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Characteristic formation of highly oriented indium-tin-oxide (ITO) nanocolumns is demonstrated
using electron-beam evaporation with an obliquely incident nitrogen flux. The nanocolumn material
exhibits broadband and omnidirectional antireflective characteristics up to an incidence angle of 70°
for the 350-900 nm wavelength range for both s- and p-polarizations. Calculations based on a
rigorous coupled-wave analysis indicate that the superior antireflection arises from the tapered
column profiles which collectively function as a gradient-index layer. Since the nanocolumns have
a preferential growth direction which follows the incident vapor flux, the azimuthal and polarization
dependence of reflectivities are also investigated. The single ITO nanocolumn layer can function as
antireflection contacts for light emitting diodes and solar cells. © 2009 American Institute of

Physics. [DOI: 10.1063/1.3079329]

The ability to suppress or alter the Fresnel reflection of a
material over a broad range of wavelengths and incidence
angles brings exciting possibilities for next-generation opto-
electronics. Over the last few years, the advance in nano-
fabrication technology has enabled the engineering of mate-
rials with desired refractive indices by adjusting the air frac-
tion of nanocomposite materials. Gradient-index (GRIN)
coatings using various nanoporous materials including
indium-tin-oxide (ITO), titanium dioxide (TiO,), and silicon
dioxide (SiO,) have also been demonstrated.”™ However, the
antireflective properties of the GRIN coatings are still lim-
ited by the number of layers available and the control of
refractive-index profiles. On the other hand, subwavelength
structured (SWS) surfaces based on the zero-order grating
effect offer an alternative solution to extremely low
reflectances.”” In this context, since light cannot resolve the
nanoscale textures, it averages the optical properties of the
texture profile and behaves as if entering an effective me-
dium. With a continuously varying profile, the effective me-
dium exhibits gradient optical properties.8 The SWS surfaces
have several advantages over the conventional dielectric
coatings such as broad angular and spectral responses, polar-
ization insensitivity, and reliability in harsh and abrasive
environments.’ However, in order to control texture profiles,
the subwavelength sized features are often fabricated by
etching techniques.é’lo’11 Despite the superior antireflective
properties, the involved fabrication costs can be significant.
The resulting surface states could also degrade the perfor-
mance of active devices, restricting the applications of SWS
surfaces in optoelectronics. In this work, we introduce a
deposition technique to form SWS surfaces using uniformly
oriented ITO nanocolumns. The characteristic column forma-
tion is assisted by glancing-angle electron-beam deposition
with an incident nitrogen (N,) flux. The nanostructured ma-
terial exhibits broadband and omnidirectional antireflective
characteristics, which arise from the tapered column profiles.
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Since ITO has been widely used as a transparent conductive
thin film in a variety of applications including organic and
semiconductor light emitting diodes,'* flat panel displays,13
and solar cells,'* the conductive ITO nanocolumns prepared
by glancing-angle deposition are fully compatible with cur-
rent technologies, offering a viable solution to boosting effi-
ciencies of light emitting diodes and solar cells.”
Glancing-angle deposition is a physical deposition tech-
nique under conditions of obliquely incident vapor flux and
limited adatom diffusion. The technique results in microscale
and nanoscale porous thin films with oriented columnar
structures toward the vapor source, owing to the nucleation
formation and self-shadowing effect.'® As shown in Fig. 1(a),
a textured ITO thin film grown with an obliquely incident
oxygen (O,) flux shows oriented and closely packed colum-
nar structures with assorted dimensions due to the random
formation of nucleation cores. While such nanostructured

oxygen flux and (b) nitrogen flux. The nitrogen assists in the characteristic
column formation with tapered profiles. (c) The cross-sectional view of the
oriented columns. (d) Tilted top view of the columns at a reduced magnifi-
cation showing the uniform orientation and distribution.

