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Abstract

Solution-based Sn-doped In,O3 (ITO) films were fabricated using well-dispersed hybrid ITO nanoinks, which consisted of high-crystalline ITO
nanoparticles and ITO sols, by combining the methods of spin-coating and low-temperature microwave annealing. To investigate the optimum
conditions for the hybrid ITO nanoinks, we used four different weight ratios of ITO nanoparticles to ITO sols in the hybrid nanoinks: 0 (sample
A), 0.06 (sample B), 0.12 (sample C), and 0.24 (sample D). Sample D exhibited superior sheet resistance (~131.3 €/0), , good transmittance
(~87.2%), and excellent figure of merit (~19.3 x 10~* Q™") when compared to the other samples. This improvement performance is due to the
improved densification of the solution-based ITO films, where the optimum amount of ITO sols in the films served as a smooth medium that
linked the high-crystalline ITO nanoparticles. Therefore, our study can offer a novel strategy that can be applied to flexible transparent conducting
films (TCFs) as well as to the low-cost fabrication of high-performance TCFs in various optoelectronic applications.

© 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Transparent conducting films (TCFs) with low resistiv-
ities (< 10730 cm) and high transmittances ( > 80%) are
critical for various optoelectronic devices, including solar
cells, liquid crystal displays (LCDs), light emitting diodes
(LEDs), and touch screens [1-4]. Among the various TCF
materials (In,O3:Sn (ITO), SnO,:F (FTO), ZnO:Al (AZO),
and Sn0O,:Sb (ATO)), ITO, which is conventionally pre-
pared by various vacuum-based deposition processes, such
as RF magnetron-sputtering, vacuum evaporation, and
chemical vapor deposition, has the best conductivity and
a high transparency [5-7]. Until now, most studies have
mainly focused on using vacuum-based processes, like the
above-mentioned methods, to obtain high-performance ITO
films. For the vacuum-based process, the high vacuum
conditions (< 10~*Pa) and sophisticated equipment are
required, which contributes to the high cost of ITO films
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and limits its broad industrial applicability [2]. Recently, in
order to replace this vacuum-based process, researchers
have proposed various solution-based processes [8]. In
particular, because a solution-based process would not
requires a vacuum atmosphere or sophisticated equipment,
it enables the fabrication of ITO films at a low cost and
larger scale [9]. In addition, various solution-based pro-
cesses, such as inkjet-printing, dip-coating, and spin-coat-
ing, have been developed to fabricate solution-based ITO
films [1,10,11]. For example, Jeong et al. fabricated ITO
films by ink-jet printing followed by rapid thermal anneal-
ing and obtained a sheet resistance of ~202.7 Q/0 and an
optical transmittance of ~88.0% at a calcination tempera-
ture of ~450 °C [1]. K&rosi et al. reported that an ITO film
with an optimized thickness, which was achieved by
repetitive dip-coating, exhibited a sheet resistance of
~3.6 kQ/0 and an optical transmittance of ~66.3% after
calcination at 550 °C [10]. Sunde et al. prepared ITO films
by spin-coating crystalline ITO nanoparticles and achieved
a sheet resistance of ~270.0 Q/0 and a transmittance of
~80.0% at an annealing temperature of ~530°C [11].
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Hwang et al. reported that the inkjet-printed ITO films
prepared using a microwave annealing exhibited a sheet
resistance of ~517.0 Q/0 and optical transmittance of
~87.0% at an annealing temperature of 400 °C [12]. Hong
et al. prepared the inkjet-printed ITO films by adjusting the
heat-treatment conditions and proposed an optimized sheet
resistance of ~455.0 Q/0 and transmittance ~90.0% at
600 °C under a N, atmosphere [13]. However, to synthesize
ITO films with excellent electrical and optical properties
using solution-based methods, high annealing temperatures
are required, which decreases its price competitiveness for
fabricating high-performance TCFs and has side effects
that prevent its use in diverse applications such as flexible
devices. Therefore, improving the performance of solution-
based ITO films that are obtained at a low annealing
temperature of 250 °C would allow for the use of these
films in various optoelectronic applications with advan-
tages such as high flexibility and low fabrication costs.

