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Abstract
We fabricated various periodic nanostructures with a six-fold hexagonal symmetry on gallium
arsenide (GaAs) substrates using simple process steps, together with a theoretical analysis of
their antireflective properties. Elliptical photoresist (PR) nanopillars, which are inevitably
generated by the asymmetric intensity distribution of the laser interference, were converted to
rounded lens-like patterns by a thermal reflow process without any additional complex optic
systems, thus leading to an exact six-fold hexagonal symmetry. Various shaped periodic
nanostructures including nanorods, cones, truncated cones, and even parabolic patterns were
obtained under different etching conditions using the rounded lens-like PR patterns formed by
the reflow process. For the parabolic structure, the calculated lowest average reflectance of
∼2.3% was obtained. To achieve better antireflection characteristics, an aluminum-doped zinc
oxide (AZO) film was deposited on the GaAs parabolas, which forms an AZO/GaAs parabolic
nanostructure. The structure exhibited a low average reflectance of ∼1.2% over a wide
wavelength region of 350–1800 nm and a hydrophobic surface with a water contact angle of
θc ∼ 115◦ . The calculated reflectances were reasonably consistent with the measured results.
(Some figures may appear in colour only in the online journal)

pillar has an elliptical shape along the [210] direction of the
two-dimensional (2D) lattice due to the intensity distribution
of the double exposure of the laser interference fringes, which
is undesirable for most applications [8–11]. For instance, the
elliptical patterns lead to unwanted polarization effects due
to the asymmetric geometry [8]. To overcome this problem,
some researchers have used multiple beam exposures to create
hexagonal symmetry patterns [9–11]. While these setups are
very flexible for forming various Bravais lattices, there are
tedious spatial-phase alignment issues between exposures.
Recently, a novel method for the fabrication of closelypacked grating nanostructures with a tapered profile by a
lens-like shape transfer has been reported [12]. In previous
work, this technique was only applied to cone-shaped grating

1. Introduction
Laser interference lithography, which is a relatively simple,
fast, cost-effective, and large-scale technique compared to ebeam or nanoimprint lithography, is often used to produce
periodic structures for various applications including photonic
crystals, guided mode resonant filters, and even moth-eye
structures with a tapered profile [1–6]. In general, a line
pattern is formed by a single exposure pattern transfer using
the two-beam Lloyd’s interference technique [7]. To achieve
hole or dot arrays with a square symmetry, a second exposure
after rotating the sample by 90◦ is performed. In the
same way, a double exposure at 60◦ using an interferometer
provides a hexagonal pattern, but the geometry of each
0957-4484/11/485304+08$33.00
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Figure 1. Schematic diagram of the fabrication procedure for various shaped GaAs periodic nanostructures with a six-fold hexagonal
symmetry.

nanostructures for antireflection purposes. The antireflection
characteristics of nanostructures are strongly dependent on
their dimensions and geometric shape, which can controlled by
the etching conditions, such as rf power, additional inductively
coupled plasma (ICP) power, gas flow rate, process pressure,
and etch time [13–15]. Meanwhile, gallium arsenide (GaAs),
which is widely used in optical and optoelectronic devices
including high-efficiency solar cells, vertical cavity surface
emitting lasers, and photodetectors [16–18], typically has a
high surface reflectivity of >30% due to its high refractive
index (e.g., n GaAs ∼ 4 at a wavelength of 550 nm), thus
leading to degradation of the device performance. Therefore,
it is necessary to investigate the reflection properties of various
shaped GaAs nanostructures to obtain efficient antireflection.
Also, coverage with an aluminum (Al)-doped zinc oxide
(AZO) film with a low refractive index (i.e., n AZO ∼
1.89 at 550 nm), which is very promising as a transparent
electrode, on the GaAs nanostructure can help to give a better
antireflective surface for device applications such as solar
cells, photodetectors, and image sensors due to the gradual
effective refractive index distribution [19]. Besides, these
nanostructures can self-clean the surfaces of devices due to
their hydrophobicity [19, 20].
In this paper, various shaped periodic nanostructures with
a six-fold hexagonal symmetry, i.e., nanorods, cones, truncated
cones, and parabolic patterns, were fabricated on GaAs
substrates using a rotation of 60◦ between double exposures
and subsequent thermal reflow and dry etching processes.

By the overall dry etching process with different parameters,
the shapes of the periodic nanostructures were controllably
varied. For various shaped GaAs periodic nanostructures, the
reflection properties were theoretically investigated using the
rigorous coupled-wave analysis (RCWA) method. The effect
of the coverage of AZO on the periodic nanostructure on the
antireflection and surface wetting properties was also studied.

