential orientation of the ITO ﬁlm. The intensity
ratio of (4 0 0) to the total intensities of main orientations
like (6 2 2), (4 4 0), (4 0 0), (2 2 2) and (4 1 1), using the
formula:
T(4 0 0) =

I(4 0 0)
, (1)
I(6 2 2) + I(4 4 0) + I(4 0 0) + I(2 2 2) + I(4 1 1)

is used to evaluate the doping eﬀect on the ﬁlm texture
(Tab. 1). The value of T(4 0 0) should be unity for a perfectly (4 0 0) oriented ﬁlm. From Table 1, the ratio T(4 0 0)
increases with increasing Sn doping concentrations, peaking at 5 at.% Sn with a clear predominance of the (4 0 0)
peak. This means that the compactness of the ﬁlms is
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Table 1. Values of band gap, average visible transmittance
(AVT), intensity ratio T(4 0 0) and grain size of undoped and
Sn-doped In2 O3 thin ﬁlms.
Samples

Band
gap (eV)

In2 O3
In2 O3 :Sn 3%
In2 O3 :Sn 5%
In2 O3 :Sn 8%

3.49
3.54
3.91
3.70

AVT (%)
(400–900)
(nm)
84
85.4
93.8
82.5

T(4 0 0)

0.54
0.59
0.74
0.43

Grain
size D
(nm)
38
43
44
41

Fig. 5. Variation of optical band gap energy of ITO ﬁlms with
diﬀerent Sn doping concentrations.

resulting from the high concentration of free electrons in
our thin ﬁlms. Furthermore, the absorption edge shifts
towards shorter wavelengths, suggesting a widening of the
energy band-gap with increasing Sn-concentration.
The optical band gap of the ﬁlms is determined by
applying the Tauc model in the high absorption region:
n

αhν = A (hν − Eg ) ,
Fig. 4. Optical transmittance spectra of ITO ﬁlms as a function of Sn-doping levels.

improved and the number of intergrain voids and defects
reduced [21], which is consistent with an improvement
in crystallinity. Note also that no characteristic peaks of
impurity or dopant phases have been observed.
The crystalline sizes D were calculated from the (4 0 0)
diﬀraction peaks using Debye-Scherrer’s formula [22], and
are listed in Table 1. The mean crystal diameter was D ≈
44 nm for the sample deposited at 5 at.% Sn, which has a
larger value than all other samples. We concluded that
the ﬁlms, which present large grain size, exhibit good
crystallinity.
3.2 Optical properties
Figure 4 shows the optical transmittance spectra of the
ITO ﬁlms as a function of Sn-doping levels in wavelengths
ranging from 250 to 2000 nm. It can be observed that
the optical transmittance of the ﬁlms was aﬀected by the
doping concentration. All of the ﬁlms exhibit a high value
of average optical transmittance (greater than 82%) in
the visible region, and a maximum average visible transmittance (AVT) of ∼94% was obtained for the Sn doping (5 at.%) (AVT is shown in Tab. 1). This could be
due to less pronounced scattering eﬀects, structural homogeneity and better crystallinity. In contrast, the observed
reﬂectance in the infrared region is due to a plasma eﬀect

(2)

where α is the absorption coeﬃcient, hν is the photon
energy, Eg is the optical band gap and A is a constant.
For n = 1/2 the transition data provide the best linear
curve in the band edge region, implying that the transition
is direct in nature. The band gap of the ﬁlms has been
calculated using the Tauc plot of (αhν)2 versus hν (shown
in Fig. 5) and by extrapolating the linear portion of the
absorption edge to ﬁnd the intercept with the energy axis
(at αhν = 0). The estimated values of Eg are given in
Table 1. The value of 3.49 eV obtained for the undoped
ﬁlms is found to increase with increasing Sn doping and
appeared to reach a maximum of 3.91 eV at 5 at.% Sn.
For ITO thin ﬁlms, a wide range of Eg values from 3.5
to 4.3 eV have been reported in the literature [23]. The
increase in band gap has been related to the increase in
carrier concentration of the ﬁlms and explained by the
Burstein-Moss eﬀect [24].
Figures 6a and 6b show the plot of refractive index and
extinction coeﬃcient as a function of wavelength for different concentrations of Sn-doped In2 O3 ﬁlms. The transmission performance was related to the refractive index
and the extinction coeﬃcient. The refractive index (n)
was evaluated from the measured transmittance versus
wavelength [25]:
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Table 2. Values of the χ(3) and electrical resistivity for undoped and Sn doped In2 O3 thin ﬁlms.
Samples
In2 O3
In2 O3 :Sn 3%
In2 O3 :Sn 5%
In2 O3 :Sn 8%

