Article
Journal of
Nanoscience and Nanotechnology

Copyright © 2014 American Scientific Publishers
All rights reserved
Printed in the United States of America

Vol. 14, 9632–9636, 2014
www.aspbs.com/jnn

Surface Modification and Characterization of
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We synthesized Sn-doped In2 O3 (Indium tin oxide, ITO) thin films using electrospray and spincoating. Scanning electron microscopy, atomic force spectroscopy, X-ray diffraction, X-ray photoelectron spectroscopy, Hall-effect measurement, and UV-vis spectrophotometry measurements
were performed to investigate the morphological, structural, chemical, electrical, and optical properties of the electrosprayed ITO films with a sol-layer coating for surface modification. To obtain
the optimum performance of the resultant ITO thin films after surface modification, we heat-treated
them at four different temperatures of 450  C (sample A), 550  C (sample B), 650  C (sample C),
and 750  C (sample D) using microwave heating. Surface modified ITO thin films calcined at
550  C (sample B) using electrospray and spin-coating are observed to have superior resistivity
(99 × 10−3  · cm) and optical transmittance (∼9208%) owing to the improved densification of the
ITO surface by spin-coating and the formation of uniform ITO thin films by electrospraying.
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1. INTRODUCTION
Indium tin oxide (ITO, Sn-doped In2 O3 ) thin films, which
are indispensable in various applications such as electrochromic devices, organic photovoltaic devices, organic
light-emitting devices, photocatalysis, and NO2 sensor, are
the preferred transparent conductive oxides (TCO).1–5 ITO
has advantages such as a low resistivity (1–3 × 10−4  ·
cm) and high optical transmittance (80–83%). To date,
various synthetic methods to obtain high-quality ITO thin
films have been developed, mainly through two different
approaches. One approach involves vacuum-based processes that include magnetron sputtering, E-beam evaporation, and chemical vapour deposition (CVD),6–8 which
are used for the commercial production of ITO thin
films despite high production costs. The other approach
involves solution-based processes that include spray pyrolysis, inkjet-printing, and spin coating.9–11 For example,
Moholkar et al. have synthesized ITO thin films using
spray pyrolysis and investigated their structural, electrical,
and optical properties as a function of precursor concentration parameters. Thus, ITO thin films have been obtained
with a resistivity of ∼271 × 10−3  · cm and transmittance
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of ∼944%.9 Hwang et al. reported inkjet-printing of ITO
films for use as TCOs with an observed resistivity of ∼3 ×
10−2  · cm and transmittance of ∼87% after annealing at
400  C.10 Ting et al. used a sol–gel spin-coating method
with different indium precursor solutions synthesized from
In(NO3 3 or InCl3 . The indium nitrate-derived ITO thin
films exhibited resistivity and transmittance of ∼42 ×
10−3  · cm and ∼85%, respectively.11 As these examples show, the development trends of TCOs are recently
changing from vacuum-based processes to solution-based
processes. In particular, the challenge of developing a
novel synthetic method for solution-based TCO thin films
is a very important issue. We recently introduced an
electrospray technique for fabricating solution-based ITO
thin films. Till date, the electrospray technique has been
used mostly in applications such as electrospray ionization
(ESI), thin-film deposition, and colloidal thrusters because
electrospray has advantages such as low cost, simplicity,
and deposition feasibility for large area films in a nonvacuum atmosphere.12
In this study, we successfully fabricated solution-based
ITO thin films using electrospray and then introduced spincoating for surface modification to improve the performance of the ITO thin films.
1533-4880/2014/14/9632/005
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2. EXPERIMENTAL DETAILS
ITO thin films were successfully synthesized on glass substrates (Corning EAGLE XG™ ) using electrospray and
spin-coating as follows. For electrospraying, indium chloride tetrahydrate (InCl3 · 4H2 O, Aldrich) and tin chloride
dihydrate (SnCl2 · 2H2 O, Aldrich), used as starting materials, were dissolved in 2-propanol for 3 h. The molar ratio
of In:Sn precursors to fabricate an optimum ITO solution
was fixed at 9:1. A typical electrospraying apparatus consists of a syringe pump with a plastic syringe, a collector,
and a high-voltage power supply. The feeding rate is fixed
at 0.02 mL/h and the distance between the needle tip and
the collector is maintained at ∼10 cm under a high voltage
of 24 kV. The optimum deposition of ITO nanoparticles
on the substrates occurs for a deposition time of 15 min at
80% chamber humidity. The as-deposited ITO thin films
were dried at 150  C in an oven for 3 h and then heattreated at four different calcination temperatures of 450  C,
550  C, 650  C, and 750  C (referred to here as sample A before sol-layer coating, sample B before sol-layer
Figure 1. FESEM images obtained from samples A, B, C, and D fabcoating, Sample C before sol-layer coating, and Sample
ricated using electrospray and spin-coating.
D before sol-layer coating) using a microwave furnace for
3 h in air. We employed a microwave furnace because
gradually increased. In particular, samples A and B exhibit
of its unique properties such as the reduction of diffua uniform surface morphology, which is due to the solsion impurities and damages as well as larger grain size of
layer coating deposited by spin-coating and the formation
the ITO nanoparticles in the TCO films due to the rapid
of small-sized grains by calcination at temperatures below
heating/cooling, compared to a conventional furnace. In
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good
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TCOs
is
directly
related
to
the
dense
surface
morpholsol-solution. The resultant ITO thin films are heat-treated
ogy on the films.13–16 Thus, samples C and D are considagain at 450  C, 550  C, 650  C, and 750  C (referred to
ered to have poor electrical properties because of the rough
here as sample A, sample B, Sample C, and Sample D).
surface morphology and are discussed later. In addition,
The surface morphology and surface topography of
from the cross-section views of the samples (not shown in
the samples were characterized by field-emission scanhere), the thicknesses of the films are observed to be in the
ning electron microscopy (FE-SEM, Hitachi S-4700) and
range of ∼227 nm to ∼237 nm for sample A, ∼232 nm to
atomic force microscopy (AFM, XE-100). X-ray diffrac244 nm for sample B, ∼247 nm to ∼254 nm for sample
tion (XRD, Rigaku X-ray diffractometer equipped with a
C,
and ∼273 nm to 295 nm for sample D. Thus, samples
Cu K radiation) and X-ray photoelectron spectroscopy
C
and
D indicate that the thickness of the films increased
(XPS, ESCALAB 250 equipped with an Al K X-ray
as
the
annealing temperature using microwave increased.
source) were performed to investigate the structural and
That
is,
in case of box and tube furnaces, the thickness of
chemical properties of the samples. The electrical propthe
films
is slightly decreased because of enough time for
erties including the resistivity, hall mobility, and carrier
high
densification
of the films as the annealing temperature
concentration are characterized by means of a Hall Effect
increased.
However,
for the case of microwave annealing,
Measurement System (Ecopia, HMS-3000). The transmithigh
densification
of
the films does not occur due to high
tance spectra in the wavelength range of 300 nm to 900 nm
energy
and
short
reaction
time (holding time of 5 min) in
were measured using a UV-vis spectrophotometer (Scinco,
high
annealing
temperatures
(i.e., samples C and D). In
S-3100).
addition, for samples C and D, the larger grain growth of
the ITO films due to high energy and short reaction time
3. RESULTS AND DISCUSSION
occurs, resulting in the rough surface morphology on the
Figure 1 shows the top-view FESEM images obtained
ITO films.
from samples A, B, C, and D. As the calcination temperaFigures 2(a) and (b), which present the AFM images for
ture is increased, the size of grains on the ITO thin film is
sample B before and after sol-layer coating, respectively,
J. Nanosci. Nanotechnol. 14, 9632–9636, 2014
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Figure 2.
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AFM images of (a) sample B before sol-layer coating and (b) sample B after sol-layer coating.