2. Experimental details
A schematic diagram of the fabrication procedure for various
shaped GaAs periodic nanostructures with a six-fold hexagonal
symmetry is illustrated in figure 1. Semi-insulated (100)
GaAs substrates (Wafer Technology Ltd, UK) with a size of
15 mm × 15 mm were cleaned with acetone, methanol, and deionized water for 10 min, respectively, prior to the fabrication
process. To obtain periodic 2D patterns, first diluted AZ5206
PR (AZ Electronic Materials Ltd, USA) was spin-coated on
the cleaned GaAs substrate. The dilution ratio and rotation
speed were adjusted to obtain a 200 nm-thick PR layer. The
PR was exposed, in two steps, by a laser interference pattern
obtained with a 363.8 nm Ar laser. For an array of hexagonally
arranged elliptical patterns, the samples were rotated by 60◦ .
The exposed PR was developed using AZ 300 MIF 2.38% at
room temperature. The period of the PR patterns and the height
of their nanopillars were ∼300 nm and ∼200 nm, respectively.
To convert the elliptical shape of the PR pillars to a circular
2
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one, a thermal reflow process was carried out at 200 ◦ C for
40 s on a hot plate. Above its glass transition temperature,
the PR polymer is changed from a rubbery state into a glass
state [21, 22]. As a result, the PR pillars became of a rounded
shape, resulting in the six-fold hexagonal symmetry. After that,
the PR patterned GaAs substrates were etched under different
etching conditions to form various shaped nanostructures in
inductively coupled plasma ((ICP) Plasmalab System 100,
Oxford) etching using a SiCl4 /Ar mixture gas. The PR mask
patterns on the GaAs nanostructures were almost removed
during the ICP etching. Notwithstanding, for the remaining
PR after the etching, an additional oxygen plasma etching was
performed.
To deposit the optimum AZO film on the fabricated GaAs
nanostructure, rf magnetron sputtering (KVS-2000L, Korea
Vac. Tech. Ltd) was used. A sputtering target of ZnO mixed
with 2 wt% Al2 O3 (5N purity) was used. The chamber was
evacuated to a base pressure of less than 1 × 10−6 Torr by
a turbomolecular pump. The process pressure was 10 mTorr
in argon environment and the rf sputtering power was 100 W.
For the uniform film, the sample was rotated at 10 rpm.
The distance between the target and the sample was kept at
20 cm. The AZO film was deposited with a thickness of
∼100 nm. The etched profile and surface morphology of
the fabricated samples were observed by using a scanning
electron microscope (SEM, S-4700, Hitachi) with an operating
voltage of 10 kV. A commercial image processor (ImageJ
1.42q, NIH) was used to perform the fast Fourier transform of
the measured SEM images. Atomic force microscope (AFM,
XE-200, Park Systems) measurements were also carried out
using a Si cantilever (NCHR, Nanosensor) on the fabricated
samples in a non-contact mode. The optical reflectance was
measured by using a UV–vis–NIR spectrophotometer (Cary
5000, Varian). The samples were mounted on their back sides
at an angle of ∼8◦ (near-normal incidence) with respect to the
linearly polarized incident light. The water contact angle on
the surface of the samples was characterized by using a contact
angle measurement system (Phoenix-300, SEO Co., Ltd).

Figure 2. SEM images of the PR patterns on the GaAs substrates
(a) before and (b) after the thermal reflow process at 200 ◦ C for 40 s.
The insets show the fast Fourier transforms of the SEM images.

