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Abstract
This paper presents the preparation process of porous indium oxide (In2O3) films using a novel deposition technique, i.e., electrostatic spray

deposition (ESD). The films were deposited on platinum-coated alumina substrates using as precursor solution indium chloride in ethanol and

acetic acid. The films were characterized using scanning electron microscopy (SEM), X-ray diffraction (XRD), transmission electron microscopy

(TEM) and Raman spectroscopy. The nanocrystalline structure of the films was evidenced by TEM and also by XRD studies. The Raman

spectroscopy and XRD measurements revealed the cubic phase of In2O3 films. Considering the obtained results, we conclude that the ESD

technique is an efficient, cheap and successful method for the preparation of porous indium oxide films.

# 2006 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Considering that the atmospheric pollution has increased in

recent years, the detection of harmful and flammable gases is a

subject of growing importance in both domestic and industrial

environments. For human and animal safety and also

environmental protection it is necessary to monitor and control

such pollutant gases in order not to exceed a certain admitted

concentration in the atmosphere. The metal-oxide semicon-

ductors gas sensors have been widely investigated for gas

sensing applications due to their low cost, easiness of

fabrication and good performance. Their principle of operation

consists in variation of sensor material conductivity when its

surface is exposed to different oxidizing or reducing gases. In

general, the semiconductor oxide gas sensors like SnO2 [1,2],

WO3 [3,4] ZnO [5] and In2O3 [6], have been extensively

studied due to their response towards a large variety of gases.

Indium oxide thin films as material for gas sensors was firstly
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proposed by Takada in 1988 [7]. During the last years In2O3

became a very interesting material for gas sensor applications

being the best material which allows detection of ozone in the

ppb range [8,9]. Literature shows also that indium oxide can be

used to detect NOx [10,11], and that presents high selectivity

detection for CO in presence of H2 [12]. Properties as high

transparency in the visible region and high electrical

conductivity make In2O3 an interesting material also for other

application such as: solar cells [13,14], optoelectronic devices

[15], liquid crystal displays [16], etc. Several deposition

techniques have been used for the deposition of In2O3 films

including: chemical vapor deposition [17], RF and DC

sputtering [18,19], sol–gel [20,21], spray pyrolysis [22,23],

etc. To our knowledge there is no paper in the literature

describing the deposition of indium oxide using electrostatic

spray deposition (ESD) technique. This technique is a simple

and cost-effective deposition method, which was developed, in

the recent years in our laboratory [24]. The working principle of

the ESD method includes the atomization of a precursor

solution into an aerosol when a strong electric field is applied

between the nozzle and the grounded substrate. This aerosol,

which is formed by charged droplets, is attracted by the heated

substrate where they impinge, loose their charge and form a

film. The main ESD process parameters such as: deposition
d.

mailto:camelia.matei@umail.univ-metz.fr
http://dx.doi.org/10.1016/j.ceramint.2006.08.011


C. Matei Ghimbeu et al. / Ceramics International 34 (2008) 95–10096

Fig. 1. Schematic representation of the films deposited on Pt-coated alumina

substrate: (a) top view and (b) cross-sectional view.
temperature, distance nozzle-to-substrate, precursor solution

flow rate, electric field strength and deposition time can be

tuned in order to obtain films with different types of

morphology, ranging from dense to fractal-like porous [25–

27] and even reticular structures with three-dimensional

interconnected pores [28,29].

Since the films are deposited from the precursor solution in

the aerosol form, the particle size is small and therefore the

surface area is high. This is a great advantage for gas sensor

application because adsorption sites are provided for greater

quantities of gas molecules to be adsorbed. In this way the gas

response of the sensor can be improved. The aim of this work is

to present and discuss the preparation and structural

characterization of porous indium oxide films, using electro-

static spray deposition technique.

