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We report the antireflective characteristics of disordered subwavelength structures (SWSs) fabricated
on a GaAs substrate by thermal dewetting induced Au nanoparticle masks in a subsequent inductively
coupled plasma etching process. The optical reflectance relies on the geometric profile of disordered
GaAs SWSs. The average size of Au nanoparticles and the correlation distance between adjacent
nanoparticles are determined by the Au film thickness and the thermal dewetting condition. It is found
that the height and shape of the SWSs, which can be controlled by changing the etching parameters,
affect the reflectance strongly. The tapered SWS with a height of ~380 nm results in a relatively low
reflectance spectra of < ~5% in the wavelength range of 350-900 nm. The angle-dependent reflectance
is also investigated for the fabricated GaAs SWSs.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Antireflection coatings (ARCs) have been widely used to realize
high efficiency in optical components and optoelectronic devices
by eliminating unwanted surface reflections. Recently, subwave-
length gratings (SWGs), which are inspired by the moth-eye effect
[1], have attracted increasing interest for various antireflection
applications instead of single- or multilayer thin films [2-4]. The
SWG structures, which have a period sufficiently smaller than the
wavelength of light, can be used as ARCs [5]. The structure
suppresses all higher orders of diffraction, satisfying the zeroth-
order diffraction condition. Unfortunately, the fabrication of
periodic subwavelength antireflective structures, such as SWGs,
requires expensive and complicated processes, including e-beam
lithography and nanoimprint lithography for nano-scale etch
mask patterns [6,7]. Also, periodic nanostructures formed
using silica or polystyrene monolayer colloidal crystals were
reported for use in antireflection gratings [8,9]. However, these
techniques have the disadvantages of low throughput and small
patternable area.

On the other hand, metallic nanoparticles, which can be formed
by a thermal dewetting process of metal thin films without the
nanolithographic techniques, are of great interest for nanopatterns
because they allow simple and low-cost fabrication over a large area
[10,11]. The metallic nanoparticles, as etch masks, enable tailoring
of disordered subwavelength structures (SWSs), thus providing
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antireflective properties [12]. Antireflective characteristics of the
SWS depend strongly on its dimensions and geometric shape [13].
For high-efficiency solar cell applications, broadband wide-angle
ARCs are required. The subwavelength antireflective structures were
demonstrated to improve the performance in Si and organic solar
cells though surface recombination can be enhanced [14-16]. For
SWSs, the surface recombination effect would be relatively low
compared to the nanowires and nanorods. Gallium arsenide (GaAs)
is a key semiconductor material in device applications, such as solar
cells, vertical cavity surface emitting lasers, and photodetectors.
Although several studies were made on the SWSs of silicon, gallium
nitride, silicon nitride, etc. [15,17,18], there has been very little work
reported on that of GaAs. The addition of subwavelength surface
structures is expected to increase the light trapping and absorption
in GaAs-based solar cells [19,20]. In this paper, the antireflective
characteristics of disordered GaAs SWSs, by thermally dewetted Au
nanoparticles under different dewetting conditions and subsequent
inductively coupled plasma (ICP) etching using SiCl4 gas at various
etching conditions, were systematically investigated. The angle
dependence of reflectance was also studied in the GaAs SWSs.

2. Experimental details

A schematic diagram of process steps for fabricating the GaAs
SWSs by thermal dewetting of Au thin films and ICP etching is
shown in Fig. 1. The Au thin films of 5, 10, and 15 nm were
evaporated on a (1 0 0) GaAs substrate with size 25 x 25 mm? by
thermal evaporation. Prior to evaporation, the native oxides at the
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Fig. 2. Top-view SEM images of the dewetted Au nanopatterns after RTA at 500 °C for the Au films of (a) 5 nm, (b) 10 nm, and (c) 15 nm, and after RTA at (d) 300 °C and
(e) 700 °C for the Au film of 10 nm. For more distinction between Au nanoparticles, the SEM image of (a) was magnified.

substrate surface were removed. A 50 nm-thick SiO, buffer layer
was deposited by plasma enhanced chemical vapor deposition.
The evaporation rate and thickness were monitored by a quartz
crystal oscillator technique. To form the desired Au nanopatterns,
the samples were treated thermally by rapid thermal annealing
(RTA) at various temperatures of 300, 500, and 700 °C in a
nitrogen environment. The RTA time was fixed at 100 s. During
the RTA process, the Au thin films were agglomerated into the
nanosized particles through the dewetting process. The SiO, layer
was etched in CF4 plasma by reactive ion etch system using the

