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This study reports disordered antireflective .subwavelength -structures (SWS) on GaN and indium
tin oxide (ITO) surfaces fabricated using thermally dewetted Ag nanoparticles. It is shown that
the average diameter of Ag nanoparticles, which determines the optical characteristics, can be
simply controlled by changing the thickness of the Ag thin film and the annealing temperature. The
fabricated GaN and ITO SWS with tapered profile.exhibited very low reflectance compared to that

of a flat surface over a wide wavelength range.
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1. INTRODUCTION

GaN-based materials have been widely exploited as active
materials for light-emitting diodes (LEDs), laser dipdes,
and even solar cells due to their tunable energy band

gaps, covering almost the entire solar spectrum.'= In most'

optoelectronic device applications, undesirable ireflection
between different media degrades the optical efficiency.
Thin film coatings with intermediate or graded refrac-
tive indices are commonly used to suppress the undesired
Fresnel reflection. However, stability problems induced by
adhesiveness and thermal mismatch are often associated
with such approaches.®”’

Recently, subwavelength structures (SWS) have
attracted considerable interest in optoelectronic device
applications due to their broadband and omnidirectional
antireflection properties as well as their good thermal
stability and durability.®'> For the fabrication of SWS,
the masks are commonly formed by e-beam® or laser
interference lithography,'® which increases the production
time and cost. In this study, disordered GaN SWS on
GaN/Sapphire substrates were fabricated using thermally
dewetted Ag nanoparticles to reduce the surface reflection.
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Because indium tin oxide (ITO) is usually used to GaN-
based devices as a current spreading layer, ITO SWS on
ITO/GaN/Sapphire substrates were also fabricated. The
optical fcharacteristics of each fabricated structure were
analyzed by reflectance measurements.

2. EXPERIMENTAL DETAILS

The schematic diagram of the fabrication procedure used
in this study is illustrated in Figure 1. A silicon-doped
n-GaN layer with a thickness of 5-um was grown on
a c-plane sapphire (0001) substrate by metal organic
chemical vapor deposition (MOCVD). For the fabrication
of GaN SWS, 50 nm-thick SiO, layer was deposited on
GaN/Sapphire substrates using plasma enhanced chemi-
cal vapor deposition (PECVD). Then, Ag thin film with a
thickness of 20 nm was deposited. Subsequently, a ther-
mal dewetting process was carried out at 500 °C for
1 min under nitrogen flowing gas of 15 sccm to form
Ag nanoparticles as etch masks. The SiO, layers were
patterned by reactive ion etcher (RIE) in a CF,/O, gas
mixture. To form the GaN SWS with a tapered pro-
file, the underlying GaN layer was etched using Ag/SiO,
nanomasks in ICP-RIE under SiCl,/Ar (7.5 sccm/30 sccm)
at RF power of 150 W for 5 min. To remove the residual
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Fig. 1. Schematic diagram of the overall process of (a) fabrication

of GaN SWS on GaN/Sapphire and (b) fabrication of ITO SWS on
ITO/GaN/Sapphire by thermal dewetting and dry etching processes:

Ag/Si0,, the samples were dipped into a heated nitric acid
(HNO;) at 80 °C for 10 min and a buffered oxide etcher
(BOE) for 10 min, respectively. O
For the fabrication of ITO SWS, ITO film with a thick-
ness of 400 nm was deposited on GaN/Sapphire substrates

using an e-beam evaporator. It was then annealed at 500 °C
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Fig. 2. SEM images of the Ag thin films on SiO,/GaN/Sapphire
(a) as-deposited (30 nm) and annealed at 500 °C for 1 min with thick-
;néss‘e_s-of (b) 5 nm, (c) 10 nm, (d) 20 nm, and (e) 30 nm. (f) Diameter
distribution of Ag nanoparticles with different deposited film thickness.
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'“E-beax;l_i.r'lduced dewetting process was used. Thick Ag

for 1 min under an air atmosphere. The following fabri- ” films (>30 nm) lead to large and bicontinuous shapes, that

cation processes were essentially identical to those of the
GaN SWS except for the ITO etching and the removal pro-
cess of the residual Ag/SiO,. A gas mixture of CH4/HZ/K; =

(20/40/20 sccm) was used to form the ITO S}’y% A-TPCH
A

gas

residual Ag/SiO, was removed by RIE in a Cle/
- | i

mixture.

are not; adequate for subwavelength mask patterns.

- Figure 3 shows images of 20 nm-thick Ag films on

SfO-Z/GaN/Sapphire for annealed samples at temperatures
}o_f=(29‘ 10'0 °C, (b) 500 °C, (c) 600 °C, and (d) 700 °C
for 1 min. As a higher annealing temperature enhances the

" surface 'énergy of thin film, the Ag thin film is completely
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3. RESULTS AND DISCUSSION

