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Indium tin oxide (ITO) thin films deposited using the oblique angle deposition (OAD) technique
exhibit a strong correlation between structural and optical properties, especially the optical
bandgap energy. The microstructural properties of ITO thin films are strongly influenced by the tilt
angle used during the OAD process. When changing the tilt angle, the refractive index, porosity,
and optical bandgap energy of ITO films also change due to the existence of a preferential growth
direction at the interface between ITO and the substrate. Experiments reveal that the ITO film’s
optical bandgap varies from 3.98 eV (at normal incident deposition) to 3.87 eV (at a 60° tilt angle).
© 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4940998]

Oblique angle deposition (OAD) has emerged as an
invaluable technique for the deposition of nanostructured
thin film materials." The incorporation of OAD thin films
in a variety of device applications is a clear indication of
their maturity and excellent potential for advanced device
characteristics.” ' OAD is generally associated with physi-
cal vapor deposition of thin films (prepared through, e.g.,
electron-beam or thermal evaporation), in which the material
vapor flux arrives at the substrate surface at an oblique angle.
Tilted and columnar nanostructures are the most typical mor-
phological characteristics of OAD thin films."”!" An impor-
tant consequence of the OAD process is that the porosity and
optical constants of the nanostructured OAD thin films vary
with the degree of obliqueness of the deposition angle.”'!1?
However, contrary to the well-understood and intensely stud-
ied properties of OAD thin films such as the structural,
mechanical, and optical characteristics, the effect of OAD
process on the optical bandgap energy of OAD thin films
has been rarely reported. In this article, we investigate in-
dium tin oxide (ITO) thin films deposited using the OAD
technique and find a strong correlation between the ITO thin
film’s structural properties and optical properties, especially
the optical bandgap energy.

Deposition of ITO films on soda lime glass and silicon
substrates was conducted with an E-beam evaporation sys-
tem using an ITO source composed of 90 wt. % In,O5 and
10wt. % SnO,. Prior to the deposition, all substrates were
sequentially cleaned in acetone, isopropyl alcohol, and
deionized water and dried under nitrogen flow. The appara-
tus used in our OAD process has a sample stage (onto which
the substrate was loaded), allowing for control of the polar-
angle as well as azimuthal rotation. The distance between
the substrate and evaporation source material was approxi-
mately 50cm. The sample stage was positioned at a fixed
polar angle so that the substrate had a certain tilt angle
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(deposition angle) with respect to the vapor-flux direction.
The chamber was evacuated to a pressure less than 1.0
x 107 °Torr, and substrates were held at room temperature.
During the deposition, the deposition rate was held steady at
0.2nm/s, as measured by a quartz crystal monitor inside the
chamber. The low growth rate on the substrate at higher dep-
osition angles'' was compensated by increasing the deposi-
tion time to keep the same film thickness for all samples.
The ITO films unloaded from the E-beam evaporation sys-
tem were annealed in O, at 550 °C for 1 min in a rapid ther-
mal annealing system in order to compensate a deficiency of
oxygen in the films.

Optical transmittance measurements of the ITO thin
films were performed using non-polarized light at normal
incidence in the wavelength range of 280-780nm using a
JASCO UV-VIS spectrophotometer. The refractive index (n)
was measured using a spectroscopic ellipsometry system, in
which absorption is neglected during fitting. A film thickness
was measured first by ellipsometry, and then confirmed by a
scanning electron microscope (SEM, Hitachi S-4300). The
porosity and optical bandgap energy values of the ITO thin
films were calculated using theoretical models developed by
Poxson et al.'" and Tauc,'® respectively. The morphological
features of the films were examined using an optical micro-
scope and SEM. Several regions on the sample surface were
investigated in order to produce representative images.
Furthermore, the crystallographic structure of the ITO thin
films was examined by X-ray diffraction (XRD) using the
nickel-filtered Ko emission of copper.