In this work, we fabricated solution-based ITO films using
hybrid nanoinks consisting of ITO nanoparticles and ITO sols by
means of low-temperature microwave annealing at 250 °C. This
microwave-annealing method could improve the performance of
solution-based ITO films even at a low annealing temperature
because the internal heating system that is induced by absorbing
microwaves can offer higher energy efficiencies (more than 80%)
than a conventional electric furnace (less than 30%) [14].

2. Material and methods

The solution-based ITO films were fabricated using hybrid
nanoinks by combining the methods of spin-coating and low-
temperature microwave annealing. First, a precursor solution
of indium (III) chloride tetrahydrate (InCl;-4H,0, Aldrich)
and tin (IV) chloride pentahydrate (SnCl,-5H,0, Aldrich)
were dissolved in de-ionized (DI) water in order to synthesize
the ITO nanoparticles using co-precipitation. The optimum
molar ratio of In:Sn was adjusted to 9:1, as previously reported
[15]. Next, ammonium water (NH4,OH, Duksan) was added
into the above-prepared solution while stirring until the
pH=6.75 to obtain ITO nanoparticles with the lowest resis-
tivity were reached [16]. At this time, white indium tin
hydroxides precipitated in the solution. The resulting precipi-
tation was centrifuged at 3000 rpm for 5 min and washed
several times with DI water in order to remove the residual
reactants such as the ammonia and chloride components. The
pure indium tin hydroxides that were collected were dried at
50 °C and microwave-annealed at 700 °C for 5 min in air in
order to obtain high-crystalline ITO nanoparticles. The micro-
wave annealing resulted in the formation of ITO nanoparticles
with high crystallinity because it has a higher annealing
efficiency than conventional thermal processes [14]. To make
hybrid nanoinks with the ITO sols, indium (III) chloride
tetrahydrate and tin (II) chloride dihydrate (SnCl,-2H,O0,
Aldrich) were dissolved in 2-propanol [(CH;),CHOH,
Aldrich], with the above-mentioned optimum molar ratio of
In:Sn. Next, the obtained ITO nanoparticles were mixed with
the ITO sols, which were spin-coated onto the glass substrate

at 2000 rpm for 30 s. To investigate the optimum conditions
for the solution-based ITO films fabricated at a low tempera-
ture of 250 °C, the weight ratios of ITO nanoparticles to ITO
sols in the hybrid nanoinks were controlled to 0, 0.06, 0.12,
and 0.24 (referred to hereafter as sample A, sample B, sample
C, and sample D, respectively). The as-prepared ITO films
were dried at 150 °C for 3 h in a convection oven and then
microwave-annealed at 250 °C for 5 min in an argon atmo-
sphere. Finally, we obtained solution-based ITO films by
combining the methods of spin-coating and low-temperature
microwave annealing.

The surface morphology and topology of the as-prepared
ITO films were examined using field-emission scanning
electron microscopy (FE-SEM, Hitachi S-4800) and atomic
force microscopy (AFM, diDimension" 3100). The structural
analysis of the samples was carried out using multifunctional
transmission electron microscopy (MULTI/TEM; Tecnai G2,
Gwangju Center). The crystalline structure and chemical
bonding states of the ITO films were investigated using X-
ray diffraction (XRD, Rigaku D/Max-2500 diffractometer
using Cu K, radiation) and X-ray photoelectron spectroscopy
(XPS, ESCALAB 250 equipped with an Al K, X-ray source),
respectively. The electrical and optical properties of all of the
samples were investigated using a Hall effect measurement
system (Ecopia, HMS-3000) and ultraviolet—visible (UV-vis)
spectroscopy (Perkim-Elmer Lambda-35).

