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ABSTRACT: Anisotropic Au nanoparticles have been
used to create a library of complex features on silicon
surfaces. The technique provides control over feature size,
shape, and depth. Moreover, a detailed study of the
etching rate as a function of the nanoparticle surface facet
interfaced with the silicon substrate suggested that the
etching is highly dependent upon the facet surface energy.
Specifically, the etching rate for Au nanocubes with {100}-
terminated facets was ∼1.5 times higher than that for
triangular nanoprisms with {111} facets. Furthermore, this
work gives fundamental insight into the mechanism of
metal-catalyzed chemical etching.

Fabrication of silicon nanostructures is central to many
processes in a variety of fields and applications, including

microelectronics,1 sensing,2 information storage,3 photonics,4

photovoltaics,5 and energy storage.6 Compared with conven-
tional dry-etching methods such as reactive ion etching, metal-
assisted chemical etching does not involve reactive ions and
offers numerous advantages such as minimal ion-induced
doping on the silicon sidewalls, the ability to fabricate features
with high aspect ratios, and significantly lower cost. Despite the
great potential of metal-assisted chemical etching techniques,
the metal films that are used as templates for etching often have
poor crystallinity, resulting in lack of control over the feature
shape, uniformity, and etching direction.7 Moreover, because of
the complicated etching chemistry, the mechanism is still
subject to debate.7 In this work, we utilized a variety of
crystalline nanoparticles, enabled by recent developments in
scanning probe block-copolymer lithography (SPBCL)8,9 and
anisotropic nanoparticle synthesis,10−13 to create a library of
complex silicon features based upon metal-assisted chemical
etching. The anisotropic nanoparticles provided a unique
opportunity to investigate the role of surface facets in the
etching mechanism. By comparing the etching rates for
different nanoparticle surface facets interfaced with the
underlying Si substrate, we were able to rule out one of the
two debated etching mechanisms in the literature and in the
process provide greater insight into the chemistry underlying
this metal-catalyzed chemical reaction.
With current metal-assisted chemical etching processes, the

metal templates are often made by thermal evaporation,14

sputtering,15 electron beam evaporation,16 electroless deposi-
tion,17 electrode deposition,18 or focused-ion-beam deposition
techniques.19 These methods typically generate polycrystalline

structures with impurities and defects that result in
unpredictable etching behavior.7 The lack of crystallinity in
such structures hinders not only control over the nanoscale
features but also attempts to understand the fundamental
chemical etching process.20 Colloidal nanoparticles, particularly
those composed of noble metals such as Au, Ag, Pt, and Pd, can
be synthesized with a wide range of sizes and shapes, and more
importantly, with a high degree of crystallinity.10−13 While
these nanoparticles are now the basis for a wide variety of
functional materials and devices, including superlattices,21,22

chemical and biological sensors,23 imaging agents,23 plasmonic
entities,23,24 and catalysts,25 they have never been explored as
templates for chemical etching to create nanostructures with
well-defined geometric dimensions. The high degree of
crystallinity and almost atomically flat surface facets26 of
anisotropic nanoparticles can potentially result in extremely
uniform etching profiles in the underlying substrate, affording
unprecedented control over the etched structure shape and
dimensions, including line edge roughness. In addition, from a
fundamental perspective, the reactivity can depend on the
exposed surfaces of the nanoparticles. Therefore, these
crystalline nanoparticles provide an unusual opportunity to
investigate the role of surface facets on chemical etching, which
is impossible with conventionally deposited metal films.7

