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Metal-assisted chemical etching (MacEtch) is a simple etching method that uses metal as the

catalyst for anisotropic etching of semiconductors. However, producing nano-structures using

MacEtch from discrete metal patterns, in contrast to interconnected ones, has been challenging

because of the difficulties in keeping the discrete metal features in close contact with the

semiconductor. We report the use of magnetic field-guided MacEtch (h-MacEtch) to fabricate

periodic nanohole arrays in silicon-on-insulator (SOI) wafers for high reflectance photonic crystal

membrane reflectors. This study demonstrates that h-MacEtch can be used in place of conventional

dry etching to produce ordered nanohole arrays for photonic devices. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4831657]

Metal-assisted chemical etching (MacEtch) is a wet but

directional etching technique which involves a thin layer of

noble metal (e.g., Au, Pt, etc.) acting as a catalyst to guide the

etch process in a solution that usually consists of an oxidant

and an acid. The role of the catalyst metal is to selectively

enhance the rate of oxidation of the semiconductor under-

neath, whereas the region outside the metal patterns has a

larger energy barrier for this oxidation reaction to take place.

The role of the acid is to dissolve the oxidized semiconductor

species to allow continued oxidation and etching in the direc-

tion normal to the metal-semiconductor interface. Details of

the MacEtch mechanism can be found elsewhere.1–3 In recent

years, several research groups have demonstrated the use of

MacEtch for the fabrication of micro/nanostructures of vari-

ous aspect ratios and surface morphologies using both Si and

compound semiconductors.1,4–9 As the technique relies on

patterning of a thin noble metallic catalyst layer, which sinks

down and engraves into the semiconductor during etching,

the semiconductor structures formed using MacEtch are

exactly complementary to the metal patterns. Therefore,

metal mesh patterns produce vertical pillars4,8–10 and discrete

metal particles yield cylindrical holes.11 While vertical nano-

pillar arrays fabricated using MacEtch have been shown for

energy harvesting3,12 and light emitting diode (LED)9 appli-

cations, devices relying on MacEtched nanohole arrays have

been more elusive. The fabrication of periodic arrays of nano-

holes using MacEtch can extend the use of this simple and

low-cost technique to the field of optics and nanophotonics

for the formation of nanoscale patterned structures and cav-

ities, such as photonic crystals (PhCs) and functional semi-

conductor metamaterials, currently being made largely by

plasma-assisted dry etching processes.13,14

A few groups have reported the MacEtch of randomly

distributed holes in bulk Si using metal nanoparticles formed

by electroless deposition,15–17 which limits the use of this

approach only to applications where a periodic arrangement

of holes is not required. However, for the formation of PhCs

and metamaterials, uniform etching of an array of holes of

sub-micron scale dimensions with precisely defined lattice

configurations is critical. Unlike the formation of vertical pil-

lars using a metal mesh layer as the catalyst, drilling an array

of holes with uniform depth using isolated catalyst patterns is

more challenging due to the lack of connectivity and, thus, co-

herence between the neighboring metal disks while descend-

ing. This necessitates the modification of conventional

MacEtch methods reported to date to be used for the drilling

of holes in Si and other semiconductor materials with con-

trolled lattice configurations.

In 2012, Oh et al. reported direction-guided, nano/

micro shaping of Si using an applied magnetic field for inten-

tionally changing the direction of motion of the catalyst dur-

ing MacEtch, resulting in the formation of sheets, needles,

and zigzag wires.18 This work motivated us to explore mag-

netic field-guided MacEtch (h-MacEtch) to overcome the

challenges in using isolated metal catalysts for the formation

of periodic arrays of holes. Such a field-guided MacEtch pro-

cess can lead to the formation of straight air hole arrays with

high aspect ratios, as well as, curved air holes with controlled

chirality. In this letter, we report a systematic study of the

etch parameters required for the fabrication of periodic nano-

hole arrays of sub-micron dimensions on silicon-on-

insulator (SOI) wafers using MacEtch under the influence of

an external magnetic field. We then demonstrate the fabrica-

tion of high performance two-dimensional (2D) air hole array

PhC Si membrane reflectors (Si-MRs) using this approach.