examine the effect of surface modification on the ITO thin
toward higher 2 angle compared to pure In2 O3 . The reference bulk reflections of pure In2 O3 phases correspond
films. The average surface roughness was ∼108 nm for
to 30.57, 35.46, and 51.03 for the (222), (400), and
sample B before sol-layer coating and ∼21 nm for sam(440) planes. The results imply that Sn ion substitutes an
ple B after sol-layer coating. Electrosprayed ITO thin films
indium ion in the In2 O3 lattice since the ionic radius of
after sol-layer coating are observed to have dramatically
Sn4+ (0.069 nm) is smaller than that of In3+ (0.08 nm),
decreased surface roughness when compared to electrowhich causes a donation of free electrons that improves
sprayed ITO thin films before sol-layer coating. Although
the conductivity.17 18 This result can be explained by using
sample B before sol-layer coating shows larger irregular
Bragg’s equation (n = 2d sin ). Thus, XRD results indigrains, sample B after sol-layer coating formed a dense
cate that Sn ions are doped in the In2 O3 matrix, implying
morphology due to the filling of the gaps between the
the successful formation of the ITO thin films using elecgrains by the ITO sol-solution. Thus, the results indicate
trospray
spin-coating.
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XPS
measurements
films.
The photoelectron peaks of In 3d and Sn 3d are obtained
Figure 3 shows the XRD plots obtained from samafter
the calibration of the C 1s line (284.5 eV). The
ples A, B, C, and D after calcination using microwave

In
3d
heating. Broad peaks around 23 correspond to a glass
5/2 and In 3d3/2 photoelectrons (Fig. 4(a)) of sam™
ple
B
are observed at binding energies of ∼44435 eV
substrate (Corning EAGLE XG ) having an amorphous
and
∼45190
eV, implying that In2 O3 phases are formed.
characteristic. Main diffraction peaks of all the samples