The etching of silicon occurs via the chemical reaction7

+ + → + +Si H O 6HF 2H O H SiF H2 2
Au

2 2 6 2

and the etching process consists of three steps: deposition of
Au nanoparticles, chemical etching with HF/H2O2, and
dissolution of the nanoparticles with aqua regia (Figure 1).
As a proof of concept, spherical nanoparticles were first used as
templates to etch patterned arrays of silicon nanopores.
Utilizing our recently developed SPBCL technique, which
provides the ability to synthesize nanoparticles site-specifically
with control over the diameter at the single-nanoparticle
level,8,9 we prepared a library of particles of predesignated sizes
in the 4.0 to 25.5 nm range (Figure 2 and Figure S1 in the
Supporting Information). Because a high-temperature (500 °C)
annealing step is used in the SPBCL process, the nanoparticles
exhibit a high degree of crystallinity.8,27 It is worth noting that
SPBCL is a high-throughput method that can be used to
synthesize nanoparticle arrays over centimeter-scale areas. A
comparison of magnified views of a 2 × 2 Au nanoparticle array
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before and after chemical etching (Figure S1) showed that the
etching yielded nanopores with a diameter slightly larger than
that of the nanoparticles.
The diameter of the nanopores could be controlled by

changing the nanoparticle size. The diameter of the nano-
particles was deliberately adjusted in a tightly controlled fashion
by changing the amount of metal ion precursor that was
patterned on the substrate during SPBCL (Figure 2 top).

During chemical etching, the nanoparticles catalyzed the
dissolution of the underlying silicon, resulting in corresponding
nanopores with diameters ranging from 5.0 to 25.6 nm (Figure
2 bottom). The nanoparticles could be used to create
comparably sized nanopores in the silicon after chemical
etching, indicating that the diameter of the nanopores is
dictated by the diameter of the Au nanoparticles.
Interestingly, as the nanoparticle size increased, the particles

started to develop facets, and the resulting etched features also
exhibited facets (a pentatwinned silicon feature is shown in
Figure S2). Inspired by such behavior, we continued to explore
the potential of utilizing anisotropic nanoparticles such as
nanorods,28 nanocubes,11 and nanoplates,29,30 which have well-
defined facets, as catalysts to etch features with various
projected shapes, including lines, squares, triangles, trapezoids,
and hexagons (Figure 3). Nanorods with aspect ratios of 25
[length (L) = 726 nm, diameter (d) = 29 nm] and 5.3 (L =
59.4 nm, d = 11.3 nm) were used to make trenched features,
demonstrating the ability to use nanorods to create linear
features in a silicon substrate. Because the high-aspect-ratio
nanorods had almost atomically smooth edges,26 the etched
lines were remarkably straight. Similarly, Au nanoprisms are
nanoparticles with atomically flat {111} top and bottom basal

surfaces.31 Trapezoid- and hexagon-shaped nanoplates are of
the same family. Complex geometries with various projected
shapes such as triangles, trapezoids, and hexagons were etched
using these nanoparticles. Lastly, nanocubes, which possess
atomically flat {100} surface facets, were used to etch square-
shaped features in silicon. While individual nanoparticles could
be used as templates for a wide variety of shapes, assembled
nanoparticles could be employed to create wall-like features
between etched troughs (Figure 3g−i). It should be noted that
such silicon walls and bridges are important features in
microelectronic devices.1

These anisotropic nanoparticles have highly faceted surfaces
that are not present in metal films formed from deposition or
evaporation,14−19 providing an opportunity to investigate the
effect of the crystal facet on chemical etching. Au triangular
nanoprisms with {111} surface facets and nanocubes with
{100} surface facets were placed on the same substrate,
immersed in the same solution, and etched for 20 min. As
measured by atomic force microscopy (AFM), the thickness of
the nanoprism and the edge length of the nanocube were 6.9
and 112.0 nm, respectively. The etched silicon features were
characterized by both AFM and SEM (Figure 4). The AFM line
scans showed that nanocubes with {100} facets exhibited a
higher etching rate than nanoprisms with {111} facets, as the
etched depths after 20 min of immersion were 48.6 and 31.8
nm, respectively. The different etching rates can be explained
by the different shapes of the nanoparticles, which result in
different surface facets being placed in direct contact with the
underlying silicon substrate. The higher surface energy of {100}
facets relative to {111} facets results in higher catalytic activity
and easier hole injection into silicon for the oxidation reaction
(Figure 5), leading to a higher silicon etching rate.32 More
compellingly, our hypothesis that the etching rate is related to
the metal surface energy (γ) is also in line with the reported
etching rates for different metals,33 which increase with
increasing γ [Ag (γ = 1.246−1.250 J m−2) < Au (γ = 1.500−

Figure 1. Schematic of metal-assisted chemical etching using
crystalline gold nanoparticles.

