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1. INTRODUCTION

Silicon nanostructures, including silicon nanocones, silicon
nanopillars (Si-NPs), and porous silicon (P-Si), have attracted
tremendous research interest over the past decade owing to their
potential in a wide variety of applications, such as biosensors,1�3

photodetectors,4,5 photovoltaic devices,6,7 and photonics.8

Among them, the application to photovoltaic cells for enhancing
the efficiency of solar energy harvesting has emerged as a top
issue. One of the major obstacles that seriously decrease the
conversion efficiency of photovoltaic devices is the loss of light
due to reflection. For that matter, fabricating structures with
greatly enhanced antireflective properties on surfaces of the solar
cells has become a hotly pursued subject for improving the
photovoltaic conversion efficiency.9�11 In most of the demon-
strated structures the reduction of reflection loss has been
attributed to either the distortion of the radiation wavefront to
achieve light trapping by total internal reflection inside the
surfaces or to the tapered index of refraction resulting from the
subwavelength nanostructures obtained. Moreover, the short
collection length for excited carriers enabled by incorporating
the Si nanostructures into solar cells also might be beneficial in
solar energy harvesting.

Previously, various methods,12�15 ranging from photolitho-
graphy etching to spin coating, have been used to prepare the
subwavelength structures. The obtained nanostructures satisfac-
torily demonstrated an average reflectance of 2�10% within the
wavelength range of 300�900 nm. The applicability of these
techniques, however, either is specific to certain wavelengths or is
hindered by the stability problems associated with the undesired
adhesion issues between nanostructures and substrate. To

resolve the above-mentioned issues, very recently much im-
proved antireflective performance with Si-nanotips exceeding
micrometer length has been obtained by a self-masking electron
cyclotron resonance etching process.10 In this study, we report an
alternative method of using the self-assembled silver nanostruc-
tures as the metallic-nanomask to fabricate the Si-NPs and
biomimetics (sponge-like) structures of P-Si. Since the silver
nanoislands and disordered nanogrids were formed through
Volmer�Weber growth mode during sputtering and the direct
dry etching was subsequently performed, the Si-NPs and P-Si
nanostructures were obtained very effectively: usually it took less
than 10 min for obtaining 1 μm-long Si-NPs. The simplicity of
the current fabrication method thus is advantageous in several
respects. First, the manufacturing process is very effective
because it took only 10�20 s to obtain the self-assembled
silver-nanomask by sputtering. Moreover, the lithography-free
anisotropic dry etching can reduce the fabrication cost signifi-
cantly. Finally, the presented Si-NPs and P-Si has an average
reflectance as low as 0.65% in the broadband wavelength range
from 300 to 1000 nm (deep ultraviolet (DUV) to infrared ray
(IR)), respectively, which by far is superior to that obtained in
most antireflective Si-nanostructures.

2. EXPERIMENTAL SECTION

The Ag nanoislands grown on Si substrates were obtained by
rf-sputtering from an Ag target (Eastern Sharp EPS01) for
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ABSTRACT: We report a lithography-free approach for fabri-
cating silicon nanopillars (Si-NPs) and biomimetics porous
silicon (P-Si) with excellent antireflective properties. The self-
assembled silver nanostructures (nanoislands and disordered
nanogrids) were formed via the Volmer�Weber (island
growth) mode during the deposition process, which, in turn,
serve as a metal-nanomask for the subsequent dry etching
process carried out for fabricating the Si-NPs and P-Si on Si
substrates. Reflectivity of about 0.65% was obtained over the
spectral region ranging from deep-ultraviolet to infrared light
(300�1000 nm). The remarkable antireflective characteristics
obtained are attributed to the drastic decrease of effective index
of refraction and the enhanced matching effect between air and substrate resulting from the Si nanostructures and suggesting an
interesting alternative route for producing nanostructures that might be useful for photovoltaic applications.
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10�20 s with an input power of 150 W in 25 sccm argon gas
atmosphere. As illustrated schematically in Figure 1b, due to the
short sputtering time practiced, the resulting size distribution of
the obtained Ag nanoislands is rather uneven. The Si-NPs array
was obtained by subsequent dry etching performed in a metal
etcher system (Canon ILD 4100). Prior to etching, the chamber
was evacuated to a base pressure of 3 � 10�5 Torr while the
system temperature was kept at 60 �C. After loading the prepared
Ag nanoislands covered Si substrate, Cl2 gas of 90 sccm and N2

