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Metal-assisted chemical etching (MacEtch) has attracted considerable attention for its ability to fabricate micro- and
nanostructures with high aspect ratios and its applications in other microelectromechanical fields. However, few studies have
reported the effect of photoillumination on MacEtch. In this study, gold nanoparticles (GNPs) were deposited on the surface of
a Si wafer by using the fluoride-assisted galvanic replacement reaction, and then, the effect of photoillumination on the MacEtch
of the Si wafer was investigated. The etched depth increased linearly with etching time from 0–45min and was considerably
larger in the illuminated area than the nonilluminated area. A lag time was observed for the MacEtch of the nonilluminated
area. However, no lag time was observed in the illuminated area. The trapping of light by the GNPs on the Si substrate surface
during the MacEtch process enhanced the etching efficiency due to localized surface plasmon resonance.

1. Introduction

Metal-assisted chemical etching (MacEtch) has attracted
increasing attention in recent years [1–6]. MacEtch is a sim-
ple and low-cost process for the fabrication of various Si
nanostructures. The MacEtch process can also be used to
control the orientation of Si nanostructures (e.g., nanowires
and pores) [7]. Additionally, MacEtch can be employed to
manufacture microstructures and nanostructures with high
aspect ratios and is used to obtain antireflection structures,
nanowires, and devices with other microelectromechanical
applications [8, 9].

Metal nanoparticles (NPs) push optics beyond the dif-
fraction limit and are thus playing a crucial role in the emerg-
ing technological revolution [10]. In comparison with bulk
materials, NPs possess unique physical and chemical proper-
ties, and their nanostructures have attracted considerable
attention. For example, nanoparticles of metals such as silver
and gold are commonly investigated because they strongly
absorb incident light [11, 12].

Metal NPs are used in applications such as solar cells
[13], bioassays, and biosensing because they exhibit localized
surface plasmon resonance (LSPR) [14, 15]. The shape and

size of metal NPs affects their surface polarization, which in
turn influences their spectral properties [15–17]. The various
shapes and sizes of NPs mean that their LSPR absorption
spectrum can be tailored as required. Because of localized
field amplification, the excitation of surface plasmons in
metal NPs deposited on a semiconductor can enhance the
optical absorption of incident photons within the semicon-
ductor region near each nanoparticle [18].

Few studies have investigated the effect of photoillumina-
tion on the MacEtch process. In this study, gold nanoparti-
cles (GNPs) were deposited using the fluoride-assisted
galvanic replacement reaction (FAGRR) onto the surface of
a Si wafer. The GNP-deposited Si (GNP/Si) was character-
ized, and the photoillumination enhancement of the
MacEtch of Si is discussed in the following sections.

2. Materials and Methods

2.1. Preparation and Characterization of GNP/Si. An n-type,
single side, polished Si wafer was used as the substrate. The
wafer was cut into segments of 1.5× 1.5 cm2 and washed with
acetone. The Si substrate was then immersed in a mixture
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comprising 240μL of 1M chloroauric acid (HAuCl4), 8mL
of buffered oxide etchant (BOE) solution containing NH4F
and HF (UR-Reagent BOE, Uni-Onward Corp., Taiwan),
and 16mL of ultrapure water for the deposition of GNPs

onto the surface of the Si substrate by using the FAGRR
[19–21]. After 2 seconds of GNP deposition, the Si substrate
was removed from the mixture, washed with ultrapure water,
purged with nitrogen gas, and then baked at 120°C in an oven
for 5min.

The morphology of the prepared GNP/Si was observed
using scanning electron microscopy (SEM) (S-4300,
Hitachi, Japan). The optical reflection of the GNP/Si was
studied using ultraviolet-visible spectroscopy (U-3900/
3900H, Hitachi, Japan).

2.2. Photoilluminated MacEtch. The GNP/Si sample was
immersed in a mixture of 10mL of BOE solution and
10mL of 0.46M H2O2 solution. A 532nm laser with
20mW of power was used to illuminate the GNP/Si sample
during enhancedMacEtch. Figure 1(a) displays a photograph
of the actual experimental setup, and Figure 1(b) displays a
schematic of the MacEtch apparatus with and without illumi-
nation in different areas of the GNP/Si sample. The incident
laser beam was focused into the illuminated area, and the
etching time was 60min. When the process was completed,
the etched sample was washed ultrasonically with methanol,
acetone, and ultrapure water for 5min. The drying and
baking processes were the same as in the preparation of the
GNP/Si sample.
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Figure 1: Experimental setup: (a) top view of the real system; (b) side-view schematic.
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Figure 2: Scanning electron microscopy (SEM) images of the gold nanoparticles (GNPs): (a) 20,000x and (b) 60,000x.
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Figure 3: Reflection of the prepared GNP-deposited Si (GNP/Si)
and a blank Si wafer.
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3. Results and Discussion