Figure 2. Scanning electron microscopy (SEM) images of (top) gold
nanoparticles with various diameters and (bottom) the corresponding
silicon nanopores formed by metal-assisted chemical etching. The gold
nanoparticles were removed by immersing the substrate with the
nanoparticles in aqua regia.

Figure 3. SEM images of complex features etched into silicon using
anisotropic Au nanoparticles as templates. The insets show the
corresponding nanoparticles before etching. With clusters of particles
(g−i), 9 nm wide silicon walls formed between rods that were aligned
side-by-side along their long axes (g, h), while for rods adjacent to one
another in an end-on fashion, a 6 nm feature separated the recessed
structures (i). The gray patches inside the broad features in (b), (c),
(e), and (f) are attributed to ligand residue but were not chemically
characterized.
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1.506 J m−2) < Pt (γ = 2.475−2.489 J m−2) < Rh (γ = 2.659−
2.700 J m−2)].32

The chemical reaction catalyzed by crystalline nanoparticles
can also give insight into the etching mechanism. There are two
proposed models for metal-assisted chemical etching, yet to
date there is no direct evidence in the literature to prove or
disprove either one.7 In model I, Si atoms are oxidized at the
bottom surface of the metal and then diffuse along the metal−
Si interface to the bulk solution (Figure 5 left);17,34 in model II,

Si atoms dissolve in the metal, diffuse across the metal lattice,
and then are oxidized at the top surface7,35,36 (Figure 5 right).
The observations in this report are at odds with model II for
two reasons. First, because of the high surface energy at their
sharp tips, triangular nanoprisms are not the most energetically
favorable structure and are susceptible to shape rearrangement
(Figure S3). If model II applies, the dissolved Si should disrupt
the original lattice defining the Au prisms and reshape the
prisms to more energetically favorable rounded disks or
spheres. Our data show that the prisms maintained their
original shape throughout the etching process (Figure 3 and 4).
Second, if Si atoms diffuse across the metal and oxidize at the
top surface, the 112 nm thick Au nanocubes should have a
much lower etching rate than the 6.9 nm thick Au nanoprisms
because of the order of magnitude longer diffusion length.
However, our data show the reverse. These observations rule

out the argument in model II that Si dissolves in Au
nanoparticles. On the contrary, the slightly larger diameter of
the etched silicon features compared with that of the
nanoparticles (Figure 2) indicates a favorable diffusion channel
for the reactants/products between the metal and Si, suggesting
that model I is a more plausible mechanism for metal-assisted
chemical etching. In contrast with a previous report,37 where
the reagents appeared to diffuse in a porous silicon layer, there
was no apparent porous layer beneath the etched trenches
(Figures 4e and S4), consistent with the notion that a porous
silicon layer is not a necessity in metal-assisted chemical etching
and the reactants/products can diffuse along the metal−Si
interface. With a longer etching time, a porous layer slowly
developed on the sidewalls of deeper trenches and the top
surface of the silicon substrate (Figure S4 and S5),38 following
the well-known porous silicon formation mechanism.39

In summary, we have studied Au-nanoparticle-catalyzed
chemical etching of silicon and shown that anisotropic
nanoparticles can be used to create nanostructures with control
over the feature size and shape. The well-defined surface facets
of anisotropic nanoparticles allowed us to investigate the
difference in etching rates between Au {100} and {111}
surfaces and provide fundamental insight into the chemical
etching mechanism. Looking forward, the silicon nanostruc-
tures resulting from this method could be used as topographic
templates for the assembly and positioning of smaller
nanoparticles. In addition, when coupled with emerging high-
resolution, large-area scanning probe lithography methods,40−42

this technique should provide access to a variety of nano-
features essential for semiconductor, nanofluidic, and magnetic
data storage devices.1,3,43
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