gas of 10 sccm were introduced. The system was operated with a
fixed input power of 1900 W maintained and the etching time
was varied from 1 to 20 min. This process is also depicted
schematically in Figure 1c. During the dry etching process, the
reactive ions were accelerated and passed the sheath region to
produce the ion bombardment effect that, in turn, etches the Si
substrates anisotropically to form the Si-NPs, as illustrated
schematically in Figure 1d. The P-Si structures were obtained
similarly except that in this case the rf-sputtering time of Ag was
prolonged to 20 s and the obtained Ag nanoislands started to
coalescence and formed irregularly connected grains on the Si
substrate. The reflectivity of both of the Si-NPs and P-Si’s was
measured with a spectrophotometer (Jasco V-670) with unpo-
larized light of wavelengths ranging from 300 to 1000 nm. To
obtain precise information on the optical properties of the Si-
NPs and P-Si’s, an integrating sphere was used in the spectro-
photometer to determine the total reflectance.16

3. RESULTS AND DISCUSSION

Figure 2a exhibits the SEM image showing the typical
morphology and distribution of the Ag nanoislands obtained
with a sputtering time of 10 s. The density of the Ag nanoislands
is estimated to be around 4.5� 109 cm�2. The area density of the
Ag nanoislands is about 2 orders of magnitude smaller than that
reported by Lin et al.17 where the self-aggregated Ni-nanodots
with an area density of 5� 1011 cm�2 were obtained by carrying

out the rapid thermal annealing process on a 50-nm-thick
e-beam evaporated Ni layer at 850 �C for 22 s. Furthermore, it
is evident from the SEM image that, in addition to the isolated
islands with smaller sizes, there appears to be islands resulting
from coalescence of two or more islands already in this short
sputtering time. Both of these characteristics are believed to
result from the film growth mechanism inherent to the current
system and can be understood as follows. Since the surface
energies for silver and SiO2 are about 923 ergs/cm2 and
200�260 ergs/cm2, respectively,18 one expects that the deposited
Ag layer would follow the Volmer�Weber growth mode and
grow into island-like morphology during the processes of sputter-
ing. The formation of the growing islands thus is by the nucleation
and growth mechanism and is prevailed predominantly by sur-
face diffusion of the impingement of condensate monomers,
rather than the thermal-induced dewetting and subsequent
agglomeration of an existing thin layer.13�15 It has been reported
that, for Ag or Au condensed on MoS2 substrate kept at 400 �C,
the density of the initial nuclei was about 5 � 1010 cm�2 with a
typical diffusion distance of 50 nm and the coalescence of these
nuclei can occur in less than 0.1 s.19 It is, thus, quite reasonable to
observe a much lower area island density and apparent island
coalescence in the present case even within a “short” sputtering
time of 10 s.

Figure 2b displays the Si-NPs obtained from Si substrate
partially covered with the Ag nanoislands shown in Figure 2a
after performing the dry etching process for 1 min. The Si-NPs
obtained under this condition have an average height of 50 to
150 nm and an aspect ratio of ∼1 with the masking Ag nano-
islands remaining nearly intact at the tip of the Si-NPs. Obviously,
the Ag nanoislands acted as an effective metal-nanomask during
the early stage of dry etching performed on the Si substrate. The
formation of Si-NPs thus was a natural consequence of the
protection from Ag nanoislands, which protect the areas under-
neath from ion bombardment during the dry etching process
while significant anisotropic etching prevailed on the exposed
areas of the Si substrate.

By increasing the etching time, the height of the Si-NPs was
found to grow continuously while the coverage of themasking Ag
nanoislands was diminishing at the same time. We found that at
an etching time of about 10 min the Ag nanoislands appeared to
vanish completely. The Si-NPs obtained with 10 min etching
time, as displayed in Figure 2c, are aligned vertically along the
[001] crystallographic orientation with the average height and
width being about 1 μm and 100�200 nm, respectively. The
latter and the spacing between the Si-NPs are, in fact, consistent
with the size of the Ag nanoislands (Figure 2a), indicating the
effectiveness of using them as etching masks. It turned out that in
the present case 10 min etching has resulted in an optimal
compromise between the etching rate selectivity and mask
protection effectiveness for Si substrates. Indeed, as shown in
Figure 2d for the case of increasing the etching time to 20 min,
further etching without the masking protection of Ag nano-
islands evidently leads to complete destruction of the Si-NPs.

