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ABSTRACT

Growths of the indium tin oxide (ITO) nanorod films have been demonstrated by ion-assisted electron-
beam evaporation with the glancing-angle deposition technique based on variation in deposition rate.
Investigations have been performed on nanostructured ITO films deposited on ITO-coated commercial
substrates in comparison to bare substrates. The physical microstructures have been investigated by
grazing-incident X-ray diffraction (GIXRD), field-emission scanning electron microscopy (FE-SEM), and
high-resolution transmission electron microscopy (HR-TEM). The electrical, optical, and hydrophobic
properties were characterized by four-point probe measurements, UV—Vis—NIR spectrophotometry with
angle-dependent technique, and contact angle goniometry, respectively. The results indicated that
physical morphologies and nanorod diameters of ITO nanorod films were heavily influenced, and thus
could be controlled, by deposition rate. The primary reason was self-annealing effect which occurred
during film deposition and was crucial factor towards surface diffusion and film crystallinity. From the
optical examinations, ITO nanorods deposited on the ITO-coated glasses exhibited significant improve-
ments on transparent conductive oxide (TCO) properties from reference samples. The proposed ITO
materials could therefore function as omnidirectional anti-reflection materials and super hydrophobic
surface. This work have also proved that the ITO nanorods prepared by the electron-beam evaporation
with the GLAD technique was highly promising for solar cell and optoelectronic applications.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

practical applications such as contact layers for solar cells [ 1—3], flat
panel displays [4,5], and light-emitting devices [6,7]. The ITO films

In the past decades, indium tin oxide (ITO) films were widely were extensively studied because of its highly degenerate n-type
used as a transparent conducting oxide (TCO) layer for a variety of semiconductor with a wide band gap (3.5—4.3 eV), high trans-
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mittance in the visible region and high reflectance in infrared re-
gion, low resistivity, and long-term stability [8—10]. The
nanostructured transparent conductors from the ITO nanorod films
have recently attracted much attention due to large surface-to-
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optical absorption due to randomly diffused light. In addition,
enhanced formation of the ITO nanorod films would serve many
potential applications, i.e., sensor devices [11,12], Bragg reflection
filters [13], and improved efficiency of solar cells and optoelectronic
devices [14—16]. Moreover, the roughened structures from the
nanorod surface may enhance the hydrophobic property on the
surface of TCO substrates which have a self-cleaning performance
from water droplets. However, in order to prepare the ITO nano-
structures to be utilized as the TCO with the omnidirectional
antireflective and super-hydrophobic surfaces, the morphologies of
the nanostructures must be well-controlled.

Various methods have been developed to fabricate the ITO
nanorods, including sputtering [17—19], pulsed laser deposition
[20—22], and molecular beam expitaxy [23,24|. From these
methods, the nanostructures were grown at high substrate tem-
perature (<500 °C) that yielded the nanostructures with random
sizes, distributions, and orientations. Therefore, they were not
reliable for commercial applications because of poor reproduc-
ibility. In addition, fabricating such large arrays of nanostructures
poses a challenge even with the best developed nanofabrication
methods by the top-down approach, i.e. the electron-beam
lithography, nano-lithography, reactive ion etching and template-
growth techniques, which suffer from low throughput, limited
feature size and the need of expensive instrumentations. As an
alternative approach, physical vapor deposition (PVD) method with
an integrated glancing-angle deposition (GLAD) technique provides
a vaporized particle flux arriving at the substrate from an oblique
angle of incident. With the self-shadowing effect, limited adatom
mobility, and finely controlled substrate motion, this approach
would provide a variety of unique nanostructures, i.e., nanorods,
nanoblades and zigzag nanocolumns [25—32]. Although the PVD
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with the GLAD technique suffered from the major limitation,
especially from the large-area and low-cost deposition process, it
offered the most promising commercialization to fabricate unique
three-dimensional (3-D) nanostructures without lithographic
process, i.e., surface-enhanced Raman substrates, nano-sensor de-
vices, anti-reflection coatings on photovoltaic devices.

Studies of the ITO nanorod films formed by the electron-beam
evaporation with the GLAD technique were focused on the struc-
tures, morphologies, electrical, optical, and hydrophobic properties
based on the three-dimensional nanostructured films. There have
been few research studies of the ITO nanorods fabricated by this
technique because of a difficulty to control ternary compositions
and limited adatom diffusions [33—36]. The ion-assisted reactive
evaporation was an approach to control films compositions by
supplying sufficient energy to oxygen ions during film growth.