© 2009 American Institute of Physics

Downloaded 23 Feb 2009 to 129.8.242.67. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1063/1.3079329
http://dx.doi.org/10.1063/1.3079329
http://dx.doi.org/10.1063/1.3079329
http://dx.doi.org/10.1063/1.3079329

051114-2 Chang, Yu, and Yang

100

—o— AOI=30° () —o— AOI=70° (s)
| —=— AOI=30° (p) —o— AOI=70° (p)

10 _ParaIIeI

Reflectivity (%)

01 1 1 1 1 1 1
300 400 500 600 700 800 900
Wavelength (nm)
FIG. 2. (Color online) The measured reflection spectra of ITO nanocolumns
shown in Figs. 1(b) and 1(c) at incidence angles of 30° and 70° are plotted

for both polarizations in the 350-900 nm wavelength range. The plane of
incidence is aligned to the orientation of nanocolumns.

material allows the refractive-index engineering, the profile
is not suitable for SWS surfaces. Alternatively, we demon-
strate the synthesis of ITO nanocolumns using glancing-
angle deposition with a N, flux. As shown in Fig. 1(b), the
ITO nanostructures deposited under the N, flow exhibit dis-
tinctive and uniformly oriented column profiles, following
the direction of the incident vapor flux. The characteristic
column formation presumably involves catalyst-free vapor-
liquid-solid (VLS) growth, assisted by the introduced nitro-
gen. During the initial formation of nucleation cores, the
nitrogen facilitates the segregation of tin-doped indium due
to limited availability of oxygen atoms. The liquid-phase
nucleation cores have a large accommodation coefficient
which promotes the absorption of indium-oxide and tin-
oxide vapors, leading to high growth rates.'” Since surface
diffusion determines the growth rate and the incident vapor
flux determines the amount of atoms that could reach the
surface, only those columns that interact with the vapor flux
the most can continue the VLS growth, resulting in prefer-
ential column formation. Detailed formation mechanisms are
discussed elsewhere.'® As shown in Fig. 1(c), the columns
are ~1.2 um in length with a base diameter of ~100 nm
and a top diameter of ~30 nm in diameter. The tapered col-
umn profiles, which are critical to the antireflective charac-
teristics, resemble tilted cones with a density of ~5
X 10° cm™2. Figure 1(d) shows the scanning electron micro-
graph (SEM) of nanocolumns taken at a reduced magnifica-
tion to demonstrate the uniformity. We are able to prepare a
layer of uniformly distributed nanocolumns in single-step
deposition up to an area of 2X3 cm?. Ellipsometry mea-
surements using n and k analyzers have also been performed
for ITO nanostructures directly deposited on a silicon sub-
strate. The nanostructured ITO layer deposited with O,
shows thin-film-like reflectivity response, while the nanocol-
umns exhibit low reflectivities for the entire 350-900 nm
wavelength range. Moreover, the resistivity of ITO nanocol-
umns is measured using a standard four-point measurement.
It is believed that the incorporation of oxygen and oxygen
vacancies is highly related to optical transmittance and resis-
tivity of the ITO nanocolumns.'” The sheet resistance can
vary from tens to a few hundred ohms per square, depending
on the nitrogen flow rate. Although for actual device appli-
cations a sheet resistance <10 () per square is desired, the
conductivities of ITO nanocolumns synthesized in a N,
environment may be improved by a postannealing process
with ()2.
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FIG. 3. (Color online) (a) The measured and (b) the calculated reflectivities
of highly oriented ITO nanocolumns are plotted as a function of the inci-
dence angle for both polarizations at the 632.8 nm wavelength. The charac-
terizations and calculations are performed for the plane of incidence either
parallel or perpendicular to the orientation of nanocolumns. The inset of (b)
shows the simulated index profile of a unit cell consisting of 7 X7 tilted
random columns in an area of 1 X1 um?.

To thoroughly investigate the antireflective characteris-
tics of ITO nanocolumns, an angular reflection spectroscopy
was performed for both s- and p-polarizations using an ellip-
someter with a xenon lamp and a monochromator for wave-
lengths between 350 and 900 nm (V-VASE by J. A. Woollam
Co., Inc.). Both the angle of incidence (AOI) 6; and the angle
of reflection 6, were varied from 20° to 80°. The system was
calibrated with a silicon substrate before each measurement.
We also experimentally verified that the reflectivities contrib-
uted by high-order diffractions were negligible by fixing 6,
and scanning 6, on the plane of incidence. The measured
spectral reflectivities of ITO nanocolumns are shown in Fig.
2 for both AOI=30° and 70°, where the plane of incidence is
aligned to the orientation of nanocolumns. As shown in Fig.
2, the reflectivities remain less than 6% for AOI up to 70° in
the 350-900 nm wavelength range, covering the entire vis-
ible spectrum. The broadband antireflection properties are
similar to those of GRIN coatings, in particular, the reduced
reflection at short wavelengths. At large incidence angles, the
nanostructured ITO behaves as an optically flat thin film,
where the interference between the air/ITO and the ITO/Si
interfaces can be observed. It is worth to note that since the
interference is sensitive to the film thickness, slight nonuni-
formities in the nanocolumn density can manifest as large
variations in reflectance measurements taken from different
areas of a sample, which explains the discrepancy observed
between Fig. 2 and Fig. 3(a) for s-polarization for an AOI of
70° at the 633 nm wavelength.

