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The etching parameter dependent antireflection characteristics
of disordered Si subwavelength structures (SWSs) by inductively coupled plasma (ICP) etching in a mixture gas of SiCl4/
Ar using thermally dewetted Ag and Ag/SiO2 nanopatterns are
investigated. The average size and period of Si SWSs are
closely correlated with thermal dewetting conditions. For
desirable Ag nanoparticle patterns, the profile of Si SWSs is
optimized by changing the ICP etching process parameters to
obtain the lowest reflectance spectrum. The most tapered SWS

with the highest height leads to a relatively low reflectance. The
Ag nanopatterns result in more tapered and rough surface SWSs
compared to the Ag/SiO2 nanopatterns, indicating a slightly
reduced reflectance. The Si SWS etched using Ag nanopatterns
by SiCl4/Ar of 5 sccm/10 sccm at 50 W RF power, 200 W ICP
power, and 10 mTorr process pressure exhibits a very low total
reflectance of <2.4% in the wavelength range of 400–
1000 nm, maintaining a specular reflectance of <16% at 350–
1100 nm up to the incident angle of ui ¼ 508.
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1 Introduction Antireflection coatings (ARCs) have
been widely used to enhance the efficiency of optical
components and optoelectronic devices including imaging
cameras, sensor arrays, light emitting diodes, and solar cells
[1–4]. Although single- or multilayer thin-films, such as
SiOx, TiOx, or SixNy, were employed to suppress the surface
reflection loss, the conventional ARC techniques have given
rise to several problems such as thermal expansion
mismatch, stability, and material diffusion [5, 6]. Periodic
subwavelength grating or disordered subwavelength structure (SWS) as an alternative has attracted much interest in
recent years for various device applications [7–10]. The
surface relief structure with a period smaller than the incident
light wavelength can reduce the Fresnel reflection loss at the
interface of two media by introducing a gradual change of
refractive index [11]. However, the periodic grating structure
needs complex and expensive nanolithography processes
(i.e., e-beam lithography, nanoimprint lithography) for
nanopatterns as an etch mask [12–14].

On the contrary, a simple, low-cost, and large-scale
process for metallic nanoparticle patterns which are formed
by the thermally activated dewetting of metastable thin metal
films on a substrate can used to fabricate disordered SWSs
[15–18]. The optical reflectance property of the SWS is
directly related to the change in effective refractive index by
the void volume fraction of the structure [19]. The shape and
geometry of SWSs can be roughly controlled by varying
the thermal dewetting and etching conditions. To achieve
the antireflection property over a broadband spectrum, the
etched profile of SWS should be properly optimized. In this
paper, we investigated comparatively the structural and
optical properties of disordered Si SWSs fabricated
by optimizing the process conditions using thermally
dewetted Ag and Ag/SiO2 nanopatterns as the etch
mask through the inductively coupled plasma (ICP) dry
etching in SiCl4/Ar mixture gas. The effect of light incident
angle on the reflectance of the optimized Si SWS was also
studied.
ß 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Original
Paper
Phys. Status Solidi A 208, No. 8 (2011)