As shown schematically in Fig. 1(a), a square-lattice air

hole PhC structure on an SOI substrate was used for the Si-

MRs. The key lattice parameters are shown in Fig. 1(b), where

r, a, and t represent air hole radius, lattice constant (period),

and Si-MR thickness, respectively. The design was based on

rigorous coupled-wave analysis (RCWA) techniques.13,14 For
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the PhC Si-MR design considered here, with target reflection

spectral band around 1500 nm, the design parameters are

a¼ 980 nm, r/a¼ 0.28, and t¼ 340 nm.

After defining the patterns using electron-beam lithogra-

phy (EBL), we deposited a trilayer stack of metals (Au

(20 nm)/Ni (10 nm)/Au (5 nm)) on an SOI wafer (2 lm bur-

ied oxide (BOX) and 340 nm top Si) using electron-beam

evaporation followed by liftoff to form metal disk patterns.

The typical sample size was �0.5 mm� 0.5 mm. We then

introduced the SOI wafer with metal disk patterns into a

Teflon beaker with 49% hydrofluoric acid (HF, 5 ml), 30%

hydrogen peroxide (H2O2, 1.25 ml), and deionized water

(DI, 8 ml) for different etch periods (specified below). A

stack of circular neodymium magnetic disks (Applied

Magnets), with maximum measured magnetic field strength

of 0.2 T, were placed underneath the beaker containing the

MacEtch solution to ensure uniform and vertical drilling of

holes in the active device area, by avoiding the detouring of

metal catalyst disks during etching. The distance between

the top surface of the magnet and the SOI wafer was �5 mm.

Following MacEtch, the SOI wafers were submerged into a

commercial gold etchant (Transene Co.) to completely

remove the metal stack. Imaging and general inspection of

post-MacEtch samples were carried out using a Hitachi

S-4800 scanning electron microscope (SEM). For optical

reflectivity measurements, a white light source (covering

1100–1700 nm spectral range) and an optical spectrum ana-

lyzer were used to measure the reflection spectra over a wide

spectral bandwidth.

Fig. 1(c) shows a tilted-view SEM image of a nanohole

array (diameter¼ 550 nm and pitch¼ 1 lm) fabricated on a

p-type (q¼ 5–10 X � cm) Si wafer using a 60 s MacEtch pro-

cess under the influence of an externally applied magnetic

field. During the course of etching, the trilayer metal disks

sink vertically into the substrate (as shown in the inset) due to

the influence of the applied magnetic field attracting the cen-

tral Ni layer of the trilayer metal stack in a downward direc-

tion. By varying the duration of etching, this approach allows

for the drilling of vertical holes of any aspect ratio, so long as

an intimate contact between the catalyst disk and the underly-

ing semiconductor substrate is preserved. In addition, by

switching the polarity and duration of the applied external

magnetic field, this technique can, in principle, be extended

to drilling helical or spiral-shaped pits for 3D photonic device

applications,19 which cannot be achieved by other anisotropic

etching processes. It should be noted that the edge roughness

of the metal disk controls the smoothness of the nanohole

sidewalls, due to the inherent nature of the MacEtch process.9

For the fabrication of PhCs in Si, the technique used

must produce uniform and vertical etching of holes of

any given lateral and vertical dimensions. Therefore, we

designed a set of experiments varying the magnetic field

strength, duration of etching, and lateral dimensions of holes,

in order to determine their influence on the MacEtch process.

