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ARTICLE INFO ABSTRACT

Keywords: We fabricated transparent indium tin oxide (ITO)/antimony tin oxide (ATO) electrodes using a combined
Transparent conducting oxides process of spin-coating of hybrid ITO nanoinks, electrospraying of ATO, and hydrogen (H,) activation carried
Surface

out at a low annealing temperature of 200 °C. The produced ITO electrode exhibited an enhanced surface
densification and phase conversion of In(OH)3 to ITO. As a result, the Ho-activated ITO/ATO electrodes
exhibited excellent transparent conducting performances with a superior sheet resistance of ~47.5 Q/o and a
good transmittance of ~85.3% as compared to the ITO and ITO/ATO electrodes. Despite the use of the low
annealing temperature, the achieved improvement in the conducting performance could be attributed to the
synergistic effect of the enhanced carrier concentration and the Hall mobility related to the improved surface
densification achieved with the electrosprayed ATO thin film and reduction of the residual In(OH)5 phase by Ha
activation. Therefore, our method can be used as a novel strategy for obtaining high-performance solution-
processed transparent conducting oxides at a low annealing temperature of 200 °C for use in various
optoelectronic applications.

Electrical properties
Optical properties
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1. Introduction

Transparent conducting oxides (TCOs) exhibiting unique properties
such as low resistivity ( < 107 Q cm) and high transmittance ( > 80%)
are utilised as an important component in various state-of-the-art
optoelectronic devices, including liquid crystal displays (LCDs), light
emitting diodes (LEDs), touch screens, solar cells, and sensors [1-5].
Conventionally used TCOs include wide-bandgap oxide semiconduc-
tors such as Sn-doped In,O3; (ITO), Sb-doped SnO, (ATO), and Al-
doped ZnO (AZO) [6]. Among these, ITO, which is one of the most
commonly used TCOs owing to its high transparency and low sheet
resistance, is produced by vacuum-based deposition processes such as
magnetron-sputtering, chemical vapor deposition, and vacuum eva-
poration, which require the use of sophisticated equipment and high
vacuum conditions (< 107* Pa) [7]. Unfortunately, this makes TCOs
very expensive, thereby limiting their use in broad industrial applica-
tions [8]. On the other hand, solution-based deposition processes have
recently attracted attention as possible replacements of the vacuum
processes. It is possible to fabricate film nanostructures using a simple
and inexpensive method and coat materials with different geometries
on large substrates or substrates via dip-coating, spin-coating, and

inkjet-printing [3,9,10]. For example, Lee et al. synthesised ITO
electrodes by spin-coating an ITO nanocrystal (10.0 nm)-tetrabutylam-
monium hydroxide dispersion, thereby achieving a low sheet resistance
of ~133.0Q/o and a high transparency of ~88% at an annealing
temperature of ~300°C [11]. Chen et al. prepared uniform ITO
electrodes using an acetylacetone-assisted sol-gel spin-coating process,
achieving the good transparent conducting performances such as a
sheet resistance of ~30.0 Q/o and optical transmittance of ~90.2%
after performing annealing at 400 °C [8]. However, the improvement in
the transparent conducting performances with the solution-based
process is depends on the high annealing temperature and complicated
chemical reactions (i.e. ethanolamine and combustion reaction)
[12,13], which might limit the effective use of produced materials in
large-scale and flexible applications in future industry, resulting in a
decline of the price and performance competitiveness of the TCOs.
Therefore, a study investigating the production of solution-processed
TCOs at a low annealing temperature under 200 °C is important in
terms of optoelectronic applications requiring low-cost fabrication and
flexibility.

In this study, we fabricate transparent ITO/ATO electrodes by
carrying out spin-coating of hybrid ITO nanoinks, electrospraying of
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Fig. 1. Schematic diagram for fabricating Ho-activated ITO/ATO electrodes.

Fig. 2. (a-¢) Top-view FESEM images and (d-f) cross-view FESEM images of ITO electrodes, ITO/ATO electrodes, and Hj-activated ITO/ATO electrodes, respectively.