1903

2 Experimental As the etch nanomasks for Si SWSs,
the self-assembled Ag nanoparticles were fabricated on
(100) Si and SiO2/(100) Si substrates with a size of 2  2 cm2
by the thermal dewetting process of thin Ag films. The SiO2
buffer layer of 50 nm was deposited on a Si substrate by a
plasma enhanced chemical vapor deposition (PECVD,
Plasmalab 80 Plus, Oxford) in SiH4 (100 sccm)/N2
(800 sccm) plasma at 20 W RF power and 1000 mTorr
process pressure. The deposition temperature and time were
300 8C and 50 s, respectively. After wafer cleaning, the thin
Ag films in the thickness range of 5–15 nm were evaporated
with 99.99% purity Ag pellets by a thermal evaporator
(KVE-T2000, Korea Vac. Tech. Ltd.) at a background
pressure of <2  106 Torr. The evaporation rate was set to
0.1 nm/s as monitored by a quartz crystal oscillator. To form
desirable Ag nanopatterns, the samples were heated at
temperatures of 400–800 8C by a rapid thermal annealing
(RTA, KVR-2000, Korea Vac. Tech. Ltd.) process under a
nitrogen carrier flow rate of 10 sccm for 120 s. For the
samples with a SiO2 buffer layer, the SiO2 layer was etched
by a reactive ion etch (RIE, Plasmalab 80 plus, Oxford)
system at 100 W RF power and 30 mTorr process pressure in
50 sccm CF4 plasma for 60 s. A scanning electron microscope (SEM) image of this sample is shown in the inset of (vi)
of Fig. 1. This process enables direct transfer of the thermally
dewetted Ag nanopatterns on the underlying SiO2 layer. By
using the Ag and Ag/SiO2 nanopatterns, the Si SWSs were
fabricated by an ICP (Plasmalab System 100, Oxford)
etching in SiCl4/Ar plasma. The gas flow rates of SiCl4/Ar
were fixed to an optimum value of 5 sccm/10 sccm. For
desirable etched profiles of Si SWSs, the etching process
parameters, such as the RF power, ICP power, and process
pressure, were changed. The RF power was varied from 25 to
100 W and the ICP power was changed from 0 to 200 W. The
process pressure was also changed between 5 and 20 mTorr.

Figure 1 SEM images of the thermally dewetted Ag nanopatterns
after RTA at 600 8C for Ag films of (i) 5 nm, (ii) 10 nm, and (iii) 15 nm
and after RTA at (iv) 400 8C and (v) 800 8C for Ag films of 10 nm. The
inset of (ii) shows the SEM image of 10 nm Ag film evaporated on a Si
substrate before RTA. For comparison, the SEM image of the
thermally dewetted Ag/SiO2 nanopattern after RTA at 600 8C for
10 nm Ag film is also shown in (vi).

The etching time was fixed to 10 min. After the etching
process, all samples were first dipped into heated nitric acid
(HNO3) solution and then into a buffered oxide etch solution
for the Ag/SiO2 masked samples to remove remaining Ag
and SiO2 residues, respectively. The process parameters of
the fabricated samples, including the Ag film thickness,
mask type, RTA temperature, RF power, ICP power, and
process pressure, are summarized in Table 1. By a SEM (Carl
Zeiss, LEO SUPRA 55) operating at 10 kV, the etched
profile, etched depth, and surface morphology of the
fabricated Si SWSs were observed.

Table 1 Process parameters of the fabricated Si SWSs.
samples

Ag film
thickness
(nm)

mask
type

RTA
temperature
(8C)

RF
power
(W)

ICP
power
(W)

process
pressure
(mTorr)

