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Abstract

This work develops a novel method for preparing a moth eye
structure, which has a sub-wavelength periodical Si nanocone structure on
Si (100) substrate, using two-step metal assisted chemical etching (MACE).
The 1st and 2rd MACE were respectively performed with the intention to
form perpendicular Si nanowire arrays on a Si substrate and sharpening the
Si nanowire arrays. We found the inhomogeneous absorption and
aggregation of Au particles used as a catalyst for 2rd MACE was important to
obtain the nanocone shape. The obtained Si nanocone arrays showed
superior anti-reflecting properties especially in wavelength below 600 nm
compared to the Si nanowire arrays. A possible mechanism involved in the
formation of the nanocone structure by the 2-step MACE is discussed in this

paper.



1. Introduction

Existing in nature, several unique surfaces based on high aspect ratio
nanostructure arrays possess special features[1-7]. For instance, the surface of cicada
wings[2—4] and moth eyes[5,6] consist of nanoscale cone-like structure indicate a
killing action on bacteria and a quite low reflectance in visible range, which are
potentially considered applications as an anti-bacterial coating and an anti-reflection
layer for the photovoltaic cells. Therefore, reproduction of nanocone structure using an
artificial method is one of the interesting issues on the biomimetic field. In the previous
study, there are several methods have been demonstrated to prepare Si nanocone
structures using top-down and bottom up techniques, such as conventional dry
etching[8,9], vapor liquid solid growth (VLS)[10] and chemical etching method[11,12].
Among of them, the metal assisted chemical etching (MACE) is one of the promising
method for mass production of Si nanostructures because it is a simple and low cost
method to fabricate nanostructures with controlled shape[13,14]. There are many reports
about formation of Si nanowire arrays[6,15-17] but few studies report the fabrication of
Si nanocone structure using MACE[11]. The previous report about preparation of
nanocone mainly focused on the modification of etching solution during MACE process.
In this study, we focused on morphology of etching catalyst for MACE, and
demonstrated a new approach to prepare Si nanocone arrays by 2 step MACE technique

using Au nanoparticles.

2. Sample Preparation
The Si nanocone arrays were prepared by a two - step MACE technique. We used Si

(100) substrates (p-type, 1-10 © cm) cut into 30 x 30 mm? in the experiments. At first,



the Si substrates were degreased with acetone and propanol using an ultrasonic bath for
10 min, respectively. Then, the Si substrates were immersed for 30 min in piranha
(volume ratio 4:1= H>SO4 : H202) and RCA (volume ratio 1:1:5=NHs : H>O> : H20)
solution maintained at 75 °C to form a hydrophilic surface. Subsequently, the Si
substrates were rinsed several times in deionized water.

Figl (a)-(g) show schematics of the sample preparation procedure. The 1% MACE
was performed to form vertically aligned Si nanowire arrays on a Si substrate with
anti-dot patterned Au catalyst, which was prepared by PS spheres lithography
technique[16]. The PS sphere with average diameter of 500 nm were used in this
experiments (Polysocience Inc. Polybead Polystyrene Microspheres 2.5%
Solids-Latex: 3.64 x 10* / ml). The PS sphere solution was dropped on the
hydrophilic Si surface and dried at room temperature, and a close-packed PS monolayer
array was formed on the Si substrate (Fig. 1(a)). The average diameter of PS spheres
was reduced from 500 nm to 300 nm by reactive ion etching (RIE) treatment under O
flow of 30 sccm and power of 30 W for 85 sec. Thus a space was created between the
shrunk PS spheres as shown Fig.1 (b). 30 nm of Au was deposited on the PS arrays on
Si substrate by DC sputtering, and Au anti-dot pattern was formed on the Si substrate
using PS sphere arrays as a sputter mask (Fig. 1 (c)). For the MACE process, a mixture
of hydrofluoric acid (HF), hydrogen peroxide (H20.) and deionized water with volume
ratio of 15: 2: 83 was used. The 1% MACE was carried out for 12 min at room
temperature, and vertical nanowire arrays were formed on Si substrate (Fig. 1 (d)).
After 1 MACE, the Au anti-dot pattern and PS spheres were selectively etched away
(fig. 1(e)) by doubling diluted aqua regalis (volume ratio 1:3:4 = HCI : HNOs3 : H20)

and piranha solution, respectively.



The 2" MACE was conducted for the Si nanowire arrays with Au nanoparticles.
Polyvinylpyrrolidone (PVP) coated and uncoated colloidal Au nanoparticles with
average diameter of 20 nm were used as an etching catalyst. For comparison, the Si
nanowire arrays prepared by 1% MACE were immersed into the two kinds of colloidal
Au nanoparticle solutions for 30 min at room temperature, respectively. Then the Si
nanowire arrays were decorated with Au nanoparticles (Fig. 1 (f)). Subsequently, 2™
MACE was carried out with the same solution used in 1% MACE for 10 min at room
temperature, and the Si nanocones arrays were obtained (Fig. 1(g)).

