
Minimizing Isolate Catalyst Motion in Metal-Assisted Chemical
Etching for Deep Trenching of Silicon Nanohole Array
Lingyu Kong,†,‡,§ Yunshan Zhao,§ Binayak Dasgupta,†,‡ Yi Ren,‡ Kedar Hippalgaonkar,‡ Xiuling Li,*,∥

Wai Kin Chim,*,§ and Sing Yang Chiam*,‡

†NUS Graduate School for Integrative Sciences and Engineering, National University of Singapore, 28 Medical Drive, Singapore
117456
‡Institute of Materials Research and Engineering, A*STAR (Agency for Science, Technology and Research), 2 Fusionopolis Way,
Innovis, Singapore 138634
§Department of Electrical and Computer Engineering, National University of Singapore, 4 Engineering Drive 3, Singapore 117583
∥Department of Electrical and Computer Engineering, Micro and Nanotechnology Laboratory, University of Illinois at
Urbana−Champaign, Urbana, Illinois 61801, United States

*S Supporting Information

ABSTRACT: The instability of isolate catalysts during metal-
assisted chemical etching is a major hindrance to achieve high
aspect ratio structures in the vertical and directional etching of
silicon (Si). In this work, we discussed and showed how isolate
catalyst motion can be influenced and controlled by the
semiconductor doping type and the oxidant concentration
ratio. We propose that the triggering event in deviating isolate
catalyst motion is brought about by unequal etch rates across
the isolate catalyst. This triggering event is indirectly affected
by the oxidant concentration ratio through the etching rates.
While the triggering events are stochastic, the doping
concentration of silicon offers a good control in minimizing
isolate catalyst motion. The doping concentration affects the
porosity at the etching front, and this directly affects the van
der Waals (vdWs) forces between the metal catalyst and Si during etching. A reduction in the vdWs forces resulted in a lower
bending torque that can prevent the straying of the isolate catalyst from its directional etching, in the event of unequal etch rates.
The key understandings in isolate catalyst motion derived from this work allowed us to demonstrate the fabrication of large area
and uniformly ordered sub-500 nm nanoholes array with an unprecedented high aspect ratio of ∼12.
KEYWORDS: metal-assisted chemical etching, silicon, isolate catalyst, van der Waals force, Raman analysis, porous silicon

1. INTRODUCTION

Metal-assisted chemical etching (MacEtch) is a powerful
technique for fabricating a large range of microstructures/
nanostructures on both silicon (Si) and compound semi-
conductors.1−6 The simplicity, versatility, and cost effectiveness
of the approach provided the motivation to explore the use of
the technique for applications in many different areas over the
past two decades. These include electronics, optoelectronics,
biological/chemical sensors, optical devices, and energy
harvesting applications.7−12

Fabricating nanowires using MacEtch is now relatively
routine, even for wires with high aspect ratios.13,14 One key
reason behind this success is the stability of the large mesh
catalyst structure used for the etching of the wires. The bending
torque required to deviate any catalyst from its downward
etching direction is directly proportional to both the applied
force and the radius from the pivoting point. The latter scales
with the size of the mesh, and thus a larger mesh requires a

larger minimum force for deviating the catalyst motion.15

Hildreth et al. found from deformation calculation that such a
force should be at least ∼0.5 MPa while Lai and Choi estimated
a value of ∼2.5 MPa for larger gold (Au) mesh.15,16 Isolate
catalyst, especially of smaller dimensions, requires much less
minimum bending torques, and thus catalyst motion during
etching is a common and persistent problem.9,17−23 This poses
a significant road block to the potential applicability of MacEtch
in high aspect ratio hole etching in the field of biological/water
filters,24 nanophotonics,25 and the through-silicon-via etching.26

Unfortunately, this is not an easy problem to solve as isolate
catalyst MacEtch is probably a dynamic process with changing
parameters as etching proceeds. While there are numerous
reports on isolate catalyst etching, isolate catalyst motion
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remains fundamentally not well understood.9,15,17−22,27−32