2. Experimental aspects

2.1. ESD set-up

For the deposition of the films a vertical ESD set-up was

used [30]. The liquid precursor solution is pumped by a syringe

pump (Kd Scientific, model 100, USA) through a flexible tube

of plastic material (Watson Marlow Marprene1, inner diameter

1.3 mm) to the tip of a stainless steel nozzle (outside diameter,

0.9 mm). When a high voltage is applied by a dc voltage power

supply (FUG HCN 14–12500, Rosenheim, Germany) between

the nozzle and the substrate the precursor solution is atomized

into an aerosol. This aerosol consists of highly charged droplets

that are attracted by the grounded and heated substrate where

they impinge, loose their charge and after complete solvent

evaporation the thin layer is formed on the substrate surface.

The temperature of the substrate is maintained at a constant

value using a temperature control unit (Eurotherm Controls,

model 2216e), which includes a heating element and a

temperature controller.

2.2. Films deposition

As precursor solution a 0.05 M indium chloride anhydrous

(InCl3, Alfa Aesar, 99.9% purity) in absolute ethanol (C2H5OH,

J.T. Baker, 99.9% purity) was used. Few drops of acetic acid

(CH3-COOH, Merck, 99–100% purity) were added to the

solution. The as-obtained precursor solution was pumped

through the metal nozzle using a flow rate of 1.5 ml/h. The

substrate comprised alumina pellets (99.7%, Gimex Technische

Keramiek B.V., The Netherlands), with dimension of

10 mm � 20 mm and thickness 1mm. The substrate was

coated partially with a layer (1–5 mm) of platinum paste

(Engelhard Clal, model 6082A) and fired at 800 8C for 2 h in

air. The distance between electrodes was kept at 1 mm. The as-

made substrate was fixed in a stainless steel substrate holder, in

order to allow a circular deposition surface of 10 mm in

diameter (see Fig. 1). The temperature of the substrate was

400 8C and the deposition time was 1 h. A distance of 20 mm

was kept between the nozzle and the substrate. A positive

voltage between 7.5 and 8.0 kV was applied to the nozzle,
breaking the liquid at the tip of the nozzle in an aerosol

composed of very small droplets. Depending on the properties

of the precursor solution, the flow rate of the liquid, and the

voltage applied, different modes of atomization can occur [31].

So, we have adjusted the experimental conditions to obtain the

cone-jet mode, because charged droplets with a narrow size

distribution are produced by creating a so-called Taylor cone.

From this cone apex a thin jet is ejected which breaks up into

micrometer droplets [32].

The film deposition took place under ambient atmosphere.

The as-deposited films were annealed at 500 8C in air for 2 h to

remove any possible organic rests remained from the precursor

solution and also to improve the crystallinity and to sinter the

layer.

2.3. Structure characterization techniques

The surface morphology of the coatings was investigated

using a JOEL JSM 580 LV scanning electron microscope

(SEM).

The crystal structure of the films was studied with a

BRUKER D8 ADVANCE X-ray diffractometer (XRD) using

monochromatic Cu Ka radiation (l = 1.5406 Å, 40 kV and

40 mA).

The transmission electron microscopy (TEM) measure-

ments were performed using a PHILIPS CM30T electron

microscope with a filament of LaB6. The system is operating at

300 kV. The samples are placed on Quantifoil carbon polymer

supported on a copper grid by applying a few droplets of ground

sample with ethanol, followed by drying in air. The chemical

analysis of the thin films was investigated using an energy

dispersive X-ray (EDX) analyzer (Oxford Instruments).

Raman measurements were performed at room temperature

using a home-built set-up. The excitation source used is an

Nd:YVO4 laser system (SPECTRA PHYSICS MILLENNIA),

which is working at a wavelength of 532 nm. The spectra were

recorded in the back-scatter mode using a liquid-nitrogen

cooled CCD camera (PRINCETON INSTRUMENTS LN/

CCD-1100PB) connected with a Spex 340E monochromator.

The monochromator is equipped with an 1800 grooves/mm

grating. The CCD chip is controlled by a Princeton Instruments

ST-138 controller, which is connected to a personal computer
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running with WinSpec Software. The laser beam power on the

sample was limitated to �2 mW to prevent heating of the

samples. The scattering is removed effectively with two notch

filters (KAISER Optical Systems).