In this study, we therefore explored the ion-assisted electron-
beam evaporation with the GLAD technique in order to fabricate
the nanostructured ITO films. In order to control the film crystal-
linity, the physical morphologies, the optical properties, and other
performances, the influence of deposition rates to prepare the ITO
nanorod films was investigated. The effects on structural,
morphological, optical, electrical, and hydrophobic properties were
extensively discussed.

2. Experimental details

The ITO nanorod films were prepared by an ion-assisted elec-
tron-beam evaporation (DENTON-DVB SJ-26C) with the GLAD
technique, as shown in Fig. 1(a). In this study, the source materials
were ITO (99.99%-purity) pellets with a composition of 90 wt%
Iny03 and 10 wt% SnO-, from K.J. Lesker. Two types of substrates, i.e.,
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-
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Fig. 1. Schematic illustrations of (a) the ITO nanorod films array fabricated by the ion-assisted electron beam evaporation with the GLAD technique and (b) the growths of the ITO

nanorod films by the GLAD technique.
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silicon (100) wafers and ITO-coated glass substrates (12Q/), had
been ultrasonically cleaned in acetone, isopropanol, and deionized
(DI) water, each for 10 min. The substrates were then dried with N;
gas, and finally loaded into the deposition chamber. Prior to the
thin-film deposition, the substrates were cleaned in an argon
plasma at 13 sccm for 5 min with an end-Hall ion source in order to
further remove surface contaminations. The deposition chamber
attained a vacuum state by a mechanical pump (ALCATEL) and a
cryogenic pump (ULVAC) with a base pressure of 8.0 x 10~ Torr.
Oxygen gas was introduced into the chamber at 8 sccm, controlled
by a mass flow controller (MKS) via the end-Hall ion source in order
to produced low energy oxygen ions. The ion source was operated
at anion gun voltage and a current at 120 V and 1.0 A, respectively.
During the film deposition, the electron gun voltage was 8.2 kV and
the current were 0.3—0.8 mA, maintained at the operating pressure
of 1.0 x 10~ Torr. The substrate holder, which were mounted at a
distance of 55 cm from the evaporation source, was fixed at an
incident angle of 85° with respect to the surface normal and rotated
at a speed of 30 rpm. The nanostructured ITO films were grown at
different deposition rate from 0.1 to 0.75 nm/s and the thickness
were maintained at 500 nm as monitored by a quartz-crystal
monitor.

The crystallinity of the ITO nanorod films was characterized by
using grazing-incidence X-ray diffraction (GIXRD, Rigaku TTRAX
III). The Cu-K radiation was operated at 50 kV, 300 mA with a
scanning speed of 2° per min at a step of 0.02° and a grazing
incidence angle fixed at 0.4°. The morphologies of the ITO nanorods
were investigated with high-resolution transmission electron mi-
croscopy (HRTEM, JEOL JEM-2010) performed with an acceleration
voltage of 200 kV, and field-emission scanning electron microscopy
(FE-SEM, Hitachi S-5200) performed with an operating voltage of
5 kV. The electrical properties of the prepared nanorod films were
examined from the sheet resistance as measure by the four-point
probe (Jandel RM3). The optical characteristics of the prepared
nanorod films were further analyzed from optical transmission
spectra as measured by UV-Vis-NIR spectrophotometry (Agilent,
Cary 7000). The measurements were performed at a normal inci-
dent angle and a full spectral range of 200—2000 nm. By rotating
the specimen, angle-dependent transmission measurements, with
incidence angle defined relative to the surface normal of the sam-
ples, were also investigated. Finally, the super-hydrophobicity of
the samples were examined from the water contact angle, as
observed from a contact-angle goniometer.

3. Results and discussion

Fig. 2(a) shows XRD patterns of the ITO nanorod films deposited
on silicon wafer substrates at different deposition rates. From the
figure, we clearly observed that the ITO nanorod film prepared at
the low deposition rate exhibited several sharp XRD peaks, indi-
cating polycrystallinity with a cubic bixbyite structure. When the
deposition rates were further increased, the crystallinity was
instead decreased at all plane orientations towards amorphous-
ness. This behavior could be explained that, usually, as-deposited
GLAD samples without an external heating were amorphous
because of shadowing effects and limited adatom diffusion. Both
mechanisms inhibit the diffusivity of deposited atoms at room
temperature [25,26]. In this work, the enhancement of the crys-
tallinity occurred at the small deposition rate, which caused a
longer deposition time. Based on the surface mobility, the longer
deposition time would introduce the localized heating treatment of
the substrate surface, and was therefore responsible for the higher
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Fig. 2. (a) GIXRD patterns of the ITO nanorods films and (b) an evolution of the sub-
strate temperature during the ITO nanorods grown by the GLAD technique at the
different deposition rates.

adatom mobility. Note that, the XRD patterns representing the
silicon substrates could not be observed from the GIXRD mea-
surements because the grazing-incidence angle was fixed at 0.4°.
During the measurements, the incident angle was slightly above
the critical angle for the total reflection of the film materials, from
which the XRD data would only represented the nanostructured
ITO layer without those from the silicon substrates. To further
investigate, an ambient temperature within the deposition cham-
ber according to the substrate heating was measured by a ther-
mocouple. Fig. 2(b) shows the evolution of the measured substrate
temperature during the film deposition. From the figure, the film
prepared at the low deposition rate clearly experienced the self-
annealing treatment because of the longer deposition time.