3.1. GNP Morphology. A top-view SEM image of the GNPs
deposited on the Si substrate is displayed in Figure 2. The
average particle size was approximately 50 nm, and many
particles fused together to form a short string. Generally,
the GNPs were dispersed uniformly on the Si substrate sur-
face, which facilitated the obtainment of a uniform pattern
from the MacEtch process.

3.2. Reflection Spectrum of GNP/Si. Figure 3 displays the
reflection spectrum of the GNP/Si sample and a blank Si
wafer in the wavelength region of 350–900nm. The results

indicate that the GNP/Si sample reflected less light than the
blank Si wafer, except in the wavelength range of 650–
850 nm. Furthermore, at wavelengths of less than 800 nm,
the less reflection of the GNPs/Si sample indicates higher
absorption. The surface plasmon absorption of spherical
GNPs depends on their size. A 50nm GNP has maximum
absorption at approximately 532 nm [16]. Therefore, in this
study, a 532nm laser was selected to demonstrate the effects
of photoillumination on the MacEtch of GNPs.

3.3. Effect of Photoillumination on MacEtch. Figure 4(a)
displays a top-view SEM image of a photoilluminated
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Figure 4: Metal-assisted chemical etching (MacEtch) of the photoilluminated sample under an etching time of 15min: (a) top-view SEM
image and (b) energy-dispersive X-ray spectrum.
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Figure 5: SEM images of the photoilluminated MacEtch-processed samples with GNPs. The etching times were (a) 5, (b) 25, and (c) 35min.
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MacEtch-processed sample. The etched nanoholes were
located uniformly on the Si surface. Figure 4(b) displays the
energy-dispersive X-ray spectrum, which indicates that the
prepared sample was clear and contained only Au and Si.
No residues of the etching solutions were found on the
prepared sample.

Figure 5 displays the side view of the photoilluminated
MacEtch-processed samples obtained for different etching
times. The results indicated that the etched depth was
constant throughout the Si substrate and that the bottoms
of the nanoholes were almost on the same horizontal
plane. The etched depth increased with etching time. A
high aspect ratio was observed for the samples obtained
with an etching time of 35min. Figure 6 illustrates the
relationship between etched depth and etching time in
the nonilluminated and illuminated regions. For etching
times of 30min and less, only marginal etching occurred
in the nonilluminated area. After this lag time, the etched
depth increased with the etching time. In the illuminated
area, however, the etched depth was approximately pro-
portional to the etching time from 0–45min. The largest
etched depth was 50μm for the illuminated area. The
etched depth was larger in the illuminated area than in
the nonilluminated area. The light trapping of GNPs on
the surface of the Si substrate during the MacEtch process
enhanced the etching efficiency due to LSPR [22, 23]. The
gas bubble which might be a gaseous phase of the etchant
found in the illuminated area corresponded to the high
temperature of the LSPR of the GNPs. The etched depth
after 60min nearly the same in the illuminated area
resulted from the equilibrium between longitudinal etching
and surface etching. The longitudinal etching rate slowed
down at the later etching time because of the consumption
of etchant and gas barrier for etchant transport. This
result in this study was in agreement with the enhanced
optical absorption due to surface plasmon excitation in
semiconductors that was observed in one study using
extinction spectroscopy [18].

4. Conclusions

Metal-assisted chemical etching was a simple and low-cost
process for the fabrication of various Si nanostructures. The
effect of photoillumination on the GNP-assisted chemical
etching of silicon was investigated in this study. In the illumi-
nated region, the etched depth in the Si wafer increased with
the etching time. Conversely, only marginal etching occurred
on the Si surface in the nonilluminated area during a 30min
lag time. The enhancement of the MacEtch process achieved
using photoillumination was attributed to the trapping of
light by the GNPs on the Si substrate surface, which
improved the etching efficiency.

Abbreviations

BOE: Buffered oxide etchant
FAGRR: Fluoride-assisted galvanic replacement reaction
GNPs: Gold nanoparticles
GNP/Si: GNP-deposited Si
LSPR: Localized surface plasmon resonance
MacEtch: Metal-assisted chemical etching.
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