3. Results and discussion

Typical surface morphology of an indium oxide film

deposited at T = 400 8C on Pt-coated alumina is presented in

Fig. 2a. The as-deposited films were annealed in air for 2 h at

T = 500 8C (Fig. 2b) to facilitate the removal of any possible

organics rests remained from the precursor solution and also to

sinter the films. Literature shows that a temperature of 500 8C is

sufficient to obtain crystalline indium oxide films [33,34].

Because indium oxide sensor electrical response is usually

investigated in the temperature range of 20–500 8C [35–37], an

annealing temperature of at T = 500 8C ensures also the

morphology and microstructure stability of the films. Higher

annealing temperatures were not used in order to avoid the

increase in the particle sizes [11,38] and also the decrease in the

crystallinity [11], so inducing a decrease of the gas sensor

response [11,38,39]. As can be observed in Fig. 2, the

morphology of the as-deposited film (Fig. 2a) does not change

significantly after the thermal treatment at 500 8C (Fig. 2b). It

can be seen in Fig. 2b that the film has a porous morphology.

The formation of this type of morphology is due to the high

evaporation rate of the solvent, which can occur during the

flight of the solution towards substrate, especially under high

deposition temperature, and also during the impact with the

heated substrate. The size of the particles depends on the

deposition temperature in the way that, higher the deposition

temperature is, smaller the particle are. It is possible that, due to

the high rate of solvent evaporation the droplet to be disrupted

into very tiny droplets after reaching the so-called Rayleigh

limit (maximum attainable charge density qr for a liquid droplet

with a radius rd) [40].

The film comprises aggregates with dimensions between 5

and 10 mm. These aggregates are agglomeration of very fine

particles and their size distribution is almost uniform.
Fig. 2. SEM pictures of an In2O3 film deposited on Pt-coated alumina at: (a) T = 4

annealed at 500 8C for 2 h.
The particle agglomeration can be due to the ‘‘preferential

landing’’ of the aerosol droplets. This process was described by

Chen as follows: in the strong electrostatic field, induced

charges exist on the surface of the grounded substrate, with a

sign opposite to that of the droplets and the nozzle. The charge

distribution is generally not uniform, but depends on the

position relative to the nozzle and, in particular, on the local

curvature of the surface. The charge concentrates more at the

places where the curvature is greater, making the electric field

the strongest there. When a charged droplet approaches the

surface, it will be attracted more towards these more curved

areas. This is referred as ‘‘preferential landing’’. This will cause

the agglomeration of the particles especially when the

incoming droplets are small (high deposition temperature).

The roughness of the alumina substrate surface enhance also

preferential landing and lead to the formation of more particle

agglomeration [41].

The phase composition of the as-prepared film and the effect

of thermal treatment over the film crystallinity were examined

by XRD technique.

The XRD patterns of the In2O3 films deposited at T = 400 8C
and annealed at 5008 C is depicted in Fig. 3a. The as-deposited

films were amorphous and after the thermal treatment become

crystalline. The sharp diffraction peaks observed indicates a

high degree of crystallinity. The XRD pattern shows the main

peaks at 4.135 Å (2 1 1), 2.919 Å (2 2 2), 2.527 Å (4 0 0) and

1.787 Å (4 4 0). Other peaks corresponding to the planes

(4 1 1), (3 3 2), (4 3 1), (5 2 1), (4 3 3), (6 1 1) and (5 4 1) are

observed but their intensity is lower comparing to that of the

(2 2 2) peak. Furthermore, the peaks from (4 0 0), (4 1 1) and

(4 3 3) overlap with the alumina substrate peaks (Fig. 3b).

These results matched with those of the cubic structure of

indium oxide (called also the C-type rare-earth oxide structure)

with the lattice constant a = 10.112 Å in good agreement with

data reported in JCPDS No. 06–0416. No other peaks of

impurity are observed. The degree of the film texture was

calculated as ratio I (4 0 0)/I (2 2 2) of the most intensive peaks

in the XRD pattern of In2O3 and it was found to be 0.29. The

obtained results suggest that the film is randomly orientated to
00 8C (1.5 ml/h for 1h) and (b) deposited at T = 400 8C (1.5 ml/h for 1h) and
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Fig. 3. XRD patterns of: (a) an In2O3 film deposited on Pt-coated alumina at

T = 400 8C (1.5 ml/h for 1 h) and annealed at 500 8C for 2 h and (b) Pt-coated

alumina substrate.