The physical morphologies of the ITO nanorods prepared on the
silicon wafers were examined, as shown in the FE-SEM images in
Fig. 3. With the GLAD technique, the ITO nanorod films with
partially isolated nanocolumnar structures were observed. The
formations of the partially isolated nanocolumns occurred from
both GLAD mechanisms, i.e., the atomic self-shadowing effects and
the limited adatom diffusion, as schematically illustrated in
Fig. 1(b). In this work, the FE-SEM images showed the ITO nanorod
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films prepared at the different deposition rates, which played a
major role towards the morphologies of the ITO nanorod films. At
the small deposition rates, the ITO nanorods became large in the
diameters and well-separated nanocolumns, as shown in Fig. 3, as
caused by the self-annealing effect. From the circle insets in Fig. 3(a)
and (b), the increase in the deposition time led to merged nano-
structures, with varying nanorod diameters in the range of
80—92 nm, developed from a single columnar that existed in the
beginning of the film growth. When the deposition rate was larger
than 0.5 nm/s, the nanocolumnars without the structural broad-
ening and merging were observed. From Fig. 3(c) and (d), no sig-
nificant merged structures could be observed. This could be

explained from the surface diffusion effect, where the decreased
deposition rate caused longer deposition time, and eventually
caused the increased ambient temperature that enhanced the
adatom mobility. The overall phenomenon allowed the incoming
particles the possibility to travel, but not at long distances, along
the side of already existing columnar, thus gradually increasing the
rods diameter [37]. For further comparison, Fig. 4 shows the FE-
SEM images of the vertically align ITO nanorods grown on the
ITO-coated glass substrates (ITO NRs/ITO-TF/Glass). The results
indicated that the physical morphologies of the ITO NRs/ITO-TF/
Glass were nearly identical to those of the ITO NRs/Si samples.
From close inspections, the shapes, the sizes, and the porosity of the

Fig. 3. Top-view and cross-sectional FE-SEM images of the ITO nanorod films on the Si substrate prepared by the GLAD technique at the different deposition rates.
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(a) 0.1 nm/s (b) 0.25 nm/s

Fig. 4. Cross-sectional FE-SEM images of the ITO nanorod films on the commercial ITO thin film on the glass substrate prepared by the GLAD technique at the different deposition
rates.

1/(0.10 nm)

(a)

1/(0.10 nm)
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Fig. 5. HRTEM images of the single ITO nanorods taken from the samples prepared at (a) 0.1 and (b) 0.75 nm/s deposition rates.
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Fig. 6. Sheet resistance of the commercial ITO thin film on the glass and the ITO
nanorod films deposited on the ITO-coated glass substrates at the different deposition
rates.

ITO NRs on both types of the substrates were similar, while the
lengths were different at approximately 50 nm. The primary reason
was because the surface roughness of both types of the substrates
were not significantly different, and they were small enough not to
induce additional surface shadowing mechanisms and surface
correlation that would promote the appearance of different struc-
tures. Further investigations of the individual ITO nanorods were
performed with the high-resolution transmission electron micro-
scopy (HRTEM). Fig. 5 shows the HRTEM images of the single ITO
nanorods taken from the samples prepared at 0.1 and 0.75 nm/s.
The figure clearly showed that only the individual ITO nanorod
deposited at the smallest deposition rate had high crystallinity with
the cubic bixbyite structure, as confirmed by the SAED patterns. The
two inter-plane distances were measured, and the lattice planes
could be indexed to ITO (211), (222), (400) and (440) as shown in
Fig. 5(a).