Next, the angle-dependent reflectivities for ITO nanocol-
umns were characterized at 632.8 nm wavelength for both s-
and p-polarizations. The azimuthal dependence of reflectivi-
ties was also investigated with the plane of incidence either
aligned or perpendicular to the orientation of nanocolumns.
As shown in Fig. 3(a), the angular reflectivities of ITO nano-
column structures are much smaller than those of a silicon
substrate (~35% at normal incidence), showing excellent an-
tireflective characteristics (<6%) up to incidence angles of
70° and 78° for s- and p-polarizations, respectively. More-
over, the measured reflectivities at the parallel and
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TABLE 1. The defined structural parameters of a unit cell consisting of
7 X7 tilted random columns.

Structural parameters of nanocolumns

Column density 4.9%10° cm™

Base diameter 100 nm
Top diameter 30 nm
Column length 1.2 pum

Tilt angle, ¢ 63.4°
Maximum position variation 36.25 nm

perpendicular azimuthal angles exhibit <2% variations for
both polarizations.

We believe that the measured reflective characteristics of
ITO nanocolumns result from the microscopic structures.
Therefore, the reflectivities of ITO nanocolumns were theo-
retically investigated using an algorithm based on a rigorous
coupled-wave analysis (RCWA). The RCWA method is often
employed to solve for the diffraction and transmission effi-
ciency of optical diffractive elements. The reflectivity is ob-
tained as a sum of the reflection-diffraction efficiencies of
different diffraction orders. A commercial implementation
of the three-dimensional RCWA is emgloyed in this study
(DIFFRACTMOD, Rsoft Corporation). 9 The nanostructure
consisting of 7 X7 random columns is defined as a unit cell,
where periodic boundary conditions are employed. The size
of unit cell and randomness of nanopillar positions have been
chosen to assure convergence. The structural parameters of
nanocolumns, such as dimensions and densities, are ex-
tracted from the SEM graphs shown in Figs. 1(b) and 1(c)
and are also summarized in Table I. Moreover, the material
dispersion is taken into account by fitting the normally inci-
dent reflectivity spectrum of an ITO thin film deposited on a
Si wafer. ITO becomes absorptive in the ultraviolet wave-
length regime (<400 nm).”"** The angular and spectral
reflectivities of ITO nanocolumns are then calculated using
the extracted complex refractive indices. This approach has
been agplied to GaN nanorods and Si nanopyramids in the
past.”** The inset of Fig. 3(b) illustrates the simulated index
profile of a unit cell, consisting of 7 X 7 tilted random pillars
defined in an area of 1 X 1 ,umz. As also shown in Fig. 3(b),
the calculated angular reflectivities of ITO nanocolumns
agree reasonably well with the measurement for both polar-
izations and both azimuthal angles. In particular, the calcu-
lations correctly estimate the relative magnitudes in reflec-
tivities for the planes of incidence with respect to angle and
the AOI at which minimal reflectivities occur for
p-polarization. We also find the specular reflection, i.e., the
zeroth-order diffraction is indeed dominant in calculations,
as being verified in the measurement, validating the RCWA
method for modeling nanocolumns. Calculations indicate
that the tapered column profiles contribute to the antireflec-
tion by collectively functioning as a graded-index layer. A
further reduction in reflectivities is therefore achievable via
nanocolumns with a larger base diameter. Finally, Fig. 4
shows that the reflective characteristics of ITO nanocolumns
are relatively insensitive to polarizations. The variations in
reflectivities are less than 2% for polarization angles rotating
between 0° and 90°, characterized at wavelengths of 450,
550, and 632.8 nm for both AOI=30° and 70°. The
variations are attributed to the column orientations. Similar
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FIG. 4. (Color online) The reflectivities of ITO nanocolumns are character-
ized for polarization angles between 0° and 90° at wavelengths of 450, 550,
and 632.8 nm for both AOI=30° and 70°. The reflective characteristics are
relatively polarization independent, where the variations in reflectivities are
less than 1%, possibly arising from the preferential column orientations.

characteristics have also been verified in calculation.
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