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Abstract Nanocrystalline ITO thin films were deposited

on glass substrates by a new spray pyrolysis route, Jet

nebulizer spray (JNS) pyrolysis technique, for the first time

at different substrate temperatures varying from 350 to

450 �C using a precursor containing indium and tin solu-

tion with 90:10 at% concentration. The structural, optical

and electrical properties have been investigated as a

function of temperature. X-ray diffraction analysis showed

that the deposited films were well crystallized and poly-

crystalline with cubic structure having (222) preferred

orientation. The optical band gap values calculated from

the transmittance spectra of all the ITO films showed a blue

shift of the absorbance edge from 3.60 to 3.76 eV revealing

the presence of nanocrystalline particles. AFM analysis

showed uniform surface morphology with very low surface

roughness values. XPS results showed the formation of ITO

films with In3? and Sn4? states. TEM results showed the

nanocrystalline nature with grain size about 12-15 nm and

SAED pattern confirmed cubic structure of the ITO films.

The electrical parameters like the resistivity, mobility and

carrier concentration are found as 1.82 9 10-3 X cm,

8.94 cm2/Vs and 4.72 9 1020 cm-3, respectively for ITO

film deposited at 400 �C. These results show that the ITO

films, prepared using the new JNS pyrolysis technique, have

the device quality optoelectronic properties when deposited

under the proposed conditions at 400 �C.

1 Introduction

Thin film semiconductors that are exhibiting simulta-

neously high optical transmittance and low electrical

resistivity have seminal importance in technologically

important devices, for instance in solar cells and in various

optoelectronic devices, light emitting diodes etc. [1–3]. It is

known that Indium tin oxide (ITO) material is a degenerate

n-type semiconductor and is the most suitable oxide thin

film for the above mentioned as well as many other

applications. The ITO has proven to be an advanced

semiconducting material opening a new window in many

electronic and optical industries due to its large optical

bandgap and the plasma frequency lying in the near IR

spectral region [4]. Due to such special characters and

salient features, ITO shows excellent transparency in the

visible region but is fairly reflective in the infrared spectral

regions. In2O3 is an insulator in its stoichiometric form and

a conductor in its non-stoichiometric form with a wide

direct bandgap of about 3.60 eV [5]. This high electrical
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conductivity arises from the formation of a conducting

carrier-oxygen vacancy with the addition of a dopant, tet-

ravalent cation Sn4?, to the In2O3 matrix. The oxygen

vacancies act as doubly-ionized donors and contribute a

maximum of two electrons to the electrical conductivity.

Over the past decades, many researchers have investigated

the preparation of ITO thin films using various techniques,

because of their wide utilization in fabricating solar

cells [6].

The preparation techniques of ITO thin films have come

to play an important role to decide their characteristics and

in obtaining highly crystalline, stress free and morpho-

logically uniform films on flexible or suitable substrates for

many applications [7]. In this regard, deposition of metal

oxide films with nanoparticles at relatively lower temper-

atures is a prerequisite for developing transparent con-

ducting oxide based optoelectronic devices.

Techniques employing liquid-phase aqueous/alcoholic

solutions have the advantages of simple operation, low-cost

instrumentation, easy doping, and controllable particle size,

which can produce atomic level mixing. Such techniques

include spray pyrolysis, dip-coating, sol–gel, wet-chemical,

and liquid-phase [8–13]. The spray pyrolysis technique is

widely adopted owing to its cost effectiveness and large

area applicability. The critical and efficient operation of the

spray pyrolysis technique depends on the preparation of

uniform sized fine droplets followed by the controlled

thermal decomposition of these droplets in terms of envi-

ronment, location and time. Generally, commercialized

nozzle spray guns are used to spray and such nozzle

atomizers are neither sufficient to generate submicron or

nano size droplets reproducibly nor to control their size

distribution. Consequently, some new and modified spray

atomization techniques have been developed recently and

used effectively for thin film preparation [14].

In this context, the Jet nebulizer, a new type of atomizer,

is found to be very promising for the fabrication of ITO

films with low resistivity and high transmittance possessing

nano crystalline particles. In this paper, we present and

discuss the first preliminary results on the investigation of

the structural, electrical, optical and morphological prop-

erties of ITO films deposited by the new Jet nebulizer spray

(JNS) pyrolysis technique.