3. Results and discussion

Hybrid ITO nanoinks were prepared by a mixture of ITO
nanoparticles and ITO sols consisting of In and Sn ions
dissolved in 2-propanol, as shown in Fig. 1(a). We believe
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Fig. 1. A schematic for (a) hybrid ITO nanoinks consisting of high-crystalline

ITO nanoparticles and ITO sols and (b) solution-based ITO films using a low-
temperature microwave annealing.
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Fig. 2. (a—e) Top-view FE-SEM images of the ITO nanoparticles alone and samples A-D. (f-i) Cross-section FE-SEM images of samples A-D.

that hybrid ITO nanoinks have excellent dispersibility when
compared to ITO nanoinks without ITO sols. In general, ITO
nanoparticles that are in a solvent are easily agglomerated by
attractive van der Waals forces [17]. However, in order to
improve their dispersibility, additives are absorbed on the
nanoparticles, which results in repulsive forces that prevent
other nanoparticles from coming into close proximity [18].
Hence, the addition of a dispersing agent allowed the ITO
nanoinks to remain stable without agglomeration. In particular,
in the hybrid ITO nanoinks, the ITO sols serve as the
dispersing agent, which can improve the dispersibility of the
ITO nanoparticles. Fig. 1(b) presents a schematic of the
solution-based ITO films fabricated using a low-temperature
microwave method. After spin-coating of the hybrid ITO

nanoinks, the samples were microwave-annealed at 250 °C in
order to synthesize the solution-based ITO films. During this
process, the ITO sols play an important role in the smooth
medium that connects the ITO nanoparticles resulting in
improved densification of the solution-based ITO films.

Fig. 2(a)-(e) show the top-view FE-SEM images of the ITO
nanoparticles alone, sample A, sample B, sample C, and
sample D, respectively. As shown in Fig. 2(a), the ITO
nanoparticles exhibit irregular morphologies and their diameter
is in the range of ~16.7 to ~47.5 nm. Sample A (Fig. 2(b))
was prepared using only ITO sols and the surface of the ITO
film is rough and discontinuous. We expected to form ITO
films with dense and uniform surfaces; however, the rough and
discontinuous surface of sample A was formed because of the
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Fig. 3. AFM images obtained from (a) sample A, (b) sample B, (c) sample C, and (d) sample D.

fast ITO grain growth during microwave annealing, which has
a high energy efficiency despite a low temperature of 250 °C
[16]. Thus, sample A, with its rough surface, can offer a high
sheet resistance due to the increase in electron scattering at its
grain boundaries [19]. For the samples prepared with the
hybrid nanoinks, the surface morphologies gradually changed
from a rough surface to a dense surface as the weight ratio of
ITO nanoparticles to ITO sols increased. As a result, while
sample B generated grain growth due to the relatively large
amount of ITO sols, sample D resulted in enhanced surface
densification due to the relatively large amount of ITO
nanoparticles. It should be noted that the diameter of sample
D (~28.0-63.6 nm) was slightly larger than the ITO nano-
particles. As an explanation for this result, the ITO sols in the
solution-based ITO films play a key role as a matrix for the
ITO films as well as a glue to improve the connection between
ITO nanoparticles during the microwave-annealing process. As
shown in Fig. 2(f)-(i), the average thickness of the samples
was ~311.7nm for sample A, ~447.6 nm for sample B,
~609.2 nm for sample C, and ~877.6 nm for sample D.
Therefore, the thickness of the solution-based ITO films
gradually increases as the weight ratio of ITO nanoparticles
to ITO sols increases. Furthermore, the cross-sectional FESEM
image of sample D shows that it has a relatively high packing

density without voids when compared to the other samples.
Therefore, the high densification of the solution-based ITO
films can affect its electrical properties [20].