There have been a few reported works that address the origin
of the catalyst motion and factors influencing it. Peng et al. have
suggested that electrophoresis can be the driving phenomena in
causing catalyst motion. The generated field from differences in
the charge transport during the MacEtch process causes the
deviation of the catalyst from its vertical downward etching
direction.27 However, Hildreth et al. have recently estimated
electrophoretic forces from etch rates considerations and found
them to be too small to account for the required torques in
moving the catalyst. Instead, they discussed how van der Waals
(vdWs) forces can produce the necessary pressure for such
deviations.15,31 If vdWs adhesion forces between the catalyst
and semiconductor are sufficient to produce the deviating
catalyst motion, it is critical to understand the primary causes
that trigger the deviation or factors that can affect the strength
of the vdWs attraction. From the survey of the reported works,
we hypothesize that unbalanced etch rates across a catalyst can
be a triggering event. Any differences in etch rates coupled with
high vdWs forces can pull a catalyst toward the direction with a
relative lower etch rate, thereby deviating the catalyst from the
downward vertical motion. Lee and co-workers reported on the
importance of catalyst symmetry and demonstrated the etching
of deep and vertical pores using spherical metal particles.29 The
unbalanced etching can possibly be prevented by the use of
isotropic spherical particles, so that the etch rate variations
caused by catalyst thickness variation or transport processes are
reduced.29 The importance of geometry in affecting catalyst
motion is also shown by Hildreth and co-workers when they
found that small or asymmetric catalysts are generally most
prone to movement during etching.16,18,23,31 Asymmetric
catalysts can cause differences in etch rates due to the
differences in shapes or exposed edges that can better facilitate
the transport of etchant/reactant. The explanation using
unbalanced etch rates can also be compared against the
model proposed by Sakdinawat and Chang.19,20 The latter
reported on the nonuniform distribution of electrons and holes
(etch rates) in the deviation of the isolate catalyst, which is

reduced when larger catalyst strips are placed near the isolate
catalysts to reduce the carriers splaying effect.19,20 Finally, we
believe that the unbalanced etch rate explanation is also
consistent with the suggestion that the perturbation from
hydrogen gas produced during etching is the cause for catalyst
motion.22 In this case, the hydrogen gas produced at the
interface can change the etch through a hindering of transport/
transfer processes and hence trigger the deviating motion of the
catalyst.
Some of the triggering causes of the catalyst deviation, as

discussed, are very difficult to prevent. Even when we restrict
the etching to only isotropic catalyst geometries, catalyst
thickness and regularity are still susceptible to variations while
hydrogen gas evolution is dynamic and difficult to eliminate.
For example, in the etching of holes array patterned using
optical lithography and catalyst metal evaporation, slight
differences in the catalyst thickness due to shadowing effects
are common. Irregularity, in terms of interspacing or the size of
the eventual isolate catalyst, is even more pronounced when
self-assembly type of fabrication is used. It is thus not surprising
that reports in the etching of such isolate catalyst always
produced unwanted motion during the process.17,22,27,28

Recently, attempts to etch with large area and regular ordered
Au catalyst array, even with surrounding large Au structures for
carriers balancing, resulted in mixed success with observation of
both vertical and nonvertical etching behaviors.9,12,19−21,32,34,35

The most successful result was shown by Brodeceanu et al.,32

where the isolate catalyst motion is minimized, and the authors
have attributed this to the use of extremely uniform and
isotropic Au catalyst.32 Since it might be challenging to totally
eliminate most of the triggering mechanisms, the ability to
minimize isolate catalyst motion may lie in the knowledge and
ability to tune the vdWs force at the interfaces. Therefore, in
this work, we attempt to vary the interface forces through the
creation of porous Si via different etchant concentration or
doping concentration. We employ regular arrays of isolated Au
discs for the etching of regular holes to try to keep the
geometry, spacing, and thickness of the catalyst constant. We

Figure 1. Schematic showing the main steps of process flow in the fabrication of silicon (Si) nanoholes array by laser interference lithography. (a)
Laser interference lithography and oxygen descum. (b) Gold (Au) evaporation and lift-off. (c) Metal-assisted chemical etching to form Si nanoholes
array. The corresponding SEM micrographs of each step are shown in (d, e) at 45°-tilt view and (f) at 75°-tilt view. Scale bars are 500 nm.
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provided clear experimental evidence to show how a higher
hydrofluoric acid:hydrogen peroxide (HF:H2O2) ratio or a
higher p-type Si doping can lead to reduced isolate catalyst
motion. We provided evidence that the higher doping
drastically reduces catalyst motion through the creation of
porous Si, and this can be interpreted through a reduction of
the vdWs forces at the interface. Our results from the different
oxidant ratio also show that utilization of such a phenomenon
has to be balanced with a suitable etching rate. We attribute this
to the generation of more triggering mechanisms from either
hydrogen generation or mass transport variations that can
eventually result in the unwanted catalyst motion. Using our
findings, we demonstrated the successful fabrication of large
area, regular ordered, and vertical Si nanoholes array with a
high aspect ratio of ∼12 for the first time.