Another antireflective Si nanostructure of interest is the
biomimetics (sponge-like) structures of P-Si, which turns out
can also be easily fabricated with the current process. Inspired by
the above-mentioned growth mechanism underlying the growth
and coalescence of the Ag nanoislands formed in situ during the
sputtering process, we have intentionally prolonged the sputter-
ing time to 20 s. Figure 3a shows the morphology of the result-
ing Ag film obtained after the prolonged sputtering process.

Figure 1. Steps in the fabrication of Si-NPs: (a) Si substrate with p-type
(100), (b) Ag nanoislands are formed from sputtering, (c) dry etching by
plasma, and (d) finally the Si-NPs are fabricated.
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Comparing to the result shown in Figure 2a, it is clear that such
prolonged sputtering time was adequate to drive the deposited
Ag film from the island coalescence stage into the island-
networking growth stage. The morphology of the obtained Ag
film, though appearing to be rather disordered, is ideal to serve as
an etching mask for fabricating biomimetics P-Si. Figure 3b
shows the resulting substrate structure after carrying out 10 min
of dry etching on Si substrate covered by Ag film shown in
Figure 3a. In this case, connecting the porous structure with
approximately 1-μm-deep holes (see the inset of Figure 3b) is
evidently obtained. However, unlike the results displayed in
Figure 2, there appears to still be traces of Ag metal masks left
on the surface of the obtained structure. This is not surprising
because the thickness of the Ag layer is presumably much thicker
than that of the one shown in Figure 2 due to the twice longer
sputtering time practiced. In any case, we have demonstrated that
the Ag nanoislands obtained in situ by short time sputtering can
indeed serve as effective metal masks for fabricating structures
such as Si-NPs and P-Si. Next we turn to discussing the optical
properties of these structures.

The total reflectance spectra to be presented in the following,
including the specularly reflected beam, were measured by an
integrating sphere with the wavelength ranging from ultraviolet
to near-infrared. Figure 4 displays the reflectance as a function of
measuring wavelength, ranging from 300 to 1000 nm, for the as-
polished Si substrate, Si-NPs obtained with various dry etching
durations (namely for 1, 5, 10, and 20 min, respectively), as well
as for the P-Si structure described above. From the curves
displayed in Figure 4, it is evident that the polished Si substrate
(solid aquares) exhibits the typical wavelength-dependent re-
flectance with the mean reflectance as high as 38% in the
500�1000 nm wavelength range. The reflectance is significantly
suppressed even with the surface featuring Si-NPs with relatively
low aspect ratio obtained by dry etching for 1 min (as shown in
Figure 2b). However, due to the lack of sufficient height, the
reflectance of these nanostructures remains at the level of about
11.9% over the spectrum range from 300 to 1000 nm. The short
pillar structure also may be responsible for the increasing
reflectance seen at longer wavelengths (λ > 700 nm), presumably
due to the existence of residual Ag nanoislands at the tip of the

Figure 2. (a) The SEM images of Ag nanoislands evenly distributed on Si substrate; (b) the SEM image of Si-NPs that have been processed by dry
etching for 1min; (c) the SEM image of Si-NPs that are fabricated by dry etching for 10min; and (d) the Si-NPs have been annihilated after a dry etching
time of 20 min.
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Si-NPs as well as the inactive λ/4 antireflection effect. The situation
is further improved by increasing the time duration of dry etching
to 5 min. As is evident from the results, owing to the increased
height of the obtained Si-NPs, the mean reflectance was further
suppressed to 5.49%.

Perhaps the most significant result of the current study is that
the average reflectance is suppressed to 0.65% over the entire
spectral bandwidth ranging from 300 to 1000 nm when the
substrate was processed with a dry etching duration of 10 min.
This is about 1.5 orders of magnitude smaller than that of the
polished Si. Obviously, the height of Si-NPs is playing a key
role.20,21 This can be understood as follows. An ideal antireflec-
tion coating should satisfy the following conditions: nc = (nans)