thermally dewetted Au nanopatterns as an etch mask. Using the
Au/SiO, nanomasks, the GaAs SWSs were fabricated by an
inductively coupled plasma (ICP) etch system using SiCl, gas
with or without additional Ar gas. The etching parameters, such as
RF power, ICP power, process pressure, flow rate of additional Ar
gas, and etching time, were varied to achieve a desirable etching
profile of GaAs SWSs for broadband antireflective characteristics.
After dry etching, the remaining Au and SiO, residues were
removed by an Au etchant and a buffered oxide etchant,
respectively. The etched profile, etched depth, and surface
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morphology of the fabricated GaAs SWSs were characterized by a
field-emission scanning electron microscope (FE-SEM). The
reflectance property was evaluated using a UV-VIS-NIR spectro-
photometer (Cary 500, Varian) with an integrating sphere for
the total (specularly and diffusely) reflected light collection,
i.e., hemispherical reflectance measurement. To prevent the
specular component from escaping out of the entrance port on
the integrating sphere, the samples were mounted onto its
backside with an angle of ~8° with respect to the incident light.
The angle-dependent reflectance was measured using a Cary
variable angle specular reflectance accessory in the specular mode.

3. Results and discussion

Fig. 2 shows the top-view SEM images of the dewetted Au
nanopatterns after RTA at 500 °C for the Au films of (a) 5 nm,
(b) 10 nm, and (c) 15 nm, and after RTA at (d) 300 °C and (e)
700 °C for the Au film of 10 nm. For more distinction between Au
nanoparticles, the SEM image of (a) was magnified. Thermal
dewetting and agglomeration occur to minimize the surface free
energy when the surface energy of Au metal films is larger than

a

the interfacial energy and the surface energy of the underlying
substrate in the high temperature heating process [21]. On using
the 50 nm-thick SiO, buffer layer, the Au-SiO, interface proper-
ties favor the development of suitably structured metal islands
more than an Au-GaAs interface. This can be explained by the fact
that the Au film is unstable on the SiO, layer with a relatively low
surface energy [10]. It is somewhat difficult to form the desirable
metal islands on GaAs substrate without the SiO, buffer layer
because the surface energy of Au metal films is much lower than
that of the GaAs substrate. The nanopattern geometry is strongly
affected by the thickness of Au films at a given RTA temperature.
The size of nanoparticles becomes larger and the correlation
distance between adjacent nanoparticles increases as the Au film
thickness is increased. The average diameter and correlation
distance were estimated using a commercial image processor
(Image] 1.42q, NIH). The average diameters of Au nanoparticles
were increased from 24.1 +16.3nm at 5nm of Au films to
136.6 +101.9 nm at 15nm after RTA at 500 °C. The average
correlation distances were 63.8, 101.2, and 226.5 nm for 5, 10, and
15 nm Au films, respectively. For thicker Au films, the islands get
bigger and the correlation distance becomes larger because the Au
nanoclusters merge together, thus reducing the density. As shown
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Fig. 3. (a) SEM images and (b) reflectance spectra of the GaAs SWSs etched with the Au nanomask patterns after RTA at 500 °C for the Au films of (i) 5 nm, (ii) 10 nm,
and (iii) 15 nm, and after RTA at (iv) 300 °C and (v) 700 °C for the Au film of 10 nm. Insets of (a) show the cross-sectional SEM images of the fabricated GaAs SWSs.

For comparison, the reflectance of bulk GaAs substrate is also shown in (b).
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in Fig. 2(d), the 10 nm Au film was not completely dewetted after
RTA at 300 °C because the thermal energy was not sufficient. At a
temperature of 700 °C, the average size of nanoparticles and the
correlation distance were slightly increased to 89.8 +78.5 and
119.4 nm, respectively, compared to those at 500 °C in Fig. 2(b).
This means that agglomeration is enhanced with increasing
temperature. Clearly, the Au nanoparticles are not properly
formed for nanomask patterns if the Au film is too thick or the
temperature is too low.

Fig. 3 shows (a) SEM images and (b) reflectance spectra of GaAs
SWSs etched with the Au nanomask patterns after RTA at 500 °C for
the Au films of (i) 5 nm, (ii) 10 nm, and (iii) 15 nm, and after RTA at
(iv) 300 °C and (v) 700 °C for the Au film of 10 nm. The insets show

J.W. Leem et al. / Solar Energy Materials & Solar Cells 95 (2011) 669-676

cross-sectional SEM images of the fabricated GaAs SWSs. The
etching of GaAs substrate was performed with 150 W RF power and
0 W ICP power at 10 mTorr for 3 min 30 s in 5 sccm SiCl, plasma. As
can be seen in Fig. 3(a), the Au nanomask patterns were transferred
directly onto the GaAs substrate by ICP etching. The etched depths
of GaAs SWSs were obtained as 102.4 +18.3, 286.6 + 7.5, and
302.2 +5.8 nm for Au films of 5, 10, and 15 nm, respectively. The
etched profile became tapered as the pattern density was increased.
The etch rate is reduced in higher density patterns with smaller
diameters due to the low influx of ions and radicals. For the
dewetted nanopatterns of the 10 nm Au film at 300 °C, the etched
profiles have sidewall undercuts. The reflectance spectrum is
strongly dependent on the etched profiles of GaAs SWSs.