rate of GaAs and the etch selectivity of GaAs over the PR as a
function of rf power with and without the additional 25 W ICP
power. The etching was performed at a process pressure of
2 mTorr in a SiCl4 /Ar mixture flow rate of 7.5 sccm/60 sccm.
The etch rate was increased with increasing rf power owing
to the increased ion energy flux, but the etch selectivity was
rapidly decreased due to the rapid erosion of the PR patterns.
At 50 W rf power without the additional ICP power, the etch
rate of the GaAs was very low (i.e., 30 nm min−1 ) because of
the low DC bias voltage, while the etch selectivity was very
large (i.e., 5.77). In contrast, at a high rf power of 200 W,
the etch rate was increased up to 68 nm min−1 and the etch
selectivity was reduced to 2.41. This means that the patterned
PR plays a role in transferring the pattern into an underlying
layer, rather than an etch mask [12]. The etch rate was further
enhanced when the ICP power of 25 W was applied in addition
to the rf power, as shown in figure 3. The etch selectivity was
also increased except for the rf power of 50 W. When the ICP
power is applied, the ion trap density is enhanced. At rf powers
of 100 W, the high plasma density with high energy ions
increases the etch selectivity of the GaAs over the PR, while at
a low rf power of 50 W, a plasma with low energy ion density is
formed, which may reduce the etch rate of the PR less than that
of the GaAs. Thus, from these results, the etched profiles (i.e.,
depths and shapes) of GaAs nanostructures can be controlled
effectively by the patterned PR thickness and rf power with or
without the additional ICP power.
For the theoretical analysis of the periodic GaAs
nanostructures, the reflectance calculations were carried out
using an RCWA method [24]. The commercial DiffractMOD
3.1 simulation software, which was manufactured by Rsoft
Design Group Inc., was employed. The optical parameters
(i.e., refractive index and extinction coefficient) of the
materials (i.e., GaAs and AZO) used in the simulation

3. Results and discussion
Figure 2 shows the SEM images of the PR patterns on the GaAs
substrates (a) before and (b) after the thermal reflow process
at 200 ◦ C for 40 s. Although both images exhibit hexagonal
patterns, the additional reflow process yields circular shapes,
whereas the standard process creates elliptical ones. This can
be quantified in terms of the ratio of major and minor axes
(ellipticity), which is calculated from a graphical analysis. The
ellipticities are ∼1.65 and ∼1.09 for the images shown in parts
(a) and (b) of figure 2, respectively. These are similar to the
obtained value from the use of three-beam interference [23].
This can be also confirmed by the distributed patterns in the
fast Fourier transforms of the SEM images as shown in the
insets of figure 2.
Because the etched profiles of the nanostructures strongly
depend on the etching conditions, the etch rate of GaAs and
the etch selectivity of GaAs over the PR play important roles
in obtaining various surface structures. Figure 3 shows the etch
3
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Figure 3. The etch rate of GaAs and the etch selectivity of GaAs
over the PR as a function of rf power with and without the additional
25 W ICP power.

Figure 4. Calculated reflectance spectrum of GaAs periodic
cylinder-shaped nanorods with a six-fold hexagonal symmetry. For
comparison, the calculated reflectance of the GaAs substrate is also
shown. The insets show the oblique and top view SEM images
(right) of the fabricated GaAs nanorods and the 3D simulation model
(left) of the corresponding structure used in this calculation.

were found by reference to [25–27]. Figure 4 shows the
calculated reflectance spectrum of GaAs periodic cylindershaped nanorods with a six-fold hexagonal symmetry. For
comparison, the calculated reflectance of the GaAs substrate
is also shown. The oblique and top view SEM images (right)
of the fabricated GaAs nanorods and the 3D simulation model
(left) of the corresponding structure used in this calculation
are shown in the insets of figure 4, respectively. The samples
were etched with 50 W rf power for 15 min in SiCl4 /Ar
(7.5 sccm/60 sccm) plasma. The bright region in the SEM
images is the residual PR with a rounded shape. The diameters
and heights of the etched cylindrical nanopillars were ∼180 nm
and ∼400 nm, respectively, indicating a high aspect ratio. The
etched nanopillars exhibited nearly circular patterns with a
hexagonal symmetry, as shown in the right inset of figure 4,
which was similar to the reflowed PR patterns. In this
calculation, the period and height of the cylindrical nanopillars,
which were estimated from their SEM images, were about
300 nm and 400 nm, respectively, and the incident light
entered from the air into the structure at normal incidence,
as shown in the left inset of figure 4. The fifth order of
diffraction was used to calculate the diffraction efficiency,
which is a sufficient number to stabilize the results numerically.
For the GaAs periodic cylinder-shaped nanorods with a sixfold hexagonal symmetry pattern, the reflectance was clearly
reduced compared to that of the GaAs substrate, indicating
an average reflectance of ∼17.9% (i.e., 32.6% for a GaAs
substrate). This is attributed to the change of the effective
refractive index from the air to the GaAs substrate via the GaAs
nanorods. However, oscillations in the reflectance spectrum
of the GaAs nanorods over a wide wavelength region of 350–
1800 nm were observed due to the constructive or destructive
interference caused by multiple reflections of the light at the
interfaces of air/GaAs nanorods and GaAs nanorods/GaAs
substrate. Also, this is because the effective refractive index
is abruptly varied at an each interface due to the cylindrical
structure of the nanorods with a low volume fraction.
Obviously, the ability to form a six-fold hexagonal
symmetry, the main advantage of using the lens-like shaped