Fig. 5. EDX spectra of an In2O3 film deposited on Pt-coated alumina at

T = 400 8C (1.5 ml/h for 1 h) and annealed at 500 8C for 2 h.
the substrate having no preference for any particular direction

[38]. The average oxide nanocrystallites size was estimated

according to Scherer’s equation [42] using the full width at half-

maximum of all peaks excepting the peaks that overlaps to the

substrate ones. The average particle was found to be 25 nm with

particles exceeding sizes from 20 to 31 nm.

The transmission electron micrographs (Fig. 4a) show an

irregular morphology of the particles (elongated sphere,

hexagonal, etc.). The particle size distribution is almost

uniform with particle size of about 25 nm, which is in

agreement with the results obtained by XRD evaluation.

Seldom particles that exhibit almost 50 nm can be noticed. The

droplet size depends mainly on the flow rate of the solution

according with the following formula deduced by Ganán-Calvo

[43],

d� er
1=6

�
Q

k

�1=3

(1)
Fig. 4. TEM photographs of an In2O3 film deposited on Pt-coated alumina at T = 400

magnification.
where d is the primary droplet size, er the relative dielectric

constant, Q the flow rate of the solution and k is the electrical

conductivity of the solution.

The liquid properties such as conductivity, viscosity, density,

surface tension and dielectric constant can also influence the

particle size, but the conductivity is the main parameter

influencing the droplet size according to Eq. (1).

TEM pictures (Fig. 4b) illustrate lattice fringes for few

particles suggesting the nanocrystalline phase of the film. One

of the main lattice fringes observed in Fig. 3b belongs to the

(2 2 2) lattice plane of the cubic In2O3 crystals.

In order to examine the elemental composition of the films

the EDX analysis were performed on an In2O3 film deposited at

T = 400 8C and annealed for 2 h at 500 8C. Fig. 5 shows the

EDX spectrum, in which characteristic peaks of In and O

belonging to the In2O3 structure can be observed. The other

peaks noticed, i.e., C and Cu peaks are due to the grid on which

the sample was laid. No Cl peaks, which could be due to the

precursor solution, are detected in the EDX spectrum.

The Raman spectra of the In2O3 films deposited at

T = 400 8C and annealed at 500 8C is shown in Fig. 6. Cubic

In2O3 belongs to the C-type rare-earth oxide structure and for

this type of structures the factor group analysis predicts 4Ag
8C (1.5 ml/h for 1 h) and annealed at 500 8C for 2 h using: (a) low and (b) high
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Fig. 6. Room temperature Raman spectra of an In2O3 film deposited on Pt-

coated alumina at T = 400 8C (1.5 ml/h for 1 h) and annealed at 500 8C for 2 h.
(Raman) + 4Eg (Raman) + 14Tg (Raman) + 5Au (inacti-

ve) + 5Eu (inactive) + 16Tu (i.r.) modes [44]. Characteristic

Raman peaks which correspond to In2O3 appeared at 135, 307,

365, 496 and 627 cm�1, respectively, as can be observed in

Fig. 6. All observed modes correspond to the bands position

reported in the literature for cubic indium oxide [45,46]. This

result proves the cubic phase of the films, which is in good

accordance with the XRD results.

4. Conclusions

Porous indium oxide films have been successfully deposited

at 400 8C on platinum-coated alumina by a simple and efficient

ESD technique using as precursor solution indium chloride in

ethanol and acetic acid. The as-deposited films are amorphous

and annealing at 500 8C in air they crystallize in the cubic phase

with no preferential orientation. The film comprises In2O3

particles with sizes between 20 and 31 nm, with most particles

being closely packed in aggregates in the range of 5–10 mm.

The results of this work indicate that the ESD technique is a

promising method for the preparation of indium oxide films

with desired porous morphology.
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