Etching time: 3 min 30 s

30
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% ICP: 60 W
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Fig. 4. SEM images of the fabricated GaAs SWSs with RF powers of (a) 100 W and (b) 200 W, and with additional ICP powers of (¢) 30 W and (d) 60 W to the RF power of
150 W using the dewetted nanomask patterns of the 10 nm Au film at 500 °C. Inset shows the cross-sectional SEM images of the fabricated GaAs SWSs.
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For comparison, the reflectance of bulk GaAs substrate is also
shown in Fig. 3(b), exhibiting values higher than ~30% at
wavelengths of 350-1100 nm. The reflectance was significantly
reduced for GaAs SWSs compared to that of the bulk GaAs. Above
1~880 nm, there exist abrupt increases in reflectance for all
samples including the GaAs substrate. This can be explained by
backscattering of light by the reflection from the back surface of
the GaAs substrate because of its optical transparency below the
energy bandgap of GaAs [22]. For the GaAs SWS with sidewall
undercuts, the reflectance was increased, especially in the long
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wavelength range. The SWS with small size and low height
produced increased reflectance despite the high density. The
dewetted nanopatterns after RTA at 500 °C for the 10 nm Au film
were optimized, indicating the lowest reflectance of the
fabricated GaAs SWS.

Fig. 4(a) shows SEM images of the fabricated GaAs SWSs with
RF powers of (i) 100 W and (ii) 200 W, and additional ICP powers
of (iii) 30 W and (iv) 60 W to the RF power of 150 W using the
dewetted nanopatterns of the 10nm Au film at 500 °C. The
samples were etched with 5 sccm SiCl, at 10 mTorr for 3 min 30s.
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Fig. 5. Reflectance spectra of the GaAs SWSs etched at (a) different process pressures and (b) different Ar flow rates using the dewetted nanomask patterns of the 10 nm Au

film at 500 °C. Insets show the SEM images of the fabricated GaAs SWSs.
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The etched shape of GaAs SWS was dependent on the RF and ICP
powers. The etch depth was decreased and the structure became
less tapered at the RF power of 100 W. The height of SWSs was
increased as the RF power was increased. At a high RF power of
200 W, the etched depth was increased but etching occurred even
in the masked regions. The etched features with rounded tops
were increased because the Au nanomask was gradually removed
from edges during the etching process under high RF power. The
addition of ICP power created the undercut sidewall beneath the
mask due to enhanced lateral etching as shown in (iii) of Fig. 4(a).
A further increase in ICP power (i.e., 60 W ICP power, in addition
to 150 W RF power (iv)) leads to an apparent disconnection of
undercut parts and the structure partly collapsed. The
corresponding reflectance as a function of wavelength is shown
in Fig. 4(b). The SWS structure with lower height, etched at 100 W
RF power, exhibited higher reflectance values, especially in the
long wavelength range, compared to the etched structure in
Fig. 3(b). The increase in rounded features raised the reflectance. In
our previous work [23], theoretical analysis was carried out using
the rigorous coupled-wave analysis method for periodic GaAs
SWGs with truncated cone profiles. From the simulation results,
the reflectance is reduced with increasing height, which is roughly
consistent with that of the disordered SWSs in this experiment. To
suppress effectively the surface reflection, the tapered profile of

J.W. Leem et al. / Solar Energy Materials & Solar Cells 95 (2011) 669-676

SWSs is desirable because it provides a more graded effective
index between the GaAs and air [24]. With the increase in ICP
power, the reflectance increased due to the lower density and the
higher height by the enhanced undercut and collapse. The
additional ICP power rather degraded the reflectance
performance of GaAs SWSs.