PR, is that nanostructures with a tapered profile can be easily
fabricated by the pattern transfer technique. Figure 5 shows
SEM images of the fabricated GaAs periodic nanostructures
in shapes of (a) truncated cones and (b) nearly perfect cones.
For the fabrication of the truncated cone structures, the PR
patterned GaAs substrates (i) without and (ii) with the reflow
process were etched under 150 W rf power with 25 W ICP
power for 3 min in SiCl4 /Ar (7.5 sccm/60 sccm) plasma.
Without the reflow process, each truncated cone is linked
along the major axes of the ellipse, as shown in part (i) of
figure 5(a). On the other hand, the truncated cone structures
with the reflow process in part (ii) of figure 5(a) were not
linked to each other and exhibited symmetric features. For
the fabrication of cone structures, 200 W rf power with 25 W
ICP power was used to induce the lower etch selectivity, which
can transfer the pattern into an underlying layer. The coneshaped nanostructures also show a similar tendency to the
truncated cones, as shown in figure 5(b). Figure 5(c) shows the
calculated reflectance spectra of the corresponding structures.
The 3D simulation models with a six-fold hexagonal symmetry
structure on the GaAs substrates used in these calculations are
shown in the insets of figure 5(c). As can be seen in figure 5(c),
the reflectance of the cone structures is lower than that of
the truncated cone structures over a wide wavelength region
of 350–1800 nm except at 520–700 nm and above 1500 nm.
Also, the oscillations in the reflectance spectrum are decreased.
This results from the decreased multiple reflections at the
interface of the air and the top of the cone structures compared
to the truncated cone structures. For the structures using
rounded lens-like PR patterns (i.e., ellipticity of ∼1), after
the reflow process, the average reflectance values are reduced
from 3.5% for the cone shape and 4.2% for the truncated cone
shape without the reflow process to 3% and 3.6% due to the
symmetric feature, respectively. These results imply that the
surface reflectivity is affected largely by the profile of the
effective refractive index from the air to the GaAs substrate
4
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Figure 5. SEM images of the fabricated GaAs periodic nanostructures in shapes of (a) truncated cones and (b) nearly perfect cones (i) without
and (ii) with the reflow process and (c) calculated reflectance spectra of the corresponding structures. The 3D simulation models of the
corresponding structures used in these calculations are shown in the insets of (c).

via the grating nanostructures and the ellipticity of the patterns
formed on the nanostructures.
In effective medium theory, parabolic nipples yield a
nearly linear refractive index gradient, which is more efficient
in reducing the surface reflection compared to that of cone
arrays [28–30]. Hence, in moth-eye applications, parabolic
structures are preferred over cone arrays. In order to obtain
parabolic patterns, the sample was etched under SiCl4 /Ar
(2.5 sccm/60 sccm) gas mixture with 100 W rf power [31].
The use of a smaller amount of SiCl4 gas leads to a lower
etch rate. It is noticeable that higher process pressure
provides improvements in the etch selectivity, producing a
taller height. Figure 6(a) shows an AFM image of the GaAs

parabolic nanostructure with a six-fold hexagonal symmetry
fabricated at a process pressure of 20 mTorr. The fabricated
parabolic structure revealed closely-packed grating patterns
with a rounded parabola surface. The measured surface profile
taken from an AFM image is well fitted to the paraboloid,
as shown in figure 6(b). This grating nanostructure may
be adequate for the reflection minimization resulting from
the linearly effective gradient-refractive-index profile at the
device surface. Although this shape is not matched to the
circle approximation yet, nano-scale spherical lenses for nearfield focusing beyond the diffraction limit will be able to be
fabricated soon after optimizing the aspect ratio [32, 33].
5
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to that of the GaAs parabolic structure at wavelengths of
350–1800 nm, indicating a measured average reflectance of
∼1.2% (i.e., 3.6% for GaAs parabolic structure). Similarly,
its average reflectance exhibited a value of ∼1.1% in the
calculation. This is ascribed to the more parabolic structure
with a greater height due to the deposited AZO as well as the
gradual refractive index distribution from n air (=1) to n GaAs
(∼4) via n AZO (∼1.89), as mentioned above. As can be seen in
figure 7(b), the calculated reflectance spectra show a similar
tendency to the experimental data, though there is a slight
discrepancy between the results at some wavelengths due to the
difficulty in matching exactly the geometric simulation model
to the fabricated structure. Photographic images of water
droplets on the fabricated GaAs and AZO/GaAs parabolic
structures are also shown in figure 7(c). The contact angle (θc )
of a water droplet on the surface of the AZO/GaAs parabolic
structure was approximately 115◦ , exhibiting a hydrophobic
property. This is larger than that of the GaAs parabolic
structure (i.e., θc ∼ 99◦ ). This is because the AZO has lower
surface energy than GaAs [34, 35]. The hydrophobicity is
enhanced when the surface is covered by a material with a
lower surface free energy [36]. A hydrophobic surface with
a higher contact angle makes it much easier to keep the device
surface clean of dust particles and contaminants which can
degrade the device performance due to interruption of the
incident light [19]. These results suggest that the transparent
electrode/GaAs SWG surface, fabricated by coverage with
material with a low refractive index on the periodic SWG
structure with a high refractive index using a relatively simple
process technique, can significantly suppress the surface
reflection over a broadband wavelength region and provide a
superior surface self-cleaning function compared to the GaAs
SWG surface or the transparent electrode/flat GaAs surface
for high-efficiency photodetecting and photovoltaic device
applications.