To further investigate the surface roughness of the solution-
based ITO films, AFM measurements were carried out. Fig. 3
(a)—(d) shows the AFM images obtained from samples A-D.
The root mean square roughness (R, is defined as the
standard deviation of the height in a given surface area and
the height roughness (R,) is the average value of the surface
height in proportion to the center plane, which correspond to
the interface width and the height roughness, respectively [21].
These factors directly affect the electrical properties of the
solution-based ITO films. In particular, decreasing the surface
roughness is important in order to enhance the electrical
properties of the solution-based ITO films. The R, and R,
of the solution-based ITO films were ~32.4 nm and ~25.5
for sample A, ~29.7 nm and ~24.2 for sample B, ~28.7 nm
and ~23.4 for sample C, ~22.5 nm and ~17.5 for sample D,
respectively. It can be seen that the interface width and the
height roughness decreased as the weight ratio of ITO
nanoparticles to ITO sols increased in the hybrid nanoinks.
As a result, sample D had the optimized weight ratio of ITO
nanoparticles to ITO sols, which offered a short distance and
smooth connections between the ITO nanoparticles, resulting
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Fig. 4. (a-b) TEM images and (c—d) high-resolution TEM images obtained from the ITO nanoparticles alone and from sample D. The insets show SAED patterns

obtained from the ITO nanoparticles alone and sample D.
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Fig. 5. X-ray diffraction patterns of sample A, sample B, sample C, and
sample D.

in decreased electron scattering at the ITO nanoparticle
interfaces [22]. Thus, the solution-based ITO film of sample
D exhibited a uniform and dense surface when compared to the
other samples.

Fig. 4(a)~(d) shows the TEM images and high-resolution
TEM images obtained from the ITO nanoparticles alone and
from sample D. Fig. 4(a) shows the irregular morphology of
the ITO nanoparticles, which were ~15.8-45.5 nm in dia-
meter. In addition, most of the ITO nanoparticles were
distributed independent of each other without interconnections.
On the other hand, sample D, which was obtained using the

hybrid nanoinks, showed that most of the ITO nanoparticles
were continuously linked. The selected area electron diffrac-
tion (SAED) patterns (the insets of Fig. 4(a) and (b)) of the
ITO nanoparticles alone, which are shown in Fig. 4(a), exhibit
strong spot patterns; however, sample D simultaneously
presents spot and ring patterns, which means that it consists
of both high-crystalline ITO nanoparticles prepared at a high
annealing temperature of 700 °C and a relatively low-
crystalline ITO phases that was formed at a low microwave-
annealing temperature of 250 °C. As shown in Fig. 4(c) and
(d), the ITO nanoparticles of sample D (~24.5-60.6 nm)
increased slightly in diameter compared to those prepared by
co-precipitation because of the existence of ITO sols in the
hybrid nanoinks. These results prove that the existence of the
ITO sols in the hybrid nanoinks acts like a glue that forms
connections between the ITO nanoparticles, resulting in the
successful formation of high-performance solution-based ITO
films despite the use of a low annealing temperature of 250 °C.

Fig. 5 shows the XRD patterns of all of the samples
obtained after microwave-annealing at 250 °C. All of the
samples present broad peaks around 23°, which correspond
to a glass substrate (Corning EAGLE XG™) with amorphous
characteristics. In comparison with the XRD pattern of pure
In;O3, the main characteristic diffraction peaks of all of the
samples resemble those of the polycrystalline In,O; with a
cubic bixbyite structure (space group la3 [206]; JCPDS card
no. 06-0416). The intensive peaks observed at 30.66° and
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Fig. 6. XPS core-level spectra of (a) In 3d, (b) Sn 3d, and (c) O 1s obtained
from sample D.

35.54° are indexed to the (222) and (400) planes. The position
of these peaks is slightly shifted towards higher diffraction
angles compared to those of pure In,O;. This suggests the
successful formation of the ITO phase by the doping of Sn**
into the In,O; lattice because the ionic radius of Sn** (0.69 A)
is smaller than that of In>* (0.80 A), which can be explained
using Bragg's equation (nA=2d sind) [14,23]. In addition, the
peak intensity of the samples gradually increased as the
relative amount of ITO nanoparticles increased in the hybrid
nanoinks, which is caused by the increased thickness of the
solution-based ITO films. Thus, the XRD results confirm the
successful synthesis of solution-based ITO films using low-
temperature microwave-annealing at 250 °C.
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Fig. 7. (a) Electrical properties, (b) optical transmission spectra, and (c) figure
of merit (FOM) obtained from all of the samples.