Figures 1(a) and 1(b) show optical microscope images of
the ITO films deposited on (a) silicon (Si) and (b) glass sub-
strates at tilt angles ranging from 0° to 60°. A color difference
of the ITO thin films is clearly evident, which can result from
a variation in thickness and/or refractive index. In this case,
because the thicknesses of all films are the same (about
210nm), the variation in refractive index is the cause for the
color variation. It is well known that the refractive index of a
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FIG. 1. Optical microscopy images of the ITO thin films on (a) silicon and
(b) soda-lime glass substrates. (c) Refractive index and (d) porosity values
of the ITO thin films as a function of deposition angle.

thin film material can be tuned based on the porous nano-
structure formed by using the OAD technique.'?!"!?
Figures 1(c) and 1(d) show the refractive index and porosity,
respectively, of the ITO films prepared using different tilt
angles. The refractive index is measured with a spectroscopic
ellipsometry system using ITO films deposited on Si sub-
strates. The refractive indices of the ITO films range from 1.76
to 1.97 and show a decrease with increasing deposition angle
when the tilt angle is greater than 20°. The porosity (p) of the
ITO films can be estimated from the following equation:''

Otan 0
P=—"F"">7 (D

¢+ 0tan0’

where 0 is the tilt angle defined as the angle between the sub-
strate normal and the vapor-flux direction, and ¢ denotes a
fitting parameter (¢ =3.55 for ITO).!' We note that the
porosity can be determined from (i) the refractive index or
(i1) from Eq. (1). Both methods are in good agreement. The
porosity of the ITO films increases with the increasing tilt
angle, showing a strong anti-correlation with the refractive
index of the film. The maximum porosity is approximately
33.8% for ITO deposited at a tilt angle of 60°.

Figure 2 shows the optical transmittance spectra as a
function of wavelength in the range of 280-780nm for the
ITO thin films. No significant difference in transmittance is
observed, with all ITO films showing transmittances in the
range of 80%-90% for wavelengths greater than 400 nm.
The transmittance peak, marked by the arrow in Fig. 2, and
the valley (at slightly longer wavelength) move to shorter
wavelengths as the tilt angle increases because of the change
in refractive index. The SEM images in Fig. 2 show an
obvious difference in the microstructures of the ITO films
deposited at low and high tilt angles. In the case of the low
tilt angles (0° and 10°), the deposited ITO films show a
smooth surface and featureless cross-sectional images.
However, for the high tilt angles (50° and 60°), the ITO films
show a spotty surface and a columnar cross-sectional struc-
ture. The results indicate that the change in microstructure of
the ITO films directly correlates with the change in film
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FIG. 2. Optical transmittance curves of the ITO thin films deposited at 0° to
60° tilt angles. Plan view and cross-sectional SEM images of the ITO films
are shown on the right.

porosity, resulting in a change in the film’s optical properties
such as the refractive index.

Above all, the transmittance threshold, representing the
optical bandgap of the ITO films, shifts toward longer wave-
lengths with the increasing tilt angle, indicating a decrease in
the optical bandgap energy. There are several models and
reports that correlate the optical absorption coefficient ()
and optical bandgap energy (E,) of a material.'* In the pres-
ent study, the Tauc method is utilized to estimate the optical
bandgap values.'> When a direct optical transition is
assumed for the ITO samples, the optical bandgap energy
can be quantitatively derived by'

ohv o< f(hv — Eg)l/z, (2)

where f3 is a constant and /v is the photon energy. Note that
Eq. (2) can be applied to the spectral range where the change
in absorption is strong. Figure 3 shows plots of (ochv)2 versus
photon energy for all ITO films. The bandgap values of the
films were deduced from the extrapolation of the linear range
of the (ochu)2 versus hv plots. It is notable that, as shown in
the inset of Fig. 3, the optical bandgap decreases with the
increasing tilt angle, which has not yet been reported for
OAD films. The solid line in the inset of Fig. 3 is a linear fit
to visually show the decrease in the bandgap energy. The
ITO film deposited at a tilt angle of 10° has the maximum
value of the optical bandgap, 4.02 eV, whereas the minimum
value, 3.87¢eV, belongs to the ITO film deposited at a 60°
tilt angle. As shown in the literature,'®!” the direct optical
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FIG. 3. (xhv)® versus photon energy plots of the ITO thin films. (Inset)
Bandgap energy of the films as a function of deposition angle, deduced from
the extrapolation of the linear plots of (othv)2 versus /.