ATO, and H, activation at a low annealing temperature of 200 °C. In
addition, we demonstrate the major mechanism involved in improving
the transparent conducting performances at low annealing tempera-
tures by examining the structural, chemical, electrical, and optical
properties of the produced materials. For transparent ITO/ATO
electrodes, the ATO thin films are used as a protection layer to prevent
the loss of oxygen vacancies for ITO electrodes due to their good
thermal stability, minimizing the decrease in electrical properties of the
electrode during the annealing process.

2. Materials and methods

Transparent ITO/ATO electrodes were fabricated using a combined
process of spin-coating, electrospray, and H, activation. Fig. 1 represents
the schematic of the process employed for fabricating Hp-activated ITO/
ATO electrodes. Initially, ITO electrodes were prepared by spin-coating
using hybrid ITO nanoinks, which are composed of highly crystalline ITO
nanoparticles and an ITO sol with a weight ratio of 0.24, with microwave-
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annealing (2.0 kW, UX-02, UNICREA) carried out at 200 °C. Since the ITO
sol smoothly connects the empty space among the ITO nanoparticles, the
hybrid nanoink can be effectively used for producing high-performance ITO
electrodes with a low-temperature process [13]. Then, ATO was deposited
by electrospraying on the prepared ITO electrodes in order to improve the
transparent conducting performance. The solution for electrospray was
prepared by dissolving tin (II) chloride dihydrate (SnCl,-2H,O, Aldrich)
and antimony chloride (SbCls, Aldrich) in 2-propanol. The molar ratio of Sn
and Sb was fixed as 10:1 as previously reported [14]. The obtained
transparent ATO solution was loaded into a syringe with a 23-gauge
stainless-steel needle. For electrospraying, voltage and feeding rates of
24 kV and 0.03 ml/h, respectively, were employed. The distance between
the needle and the collector was fixed as 10 cm. After performing
microwave annealing at 200 °C, the prepared ITO/ATO electrodes were
activated using H, gas (N»:H, =90:10) at 200 °C for 10 h, resulting in the
production of Ho-activated ITO/ATO electrodes. Thus, we prepared three
types of TCOs: ITO electrodes, ITO/ATO electrodes, and Ha-activated ITO/
ATO electrodes.
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The surface morphology of the electrodes was characterised using
field-emission scanning electron microscopy (FE-SEM, Hitachi S-
4800) and atomic force microscopy (AFM, diDimension™ 3100). The
crystalline structure and chemical bonding state were analysed 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 the electrodes were measured using a Hall
effect measurement system (Ecopia, HMS-3000) and UV-vis spectro-
scopy (Perkim-Elmer Lambda-35), respectively.

3. Results and discussion

Fig. 2(a-c) show the top-view FESEM images of the ITO electrodes,
ITO/ATO electrodes, and H»-activated ITO/ATO electrodes fabricated
at 200 °C. For ITO electrodes, although the ITO sol acts as an
important connecting link between the ITO nanoparticles, a rough
surface morphology is observed due to the low annealing temperature,
which might cause poor electrical properties with an increased grain
boundary scattering on the electrode surface [15,16]. On the other
hand, ITO/ATO electrodes exhibit a smooth surface morphology in
which the ITO nanoparticles are covered with the electrosprayed ATO
thin film, and the deposition of the ATO thin film leads to a decrease in
the pores and the inter-grain distance on the surface. This includes
enhancements in the electrical properties of the TCO [17]. After
performing H, activation (Fig. 2(c)), the surface morphology of the
H,-activated ITO/ATO electrodes is unchanged, revealing no critical
changes occurring as compared to that of the ITO/ATO electrodes.
From the cross-view FESEM images shown in Fig. 2(d-f), the thickness
values are measured to be ~814.5-933.7 nm for ITO electrodes,
~907.2-980.1 nm for ITO/ATO electrodes, and ~942.2—980.2 nm for
H,-activated ITO/ATO electrodes, indicating the successful deposition
of the ATO thin film with an average thickness of ~61.6 nm on the ITO
electrodes. While ITO electrodes exhibit a rough surface morphology
due to the formation of pores (Fig. 2(d)), the other ITO electrodes
deposited with ATO thin films exhibit a smooth surface morphology
with enhanced densification (Fig. 2(e) and (f)). Therefore, the intro-
duction of ATO thin films might cause improvements in electrical
properties of the solution-processed TCOs obtained at a low annealing
temperature of 200 °C [17].