As Oh et al. reported that the applied magnetic field con-

trols the direction of motion of the catalysts,18 we compared

the morphology of holes made using MacEtch with and with-

out an external magnetic field. In Fig. 2(a), the nanohole array

fabricated using MacEtch without an applied magnetic field

clearly shows the non-vertical sinking of catalyst disks into

Si, whereas the nanoholes etched with an applied magnetic

field of 0.2 T, as shown in Fig. 2(b), demonstrates a near-per-

fect elimination of non-vertical displacement of the metal

disks. We also observed that with field strengths less than

0.2 T (not shown here), there were still signs of lateral detour-

ing. This can likely be attributed to the lack of a sufficiently

localized field strength near the etch front, thereby causing

the displacement of the disks. Also, we note a clear enhance-

ment of the vertical etch rate with the introduction of a 0.2 T

magnetic field, as seen in Fig. 2(b). This is a direct conse-

quence of the additional attractive magnetic force induced

upon the Ni segment of the metallic trilayer stack. Very

recently, Lai et al. reported the mechanics of catalyst motion

during MacEtch of Si by studying the van der Waals (vdW)

force between the catalyst and Si during etching and its de-

pendence on the chemistry of the solution.20 The detouring

observed in our MacEtch experiments without the applied

magnetic field (Fig. 2(a)) can be attributed to the non-

uniform and anisotropic nature of this vdW force, even with

our optimized etching conditions having a high [HF]:[H2O2]

ratio. The enhancement of etch rate with the application of an

external magnetic field (Fig. 2(b)) can be attributed to the

manipulation of both the magnitude and direction of the same

attractive vdW force, which is very similar to the observations

of enhanced etch rates, reported by Lai et al.,20 with increasing

molar concentrations of HF and H2O2. Therefore, with the

application of a sufficiently high external magnetic field (in this

case, 0.2 T) and varied etch durations, our MacEtch approach

can produce vertical holes of variable aspect ratios in Si.

FIG. 1. (a) 3D sketch of a Si-MR with a patterned 2D air hole square-lattice

PhC structure on an SOI substrate. (b) Key lattice parameters for the square-

lattice air hole PhC structures are air hole radius (r), lattice constant or pe-

riod (a), and Si-MR thickness (t). (c) 45� tilted-view SEM image of a nano-

hole array after a 60 s magnet-guided MacEtch process showing trilayer

metal stacks displaced to the bottom of the etched Si air holes. Inset shows a

tilted-view image of a single drilled nanohole with the catalyst disk at the

bottom after MacEtch. Inset scale bar represents 500 nm.
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The second influential parameter of interest is the dura-

tion of MacEtch. Fig. 3(a) shows the variation of etch depth

as a function of etch time for nanohole arrays of 550 nm di-

ameter and 1 lm period, made using p-type Si wafers under

a constant magnetic field (0.2 T). A nearly linear trend is

observed from Fig. 3(a), indicating that the vertical etch rate

of such discrete features is constant. It is worth noting that a

slightly lower etch rate is observed for shorter etch periods,

likely the result of a latency period required for oxidation of

Si at the surface. These results demonstrate that tuning of the

aspect ratio of such vertical nanoholes, simply by varying

the etch time, can be achieved with the proper choice of

magnetic field strength.

Lastly, we consider the effect of variation of the nano-

hole lateral dimensions on the etch depth, for a fixed

MacEtch duration and constant magnetic field. The diameter

of the holes used for our study ranged from 400 to 1000 nm,

as this range corresponds to the sub-wavelength regime used

for the design of PhC-based devices. All samples were

etched under a constant external magnetic field of 0.2 T for a

fixed duration of 60 s. As shown in Fig. 3(b), the etch depth

of nanoholes decreases as the diameter of the holes increases

using a constant pitch of 1 lm for all samples. This decrease

in etch rate can be attributed to the difference in the volume

of Si atoms undergoing oxidation and removal during the

MacEtch process with different lateral dimensions of the

metal patterns. For etching holes in the sub-400 nm regime

(not shown here), much higher etch rates can be expected as

the volume of Si atoms would be reduced even further.

Therefore, the current MacEtch approach may be easily

scaled down to implement such design requirements.