2 Experimental

The Indium tin oxide (ITO) thin films were prepared by

taking Indium(III) acetate (0.1 M) and Tin (II) acetate

(0.1 M) in the atomic composition ratio of 90%/10% for

indium/tin and keeping the substrate temperature range of

350–450 �C in steps of 25 �C. The first chemical indium

acetate and an appropriate % of tin acetate were dissolved

in 50 mL of deionised water with a rapid stirring and a few

drops of concentrated HCl was added for getting a clear

solution, which was heated to about 60 �C for complete

dissolution.

Figure 1 shows the experimental set-up of Jet nebulizer

spray (JNS) pyrolysis technique, which comprises an air

compressor with control valve, the main technical unit of

Jet Nebulizer assembly, a mist carrier tube with a conical

spray nozzle and an electrical heater attached with tem-

perature controller. The Jet nebulizer is a small atomizing

machine, which acquires the ability to convert the precur-

sor solution into very tiny droplets by double collision

process, when powered by an air compressor. In the

atomizer unit the compressed air is released through the Jet

nozzle of 0.5 mm diameter and it produces consisting of

sub micron size droplets and aerosol mist formed and

delivered through the carrier tube nozzle. When the aerosol

Fig. 1 Schematic diagram of

the Jet Nebulizer spray (JNS)

pyrolysis setup: (1) air

compressor, (2) Jet nebulizer

assembly, (3) mist outlet tube

and (4) heater with temperature

controller

1088 J Mater Sci: Mater Electron (2012) 23:1087–1093

123



mist touches the heated glass substrate, evaporation of

solvent takes place followed by a heterogeneous reaction,

which leads to the formation of oxide thin film on the

substrate.

The deposition parameters, optimized by many trials

[15] are: air pressure = 3.5 kg/cm2, nozzle to substrate

distance = 5 cm, rate of spray = 0.75 mL/min. The solu-

tion was sprayed for 10 min by the Jet nebulizer air flow

through a specially designed carrier tube on to heated glass

substrates held at constant temperature between 350 and

450 �C. The glass substrates of 2.5 9 2.5 cm2 area were

first cleaned by a liquid detergent, washed with distilled

water, kept in freshly prepared hot chromic acid for

30 min, again thoroughly cleaned with distilled water and

finally subjected to ultrasonic cleaning for 30 min just

before the deposition of ITO films. Thickness of the ITO

films was measured by the Stylus Profilometer (Mitutoyo),

which were found in the range of 360–380 nm.

The structural properties of the ITO thin films were

studied by X-ray diffractometer (X’pert Pro PANalytical-

3040 using CuKa radiation) with the wave length

of = 1.5406 Å. The optical transitions of deposited films

were determined using a UV–Vis-NIR double beam spec-

trometer (Hitatchi-330). The electrical properties of the

ITO films were measured by the four probe setup (Scien-

tific model DEP-02). The surface morphology and rough-

ness of the films were analyzed using a Nanoscope E-3138j

AFM/STM atomic force microscope (AFM). Analysis of

chemical state of elements was determined using a Multi-

lab 2000 X-ray photoelectron spectroscope (XPS) with

MgKa (1,253.6 eV) X-ray source. TEM image and selected

area electron diffraction (SAED) pattern were recorded

using a 200 kV Tecnai-20 G2 TEM Instrument.
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Fig. 2 XRD patterns of ITO films deposited at (a) 350, (b) 375,

(c) 400, (d) 425 and (e) 450 �C
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Fig. 3 Variation of grain size and bandgap (Eg) of ITO films

deposited at different substrate temperatures
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Fig. 4 Variation of (a) mobility, l (b) carrier concentration, n and

(c) resistivity, q for the ITO films prepared at various substrate

temperatures
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3 Results and discussions

Figure 2 shows the X-ray diffraction spectra of Jet nebu-

lizer sprayed ITO films deposited at different substrate

temperatures of 350–450 �C. The analysis of crystal

structure revealed that the films were identified as crys-

tallized cubic ITO. In the XRD patterns, peaks appearing at

2h values 30.52�, 35.36� and 50.75� are due to reflections

from (222), (400) and (440) planes of ITO respectively.