2. EXPERIMENTAL SECTION
Si (100) substrates of three different boron doping concentration, 4−8
Ω·cm (p−), 0.1 Ω·cm (p), and 0.005 Ω·cm (p+), were used for the
MacEtch experiments. The samples were precleaned by sonication in
acetone, followed by isopropyl alcohol (IPA) for durations of 15 min
each. They were subsequently rinsed in deionized (DI) water and
blown dry by a nitrogen gun. A further native oxide removal step is not
performed since the following catalytic etching will not be affected.2

An illustration of the fabrication steps and corresponding scanning
electron microscope (SEM) images are shown in Figure 1. Negative
photoresist (ma-N1407) of 500 nm thickness was spin-coated onto the
samples. The pre-exposure bake at 95 °C for 60 s was carried out,
before patterning using laser interference lithography via a He−Cd
laser (wavelength of 325 nm) with a Lloyd’s mirror setup.36 The
photoresist array pattern was generated using two exposures at right
angles to each other, yielding nanoholes array with a typical depth of
∼400 nm, diameter of ∼450 nm, and spacing of ∼400 nm. The pattern
was subsequently descummed by oxygen plasma in a Sirus Trion
reactive ion etching (RIE) system for 10−20 s. The descummed step
ensures the removal of any residual resist that might restrict the
etching or cause any isolate catalyst motion. Gold catalyst of 23 ± 3
nm was evaporated onto the patterned samples using an Edwards Auto
306 FL400 thermal evaporator. The evaporation pressure was typically
∼2 × 10−6 mbar, and the evaporation rate was controlled to be 1.5 Å/s
as monitored in situ by a quartz crystal microbalance. The photoresist
and excess metal were removed by sonication in acetone for 5 min,
leaving behind a periodic Au discs array. The catalytic etching was
conducted at room temperature in a yellow light environment. The
MacEtch solution consists of 13.5 M HF with varying molar
concentration of H2O2 (0.16, 0.48, 0.91, and 1.43 M) and DI water.
MacEtch was performed for durations of 5−65 min, depending on the
experimental requirements. After etching was completed, the etched
samples were rinsed in DI water before drying on hot plate at 50 °C
for 1−2 min. The fabricated Si nanoholes array cross sections were
imaged using the Nova NanoSEM 230. To quantitatively study the
porosity of etched nanoholes structure for p-type Si with different
doping concentration, Raman analysis was carried out using Raman
spectroscopy (WITec Alpha 300) with a 532 nm (2.33 eV) laser
excitation source, and a laser spot size of ∼1 μm was used. The Voigt
function (convolution of a Lorentzian with a Gaussian line shape) is
fitted to each of the Raman peaks in order to determine the peak
frequency and full width at half-maximum (fwhm).37 To characterize
the size and distribution of pores within the MacEtch sample at the
atomic level, high-resolution (HR) transmission electron microscopy
(TEM) using the JEOL JEM 2100 was carried out. The TEM sample
preparation was performed by sonication of the MacEtch Si nanowires
(same etching condition as MacEtch of nanoholes) in ethanol for 1
min immediately after etching. The suspended Si nanowires in ethanol
were then transferred to a carbon−copper grid for the TEM analysis.

3. RESULTS AND DISCUSSION
3.1. Effect of Oxidant and Silicon Doping Concen-

tration on Isolate Catalyst Motion. Formation of porous Si
is a well-known phenomenon which has been observed in
MacEtch. Depending on etching conditions, pores with
different density and thickness can be found at the catalyst/Si
interface, along the sidewalls, and within the etched Si
nanostructures.7,13,38−45 In general, the concentration of the
porosity is positively correlated to oxidant and silicon doping
concentrations, whereby a higher oxidant concentration or
higher Si doping concentration results in higher levels of
porosity.7,13,38−45 In this work, we systematically varied the
oxidant concentration of MacEtch across three different doping
concentration of p-type Si (p-Si). Unlike other studies, we
calibrated the etching rate for the different conditions and
deliberately attempted to vary the etching duration to maintain
a similar etching depth of ∼1.8 ± 0.3 μm. This is important to
ensure a fair comparison across the different conditions by
keeping the amount of Si removal and the etching depth
similar. The motion of the catalyst is examined by SEM cross-
section images (75°-tilt view) of the resultant nanoholes as
shown for the p-Si in Figure 2. The images for the MacEtch p−-

and p+-Si samples are shown in Figures S1 and S2 (Supporting
Information). While the overall stability of the catalyst motion
can be immediately apparent, we introduce a more quantitative
examination by defining an average critical depth (∂, nm). ∂ is
taken to be the depth where most (>50%) of the catalysts
deviate by more than 20° (as indicated in the SEM images)
from its downward vertical motion. The representative ∂ is also
shown as a dotted red line in the micrographs. Figure 2a−d
shows the effect of varying the H2O2 oxidant concentration
from 0.16 to 1.43 M, with a constant HF concentration. It can
be observed that the lowest oxidant concentration of 0.16 M
shows almost no isolate catalyst motion, while such instability
increases with increasing oxidant concentration. The lowest