In order to further analyse the effect of the presence of the
electrosprayed ATO thin film on the ITO electrodes, AFM analysis of
the ITO electrodes and ITO/ATO electrodes was carried out (Fig. 3(a)
and (b), respectively). The root mean square roughness (Rp,s) is defined
as the standard deviation of height observed on the electrode surface,
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Fig. 4. XRD plots of all the electrodes fabricated at annealing temperature of 200 °C.

which is directly related to surface densification that affects the
transparent conducting performance [18]. That is, with a decrease in
the surface roughness, a significant enhancement on surface densifica-
tion of the electrode can be achieved, resulting in improving the
electrical properties such as Hall mobility of TCOs [13]. Ry is
measured to be ~31.0 nm for the ITO electrodes and ~24.5 nm for
the ITO/ATO electrodes. The surface densification of ITO electrodes is
enhanced on filling the ITO inter-grains with the ATO thin films. This
results in shortening of the transport distance of electrons by achieving
a smooth connection among the ITO nanoparticles, resulting in the
alleviation of grain-boundary scattering at the surface of TCO [19].
Fig. 4 shows the XRD patterns obtained for all electrodes. All the
electrodes exhibit the main characteristic diffraction peaks at 21.66°
and 35.54°, which can be assigned to the (222) and (400) planes of
polycrystalline In,O3 with a cubic bixbyite structure (space group la3
[206]; JCPDS card No. 06—0416). As compared to the XRD pattern of
the pure In,O3 shown at the bottom (30.60° for (200) plane and 35.49°
for (400) plane), the observed characteristic diffraction peaks of the
electrodes are slightly shifted toward higher diffraction angles. Thus,
the ITO phase is successfully formed by doping Sn** into the In,Os
lattice due to the smaller ionic radius of Sn**(0.69 A) than that of
In®*(0.80 &), which can be explained by Bragg's equation (nA=2d sinf)
[20]. In addition, no diffraction peaks corresponding to the ATO phase
are observed in the XRD patterns, suggesting the formation of

~24.5 nm

R

Fig. 3. AFM images obtained from (a) ITO electrodes and (b) ITO/ATO electrodes.
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Fig. 5. XPS core-level spectra of Sn 3d, In 3d, and O 1 s obtained from (a-c) ITO/ATO electrodes and (d-f) Hr-activated ITO/ATO electrodes, respectively.

amorphous phases due to insufficient crystallisation temperature
(230-250°C) [21]. In addition, H,-activated ITO/ATO electrodes
exhibit similar diffraction peaks as those exhibited by other electrodes,
indicating that no secondary phases are formed.

In order to further investigate the effect of H, activation on the
electrodes, XPS measurements were carried out. Fig. 5 shows the Sn3d,
In3d, and Ols XPS core-level spectra of ITO/ATO electrodes and Ho-
activated ITO/ATO electrodes. All the binding energies were calibrated
using the Cls (284.5 eV). For both the electrodes as shown in Fig. 5((a)
and (d), the dominant Sn3ds;, and Sn3ds,, peaks are observed at
~486.3 eV and ~494.8 eV, respectively, indicating the presence of Sn**
ions in SnO,. In addition, the dominant peaks corresponding to In3ds/»
and In3d;,, (Fig. 5(b) and (e)) are observed at ~444.1eV and
~451.7 eV, respectively, indicating the presence of In®* ions in In,Os,
implying the successful formation of crystalline ITO phases [13]. The
additional peaks corresponding to In3d photoelectrons are observed at
~445.4 eV for In 3ds/, and ~453.3 eV for In 3ds,, indicating to the
formation of In(OH); due to the low annealing temperature [22].