The morphology of the samples was observed by scanning electron microscopy
(SEM: JEM-7500F, JEOL) with an energy dispersive X-ray analysis (EDX)
measurement system. A UV- vis spectrophotometer (Jasco, V-650) was used to measure
the reflectance properties of samples. The incident angle of light for reflectance
measurements was 5° tilted from normal to the surface of the substrate, and 5 x 5 mm?
area on the sample surface was measured. The reflectance measurements were

performed five times at different area on the each sample.

3. Results and Discussion

Fig. 2 (a) and (b) show SEM images of Si nanowire arrays after 1 MACE and
selective dissolution of the PS spheres. Self-standing Si nanowire arrays with average
diameter of about 300 nm were observed in Fig.2 (a), and each wire showed
perpendicular to the Si (100) substrate. In Fig. 2 (b), hexagonally ordered Si nanowire
arrays with average diameter of about 300 nm were observed. An inter-wire distance,
which is a center to center distance of a nearest neighbor of the Si nanowires, were 500

nm.



The cross-sectional SEM images of the Si nanowire arrays after absorption of
Au nanoparticles are shown in Fig. 3. For comparison, we used two types of Au
nanoparticles with and without PVP. PVP is commonly used as a dispersing agent to
avoid aggregation of metal nanoparticles [18,19]. In Fig. 3 (a) and (b), most of adsorbed
Au particles without PVP were concentrated around top of the nanowires, and they were
strongly aggregated each other. In contrast, the adsorbed Au nanoparticles with PVP
were widely distributed along the length of the Si nanowires, although density of the
nanoparticle gradually decreased from top to bottom of the Si nanowires, as shown in
Fig. 3(c) and (d). During the Au adsorption process, the Au particles were supplied from
above the nanowire arrays, and preferred to adsorb around the top of the nanowire. This
tendency was observed in both samples with exception of a certain difference.

Fig. 4 shows SEM images of Si nanowire arrays after 2"¥ MACE using Au
nanoparticles (a) without and (b) with PVP as catalysts for the etching. Although the
etching duration of 1% and 2" MACE for both samples was the same, a distinct
difference was observed in their morphology. The Si nanowires etched with Au particle
without PVP were strongly tapered especially at the tip section and exhibited a cone-like
shape. The aggregated Au nanoparticles were observed at the top of nanocone structure
indicated as arrow in the Fig. 4 (a). Moreover, the tapered angle of the nanocone
gradually changed along the length direction, and the tapered angle got lager near the
top of the nanocone. On the other hand, the samples using Au particles with PVP
appeared slightly tapered nanowires but many nanopores were observed on the surface
as shown in Fig. 4 (b). Additionally, the diameter at the bottom part of nanocone was
decreased after 2" MACE. These morphological differences between the two samples

imply that etching shape of Si during MACE strongly depends on the condition of



adsorbed Au nanoparticles.

Generally, MACE can be explained as a microscopic electrochemical cell at
the Si surface with metal a catalyst a particle in the mixture of HF and H2O> solution.
[13,14,20]. Fig. 5 (a) and (b) show scheme of the the MACE process using Au
nanoparticles on a Si substrate. The MACE process is initiated by the reduction of H.O>

at a cathode.

H,O; + 2H* — 2H,0 + 2h* (@8]

Due to high catalytic activity at the metal particle compared with Si surface, the reaction
mainly occurs at the surface of the metal particle. The electrons are transferred from
surface of the metal particle to H>O: in the solution as a result of the reaction (1),

At the anode, the Si substrate is oxidized and dissolved. The reaction can be

expressed as follows,

Si + 4h*+ 6HF — SiFs> + 6H"  (2)

For successive oxidation and dissolution of Si, a continuous supply of charges and
chemicals to the etching point is necessary. The electrons in the Si substrate are
transferred into the metal particle, and the reaction (1) consumes electrons at the surface
of the metal particle. Then, holes injection occurs into the Si substrate at the surface
under the metal, since the oxidative dissolution of Si surface preferentially occurs,
consuming holes, near the interface between Si and metal. Most of holes are consumed

at the Si surface under metal due to oxidative dissolution of Si indicated as reaction (2).



However, some excess holes, which are not consumed at the Si surface under metal
diffuse in the Si substrate. The diffused holes are used for oxidative dissolution of Si,
away from meal catalyst[13]. The diffused holes usually increased with increased in
reaction (1) using etching solution containing high concentration oxidant agent of
H202[11].