Figure 2. Cross-section SEM micrographs (75°-tilt view) of MacEtch
Si nanoholes array on p-Si (0.1 Ω·cm) substrate in etching solution of
constant HF concentration (13.5 M) and varying molar concen-
trations of H2O2 of (a) 0.16, (b) 0.48, (c) 0.91, and (d) 1.43 M. The
depth of holes is maintained relatively the same at ∼1.8 ± 0.3 μm for
the four different solutions. The critical depth is shown as a dotted red
line in the micrographs, where most (>50%) of the catalysts deviate by
more than the indicated 20° from the downward vertical motion. The
etching trajectory is straight at low H2O2 concentration but becomes
unstable and eventually random as the H2O2 concentration is
increased. Scale bars are 1 μm.
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oxidant concentration of 0.16 M yields a ∂ value of ∼1.6 μm
while the critical depth reduced drastically to ∼0.4 μm for the
highest oxidant concentration of 1.43 M. This trend of
decreasing critical depth with increasing oxidant concentration
is observed across all three different Si doping concentration.
However, ∂ is generally higher for a higher Si doping
concentration. Figure S1 shows that for p−-Si ∂ varies from
∼800 nm to well below 200 nm, whereby some catalyst
deviating motion can even be observed at the very onset for the
higher oxidant concentration. On the contrary, Figure S2 shows
that for p+-Si the catalysts remain relatively stable except when
the highest oxidant concentration of 1.43 M is used. The trends
in the variation of the Si doping and oxidant concentration will
be discussed in greater detail in the final section.
3.2. Examining the Porosity of Etched Structures. The

clear correlation of reduced catalyst motion with a lower
oxidant ratio, and especially with a higher substrate doping,
suggests that the porosity of Si during etching might play a
major role in affecting the catalyst motion. The high resolution
SEM images of MacEtch p−-, p-, and p+-Si are shown in Figure
3. For the catalyst with deviating motion, as observed for the
p−-Si in Figure 3a, both the etched sidewalls and catalyst−Si
interface appeared to be smooth. Comparatively, for the p-Si
(Figure 3b) and p+-Si (Figure 3c,d) samples that yielded little
or no catalyst motion, rough structures that correspond to

porosities are observed on the etched sidewalls and at the
catalyst−Si interface. The observation of porosity during
etching for similar etching conditions is consistent with reports
of MacEtch Si wires from other works.13,41 We add that the
extent of porosity appears to be greatest for the p+-Si. This can
be seen from the extended roughened area, especially near the
catalyst−Si interface as shown in Figure 3d.
Comparing the extent of porosity among the etched Si

structures is difficult if it is accomplished solely with
microscopy-based techniques.13,38,44 These techniques are
important to show the average size and existence of pores
but fall short in giving a more quantitative representation of the
porosity concentration. Raman scattering spectroscopy is an
effective tool to study the optical and acoustic phonons in Si
that can be fundamentally linked to scattering sites, such as
defects, porosity, or surface roughness.46−48 Examination of
phonon scattering characteristics using Raman spectroscopy
has been successfully employed to study structures or the
morphology of MacEtch nanowires.46−48 Therefore, in this
work, we will use Raman scattering measurements to provide a
more quantitative comparison of the resultant porosity after
MacEtch. The Raman spectra of unetched p-type Si substrates
with different doping concentration are shown in Figure 4a,
while the Raman spectra of corresponding MacEtch substrates
using an oxidant concentration of 0.16 M are shown in Figure

Figure 3. High-resolution cross-section SEM micrographs (75°-tilt view) of MacEtch Si nanoholes array on (a) p−-Si, (b) p-Si, (c) p+-Si in 13.5 M
HF and 0.16 M H2O2 and (d) p+-Si in 13.5 M HF and 0.91 M H2O2. No porous Si can be clearly observed either at the nanoholes sidewall or Au
discs/Si interface for the MacEtch p−-Si, but such porosity is observed for p-Si and p+-Si at both the sidewall and Au/Si interface. Scale bars are 300
nm for (a−c) and 100 nm for (d).