In
addition,
the
Sn 3d5/2 and Sn 3d3/2 photoelectrons
are observed at 30.60 , 35.51 , and 51.07 , correspond(Fig.
4(b))
are
observed
at binding energies of ∼48620 eV
ing to the (222), (400), and (440) planes, respectively.
and
∼49460
eV,
implying
that SnO2 phases are formed.19
This implies that all the samples possess a polycrysThe O 1s photoelectron for sample B is divided into two
talline phase with cubic bixbyite structure of In2 O3 (space
signals as shown in Figure 4(c). The two signals observed
group la3 [206]; JCPDS card No. 06-0416). In particat ∼52980 eV and ∼5312 eV correspond to the chemical
ular, the diffraction peaks observed are slightly shifted
bonding between O 1s and In, and O 1s and Sn, respectively. Thus, XPS results indicate that the ITO thin films
are composed of In2 O3 and SnO2 phases.
Figure 5(a) shows the electrical properties including
carrier concentration, hall mobility, and resistivity of
samples A, B, C, and D. The carrier concentrations
gradually increase from sample A (661 × 1019 cm−3 ) to
sample D (911 × 1019 cm−3  because of the enhanced
crystallinity due to the increasing calcination temperature. The Hall mobilities observed are 9.06 cm2 /(Vs),
9.31 cm2 /(Vs), 5.10 cm2 /(Vs), and 1.55 cm2 /(Vs) for samples A, B, C, and D, respectively. Sample B shows the
highest Hall mobility because of the formation of a uniform surface on the ITO thin films. On the other hand,
Figure 3. XRD data obtained from samples A, B, C, and D.
sample D has the lowest value of Hall mobility because
9634
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Figure 4.
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XPS core-level spectra for the In 3d, Sn 3d, and O 1s obtained from sample B.

(b)

(a)

(c)

Figure 5. (a) Electrical properties including carrier concentration, Hall mobility, and resistivity, (b) optical transmission spectra, and (c) figure of
merit (FOM) obtained from all samples.

of a rough surface on the ITO thin films, as shown in
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the FESEM images in Figures 1(b) and (d). In addition,
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where N is the carrier concentration, e is the electron
respectively.
That is, all the samples exhibit similar and
−19
C), and is the Hall mobility. The
charge (1602 × 10
excellent
transmittances
because of the formation of univalues of the resistivity () thus calculated are ∼104 ×
form
and
dense
ITO
thin
films having thicknesses in the
−2
−3
10  · cm for sample A, ∼990 × 10  · cm for samrange
of
∼230
nm
to
∼277
nm. The results, including
−2
ple B, ∼152 × 10  · cm for sample C, and ∼441 ×
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electrical
and
optical
properties,
are summarized in Table I.
10  · cm for sample D. As can be seen, sample B
Finally,
to
confirm
the
performance
of the TCO films,
shows superior resistivity compared to the other samples.
Figure
of
Merit
(FOM)
using
the
transmittance
(T) and
The improved densification of the ITO surface due to the
sheet
resistance
(Rs)
is
calculated
using
the
following
sol-layer coating on the electrosprayed ITO thin films is a
equation as shown in Figure 5(c):21 22
possible reason for this behaviour. Furthermore, the carrier
concentration and Hall mobility for samples A, B, C, and
FOM = T 10 /Rs
D before the sol-layer coating exhibit relatively low values: 193 ×1019 cm−3 , 224 ×1019 cm−3 , 396 ×1019 cm−3 ,
The values of FOM are 697 × 10−5 −1 , 1056 ×
and 609 × 1019 cm−3 and 4.38 cm2 /(Vs), 5.77 cm2 /(Vs),
10−5 −1 , 670 × 10−5 −1 , and 232 × 10−5 −1 for sam2.34 cm2 /(Vs), and 1.38 cm2 /(Vs), respectively. Thus, the
ples A, B, C, and D, respectively, implying that sample B
introduction of the sol-layer coating plays a key role on
possesses the best performance for use as TCO thin films
compared to the other samples.
Table I. Summary of electrical and optical properties for all samples.

samples
Sample
Sample
Sample
Sample

A
B
C
D

Carrier
concentration
(cm−3 )

Hall mobility
(cm2 /(v·s))

Resistivity
( · cm)

Transmittance
(%)

661 × 1019
676 × 1019
802 × 1019
911 × 1019

906
931
510
155

104 × 10−2
990 × 10−3
152 × 10−2
441 × 10−2

8909
9208
9136
9052
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4. CONCLUSION
ITO thin films were successfully fabricated using electrospray and spin-coating. Their surface morphology, structure, chemical states, electrical, and optical properties were
investigated by means of FESEM, AFM, XRD, XPS,
Hall effect measurement, and UV-vis spectrophotometry.
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For sample B, FESEM and AFM results showed a uniform surface morphology of the ITO thin films compared
to that of other samples. As a result, sample B, which
was heat-treated at 550  C, exhibited superb resistivity
(∼990 × 10−3 ·cm), excellent transmittance (∼9208%),
and superb FOM (1056 × 10−5 −1 ). The performance
enhancement of sample B may be explained by the high
densification of the ITO surface owing to spin-coating
resulting in high mobility, and the formation of uniform
ITO thin films using electrospray. These results indicate
that the ITO thin films fabricated using electrospray and
spin-coating may be a potential approach for fabricating
highly efficient, solution-based TCOs.
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