S1
S2
S3
S4
S5
S6
S7
S8
S9
S10
S11
S12
S13
S14
S15
S16
S17

5
10
15
10
10
10
10
10
10
10
10
10
10
10
10
10
10

Ag
Ag
Ag
Ag
Ag
Ag/SiO2
Ag
Ag
Ag
Ag/SiO2
Ag/SiO2
Ag/SiO2
Ag
Ag/SiO2
Ag
Ag
Ag/SiO2

600
600
600
400
800
600
600
600
600
600
600
600
600
600
600
600
600

50
50
50
50
50
50
25
50
100
25
50
100
50
50
50
50
50

100
100
100
100
100
100
0
0
0
0
0
0
200
200
100
100
100

10
10
10
10
10
10
10
10
10
10
10
10
10
10
5
20
20
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3 Results and discussion Figure 1 shows the SEM
images of the thermally dewetted Ag nanopatterns after RTA
at 600 8C for Ag films of (i) 5 nm, (ii) 10 nm, and (iii) 15 nm
and after RTA at (iv) 400 8C, and (v) 800 8C for Ag films of
10 nm. The inset of (ii) in Fig. 1 shows the SEM image of
10 nm Ag film evaporated on a Si substrate before RTA. For
comparison, the SEM image of the thermally dewetted
Ag/SiO2 nanopattern after RTA at 600 8C for 10 nm Ag film
is also shown in (vi) of Fig. 1. The thin Ag films were
agglomerated into nanoparticles by the thermal dewetting
process via the RTA because of its enhanced surface energy
at elevated temperatures [20]. The geometry of Ag and
Ag/SiO2 nanopatterns can be roughly controlled by both Ag
film thickness and RTA temperature. The average correlation distance between Ag nanoparticles was increased and
their sizes got bigger with the increase of Ag film thickness
from 5 to 15 nm. By a commercial image processor (ImageJ
1.42q, NIH), the average diameter and correlation distance of
Ag nanoparticles were estimated as 51.2 and 43.4 nm with an
area fraction of 37.8% for 5 nm Ag film and 377.2 and
394.3 nm with 25.4% for 15 nm Ag film, respectively, after
RTA at 600 8C. After RTA at 400 8C for 10 nm Ag film, the
average diameter was increased to 248.4 nm with a
correlation distance of 188.7 nm and an area fraction of
33% due to the insufficient thermal energy. At 800 8C, on the
other hand, the agglomeration was excessively enhanced and
thus the average diameter of Ag nanoparticles was decreased
to 81.4 nm with a correlation distance of 354.7 nm and an
area fraction of 8.1%. At a high RTA temperature of 800 8C,
the surface of Ag nanopatterns became rough. For 10 nm Ag
film after RTA at 600 8C, the average diameter and
correlation distance of Ag nanoparticles were 109.2 and
271.6 nm, respectively, with an area fraction of 29.5%.
Under the same dewetting condition, there was no largely
distinct difference between Ag and Ag/SiO2 nanopatterns as
shown in the (ii) and (vi) of Fig. 1.
The Ag and Ag/SiO2 nanopatterns were transferred
directly onto the Si substrate by the ICP etching process.
Figure 2 shows (a) SEM images and (b) reflectance spectra of
the etched Si SWSs using the Ag nanopatterns after RTA at
600 8C for Ag films of (i) 5 nm, (ii) 10 nm, and (iii) 15 nm and
after RTA at (iv) 400 8C and (v) 800 8C for Ag films of 10 nm.
The SEM image of the etched Si SWS using the Ag/SiO2
nanopattern after RTA at 600 8C for 10 nm Ag film is also
shown in (vi) of Fig. 2a. The insets of Fig. 2a show the crosssectional SEM images of the etched Si SWSs. The etching
was performed with 50 W RF power and 100 W ICP power at
10 mTorr. As shown in Fig. 2a, the average heights of etched
Si SWSs were obtained as 227.8, 338.7, and 284.8 nm for Ag
nanopatterns of (i), (ii), and (iii) of Fig. 1, respectively. The
etch rate of Si SWSs is affected mainly by the geometry of
nanomask patterns including the diameter, correlation
distance, and height of Ag nanoparticles on the Si and
SiO2/Si substrates. The nanopatterns with a higher density
resulted in a lower etch rate. For S2 and S6, the highest etch
rate was observed. In the case of S5, the Ag nanomask
patterns were eroded and lift-off during the ICP etching,
ß 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 2 (online color at: www.pss-a.com) (a) SEM images and (b)
reflectance spectra of the etched Si SWSs using the Ag nanopatterns
after RTA at 600 8C for Ag films of (i) 5 nm, (ii) 10 nm, and (iii) 15 nm
and after RTA at (iv) 400 8C and (v) 800 8C for Ag films of 10 nm. The
SEM image of the etched Si SWS using the Ag/SiO2 nanopattern
after RTA at 600 8C for 10 nm Ag film is also shown in (vi) of (a). The
insets of (a) show the cross-sectional SEM images of the etched Si
SWSs.