Figure 4. Raman spectrum of (a) unetched p−, p, and p+ crystalline Si samples and (b) MacEtch p−, p, and p+-Si nanoholes array samples. The
etching solution consists of 13.5 M HF and 0.16 M H2O2. The stars in the inset of the SEM images (scale bar of 1 μm) indicate the Raman laser
probe locations. The normalized peak positions and fwhm of Si and Si nanoholes samples with different doping concentrations are summarized in
the inserted table for both the etched and unetched samples.
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4b. The Raman peaks of the unetched Si substrates for all three
doping concentration are located at around ∼520.4 cm−1, from
the first-order Raman scattering of the longitudinal optical and
transverse optical phonon modes of Si at the Brillouin zone
center in crystalline Si, which is consistent with Raman spectra
reported in other works.46−48 The slight asymmetry and
broadening of one-phonon Raman peak for the highly doped Si
can be attributed to Fano interference, involving electron−
phonon interactions of band-like states with discrete phonon
states.49,50 This is supported by the larger broadening on the
higher wavenumber side that is characteristic of Fano type
interaction. The Raman spectra for the MacEtch nanoholes are
shown in Figure 4b. Unlike the measurement for the unetched
Si substrate, whereby the laser probe (spot size of ∼1 μm) was
directed from the top of Si, the measurement for the etched
holes directed the laser probe at the cross section of the
MacEtch structures, as depicted by the star symbol in the inset
of Figure 4b. This was done to eliminate contribution from the
unetched Si substrate. The Raman peak of the etched p−-Si is at
520.4 cm−1, which indicates zero or minimal red-shift. This is
different from the clear red-shift of 2.6 and 5.5 cm−1 that is
observed for p-Si and p+-Si, respectively, with the concomitant
broadening of the fwhm. A red-shift and asymmetric broad-
ening of the first-order phonon mode in the Raman spectra can
broadly be attributed to three origins, namely phonon
confinement effect, compressive strain effect, and inhomoge-
neous heating effect.51 The phonon confinement effect should
only show up for Si nanostructures with dimensions of 20 nm
or less.52,53 The compressive strain effect that results from
native oxide stresses is typically small.51 Therefore, we attribute
the Raman peak shift observed in this work to localized
inhomogeneous heating. The shift is caused by poor heat
dissipation that can be directly related to the porosity of the Si
investigated.46,53 The etched Si structures with porosity cannot
adequately dissipate the localized laser heating and the
thermally excited lattice phonons, and this causes a red-shift
and broadening of the Raman peaks from anharmonic
scattering effects.46 The Raman spectra for the other etchant
concentration (i.e., higher oxidant concentration ratio) are
shown in Figure S3. A similar conclusion can be drawn whereby
the porosity of the etched structures is significantly affected by
the doping level of the substrate. Interestingly, comparing the
Raman peak shifts for the same doping concentration across
different etchant concentration shows a smaller variation in the
porosity. This may be due to the boundary we have set in
formulating the experiments: while a higher oxidant concen-
tration ratio is expected to increase the porosity of the etched
Si, this may be brought about by the different etching rates if
the same etching duration is employed. For example, in trying
to maintain similar etch depths or lengths, a higher oxidant
concentration is balanced by a shorter etching duration in our
work. The similar porosity observed across the different oxidant
concentration suggests that the etch depth may instead serve as
a good normalization guide to the level of porosity generated.
Moreover, the HF:H2O2 ratio used in this work is significantly
higher. This can suppress the formation of porosity even with a
higher oxidant concentration since the removal of the carriers
by etching is now not a limiting factor. It is also worth noting
that the porosity created exhibits an axial gradient.47 We
verified this with a Raman spectroscopy line scan (Figure S4)
that shows increasing porosity from the base of the Si
nanostructure to the tip. Such a porosity grading methodology
and understanding will be of interest to communities that are

interested in controlling and utilizing Si nanostructures with
graded porosity.
The porosity of the etched samples is further examined using

HRTEM to verify the crystallinity. Instead of examining the
sidewalls of the etched holes, we study p+-Si nanowires etched
using the same etching conditions (13.5 M HF:0.91 M H2O2),
as shown in Figure 5a. In this approach, not only can we

examine the porosity of a single wire, which is representative of
the sidewalls of the etched holes, we also avoided issues with
isolate catalyst motion with the use of larger size meshes. Figure
5b shows the TEM micrograph of a p+-Si nanowire, and the
diffraction pattern in the inset indicates that the core structure
remains crystalline. Mesoporosity along the wire walls, with
pore sizes of <10 nm, can be observed from the HRTEM image
in Figure 5c, which is in good agreement with other reported
works.13,44 Importantly, the HRTEM image shown in Figure 5d
shows clearly the presences of the pores and together with clear
lattice fringes showing that the crystalline structure has been
preserved. The image also shows possible slight oxidation
observed along the walls of the pores.