ﬁA

g 5 812

s 0 (a) E
=] ? -, 2

4r {10

< de » €
5 .| . $5
s 3 - {8 £«
© @ o
£ o— —9 {4 g
g 2f . 16 £E2
s e S 2
[} L [ T .
O 1} 2 44 = 2
[ (7]
Q (]
= (14
:E 0 1 1 1 a}

(6] ITO ITO/ATO H,-activated ITO/ATO

electrode electrode electrode

Interestingly, the ratio of the peak areas for the In,O3; phase to the
In(OH); phase is evidently increased after H, activation. In general, the
conversion of In(OH)3; to In O3 occurs at an annealing temperature
above ~250 °C [23]. However, despite the low annealing temperature
of 200 °C employed with the microwave annealing process, H» activa-
tion leads to the formation of In,O3 through H,O desorption induced
by the decomposition of hydroxides (Ho+OH—H,>0+H), which might
affect the electrical properties of the electrodes thanks to the reduction
of the residual In(OH)3; phase [24,25]. The O 1 s XPS peaks shown in
Fig. 5(c) and (f) are decomposed into four different components at
~529.7 eV, ~530.2 eV, ~531.0 eV, and ~531.0 eV. The first and third
peaks are associated with In-O and Sn-O bonds, respectively [13]. The
second peak originates from the Sb 3d group, indicating to the
formation of ATO [15]. The forth peak associated with hydroxide
indicates a remarkable decrease in the peak area observed after H,
activation, in agreement with the XPS results obtained for In3d
photoelectrons, revealing conversion of In(OH)3; to In,Os. This con-
firms the successful formation of crystalline ITO phases and ATO
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Fig. 6. (a) Electrical properties and (b) optical transmission curve of all the electrodes.
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Table 1
Summary of electrical and optical properties obtained from all the electrodes.

Ceramics International 43 (2017) 6124—6129

ITO electrode

ITO/ATO electrode Ha-activated ITO/ATO electrode

Carrier concentration (cm™3) 2.42 x 10%°
Hall mobility (cm?/(V s)) 2.10
Resistivity (Q-cm) 1.23 x 1072
Sheet resistance (Q/0) 140.2
Transmittance (%, at 550 nm) 87.6

2.50 x 10%° 2.72 x 10%°
291 5.03
8.58 x 1072 457 x 1073
90.9 47.5
86.1 85.3

Table 2

List of sheet resistance and transmittance for the solution-based ITO electrodes obtained from various solution-based processes.

Processes Sheet resistance Transmittance Annealing References
(Q/o) (%, at 550 nm) temperature (°C)

Inkjet-printing ~202 ~88 450 [3]

Inkjet-printing ~517 ~87 400 [30]

Spin-coating ~30 ~90 550 [29]

Spin-coating ~30 ~90 400 [8]

Spin-coating ~270 ~80 530 [7]

Spin-coating ~130 ~88 300 [10]

Spin-coating ~466 ~90 300 [11]

Our works ~47 ~85 200 -

phases on Hj-activated ITO/ATO electrodes despite the use of low
annealing temperature at 200 °C.

Fig. 6(a) shows the electrical properties of the electrodes, including
the carrier concentration, Hall mobility, and resistivity. ITO electrodes
exhibit a carrier concentration of ~2.42x10%° em™ and Hall mobility of
~2.10 cm?/(Vs). After the deposition of the electrosprayed ATO thin
film on the ITO electrodes (ITO/ATO electrodes), the carrier concen-
tration is unchanged (~2.50x10%° cm~3); however, the Hall mobility is
increased to ~2.91 cm?/(Vs), which is induced by the decreased grain-
boundary scattering resulting from the improved surface densification
achieved with the ATO thin film [19]. The H,-activated ITO/ATO
electrodes exhibit the highest carrier concentration (~2.72x10%° cm™3)
and Hall mobility (~5.03 cm?/(Vs)) as compared to the previously
reported values. This is attributed to the reduction of the residual
In(OH);3 phase achieved with H, activation, offering more free elec-
trons and an efficient pathway for carrier movement [26,27]. Based on
the carrier concentration (V) and Hall mobility (), the resistivity (p)
can be calculated using the following equation [14]:

p = 1/ (New) (€]