which sparsely forms several sharp tips. For both Ag and Ag/
SiO2 nanomask patterns, the etch rates were similar.
However, more tapered and rough top structures were
obtained for Ag nanomask patterns without SiO2 buffer
layer. The reason is that the Ag reacts with etching gas (i.e.,
SiCl4) [21] and then is partially attacked during the etching.
In contrast, for Ag/SiO2 nanomask patterns, the SiO2
underlayer still acts as the etch mask despite the attack of
Ag nanopatterns.
The total (i.e., specular and diffuse) reflectance was
measured by a UV–VIS–NIR spectrophotometer (Carry
5000, Varian) with an integrating sphere for collection of the
scattered light at a near normal incidence of 88 using an
unpolarized light. The reflectance spectra of the etched Si
SWSs are shown in Fig. 2b. For a bulk Si substrate, the
reflectance is very high, i.e., >30% at wavelengths of 350–
1100 nm. The reflectance values of Si SWSs were significantly decreased compared to the bulk Si substrate. For all
the samples, the rapid increase in reflectance exists above
l  1030 nm. This is caused by the backscattering of light by
the reflection from the back surface of Si substrates [22]. For
S5, the reflectance of the structure was not much reduced, as
expected. The S3 etched with large pattern size yielded high
www.pss-a.com
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reflectance values of >10% in the short wavelength region.
In S2, the use of Ag nanopatterns further lowered the
reflectance at wavelengths of 350–700 nm compared to the
S6 with Ag/SiO2 nanopatterns as shown in (ii) and (vi) of
Fig. 2b. Clearly, the Si SWSs with a tapered profile exhibit a
low reflectance in the short wavelength range [23]. For S1
and S4 with relatively low heights, the reflectance was
increased, especially at long wavelengths. Thus, the
thermally dewetted Ag nanopatterns after RTA at 600 8C
for 10 nm Ag film were optimized as the etch masks for the
lowest reflectance of Si SWSs.
Figure 3 shows the reflectance spectra of the etched Si
SWSs at different (a) RF powers without ICP power and (b)
ICP powers in addition to 50 W RF power at 10 mTorr for the
Ag and Ag/SiO2 nanopatterns after dewetting at 600 8C of
10 nm Ag film. The insets show the SEM images of the etched
Si SWSs. The etch rate increased from 2.8 nm/min at 25 W to
21.3 nm/min at 100 W as the RF power increased. The
reflectance was gradually decreased with the increase of RF

Figure 3 (online color at: www.pss-a.com) Reflectance spectra of
the etched Si SWSs at different (a) RF powers without ICP power and
(b) ICP powers in addition to 50 W RF power at 10 mTorr for the Ag
and Ag/SiO2 nanopatterns after dewetting at 600 8C of 10 nm Ag
film. The insets of (a) and (b) show the SEM images of the etched Si
SWSs.
www.pss-a.com
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power because the height of the Si SWSs became taller. The Si
SWSs etched with Ag nanopatterns exhibited lower reflectance than those with Ag/SiO2 nanopatterns. As can be seen in
the inset of Fig. 3a, the structures show more tapered shapes
with rough surfaces for Ag nanopatterns as mentioned above.
For S8 and S11 at 50 W RF power, the structures produced
effectively the textured profile because of its low etch rate.
The texturing was more enhanced in the S8 with Ag
nanopatterns, which provides a slightly lower reflectance.
Indeed, the tapered structures reduce significantly the
reflectance in the short wavelength region. In S9 and S12 at
100 W RF power, the structural collapse occurred and its
reflectance was relatively high in the long wavelength region,
although it is still lower than the other samples, because the
nanopatterns were attacked and lifted off at the high RF power.
The tapered profile as well as the etch rate was further
enhanced when the ICP power was applied in addition to the
RF power. However, the SWS structures easily collapsed in
some regions during the etching with additional ICP power to
high RF power. For this reason, a relatively low RF power of
50 W was chosen. The etch rate was increased to 44.9 nm/min
at 200 W ICP power and 50 W RF power. It is noted that the
etch rate was 12.7 nm/min at only 50 W RF power. For S14,
the addition of 200 W ICP power to 50 W RF power also
revealed the tapered shapes, as shown in the inset of Fig. 3b,
thus leading to the reflectance of <4.1% at 400–1000 nm. By
using Ag nanopatterns, the reflectance of S13 was more
reduced than that of S4 at wavelengths of <600 nm,
indicating a very low reflectance of <2.4% over a
wavelength range of 400–1000 nm. This can explained by
the fact that, for the Si SWSs etched using Ag nanopatterns,
the effective refractive index profile, based on the volume
fraction of the individual constituents [24], is more linearly
changed from air to the Si compared to those using Ag/SiO2
nanopatterns [25, 26].