3.3. Role of Porosity: vdWs Forces and Etch Rates. As
we have discussed in the previous section, the porosity of the
etched Si is affected primarily by its doping concentration and
to a lesser extent by the H2O2 concentration. This is more
clearly shown in a summary plot of the porosity level
(represented by the Raman peak position or its shift) and the
H2O2 concentration in Figure 6a. The porosity levels do not
vary greatly across the different H2O2 concentration, unlike the

Figure 5. Structural characterization of MacEtch porous p+-Si
nanowires etched using identical etching solution (13.5 M:0.91 M of
HF:H2O2) employed for the MacEtch of the nanoholes array. (a) A
cross-section SEM image of the etched porous nanowire array. The
nanowires are vertically oriented on the p+-Si substrate. (b) TEM
micrograph of the porous nanowire. The inset diffraction pattern
indicates that the nanowire is single crystalline. (c) HRTEM image of
the surface of the porous Si nanowire showing the network of
nanocrystalline Si. (d) HRTEM images of the Si near the interior
pores region of the nanowire. The pore size can be estimated to be
<10 nm. The crystal lattice can be observed continuously around the
pores. Scale bars are 3 μm for (a), 500 nm for (b), 100 nm for (c), and
5 nm for (d).
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variation with the Si doping concentration. The shaded gray
area indicated in Figure 6a represents conditions whereby
reduced catalyst motion is achieved for our targeted etch depth
of ∼1.8 ± 0.3 μm. The achieved average critical depth for the
various conditions is shown in Figure 6b. It is once again clear
that the doping concentration, and hence porosity, has a
significant impact in deciding the average critical depth.
However, the trend presented also shows clearly that the
H2O2 concentration has a role to play in deciding isolate
catalyst motion; from the similar Raman peak positions
measured and shown in Figure 6a, this cannot be directly
linked to the porosity. While a similar etch depth is targeted,
the different H2O2 concenetration still corresponded to
different etch rates. This can be more clearly shown by plotting
the achievable critical depth for the varying etch rates we
investigated, as shown in Figure S5a. The average etch rate for
different oxidant concentrations represents averaged measure-
ments from sets of 15 nanoholes for more than four samples of
each condition, as shown in Figure S5b. A lower etch rate
(lower H2O2 concentration) promotes better stability of the
isolate catalyst as shown by the larger recorded critical depths
for all doping concentration. We believe that a faster etch rate
can exacerbate any unequal etching that is a triggering event for
isolate catalyst motion. Therefore, in short, the etch rate

affected the triggering events of unequal etching, while the
porosity affected the likelihood of isolate catalyst deviation
upon such events.
We can further elaborate on how porosity affected the

likelihood of isolate catalyst motion. The presence of porosity
can lead to better stabilization through the reduction of the
vdW forces that decreases the bending torque forces. In the
event that there are unequal etch rates across the catalyst,
chances of catalyst motion are reduced when the bending
torques are smaller. The general vdWs attraction force between
two flat surfaces can be represented as54

π
=F

C
d

A
6vdW 3 (1)

where C is the Hamaker constant, d is the separation between
the catalyst and the Si substrate, and A is the total contact area
between gold film and Si substrate. The porosity can affect the
vdWs forces by either altering the separation between the Au
and Si or reducing the effective contact area between the two
surfaces. Since these are opposing contributions to the eventual
vdW force, we plotted a normalized vdWs force contour plot in
Figure 6c to showcase scenarios of reducing area and bonding
distance. The normalization is against the vdW force value
before the generation of pores, so any value below 1 represents

Figure 6. Analysis of the role of porosity on isolate catalyst motion. (a) Raman peak position (porosity of etched Si sample) as a function of Si
doping concentration and H2O2 concentration. (b) Effect of H2O2 concentration on the achieved average critical depth for the three different Si
doping concentrations. When the data point indicates a lower bound value of the critical depth, they are marked with arrows. The dotted lines are
indicated as a visual guide. (c) Contour plot showing the normalized vdWs forces variation with bonding distance and area of contact between Au
and Si.
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a reduction in the vdW force. It is likely that the creation of
porosity does not lead to any significant changes in bonding
distance as the catalyst must still interact with the topmost Si
surface. Nonetheless, an estimation for the bonding distance
variation can be made using the Lennard-Jones potential, and
this amounts to a maximum reduction of ∼10.9% in the
bonding distance (Supporting Information S6).55 This value is
shown as a vertical dotted line in Figure 6c, indicating that an
∼70% contact area will definitely yield a reduction in vdWs
force, irrespective of the bonding distance. The reduction in
vdWs force (areas under the horizontal dotted line) directly
translates to smaller bending torques and thus higher
probability of vertical etching motion in the event of unequal
etch rates. Interestingly, if we examine the p+-Si, whereby most
of the samples produce the vertical etching, the percentage
porosity as measured from an electron beam heating technique
is ∼35% (Supporting Information S7). This is in good
agreement with the estimated value from the plot in Figure
6c if we assume an isotropic distribution of the porosity. From
the same plot, it can also be said that any introduction of
porosity of less than 20% will only reduce the vdWs force if the
bonding distance change is less than 7%. Otherwise, it will not
aid in stabilizing isolate catalyst motion via vdWs force changes.
While the doping concentration can clearly affect the