ρ (Ω cm)
8 × 10−1
1.2 × 10−3
3 × 10−4
6 × 10−4

(χ(3) ± 0.1) × 10−11 (esu)
1.44
2.35
3.00
2.65

As can be seen in Figure 6b, the low value of the extinction
coeﬃcient in the visible region indicates the low roughness
of the prepared samples. In addition, k for the sample
In2 O3 :Sn (5 at.%) is lower than that of other samples due
to an improvement in the crystallinity. The high extinction
coeﬃcient in the near infrared region may be due to the
interaction of light with the free carriers at the plasma
wavelength for the present ﬁlms.
3.3 Electrical properties

Fig. 6. Wavelength dependence of (a) the refractive index and
(b) the extinction coeﬃcient of ITO ﬁlms with diﬀerent Sn
doping concentrations.

where ns is the refractive index of the substrate, Tm and
TM are the experimental values of transmission at minimum or maximum points of a particular fringe.
The refractive index was found to decrease with wavelength, i.e., dn/dλ < 0; this behaviour was consistent
with what one would expect from the Kramers-Kronig
analysis [26]. It was observed that the refractive indices
of the Sn-doped In2 O3 thin ﬁlms were smaller than those
of the pure In2 O3 ﬁlm in the measured wavelength range.
The decrease in refractive index with the increase of
Sn-doping level was attributed to the increase of the carrier concentrations, which is consistent with other authors’
results [27,28].
The extinction coeﬃcient (k) was directly calculated
from the absorption coeﬃcient (α) by using the
relation [29]:
αλ
.
k=
4π

The variation of the electrical resistivity of the ITO ﬁlms
deposited at various Sn-doping levels is given in Table 2.
The resistivity signiﬁcantly decreased with an increase in
Sn doping to reach a minimum of ρ = 3 × 10−4 Ω cm
at 5 at.% Sn. Afterwards, the resistivity increased slowly
with the Sn concentration, reaching a value of ρ = 6 ×
10−4 Ω cm at 8 at.% Sn. Similar behaviour was observed
elsewhere [30,31]. When the concentration of Sn atoms is
increased, they probably do not occupy proper lattice sites
in the In2 O3 crystallites because of their solubility limit
in In2 O3 . As shown in the literature [32], the maximum
solubility of Sn-atoms in the In2 O3 lattice is reached at
approximately 5 at.%. So for an atomic concentration of
Sn lower than 5 at.%, the Sn4+ ions substitute In3+ ions
in the cation sublattice. As Sn4+ replace In3+ , Sn atoms
act as n-type donors, and the resistivity decreases with
the Sn concentration. As the ionic radius of Sn is smaller
than that of In, the excess Sn atoms (>5 at.%) may occupy
interstitial positions, which act as charged trapping centres for the electrons [33], and thus the resistivity
increases. The foregoing discussion leads to the conclusion that the ﬁlms which present low electrical resistivity,
low refractive index and a wide optical band gap have a
higher free carrier concentration.
3.4 THG measurements
THG is a third order nonlinear optical process, in which
the fundamental beam at wavelength λ interacts with a
nonlinear medium and generates a beam at the wavelength
λ/3 [17,18]. The analysis of experimental results was carried out on the basis of the Maker-fringes technique [34] so
the third order nonlinear optical susceptibility χ(3) of the
samples was calculated. The χ(3) can be expressed as [19]:

(4)

24611-p4

χ

(3)

(3)

= χs

π  L

c,s

2

l



I3ω
I3ω,s

1
2
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found that doping by tin improves the nonlinear response.
To get a high third harmonic generation we need a low
electrical resistivity in thin ﬁlms. The best value of χ(3) =
3 × 10−11 (esu) was found for the In2 O3 :Sn (5 at.%) samples at 500 ◦ C.
This work is supported by Hassan II Academy of Science and
Technology.
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In summary, doping of In2 O3 with Sn has an important
inﬂuence on the properties of nanocrystalline ITO thin
ﬁlms, prepared by the spray pyrolysis method. The ﬁlms
doped with 5 at.% Sn exhibit good crystallinity, high
transmission (about 94%) in the visible region, low
refractive index and very low electrical resistivity of
3 × 10−4 Ω cm. The nonlinear optical properties have
been studied through third harmonic generation. We have
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