Figure 4 (online color at: www.pss-a.com) Reflectance spectra of
the etched Si SWSs with 50 W RF power and 100 W ICP power at
process pressures of 5 and 20 mTorr for the Ag and Ag/SiO2 nanopatterns after dewetting of 600 8C of 10 nm Ag film. The inset shows
the SEM images of the etched Si SWSs.
ß 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4 shows the reflectance spectra of the etched Si
SWSs at process pressures of 5 and 20 mTorr for the Ag and
Ag/SiO2 nanopatterns after dewetting at 600 8C of 10 nm Ag
film. The SEM images of the etched Si SWSs are shown in
the insets of Fig. 4. The RF and ICP powers are 50 and 100 W,
respectively. The height of SWSs increased as the process
pressure increased. When the process pressure was
decreased to 5 mTorr (i.e., etch rate of 15.7 nm/min), the
reflectance of S15 was increased over a wide wavelength
region due to the reduced height of Si SWSs. For S16 and S17
at 20 mTorr, the etch rate was in creased to 42.6 nm/min. For
both Ag and Ag/SiO2 nanopatterns, the etched Si SWSs had
tapered profiles due to the enhanced lateral etching, but its
top was sharper with a rough surface for S16 with Ag
nanopatterns. For S17 with Ag/SiO2 nanopatterns, the
undercut sidewall beneath the etch mask was observed
owing to the SiO2 buffer layer. For S16 with Ag
nanopatterns, therefore, the reflectance of the Si SWS was
slightly reduced at wavelengths of <500 nm. However, at
20 mTorr, the use of high ICP power, i.e., 200 W, caused a
partial collapse of the structure because the erosion of Ag and
Ag/SiO2 nanopatterns during the etching process.
To investigate the angle-dependent antireflection property of the Si SWSs, the unpolarized reflectance was
measured using a Cary variable angle specular reflectance
accessory in a specular mode. Figure 5 shows the specular
reflectance spectra at light incidence angles of ui ¼ 8–708 for
the Si SWS etched with 50 W RF power and 200 W ICP
power at 10 mTorr process pressure. For comparison, the
total reflectance spectrum is also shown by the dashed line at
a normal incidence of ui ¼ 88. The inset of Fig. 5 shows the
photographs of the Si substrate and the corresponding
fabricated Si SWSs for Ag and Ag/SiO2 nanopatterns. As can
be seen in the inset of Fig. 5, the surface of the S13 and S14

appeared dark black compared to the Si substrate. This is
caused by the reduced surface reflectivity. The S13 was more
likely black than that of S14. The specular reflectance was
almost the same with the total reflectance at wavelengths of
750–1030 nm though the specular reflectance was slightly
lower at wavelengths of <750 nm. At l > 1030 nm, there
exists the discrepancy caused by the backscattered light as
explained in Fig. 2b. The reflectance increased with the
increase of incident angle and it was raised rapidly at
ui > 508. The reflectance of S13 was maintained at values less
than 16% over a wavelength region of 350–1100 nm up to the
incident angle of ui ¼ 508, especially <9.9% at ui ¼ 408.
4 Conclusion We studied the antireflection properties
of the disordered Si SWSs on Si substrates via the SiCl4/Ar
ICP etching using thermally dewetted Ag nanopatterns as the
etch mask by changing etching process parameters, in
comparison with Ag/SiO2 nanopatterns. With RTA of 10 nm
Ag film at 600 8C for 120 s, the geometry of Ag nanopatterns
on Si and SiO2/Si substrates was optimized to obtain the
lowest reflectance of Si SWSs. The addition of the ICP
power to the RF power reduced significantly the reflectance.
At higher process pressure, the reflectance was decreased.
The Si SWS etched using Ag nanopatterns at 50 W RF
power, 200 W ICP power, and 10 mTorr process pressure
exhibited a very low reflectance of <2.4% over a wide
wavelength range of 400–1000 nm. The Ag nanopatterns,
which provide more tapered profiles and rough surfaces of Si
SWSs, further improved the antireflection property in the
short wavelength region. As a result, the disordered Si SWSs
with taller height and tapered profile leads to the relatively
low wide-angle reflectance spectra over a broadband
wavelength range.
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