porosity and hence the vdWs force as discussed, the effect of
a higher H2O2 concentration is not as straightforward. Thus,
the effects of HF:H2O2 molar ratio on the motion of isolate
catalyst during MacEtch appears to be controversial with
differing experiment results. Hildreth et al. found that using
etchants with low HF:H2O2 molar ratio (HF/(HF + H2O2) of
40%) helps to stabilize the motion of catalysts during MacEtch
that results in more uniform etching.18 However, the geometry
of most catalysts studied in the aforementioned work is
irregular or asymmetric (anisotropic), and it might be difficult
to draw a clear conclusion about the oxidant concentration

without decoupling the catalyst geometry effect. On the
contrary, fabrication of high aspect ratio Si nanostructures
with high HF:H2O2 molar ratio (HF/(HF + H2O2) of 96% has
been shown to be possible, but again, that is achieved only with
balancing and anchoring patterns.19 For regular ordered Au or
Ag discs array pattern, MacEtch using a high HF:H2O2 ratio is
normally employed, and the etching results are not
consistent.9,12,21,32,34 In our work that better represents a
control experiment, the patterns are balanced, isotropic, and
consistent. We have also tried to ensure that the higher oxidant
concentration translates only to a higher etch rate with different
etching duration to keep the etch depth constant. Thus, the
resultant average critical depth variation as a result of the
different oxidant concentration (Figure S5a) can be interpreted
solely as an etch rate phenomenon. We believe that a larger
etch rate represents a higher rate of etchants and byproducts
transport. In addition, there will be a higher rate of hydrogen
gas generation at the interfaces during etching.1,22 Such
increased rate of mass transport and bubbles generation is a
source of turbulence at the etch front that can trigger the
unequal etch rates in a localized region. The unequal etch rate
distribution along the catalyst creates bending torques across
the catalyst, as dictated by the vdW forces, and thus when these
are sufficiently large, the isolate catalyst will deviate from its
vertical etching direction.
The key findings in this work with regards to the isolate

catalyst motion can be summarized in the schematic shown in
Figure 7. During the MacEtch of an isolate catalyst, the catalyst
remains in proximity to the Si substrate via the vdWs forces
across the catalyst. In the schematic shown in Figure 7a, we
simply represent this by only two forces, F1 and F2, across a
generic length r. Vertical etching proceeds when the forces are
not too different, especially across the catalyst dimension.
During the process of etching, a triggering event that produces
unequal etch rates might occur. These events can change the

Figure 7. Schematic showing the effect of vdWs force on the motion of the isolate catalyst during Si MacEtch. (a) The Au catalyst is in intimate
contact with the Si substrate by vdWs attraction force at the initial stage of MacEtch. (b) Triggering event brought about by unequal etch rates or
bubbles generation. (c) If the bending torque is smaller than Tmin(r), in the case of weak vdWs forces, the catalyst motion proceeds in the vertical
direction. (d) If the bending torque is larger than Tmin(r), in the case of strong vdW forces, the catalyst tends to deviate from its downward vertical
direction.
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effective forces on the catalyst and produce a resultant torque
on the catalyst. Such triggering events are made more frequent
in the case of higher etch rates as brought about by higher
oxidant concentration. The effect of deviation with higher etch
rates can also be further evidenced by etching at elevated
temperature (Figure S8). Other possible triggering events or
influencing factors can include bubbling, mechanical vibrations,
gravitational forces, magnetic forces, and convective mass
transport. In the most extreme example, where bubbling is the
triggering mechanism, the vdWs forces and hence F2 are
significantly reduced, as shown in Figure 7b. The resultant
torque acting on the catalyst will create a deviation if it
surpasses the minimum torque, labeled as Tmin(r), required for
rotation. This value is dependent on the size of the catalyst,
whereby a larger Tmin(r) is required for larger catalyst size, thus
explaining the stability of larger meshes. The resultant torque is
greatly affected by the extent of the vdWs forces. In the case of
the highly doped samples with high porosity, the vdWs forces
are weak. Figure 7c shows that even with the triggering events,
the torque produced is not sufficient for rotation (T < Tmin(r)),
and eventually the catalyst stills retains the vertical etching
direction. When such porosity is absent and the vdWs force is
sufficiently large (T > Tmin(r)), the catalyst rotates and deviates
from its etching position and proceeds with its trajectory until
the next triggering event, as illustrated in Figure 7d.
While we have discussed about the effects of porosity (vdWs