, where N is the carrier concentration, e is electron charge (1.602x10~
19 ), and y is the Hall mobility. Thus, the resistivity of the electrode is
calculated to be ~12.3x1072 Q-cm for ITO electrodes, ~8.58x1072 *.cm
for ITO/ATO electrodes, ~4.57x1072 Q'em for Ho-activated ITO/ATO
electrodes. In addition, the sheet resistance (Rg,) values can be
calculated from the resistivity values using the corresponding values
of thickness of the electrodes. The sheet resistance values are calculated
to be ~140.2 Q /o for ITO electrodes, ~90.9 Q/o for ITO/ATO electro-
des, and ~47.5 Q/o for Ho-activated ITO/ATO electrodes. This indi-
cates that the Hy-activated ITO/ATO electrodes exhibit significantly
higher electrical properties as compared to other electrodes despite the
use of the low annealing temperature of 200 °C. The performance
improvement could be attributed to the enhanced carrier concentration
and Hall mobility of the electrodes, which is induced via the synergistic
effect of increased surface densification with the presence of electro-
sprayed ATO thin film and the reduction of the residual In(OH)3; phase
with H, activation. In addition, this might affect the optical properties
of the electrodes. Fig. 6(b) shows the optical transmittance curves
obtained for the electrodes. In general, an increase in the thickness of
the TCO results in a decrease of the optical transmittance (T) at 550 nm
[28]. However, with the introduction of the electrosprayed ATO thin
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film and H, activation, the optical transmittance of the electrodes is
unchanged (~87.6% for ITO electrodes, ~86.1% for ITO/ATO electro-
des, and ~85.3% for H,-activated ITO/ATO electrodes) due to the
alleviation of light scattering in the electrodes [12,27]. Based on the
electrical and optical properties obtained (shown in Table 1), we
calculated the Figure of merit (FOM, Tm/ Ryn) that evaluates the
transparent conducting performance [8]. The FOM value is calculated
to be ~1.8x1072 Q! for ITO electrodes, ~2.6x107> Q™! for ITO/ATO
electrodes, and ~4.2x1072 Q! for H, activated ITO/ATO electrodes.
Thus, the Hy-activated ITO/ATO electrodes exhibit the highest trans-
parent conducting performance owing to their low sheet resistance
(~47.5 Q/o) and good optical transmittance (~85.3%). The previously
reported values indicating the electrical and optical properties of
solution-processed ITO electrodes are shown in Table 2
[3,7,8,11,12,30,31]. These studies were carried out with annealing
performed processes at high temperatures (300—-550 °C) or complex
chemical reactions for achieving a high performance with the solution-
processed ITO electrodes. The H,-activated ITO/ATO electrodes
produced in this study exhibit superior electrical and optical properties
despite the use of the low annealing temperature of 200 °C. Thus, the
development of solution-processed H,-activated ITO/ATO electrodes
at 200 °C can be employed for fabricating attractive TCOs for use in
potential optoelectronic applications owing to the advantages such as
flexibility and low-cost.

4. Conclusion

Transparent ITO/ATO electrodes were fabricated by spin-coating,
electrospray, and H, activation at a low annealing temperature of
200 °C. The electrosprayed ATO thin films exhibit a smooth surface
morphology, which might cause an improvement in surface densifica-
tion associated with the short transport distance of electrons. In
particular, after performing H, activation at 200 °C, the In(OH);
phases formed at low annealing temperatures are converted to ITO
with H,O desorption resulting from the decomposition of hydroxide by
H, activation. Thus, H,-activated ITO/ATO electrodes exhibit out-
standing sheet resistance (~47.5 Q/o) and good transmittance
(~85.3%) properties despite the use of the low annealing temperature
of 200 °C. The improvements in the performance can be attributed to
the increased carrier concentration and Hall mobility, induced via the
synergistic effect of improved surface densification achieved with the
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presence of the electrosprayed ATO thin film on the ITO electrode and
the reduction of the residual In(OH); phase resulting from H,
activation. These results indicate that the Hs-activated ITO/ATO
electrodes may be used in potential TCOs for optoelectronic applica-
tions demanding low-temperature fabrication and flexibility.
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