In our experiments on the 2" MACE using Au nanoparticles without PVP, the
nanoparticle adsorbed inhomogeneously and aggregated each other on the Si nanowires
as shown in Fig.6 (a). The degree of aggregation of Au nanoparticles at the top of the
nanowires is higher than at that bottom. The aggregated Au particles exsist larger
surface ratio (Au surface area per surface area of Si beneath the Au) than the isolated
single nanoparticle due to the 3-dimentional porous structure. This large surface ratio of
Au catalyst allows a larger amount of the chemical reaction indicated as equation (1) per
unit area of Si surface, and the number of injected positive holes into the Si substrate is
also increased under the aggregated Au particles as shown in Fig. 5(b). Therefore,
reaction (2) could be enhanced and etching speed was accelerated at the Si surface
under the aggregated Au particles. In fact, a previous study also reported a faster etching
speed of Si using aggregated Au particles than with the use of single particle [13]. The
Si etching would occur not only in length direction but also in the diametrical direction
of the nanowire. Then, the gold particles was further aggregate around top of the
nanowire during 2" MACE, and finally only one large aggregate of Au particles at the
top of nanocone was observed as shown in fig. 4(a). Moreover, the aggregated Au
particle has produced many excess injected holes in the Si nanowire, and the holes
diffused from top downward. The diffused holes etched the Si nanowire in the

diametrical direction, away from the aggregated Au nanoparticles. The concentration of



the injected holes gradually decrease from top to bottom as shown Fig.6 (a), and the
etching rate of Si in the diametrical direction also gradually decreased depending on the
distance from the aggregated Au particles around the top of the nanowire. Therefore,
tapered cone shapes and aggregated Au particle on the top of the nanocone were finally
formed, as shown in Fig. 6 (b). In the case of 2" MACE with Au particles with PV/P, the
adsorbed Au particles were widely distributed on the surface of the Si nanowire. The
differential of concentration of injected holes along the length direction would be
smaller, and the taper angle of the nanocone was finally small.

The each sample with the nanostructure showed homogenous dark color at the surface,
and reflectance spectra measured at different part on the sample indicated almost similar.
Fig 7 shows the typical optical reflection spectra of Si (100) with various structure on
the surface. The reflectance spectra at the different point. The length and diameter of the
Si nanowires were 1.5 um and 300 nm. The measured Si nanocone arrays were prepared
using Au nanoparticles without PVP, and the length and diameter at the bottom were 1.2
um and 300 nm, respectively. Both of nanowire and nanocone samples exhibited lower
reflectance the whole measured wavelength region than the polished Si substrate. In
addition, the reflectance of the Si nanocone arrays especially showed superior
anti-reflecting property in the wave length region below 600 nm compared with Si
nanowire arrays. These results indicated that the nanocone arrays prepared by 2 step
MACE method were equipped with anti-reflecting function as a moth eye structure.
However, the reflectance of the nanocone arrays is still higher than the reflectance of
previously reported Si nanowire arrays in visible range[21,22]. The optimization of size

and shape of the nanocone arrays is necessarily to realize further low reflectance.



4. Conclusions

In conclusion, with the present work we demonstrated the formation of Si
nanocone arrays by a 2 step MACE method using Au nanoparticles as the catalyst for
the 29 MACE. Inhomogeneous adsorption and aggregation of Au nanoparticle on the
surface of nanowire arrays was important to determine a morphology of nanocone
arrays. The nanocone arrays exhibited lower reflectance compared to nanowire arrays,

especially at shorter wavelength.
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Figure captions

Fig. 1 Cross section schematics of sample preparation procedure. (a) PS sphere arrays
on Si substrate. (b) PS spheres after Oz plasma etching. (c) Formation of Au anti-dot
pattern using the PS sphere arrays as a sputter mask. (d)1* MACE using anti-dot Au
pattern as an etching catalyst. (e)Selective etching of Au and PS. (f)Au nanoparticle
adsorption on Si nanowire arrays.(g)2" MACE using Au nanoparticle as an etching
catalyst.

Fig. 2 (a) cross-sectional and (b) top-view SEM images of Si nanowire array after 1%
MACE and selective dissolution of the PS spheres.

Fig. 3 The cross-sectional SEM images of the Si nanowire arrays after adsorption of Au
nanoparticles (a) without and (c) with PVP. Enlarged images of top of nanowires (b)
without PVP and (d) with PVP

Fig. 4 Si nanowire arrays after 2" MACE using Au nanoparticles (a) without and (b)
with PVP as a catalyst for the etching.

Fig. 5 Cross-sectional scheme of etching process involving metal assist of etching on
the Si substrate. (a)Initial stage of MACE with isolated Au nanoprticle. (b)Initial stage
with aggregated Au nanoparticles. Arrow indicates direction of holes diffusion flow.
Fig. 6 Cross-sectional scheme of etching process of the Si nanowire with aggregated Au
particles adsorbed around top of nanowire. (a)Initial stage of MACE and (b) after

etching.

Fig. 7 Reflectance spectra for Si surface with various nanostructures.
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