The effect of (a) process pressure and (b) Ar flow rate on the
reflectance spectrum of the GaAs SWSs etched using the dewetted
nanomask patterns of the 10 nm Au film at 500 °C is shown in
Fig. 5. SEM images of the fabricated GaAs SWSs are shown in the
insets. At high process pressure, the etch rate decreases. The etch
depth was reduced at 15 mTorr, indicating a higher reflectance
spectrum. At a low process pressure of 5 mTorr, the etched profile
of the SWS was deformed because the etch masking fails by
excessive lateral etching. The reflectance spectrum was largely
changed and it increased significantly in the short and long
wavelength regions. As shown in the SEM images of Fig. 5(b), the
additional Ar gas results in a vertical etch profile. However, the etch
depth became lower for a higher Ar flow rate (i.e., 60 sccm). This
indicates that the etch rate decreases as Ar gas is added to SiCl, gas.
The vertical-shape like pillars have higher reflectance values than
the tapered shape. Moreover, the lower height caused a further
increase in reflectance. Thus, the significant increase in reflectance
is attributed to the vertical sidewalls with a relatively low height.
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Fig. 6. (a) SEM images and (b) reflectance spectra of the GaAs SWSs etched using the dewetted nanomask patterns of the 10 nm Au film at 500 °C for (i) 2 min and

(ii) 5 min.
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Fig. 7. Specular reflectance spectra at different incident light angles of 0;=8-70° for the GaAs SWS etched for 5 min. For comparison, the total reflectance spectrum is
shown by the dashed line at 0;=8°. Inset shows angle-dependent specular reflectance of the GaAs SWSs etched for different etching times at a wavelength of 635 nm.

Fig. 6 shows (a) SEM images and (b) reflectance spectra of GaAs
SWSs etched using the dewetted nanomask patterns of the 10 nm
Au film at 500 °C for (i) 2 min and (ii) 5 min. It is evident that etch
rate increases as the etching time increases. The etched depth
almost linearly increased from 151 nm for 2 min to 383 nm for
5 min, i.e., an etch rate of ~77.3 nm/min. On increasing the etching
time, the etch depth of GaAs SWSs increased and the structure was
more tapered because the lateral etching under the Au nanomask
was slightly enhanced. When the etching time became shorter,
from 3 min 30 s to 2 min, reflectance increased. After an etch for
5 min, the reflectance significantly reduced to < ~5% in the
wavelength region of 350-900 nm. Therefore it is expected that the
GaAs SWS with higher height will further improve the antire-
flective properties over a wide wavelength range.

Fig. 7 shows the specular reflectance spectra at different
incident light angles of §;=8-70° for the GaAs SWS etched for
5 min. For comparison, the total reflectance spectrum is shown by
the dashed line at 0;=8°. In the specular mode, measurement was
taken at a low angle of incidence (i.e., ~8°), close to normal
incidence so that the incident beam is not blocked by the detector.
It is noticeable that the specular and total reflectance values are
almost the same in the wavelength range between 500 and
880 nm. There is a deviation between specular and hemispherical
reflectance measurement results at A <500 nm due to diffuse
scattering. The scattering may increase and also be relevant at a
longer wavelength if the incident angle is increased. At
wavelengths longer than 880 nm, the discrepancy is attributed
to the backscattered light from the back surface as mentioned
above. The reflectance increased with increasing incident angle
and it rapidly rose especially at 0; > 50°. The reflectance was less
than 9.2% at wavelengths <800 nm up to 0;=50° for the 5 min-
etched sample. The angle-dependent specular reflectance of the
GaAs SWSs etched for different etching times at a wavelength of
635 nm is shown in the inset of Fig. 7. The angle-dependent
reflectance is strongly dependent on the height of SWSs. The
reflectance increased from 13% to 30.5% for the 2 min-etched
sample as the incident angle increased from 8° to 70°. For the

5 min-etched sample, the reflectance increased from 2.6% at
0;=8° to 12.5% at 0;=70°. Consequently, the disordered GaAs
SWSs with taller and tapered shape led to a relatively low
reflectance spectrum over a wide angle of incident light.

4. Conclusion

We fabricated the disordered GaAs SWSs on a GaAs substrate
using self-assembled Au nanoparticles by thermal dewetting as
etch masks and subsequent ICP etching in SiCl; plasma with/
without Ar addition to suppress their surface reflection. After RTA
of the 10 nm Au film at 500 °C for 100 s, the density and size of Au
nanopatterns were optimized to achieve the lowest reflectance of
the SWS. By using the optimized Au nanomasks, the ICP etching
was performed by changing various etching conditions, such as
RF/ICP power, process pressure, and etching time, for efficient
antireflective characteristics. It is found that the reflectance
depends strongly on height and sidewall shape of the SWS. The
relatively tall and tapered SWS exhibited a lower reflectance
spectrum. The surface reflectance of GaAs was largely decreased,
indicating a low value of < 5% at wavelengths of 350-900 nm, by
optimizing the SWG structure. For the SWS with a height of
~380 nm, a reflectance less than 9.2% at wavelengths < 800 nm
for 0;=8-50° was obtained. This approach, which uses thermally
dewetted nanoparticle masks for the fabrication of SWSs, is cost-
effective and scalable to large areas, unlike e-beam lithography.
These results can provide a promising potential of GaAs SWSs as
ARCs for efficient solar cells.
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