forces) and etch rate (mass transport and bubbling) separately,
they need not be entirely independent. Geyer et al. have
reported that the formation of a porous layer beneath the metal
catalyst during MacEtch can facilitate the mass transport of the
etchants and byproducts.43,56 This means that the formation of
porous Si can also help create an extra mass transport pathway,
especially for high etch rate conditions, and this allows for a
reduction in triggering events. Recently, Lai et al. have also
suggested that a higher oxidant concentration (higher etch rate)
can affect the vdWs forces by changing the bonding distance.28

However, based on our experimental results, it appears that this
effect can be small and the higher rate of triggering events
dominates the stability of the isolate catalyst.
The new understanding we have proposed allowed us to

achieve unprecedented deep trenching of Si nanoholes array.
We fabricated deep trenches of nanoholes array by using p+-Si
with fine-tuned etching conditions. A longer duration MacEtch
using 13.5 M HF and 0.16 M H2O2 (slow etching rate) showed
excellent results, whereby large area nanoholes array with
excellent uniformity and high aspect ratio is achieved (Figure
S9). Figure 8 shows the ability to control the fabricated Si
nanoholes by simply varying the etching duration, where
ordered arrays of vertically aligned nanoholes is demonstrated.
The achieved depth of ∼5.4 μm (Figure 8c) for the ordered

nanoholes array is to our knowledge the highest achieved
aspect ratio (∼12) for sub-500 nm nanoholes. The closest work
was shown by Brodoceanu and co-workers where they achieve
an aspect ratio of ∼5.3 for vertical nanoholes of ∼850 nm in
diameter.32 It is also notable that our achieved nanoholes array
was fabricated without the assistance from any external
influences such as anchoring structures, electron−hole balance
structures, or magnetic forces.9,19,20 The ability to etch such
vertical pore arrays can prove to be important for a variety of
applications. The periodic arrays of nanoholes shown in this
work can allow the use of the simple and low-cost MacEtch
technique in areas such as sensors, solar cells, photonic crystals,
functional semiconductor metamaterials, creation of through-Si
via (TSV), and filtration.24−26,57 This can possibly replace the
current commonly employed methods such as plasma-assisted
dry etching or electrochemical etching process.

4. CONCLUSIONS

We have developed in this work a greater understanding of
isolate catalyst etching. We show that the doping concentration
of Si significantly affects the generation of porous Si during
etching. The porosity, in turn, critically affects the stability of
the isolate catalyst motion. We showed that enhanced stability
can be attributed to a reduction of the vdWs forces through a
reduction in the contact area of the catalyst and the
semiconductor. Lower vdWs forces produce a lower bending
torque that is responsible for deviating the downward etching
of the isolate catalyst. Using this understanding, we predicted
that a porosity level greater than 20% can be sufficient in
lowering the vdWs force while any porosity greater than 30%
will most certainly lead to enhanced catalyst stability. We also
show that the control of the oxidant concentration affected the
etch rate of the process, and under control conditions, a lower
etch rate leads to more stable isolate catalyst etching. We
attribute the instability to a larger occurrence of unequal etch
rates that we predict are triggering events to start the isolate
catalyst deviation. The unequal etch rates occurrences are
elevated by larger mass transport and/or bubbles formation
under a higher etch rate condition. Finally, the stability of the
isolated catalyst array is shown in this work via the fabrication
of large area, uniform, and regular ordered sub-500 nm
nanoholes array with an unprecedented high aspect ratio
(∼12).
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Figure 8. SEM micrographs (75°-tilt view) of Si nanoholes array showing the depth variation as a function of etching duration on p+-Si in 13.5 M
HF and 0.16 M H2O2: (a) 0.8 μm for 10 min, (b) 2.7 μm for 32 min, and (c) 5.4 μm for 65 min (aspect ratio is ∼12). Scales bar are 2 μm for (a) and
(b) and 5 μm for (c).
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