To investigate the chemical binding states of elemental In,
Sn, and O in sample D, XPS analyses were performed as
shown in Fig. 6(a)-(c). All of the binding energies were
adjusted by referencing the C 1s of 284.5 eV. The main peaks
of In 3ds;, and In 3d;, photoelectrons were observed at
~444.1eV and ~451.6 eV, respectively, indicating that
elemental In exists as In> " jons in the In,Os phases. For the
Sn 3ds, and Sn 3ds, photoelectrons shown in Fig. 6(b),
dominant peaks were observed at ~485.9 eV and ~494.4 eV,
respectively, corresponding to the existence of Sn*™ ions in
the SnO, phases. Thus, Sn*™ jons act as donors in the In,O;
lattices, implying that Sn-doped In,O3 phases are successfully
formed [14]. Furthermore, additional peaks were observed at
~447.0eV and ~454.5¢eV for In 3d and ~488.8 eV and
~497.2 eV for Sn 3d, indicating the existence of indium
hydroxide and tin hydroxide, respectively [24,25]. In general,
In(OH); and Sn(OH)4 undergo phase transformations to In,O3
and SnO,, respectively, at annealing temperatures higher than
~330 °C [26,27]. Thus, indium hydroxide and tin hydroxide
are observed on the ITO films due to low-temperature
microwave annealing at 250 °C. These results are confirmed
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in the XPS spectra of the O 1s photoelectron in Fig. 6(c). The
XPS spectra of O Is consist of four peaks at ~529.7 eV,
~531.0eV, ~532. 6eV, and ~534.7 eV, corresponding to
the phases related to In-O, Sn-O, hydroxide, and H,O
adsorbed on the surface, respectively [14,28]. Herein, the
XPS results indicate that In-hydroxide states are present on
the surface of the solution-based ITO films and are hypothe-
sized to be formed during the low-temperature microwave
annealing process. The FE-SEM, TEM, XRD, and XPS results
prove the successful formation of the solution-based ITO films
using low-temperature microwave-annealing at 250 °C.

Fig. 7(a) displays the electrical properties of the samples,
such as the carrier concentrations, Hall mobilities, and
resistivities. The carrier concentrations gradually increase from
~1.04 x 10%° cm ™ for sample A to ~2.45 x 10*° cm > for
sample D. This is owing to the increase in thickness of the
solution-based ITO films as the amount of ITO nanoparticles
in the hybrid nanoinks increased. The Hall mobilities of the
samples were measured to be ~0.90 cm?/(V s) for sample A,
~1.04 cm2/(V s) for sample B, ~1.71 cm2/(V s) for sample C,
and ~2.20 cm*/(V s) for sample D. Sample D has the highest
Hall mobility owing to the improved densification of its
solution-based ITO films. Therefore, the resistivity (p) of the
samples can be calculated using the carrier concentration (N)
and Hall mobility (u) using the following equation [14,19]:

p=1/(Neu) 2

where N is the carrier concentration, e is the electron charge
(1.602 x 107" C), and p is the Hall mobility. Thus, the
resistivities (p) of the films were calculated to be
~6.60 x 107> Q cm for sample A, ~5.01 x 1072 Q cm for
sample B, ~1.92x 1072Qcm for sample C, and
~1.15x107?Qcm for sample D. In addition, the sheet
resistances, i.e., the resistivity/thickness of the ITO films, were
observed to be ~2128 Q/O for sample A, ~1120Q/0 for
sample B, ~316.4 Q/O for sample C, and ~131.3 Q/3 for
sample D. Therefore, sample D showed excellent electrical
properties compared to the other samples despite a low
annealing temperature of 250 °C. This result is due to the
enhanced densification of the solution-based ITO films, which
results in smooth linkages between the high-crystalline ITO
nanoparticles when an optimized weight ratio of ITO nano-
particles to ITO sols in the hybrid nanoinks is used. Fig. 7(b)
presents the optical transmittances obtained for samples A-D.
In general, the optical transmittances at 550 nm gradually