1/2,
where nc, na, and ns represent the refractive indices of the

coating material, air, and substrate, respectively. Moreover,
reflection loss can be decreased at wavelengths near the quar-
ter-wavelength optical thickness.22 Thus, in order to suppress the
reflection, nc must be between 1.2 and 1.3.23 However, the lowest
refractive index of the applied materials is about 1.34.24 Under
this circumstance, one of the effective ways of decreasing the nc
value is to use appropriate structures to introduce air into the
surfaces. Furthermore, when the incident light reaches the
interface between two media, the reflection is determined by
the difference in their refractive indices. Thus it would be even
more effective to suppress the reflection if some sort of gradual
refractive index gradient can be established.21 In the present case,
the one-dimensional Si-NPs (with height of 1 μm) not only
drastically reduced the effective refractive index in the Si-NPs
layer by introducing significant empty space and surface areas but
also form a gradually decreasing refraction index gradient from
substrate to air because of the spear-shape pillars. Both are
believed to result in very low reflectance obtained by these
micrometer-sized Si-NPs arrays. Additionally, since the spacing
between the Si-NPs is mostly much smaller than the incident
wavelength, the diffraction losses can also be avoided in the
current Si-NPs structure.25 On the other hand, when the Si-NPs
were destroyed by prolonged etching (e.g., the surface morphol-
ogy obtained after 20 min etching duration shown in Figure 2d),
the remaining irregular surface alone cannot effectively suppress
the reflection and the measured reflectance rising back to a level
of 9.14% over the same spectral bandwidth measured.

Although the results presented above have demonstrated that
Si-NPs can be fabricated and indeed exhibit excellent antire-
flective properties, it is noted that the pillar structure is also quite
susceptible to subtle process parameters, such as the sputtering
and the dry etching durations. To further take advantage of the
Ag metal-nanomask for fabricating nanostructures with equally
high-performance and scale-up viabilities, we have also extended
the present concept to fabricate P-Si nanostructures, as briefly
described in Figure 3. According to Figure 3b, the surface of the
P-Si obtained by dry etching the Si substrate covered with
connected Ag islands is highly porous. The sponge-like structure
consists of a large surface area resulting from holes of 100 nm
diameter and ridges protected by the Ag islands randomly

Figure 3. The SEM images of (a) Ag disordered nanogrids (sputtering
time of 20 s) distributed on Si substrate and (b) P-Si. The inset is the
high-magnification SEM image of P-Si.

Figure 4. The reflectivity spectroscopy for polished Si, P-Si, and Si-NPs
with dry etching times of 1, 5, 10, and 20 min. The inset shows the (a)
P-Si and (b) Si-NPs with dry etching for 10 min taken with a digital
camera.
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distributed on the resulting Si substrate (see the inset in
Figure 3b). As is evident from Figure 4 (solid pentagons), the
biomimetic P-Si sample exhibits essentially the same antireflec-
tive property as that of the 10 min dry etching Si-NPs (solid
circles) with an average reflectance below 0.69%. Since both
samples were subjected to the same etching time duration, we
expect that both should have similar etching depth and hence
similar effects in suppressing the reflection loss, namely by
effectively reducing the value of the index of refraction and
trapping the incident lights inside the structures. Finally, as
illustrated in the insets of Figure 4, both optical pictures clearly
contrast the dark appearances exhibited in the regions with Si-
NPs (inset to panel a) and P�Si (inset to panel b) to the shinning
appearance exhibited in original polished Si substrate. We note
that the ease of fabricating the Si-NPs and P-Si structures and the
excellent antireflective properties demonstrated in both struc-
tures with the present processes should have significant implica-
tions in potentially incorporating them into the photovoltaic
applications.

4. CONCLUSIONS

In summary, we have demonstrated that by properly manip-
ulating the time duration of Ag sputtering and the subsequent dry
etching process, Si nanostructures (including Si-NPs array and
biomimetics sponge-like structure) with reflectance as low as
0.65% can be easily obtained. Comparing to most of the
techniques employed in obtaining similar structures, not only
the antireflective performance is comparable to the best results
reported, but also the current process is simple and, more
importantly, lithography-free. The in situ formation of Ag
nanoislands during the rf-sputtering process was found to follow
the surface diffusion dominated three-dimensional nucleation
and growth (the Volmer�Weber) mechanism. The island
coalescence stage was observed to occur within 10 s of sputtering
time and the subsequent island networking was nearly completed
in 20 s. By using these self-assembled Ag nanostructures (islands
and disordered island networks) as the metal-nanomasks, Si-NPs
and P-Si were obtained by subsequent dry etching. The obtained
Si-NPs and P-Si exhibit an average reflectance of 0.65% and
0.69% over the wavelength range between 300 and 1000 nm,
respectively, which is about 1.5 orders of magnitude smaller than
that of the polished Si. The present technique, with its simplicity
and effectiveness, has evidently provided significant application
potentials in a variety of fields, especially in biomimetics-based
nanodevices and high-efficiency photovoltaic devices.
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