The peak intensity of (222) plane was predominant among

the other reflection planes indicating the preferential ori-

entation of the ITO films. There are no peaks pertaining to

SnO2 or SnO at 26.5� or 33.2�, indicating the complete

miscibility of In and Sn in the ITO films prepared here

[16]. The grain size of the ITO thin films was calculated

from the line broadening of the (222) diffraction line

according to the Scherrer equation

D ¼ 0:94k =b Cos h ð1Þ

where k is the wavelength of the X-ray radiation and b is

the diffraction broadening of the peak at the full width at

half maximum (FWHM) and h is the Bragg’s angle. Var-

iation of grain size and band gap (Eg) with substrate tem-

peratures is shown in Fig. 3.

The lattice constant values were calculated and the

values are found decreasing from 1.026 nm to 1.014 nm

for the ITO films deposited at 350–450 �C, respectively.
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Fig. 5 Optical transmittance spectra of ITO films deposited at

(a) 350, (b) 375, (c) 400, (d) 425 and (e) 450 �C
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Fig. 6 Tauc plot of (ahm)2 versus hm for the ITO films deposited at

different temperatures: (a) 350, (b) 375, (c) 400, (d) 425 and

(e) 450 �C

Fig. 7 AFM (3D images and surface line profiles) of ITO films

deposited a 350, b 375, c 400, d 425 and e 450 �C
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This decreasing trend shows an increased oxygen concen-

tration in the ITO films, which reveals a relatively mod-

erate resistivity (about 10-3 X cm) in the present case.

This is also supported by the (222) preferential orientation

in these films as observed from the XRD spectra. High

oxygen incorporation and content (nearly stoichiometric)

always leads to ITO films oriented in the (111) direction.

But, in the present case, the carrier concentration is

increasing with temperatures which may be due to the

increased crystallinity, to the grain size increase with less

grain boundary defects and also to the one-to-one substi-

tution of In3? ions with Sn4? ions in the In2O3 lattice.

Further, such a substitution led to an overall increase in the

lattice parameter values of the ITO films compared to the

standard value of a = 1.012 nm. This is attributed to an

increase in repulsive forces arising from the extra positive

charge of the Sn4? cations and also to the interstitial

oxygen anion charge compensation [17]. The grain size

varies nominally from about 8.13 to 19.64 nm when the

temperature was varied from 350 to 450 �C, respectively.

The electrical properties, resistivity (q), carrier con-

centration (N) and mobility (l) of ITO films prepared by

various substrate temperatures are presented in Fig. 4. The

lowest resistivity is obtained at 400 �C and the corre-

sponding value is 1.82 9 10-3 X cm. The value of carrier

concentration reaches a maximum of 4.72 9 1020 cm-3

showing a continuous variation from 350 to 450 �C. The

carrier mobility value reaches a maximum of 8.94 cm2/Vs

at 400 �C and then shows a decreasing trend.

The optical transmission spectra of ITO films deposited

at different temperatures from 350 to 450 �C are shown in

Fig. 5. All the ITO films show interference patterns

showing that they are uniform and specular to a greater

extent. The increase in the average transmittance value in

the visible region from about 60 to 85% with temperature

can be due to the well-crystallized lattice and the pinhole

free surface of the ITO films. It is observed that trans-

mission slope is shifted towards the short wavelength

direction with (blue shift) the increase in deposition tem-

perature, which is attributed to the increase of the carrier

concentration with temperature [1].

The optical bandgap (Eg) values of these films were

calculated using the Tauc plot [18] drawn using the

equation:
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Fig. 8 XPS wide scan (a) and narrow scan spectra of In 3d (b), Sn 3d (c), O 1 s (d) peaks of ITO film deposited at 400 �C
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ahv ¼ A hv� Eg

� �n ð2Þ

where a is the absorption coefficient, h is Planck’s con-

stant, m is the frequency of the incident photon and n

depends on the type of electron transition in the semicon-

ductor film with 1/2 revealing the direct transition nature in

the ITO films studied here. The absorption coefficient (a)

was computed from the transmittance spectra using the

relation, I = Io exp(-at) from which a is obtained as =

1/t*ln(1/T), where t is the thickness of the film, I is the

transmitted intensity of a particular wavelength through the

film and Io is the maximum transmitted intensity (100%).