Two-dimensional metal films deposited on dielectric sub-
strates are typically thermo-dynamically unstable and,
when heated, become rough as a result of dewetting.’
Figure 2 shows the SEM images of the Ag thin films on
Si0,/GaN/Sapphire (a) as-deposited with a thickness of
30 nm and annealed at 500 °C for 1 min under a nitro-
gen atmosphere with thicknesses of (b) 5 nm, (c) 10 nm,
(d) 20 nm, and (e) 30 nm. Because the surface energy of
Ag film is much higher than that of SiO, film, Ag film
is unstable on SiO,, resulting in the dewetting of the film
with the annealing process. To clarify the characteristics of
the Ag nanoparticles, the diameter distributions of the Ag
nanoparticles were estimated using a commercial image
processor. As shown in Figure 2(f), the average diame-
ter is increased as the deposited film thickness increases,
which are analogous to a previous study in which an
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Fig. 3. SEM images of surface morphologies of Ag (20 nm) on
Si0,/GaN/Sapphire for annealed samples at temperatures of (a) 400 °C,
(b) 500 °C, (c) 600 °C, and (d) 700 ° for 1 min.
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agglomerated into a hemispherical nanodot array of a sub-
wavelength scale as the heating time increases. In practical
applications, however, the annealing temperature and time
should be carefully chosen considering the damage from
unwanted heating.

The reflectance of the fabricated SWS at normal inci-
dence was measured using a spectrophotometer (Cary
5000, Varian). Figure 4 shows the measured reflectance as
a function of the wavelength for fabricated GaN SWS on
GaN/Sapphire substrates with different etching times. As
shown in Figure 4, after 1 min etching, there was no sig-
nificant reflectance difference compared to that on a flat
surface. However, the reflectance of SWS etched for more
than 5 min was found to be less than 5% over a wide
wavelength range of 300-800 nm. A longer etching time
(i.e., 9 min etching) leads to lower reflectance, because
the effective refractive index is changed more gradually
in case of the SWS with a taller height.” At this point of
view, nanotip arrays with a tip height up to 1 wm are ideal
for broadband antireflection. However, it is evident that a
taller height generally requires complex process steps-in
optoelectronic device applications.

The effect of gas mixture determines the proportion
of the chemical and physical reaction during the etching

process, which affects the sidewall profile of the etchpd i

structure. Figure 5 shows the measured reflectance of t -ﬂhe
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Fig. 5. Measured reflectance spectra of the fabricated GaN SWS on
GaN/Sapphire with Ar gas flow rate of (a) 0 sccm, (b) 2.5 sccm,
(c) 10 sccm, and (d) 30 sccm. The inset show the SEM images of the
fabricated GaN SWS structures with different Ar gas flow rate.

That’s' why the GaN SWS fabricated at Ar 30 sccm has
higher reflectance at shorter wavelength ranges.

In the SWS fabrication, the insertion of a SiO, layer
plays two major roles. It serves as both a durable etch
mask and a buffer layer to form Ag nanoparticles. If the

‘Sufface material is changed, the dewetting time and

fabricated GaN SWS with different SiCl,/Ar gas Iliﬁimrqs i -Emp;‘,r ure should be modified due to surface tension

As shown in the inset of Figure 5, additional .{&r gases.
enhance the physical reaction, which causes the shape of

the etched pattern to be more abrupt, especially at'30 )secm.
In order to obtain lower reflectance over a Wlde ~wave-

_be ween two materials. However, this difficulty can be
- r |
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Fig. 4. Measured reflectance of the fabricated GaN SWS on
GaN/Sapphire corresponding to the etching times of 1, 3, 5, and 9 min.
The inset show the SEM images of the fabricated GaN SWS with differ-
ent etching times.
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Fig. 6. SEM images of the Ag thin film on SiO,/ITO/GaN/Sapphire
annealed at 500 °C for 1 min with thicknesses of (a) 5 nm, (b) 10 nm,
and (c) 20 nm. (d)~(f) 20 nm-thick Ag thin film annealed at (d) 400 °C,
(e) 600 °C, and (f) 700 °C.
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Fig. 7. Measured reflectance of the fabricated ITO SWS on
ITO/GaN/Sapphire as a function of wavelength with annealing temper-
atures of 400 °C, 500 °C, 600 °C, and 700 °C. Inset shows the SEM
image of the fabricated ITO SWS annealed at temperature of 700 °C.

easily solved by inserting a SiO, layer. Figure 6, shows
SEM images of Ag thin film on SiO,/ITO/GaN/Sapphire
substrates with various film thicknesses and annealing tem-
peratures. As expected, there were no remarkable changes
compared to when Ag nanoparticles were deposited on
Si0,/GaN/Sapphire substrates due to the insertion of a
Si0O, layer.

Figure 7 shows the measured reflectance of the ITO
SWS on ITO/GaN/Sapphire substrates. All curves have
fluctuations due to the multiple interferences of light at
each interface. While the ITO flat surface shows reflec-
tion maxima of ~23%, the fabricated ITO SWS shows the
reflection maxima of ~12%, which depends somewhat on
the annealing temperature. Even though the ripple pattern

cannot be removed completely due to the multiple-interfer-
ences, the ITO SWS shows 61% reduced mean reflectance '

in a wavelength range of 300 to 800 nm. !
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4. CONCLUSION

To reduce the surface reflection of GaN and ITO, SWS of
GaN and ITO were fabricated by thermally dewetted Ag
nanoparticles. The effects of the film thickness, annealing
temperature, etching time and gas mixture on the reflection
properties were then investigated. The surface reflection
of the GaN and ITO decreased substantially due to the
optimized SWS over a wide wavelength range. From these
results, these SWS are believed to be cost-effective and
suitable for high-efficiency GaN-based optical devices.
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