Figure 6. (a) AFM image of the GaAs parabolic nanostructure with a
six-fold hexagonal symmetry fabricated at a process pressure of
20 mTorr and (b) the measured surface profile taken from an AFM
image for the corresponding structure. The inset of (b) corresponds
to an SEM image of the fabricated GaAs parabolic nanostructure.

For better antireflection characteristics, the AZO with a
lower refractive index (i.e., n AZO ∼ 1.89) was deposited
on the GaAs parabolic nanostructure, forming an AZO/GaAs
parabolic nanostructure with a gradual effective refractive
index distribution.
Figure 7(a) shows SEM images of
(i) the AZO/GaAs parabolic nanostructure and (ii) lower
magnification of (i). It can be observed that the fabricated
AZO/GaAs parabolic nanostructure is very uniform and
closely-packed over a large area.
The inset of (i) in
figure 7(a) shows the cross-sectional SEM image of the
corresponding structure. The surface of the GaAs parabolic
nanostructure was completely covered with AZO by the
sputtering, which results in the more paraboloid surface with
a greater height. Figure 7(b) shows the measured and
calculated reflectance spectra of the GaAs and AZO/GaAs
parabolic nanostructures. The 3D simulation model of each
corresponding structure and the effective refractive index
distribution of the AZO/GaAs parabolic structure are shown
in the insets of figure 7(b). In calculations, as expected, the
reflectance of the parabolic structure is lower than those of the
other structures (i.e., nanorods, cones, and truncated cones),
indicating an average reflectance of ∼2.4%. Furthermore, for
the experimentally fabricated AZO/GaAs parabolic structure,
the measured reflectance was significantly reduced compared

4. Conclusion
Various shaped periodic nanostructures with a six-fold
hexagonal symmetry, including nanorods, cones, truncated
cones, and even parabolic patterns, on GaAs substrates were
fabricated by a simple dry etching process with lens-like
shaped PR patterns using laser interference lithography, and
the optical reflectance of these structures was theoretically
investigated using the RCWA method. It is found that the
etching rate, selectivity, and isotropy under different etching
conditions for nano-sized PR patterns play important roles
in forming various shaped nanostructures such as cylindrical
rods, cones, truncated cones, and parabolas. For the GaAs
parabolic structure, the lowest average reflectance of ∼2.4%
was obtained over a wide wavelength region of 350–1800 nm
from the calculation. Better antireflection was obtained
from the fabricated AZO/GaAs parabolic structure with a
hydrophobic surface (θc ∼ 115◦ ), which reduced the average
reflectance from 3.6% for the GaAs parabolic structure to
1.2% in measurements. The calculated reflectance spectra
also exhibited a similar tendency with the experimentally
measured spectra. Thus, these results can prove that simple and
6
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Figure 7. (a) SEM images of (i) AZO/GaAs parabolic nanostructure and (ii) lower-magnification of (i), (b) measured and calculated
reflectance spectra of GaAs and AZO/GaAs parabolic nanostructures, and (c) photographic images of a water droplet on the fabricated GaAs
and AZO/GaAs parabolic nanostructures. The insets of (a) and (b) show the cross-sectional SEM images and the 3D simulation models of
each corresponding nanostructure and the effective refractive index distribution of the AZO/GaAs parabolic nanostructure, respectively.

controllable processes, which are available for the fabrication
of nanostructures with efficient antireflection and hydrophobic
properties, are promising for optical and optoelectronic device
applications.
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