To investigate the potentials of the ITO nanorod films to improve
the TCO layer with antireflective properties, the sheet resistance,
the optical transmission, and super-hydrophobic property of the
ITO nanorod films were examined. In this studies, we compared the
results from the ITO nanorod films deposited on the ITO-coated
glass substrates (ITO NRs/ITO-TF/Glass) with the reference sam-
ple, i.e., the commercially available 120 nm-thick ITO thin film
deposited on glass (ITO-TF/Glass). As shown in Fig. 6, the electrical
analyses of the ITO NRs/ITO-TF/Glass were characterized by means
of the four-point probe measurements. From the results, when the
ITO nanorods were prepared at the increased deposition rate, the
sheet resistance of the samples was slightly decreased. However,
the results also indicated that the sheet resistance for all the
samples was higher than the commercial ITO-TF/glass samples. The
increased values of the sheet resistance occurred because of the
increase in the porosity within the ITO nanostructures that would
lead to the surface recombination loss [38, 39]. Note that, for the
ITO nanorod films deposited at 0.1 nm/s, the resistivity was slightly
decreased because of the relatively reduced gaps between each
nanocolumnar. The overall results therefore indicated that all ITO
nanorod films were acceptable to perform as the transparent
conductive oxides for optoelectronic and solar cell applications.

Fig. 7(a) and (b) show photographs and the transmission spectra
of the ITO NRs/ITO-TF/Glass deposited at various deposition rates in
comparison with the commercial ITO-TF/Glass. It could be clearly

observed that the ITO NRs/ITO-TF/Glass were more transparent
than the ITO-TF/Glass. From the optical transmission, the oscilla-
tions in the spectral curves were observed due to the constructive
or destructive interference of incident light between the air/
nanorod films, nanorod film/TCO and TCO film/glass interfaces.
Most samples generally showed high transmission in the visible
range (390—700 nm). The average transmission in the visible region
(Tay) of the ITO NRs/ITO-TF/Glass (87—89%) indicated the influence
on transmission of the ITO-TF/Glass (85%) due to the gradual
change in the refractive index between air [40], ITO nanorod and
ITO film on glass show in Fig. 7(c). In addition, the difference in Ty
of the ITO NRs/ITO-TF/Glass occurred from the geometrical mor-
phologies and the diameters of the ITO nanorod films. Fig. 7(d)-(f)
illustrates of the omnidirectional characteristics of the prepared
samples at 500, 600 and 700 nm, respectively. The measurements
were carried out over a range of incidence angle from —80° to 80°.
The results clearly showed that the samples with the ITO nanorod
films had higher optical transmission than the ITO-TF/Glass refer-
ence at all incidence angles. The results could demonstrated the
performance of the prepared samples as the sensitivity to the
incident angle due to the Fresnel reflections from the rear sides. The
results also indicated that the ITO nanorod arrays were suitable for
use as the antireflection layer, which would allow the high amount
of the incident light into the solar cells.

Super-hydrophobic surface was also a promising characteristic
for the self-cleaning omnidirectional TCO materials. Similar to the
antireflection properties which strongly depended on the mor-
phologies of the ITO nanorods, the self-cleaning properties was also
dominated by the surface morphologies of the nanorod structures.
Fig. 8 shows the static water contact angles with photographs of the
water droplets on the surface of the ITO NRs/ITO-TF/Glass samples
in comparison with the ITO-TF/Glass reference. From the figure, the
ITO-TF/Glass reference sample had small water contact angle of
88.5°, while the ITO NRs/ITO-TF/Glass samples exhibited super-
hydrophobicity in the range of (119—124°). These results also
confirmed that the surface morphologies of the ITO films could help
change from the Wenzel to Cassie—Baxter state as the ITO nanorod
structures were deposited on the ITO-TF/Glass substrates. There-
fore, the ITO nanorod films were expected to perform well in the
self-cleaning activities.

4. Conclusion

We have presented the growth of the nanostructured ITO films
by the ion-assisted electron-beam evaporation with the GLAD
technique. We investigated the influences of the deposition rates of
the ITO nanorods on the physical morphologies, the optical prop-
erties, and practical performances. The ITO nanostuctures prepared
at 0.1 and 0.25 nm/s clearly indicated highly crystalline orientations
on the merged nanostructures with large nanorod diameters
because of the self-annealing effects. When the deposition rates
were increased, the nanostructured ITO films became amorphous
as observed from well-separated nanocolumns with the smaller
nanorod diameters. The electrical properties and the optical
transmission were also studied. The sheet resistances of the
nanostructured ITO samples were only slightly increased in com-
parison with the commercial ITO-TF/glass substrates. The average
transmission of the nanostructured ITO film/ITO-TF/glass samples
were higher than the commercial reference sample over the visible
wavelength range at all incident angles. In this study, we demon-
strated the ITO nanorod samples with the average transmission of
87—89%, based on the transition in the refractive index profile from
air to the ITO films that improved the AR characteristics. The study
therefore demonstrated a simple, low-temperature processes to
prepare the nanostructured ITO films based on the evaporation
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nanorod films deposited on the ITO-coated glass substrates at various deposition rates.

with the GLAD technique. The well-controlled deposition rates
would help improve the TCO performance for various applications
in the optoelectronic and solar-cell applications.
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