For the SOI wafer used for our optical reflectivity meas-

urements, we set the etch duration as 75 s in order to ensure

full penetration of the catalyst disks through the top Si layer

(t¼ 340 nm). In Fig. 4(a), a top view SEM image of a Si-MR

formed on top of the BOX layer is shown. We observed that

when the metal catalyst reaches the underlying BOX layer,

MacEtch no longer continues, as etching of this segment pro-

ceeds isotropically in HF (no Si layers are present in the

BOX to be oxidized). The patterned MRs formed using

MacEtch can be released from the SOI substrate by selec-

tively etching the BOX layer in HF, as shown in Fig. 4(b),

and can be directly transferred to any other substrates based

on the transfer printing technique.21 Note that the MRs

shown in the tilted-view SEM image in Fig. 4(b) had a

square air hole with an alternative lattice configuration

(�1 lm hole size with 2 lm period).

Fig. 5 shows the measured (solid, red curve) and simu-

lated (dashed, blue curve) optical reflectivity spectra from a

MR with a MacEtch-patterned 2D air hole square-lattice

PhC structure. The parameters used for simulation to fit the

experimental results are a¼ 980 nm, r/a¼ 0.313, and

t¼ 340 nm. Notice that the fitted r/a value is slightly larger

than the original design parameter, due to enlarged air hole

sizes in the actual etched structures. Clearly, the key features

in the broad high-reflection band region between the

FIG. 2. 45� tilted-view SEM images of nanohole arrays after MacEtch for

60 s with (a) zero and (b) 0.2 T external magnetic field guidance.
FIG. 3. Plots showing variation of etch depth with (a) duration of MacEtch

for holes with diameter of 550 nm, and (b) diameter of holes under identical

etch conditions for a duration of 60 s. Each data point represents the mean

value measured from a sample set of 25 individual nanoholes, while error

bars indicate 6 one standard deviation from the mean.
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experimental and simulated optical reflectivity results match

very well. The measured peak value of reflectivity is approx-

imately 90% of the simulated value at the desired wave-

length of 1500 nm. Note that the Si-MR fabricated using the

h-MacEtch approach reported here has a slightly reduced

peak reflectivity compared to the Si-MRs made using dry

etch approach reported earlier22 with similar design parame-

ters. This could be attributed to the h-MacEtch conditions

used here, which is limited by the metal edge roughness

resulting from the patterning approach and the uniformity of

the magnetic field. Further improvement of the reflectivity

can be achieved by minimizing the sidewall roughness and

size dispersion of the etched nanoholes. Under fully opti-

mized conditions, it is possible that the reflectivity of the de-

vice can surpass that produced by dry etch, because of the

inherent damage-free nature of MacEtch. The results demon-

strated here confirmed experimentally that MacEtch, a sim-

ple, low-cost, and damage-free technique, can be used for

the fabrication of Si-MRs without the need for high vacuum

conditions or a high thermal budget, as required for conven-

tional plasma-assisted etching. Most importantly, the work

reported here demonstrates the feasibility of the h-MacEtch

process for fabricating high quality photonic structures,

where more complicated 3D structures may be realized in

the future.

In summary, we have reported the fabrication of discrete

nanohole arrays in Si using magnetic field-guided MacEtch

(h-MacEtch). We have performed a systematic study of the

factors affecting the structural morphology of the holes made

using this approach, including the strength of the external

magnetic field, etch period, and lateral dimensions of the

nanohole features. Furthermore, we have fabricated and

characterized the optical reflectivity of Si-MRs using this

technique. Our results show that the optical device perform-

ance of the Si-MRs made using this simple and low-cost

method matches very well with theoretical models, based on

RCWA simulations. Our future efforts will focus on the

demonstration of spectral tunability using various dimen-

sions of nanohole arrays. Also, we aim to apply h-MacEtch

to the fabrication of discrete, non-linear 3D features in Si as

well as compound semiconductors.
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FIG. 4. (a) Top-view SEM image of a Si-MR made from an SOI wafer using

magnetic field-guided MacEtch for 75 s and (b) tilted-view SEM image of a

Si-MR released from the SOI wafer with an alternative lattice configuration

(� 1 lm hole size with 2 lm period).

FIG. 5. Comparison of optical reflectivity data obtained by RCWA simula-

tions (dashed, blue curve) and experimental measurements (solid, red curve)

of the Si-MR fabricated by magnetic field-guided MacEtch.
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