Table 1

decreased as the thickness of the solution-based TCFs
increased. However, for the solution-based ITO films using
hybrid ITO nanoinks, in spite of the dramatic increase in the
thickness of the ITO films, the transmittance decreased slightly
owing to the decrease in light scattering that resulted in
improved densification of the ITO films [29]. Furthermore,
Table 1 shows the electrical and optical properties of ITO films
obtained from various solution-based processes as well as from
our works. Solution-based ITO films have been fabricated
using various processes as reported previously, such as inkjet-
printing, dip coating, and spin coating [1,10-12,29-31]. These
methods demand high-temperature annealing processes (300—
550 °C) in order to improve the performances of the solution-
based ITO films. However, in this study, the solution-based
ITO films that were prepared using hybrid ITO nanoinks show
excellent electrical and optical properties despite a low
annealing temperature of 250 °C when compared to previously
reported works, as shown in Table 2. To investigate the
comprehensive quality of the TCFs, the figure of merit
(FOM) can be calculated using the following equation [19]:

FOM = T'°/R,

where T is the transmittance of the films and R, is the sheet
resistance. The FOM values were calculated to be
~23x 1074 Q" for sample A, ~4.0 x 107* Q™! for sam-
ple B, ~103x107*Q~" for sample C, and
~19.3 x107* Q™" for sample D. Generally, the higher the
FOM, the better is the performance of TCFs. As such, sample
D exhibited the best TCF performance because it had both a
low sheet resistance (~131.3 ©/0) and a good transmittance
(~87.2%). Thus, solution-based ITO films fabricated from
hybrid nanoinks using low-temperature microwave annealing
were developed and can be potentially used flexible optoelec-
tronic applications as well as low fabrication cost of TCFs.

4. Conclusions

We fabricated solution-based ITO films from hybrid
nanoinks by combining the methods of spin-coating and
low-temperature microwave annealing. Hybrid ITO nanoinks
consisting of high-crystalline ITO nanoparticles and ITO sols
have excellent dispersibility due to the existence of In and Sn
ions, which act as dispersing agents. To investigate the
optimum conditions for the hybrid nanoinks, we adjusted the
weight ratios of ITO nanoparticles to ITO sols that were used

List of electrical and optical properties for the solution-based ITO films obtained from various solution-based processes.

Processes Sheet resistance (Q/0) Transmittance (%, at 550 nm) Annealing temperature (°C) References
Inkjet-printing ~202 ~88 450 [1]
Inkjet-printing ~517 ~87 400 [28]
Dip-coating ~3.6 x 10° ~66 550 [10]
Dip-coating ~7.0 x 10° ~83 500 [29]
Spin-coating ~270 ~80 530 [11]
Spin-coating ~133 ~88 300 [12]
Spin-coating + microwave annealing ~131 ~87 250 our works
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Table 2
Summary of electrical and optical properties obtained from samples A-D.

Sample A Sample B Sample C Sample D
Carrier concentration (cm %) 1.04 x 10%° 1.19 x 10%° 1.89 x 10%° 2.45 x 10%°
Hall mobility (cm?/(V s)) 0.90 1.04 1.71 2.20
Resistivity (Q cm) 6.60 x 1072 5.01 x 1072 1.92 x 10 1.15x 1072
Sheet resistance (€/0) 2128 1120 316.4 131.3
Transmittance (%, at 550 nm) 93.1 92.3 89.4 87.2

in the hybrid nanoinks as: 0 (sample A), 0.06 (sample B), 0.12
(sample C), and 0.24 (sample D). In particular, sample D
exhibited an excellent sheet resistance (~131.3 Q/0), good
transmittance (~87.2%), and superior FOM (~19.3 x 10-*
Q") despite the use of a low annealing temperature of
250 °C. This improvement in performance was attributed to
the improved densification of the solution-based ITO films
fabricated from the optimized hybrid nanoinks using low-
temperature microwave annealing. The improved densification
occurred because the high-crystalline ITO nanoparticles were
smoothly connected by the ITO sol that was used in the hybrid
nanoinks. Thus, the solution-based ITO films that were
fabricated from the hybrid nanoinks by low-temperature
microwave annealing may be an attractive candidate for use
as potential TCFs in optoelectronic applications that require
the use of low-temperature fabrication.
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