The Eg values were estimated by extrapolating the

straight line portion of the (ahm)2 versus hm plots to hm axis

as shown in Fig. 6. The direct transition band gap values

are found to be as 3.60, 3.64, 3.72, 3.74 and 3.76 eV for the

ITO films deposited at 350, 375, 400, 425 and 450 �C,

respectively. The bandgap value is 3.53 eV [19] for the

bulk ITO material. The higher Eg values 3.60–3.76 eV

observed here may be associated with the nanocrystalline

nature of the ITO films deposited by the JNS pyrolysis

route engaged in the present study.

Further, these enhanced band gap values come from the

Burstein-Moss shift [20] represented as

Eg ¼ Ego þ DEBM ¼ Ego þ �h 3p2n
� �2=3

=2m�vc ð3Þ

where mmc
* is the reduced effective mass, Ego is the band

gap of the bulk material, n is the carrier concentration and

Eg is the measured direct band gap value at different

deposition temperature. From this expression it is clear that

the blue shift depends on the increasing concentration

values in the ITO films deposited here.

Figure 7 presents 3D AFM images, and the surface pro-

files of ITO films over a scanned area of 2 lm 9 2 lm

deposited at different temperatures of 350, 375, 400, 425 and

450 �C. The AFM images show that the ITO films are

composed of densely packed columns perpendicular to the

substrate. The grain size is found increasing with tempera-

ture and the ITO film deposited at 400 �C shows uniform

surface morphology and grain size, while other surfaces

show nonuniform grain size distribution and grains with

varying heights. The AFM surface profile measurements

yield increasing root mean square (rms) surface roughness

values for the ITO films as 8.5, 10.2, 3.5, 6.8 and 5.4 nm with

increasing temperature. It shows that the ITO films depos-

ited at 400 �C have smoother surface and possess near-

spherical nano particles that are uniformly distributed

throughout the surface along with few columnar or elliptical

shaped particles.

Figure 8 shows the XPS results of the ITO film depos-

ited at 400 �C. Figure 8a shows the XPS survey scan

showing the presence of peaks pertaining to In, Sn and O,

which confirm the formation of ITO film. The narrow scan

XPS spectra for the In 3d and Sn 3d doublet are shown in

Fig. 8b and c, respectively. The binding energy of In 3d5/2

at 445.1 eV is attributed to the bonding between In3?–O2-

from In2O3 lattice. The binding energy of Sn 3d5/2 is

observed at 487.3 eV corresponding to the Sn4?–O2-

bonding from the SnO2 lattice. The O 1s spectrum has two

peaks shown in Fig. 8d. The binding energy observed at

529.4 eV is assigned to lattice oxygen in the crystalline

indium tin oxide and the peak at 531.6 eV corresponds to

oxygen atoms in the amorphous ITO phase [21].

Figure 9a and b shows the TEM image and the selected

area electron diffraction (SAED) pattern of the ITO film

deposited at 400 �C. The TEM image (Fig. 9a) shows a

homogenous distribution of ITO nanoparticles with diam-

eter of about 12–15 nm. Individual as well as stacked

particles are observed. This is in good agreement with the

Fig. 9 TEM image (a) and SAED pattern (b) of ITO film deposited

at 400 �C
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particle size calculated from the XRD results. Figure 9b

shows the SAED pattern exhibiting diffraction spots

arranged on rings. This corresponds well to the granular

grains observed in the AFM pictures and shows that the

ITO film is well crystallized and polycrystalline in nature.

The d-values obtained from this SAED pattern are in

consistent with the XRD results and confirm the cubic

structure.

4 Conclusions

Nanocrystalline ITO films have been deposited by simple

and low cost Jet nebulizer spray pyrolysis technique for the

first time. The influence of deposition temperature on the

structural, optical and electrical properties was studied. The

films are preferentially oriented along (222) plane with

cubic structure. Highly transparent and low resistivity ITO

films are obtained at 400 �C. For these films, both the band

gap value and the carrier concentration are maximum

revealing their nanocrystalline and well oriented nature.

AFM and TEM results also confirm the nano grain mor-

phology with uniform size distribution. These results show

that the JNS pyrolysis technique can be used to prepared

device quality ITO films with low resistivity, high trans-

mittance in the visible region and wide band gap at rela-

tively lower deposition temperature. Further work is in

progress to optimize other deposition parameters, which

will be presented in future publications.
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