bandgap of the ITO thin films changes from 3.5 to 4.5eV
due to the degeneracy of semiconductor oxides, which
has been explained by two competing mechanisms: (i)
optical bandgap narrowing caused by electron—electron and
electron—impurity effects in the valence and conduction
bands, and (ii) optical bandgap widening due to blockage of
the lowest states of the conduction band by excess electrons
(Burstein—Moss effect). However, in our experiment, as the
ITO fabrication procedure is identical for all ITO samples
with the exception of the tilt angle, these hypotheses are
insufficient in explaining the variation in optical bandgap
shown in the inset of Fig. 3.

XRD technique can be used to determine the texture,
grain size, interplanar spacing, and lattice constants of thin
films. In order to investigate a potential microstructural
change during the ITO deposition, the X-ray diffraction
between 29° and 37° is measured for the ITO films grown on
glass substrates, the results of which are shown in Fig. 4.
The corresponding (hkl) Miller indices belonging to the
In,Oj5 diffraction lines are also shown in the figure. Although
the locations of the diffraction peaks (that include the com-
positional information of a material) for the (222) and (400)
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FIG. 4. X-ray diffraction patterns of the ITO films grown on glass substrates.
(Inset) The I(222)/1(400y values as a function of deposition angle.
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planes do not change considerably, the relative peak inten-
sity between these planes significantly changes with the tilt
angle used during ITO deposition.

The highest intensity (222) peak is obtained for the ITO
sample deposited at 0°. The (400) peak becomes very strong
with the increasing tilt angle as a result of the preferred ori-
entation in the direction of (100). The ratio between the
intensities of the (222) and (400) peaks is known as the crys-
tal quality parameter.l&19 The 1(222)/1400y value is calculated
for all ITO samples and plotted in the inset of Fig. 4. Note
that the shape of the figure is very similar to that of the inset
of Fig. 3. The ratio of the ITO sample deposited at 0° is
approximately 3.14, which is near the standard value of 3.33
for ITO powder. Meanwhile, the ratio of the ITO sample at
60° is approximately 1.90 (the smallest value among the val-
ues determined), which is much less than the standard value
of the ITO powder, indicating that most of the layer parallel
to the film surface is textured in the (100) direction. The
results of the XRD measurement indicate that the micro-
structure of the ITO film has a strong dependency on the tilt
angle. Although the reason for this transition of the preferred
growth direction is not obvious, it might be caused by the
diffusion length variation of evaporated particles affected by
a geometric surface structure.

Finally, the significant shift in the optical bandgap of
ITO thin films shown in the inset of Fig. 3 is explained by
the microstructural change made by the variation of the pref-
erential growth direction of ITO particles. Generally, a
microstructural modification can induce a change in the opti-
cal properties of a thin film. The change in preferred growth
direction from (111) to (100) can lead to a stressed film due
to a large mismatch in the film’s lattice constant with the
substrate’s lattice constant.'®?**! The stress can stem from
oxygen deficiency®>** and the mismatch in lattice constants
or thermal expansion coefficients between the film and sub-
strate.”* In other words, the variation in optical bandgap
energy observed in the present study might be caused by dif-
ferences in growth-induced stress of ITO films. >

In conclusion, this study investigates the effect of tilt
angle used during the OAD process on the microstructural
and optical properties of ITO thin films deposited on silicon
and glass substrates. With the variation in tilt angle,
changes are found in the ITO’s refractive index, porosity,
and especially optical bandgap energy. With the increasing
tilt angle, ITO films change to have a (100) preferential
growth direction and are in the condition of increased strain
at the interface between ITO and substrate, resulting in a
decrease of optical bandgap energy. The ITO film optical
bandgap varies from 3.98eV (at normal deposition) to
3.87eV (at a 60° tilt angle).
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