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We have demonstrated the dependence of the metal-assisted
chemical etching of GaAs on catalyst thickness. For ultra-thin
(3~10nm) Au catalysts, we found that the etch rate was
significantly enhanced, an unexpected phenomenon in light of
the conventional mechanism. Numerous pinholes in the metal
catalyst are postulated to enable out-of-plane mass transport
of reactants and products across catalyst-covered GaAs.
When this process is dominant, the GaAs etch rate is
facilitated and an anisotropic profile is formed. With thicker
(>15nm) Au catalysts, the conventionally known in-plane
mass transport becomes dominant and lowers the etch rate
with an isotropic profile. To our knowledge, this is the first
report that experimentally verifies the vertical mass transport
of a metal-assisted chemical etching of semiconductors. A
metal-assisted chemical etching of GaAs with controlled
metal catalyst thickness suggests this technique is more
attractive and wuseful for a wide range of practical
applications.

Semiconductor micro- and nano-structures with high aspect ratios
are found to be versatile in a wide range of applications, such as
sensors,  microelectromechanical ~ systems  (MEMS)'  and
optoelectronic devices.?® To increase the performance of these
devices beyond the physical limits of silicon, I11-V semiconductors
are being investigated as potential alternative materials for various
applications. As the geometries of devices are scaled down to
enhance performance, 11V devices require three-dimensional
architecture to address critical challenges associated with feature size
and cost-per-function issues.

Metal-assisted chemical etching is an anisotropic etching
technique employing a metal catalyst and etchant solution.* Since
this phenomenon was discovered by Li and Bohn in 2000,° it has
attracted much attention due to its simple implementation and unique
physical properties, with applications in various fields such as
energy devices,®”® biological sensors,® membranes'® and field-effect
transistors (FETs).!! Generally accepted mechanisms involve
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electronic hole transport into the semiconductor by reducing the
oxidant using a metal catalyst and a subsequent etch of the oxidized
semiconductor with an acid solution. The combined localized
oxidation and etching enable high aspect ratio micro- and nano-
structures,*** deep pores or trenches™*®' and porous
semiconductors.’®*® Since metal-assisted chemical etching is a
simple, wet-based anisotropic technique, there is no charging or
crystal damage induced by the high energy plasma ions that are
necessary for dry etch. A low temperature with minimal surface
damage is a crucial requirement for I11-V device fabrication because
the damaged I1I-V crystal is not readily repaired by thermal
annealing.

We note that most previous research on metal-assisted chemical
etching has been conducted on silicon while only a few studies have
addressed 111-V compound semiconductors. Previous efforts to etch
InP®® with conventional H,O,/HF showed partial success, resulting
in microbumps rather than nanowires. A recent report on metal-
assisted chemical etching of GaAs employing KMnO,, a weaker
oxidant than H,0,, successfully demonstrated periodic high aspect
ratios nano-pillars by optimizing the etchant concentration and
temperature.’ Despite the unique benefit offered by metal-assisted
chemical etching, a clear mechanism is not yet understood and
potentially limits our ability to precisely tailor semiconductor
structures for particular applications.

In this work, we have focused on metal catalyst thickness and
its impact on the etching mechanism. We have experimentally
proven in-plane and out-of-plane models for the mass transport
of metal-assisted chemical etching. Etch rates and
isotropic/anisotropic profiles of the top of GaAs pillars were
tailored according to metal catalyst thicknesses. Reaction
mechanisms strongly depend on the density of pinholes as a
function of metal thickness. Etch rates and isotropic/anisotropic
profiles with metal catalysts of different thicknesses can be
explained by the two types of diffusion processes proposed in
this work.
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Figure 1. SEM images of metal a55|sted chemlcal etchlng of GaAs
with a Au catalyst of (A) 3nm, (B) 5nm, (C) 7nm, and (D) 10nm.
Etch was conducted for 10 minutes in a solution of KMnO, and
H,S0;,. Inset to A shows intact 3nm Au catalyst before etch.

Compound semiconductors used for metal-assisted chemical
etching were Si doped n-GaAs (100) substrates with resistivity in the
range of 2.4-3.3x10° Q-cm. GaAs substrates were pre-cleaned with
conventional solvent and rinsed in de-ionized (DI) water. Periodic
mesh arrays with 2 um diameters and 2 um spaces were formed with
image reversal optical lithography. Au catalyst of various
thicknesses (3, 5, 7, 10, 15, and 20nm) were then thermally
evaporated on the GaAs substrates at a 2A/s deposition rate under
10 Torr pressure, followed by a metal lift-off process. Before
evaporation, native oxide was removed using a dilute HCI solution
(HCI:H,0=1:1) and substrates were thoroughly cleaned in a DI
rinse.

The etch solution was prepared by dissolving potassium
permanganate (KMnO,) with DI water and stirred for 30
minutes. Then 37mM KMnO, was mixed with sulfuric acid
(H,S0O,). Samples were etched for designated durations (3, 5, or
10 minutes) at 50~53°C. Etching was stopped by thoroughly
rinsing with DI water and drying in a N, stream. The height of
the etched pillars was measured using field emission scanning
electron microscopy (FE-SEM).

Figure 1 shows scanning electron microscopy (SEM) images
of metal-assisted chemical etching of GaAs with a Au catalyst.
Etch was conducted for 10 minutes on a Au mesh pattern on a
GaAs substrate with different Au catalyst thicknesses of (A)
3nm, (B) 5nm, (C) 7nm and (D) 10nm. Note that the inset in A
shows an intact 3nm Au catalyst on a GaAs substrate in circular
mesh arrays before etch. The catalyst dimension was fixed at
mesh arrays with 2um diameters and spaces to prevent the
etching rate from changing with pattern size, not metal
thickness, at the thick metal region.?

With an ultra-thin Au catalyst of 3nm (Figures 1A), etch was
not successful. The Au catalyst did not maintain its initial
periodic structure, but seemed to be rearranged and peeled off
the GaAs substrate at some sites, probably because Au catalyst
loses its anchor with the underlying substrate and becomes
mobile during the etch process. High-resolution images of the
Au catalyst in Figure 4 will shed more light on this
phenomenon. On the other hand, a GaAs etch with a thicker Au
catalyst of 5 nm (Figure 1B) produced dramatically different
results. In this case, high aspect ratio GaAs pillars were
fabricated in circular mesh arrays. Compared with the 3nm
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Figure 2. SEM images of the top of the GaAs pillar after etch for 10
minutes with a Au catalyst of (A) 3nm, (B) 5nm, (C) 7nm, and (D)
10nm.

thick Au catalyst, the 5nm Au catalyst accelerated the vertical
etch rate and produced high aspect ratio GaAs pillars. As the
Au catalyst thickened to 7nm (Figure 1C) and 10nm (Figure
1D), etch still produced the GaAs pillars. However, the etch
rate with a thicker Au catalyst was much slower than the one
with a 5nm thickness. With a peak etch rate recorded at 5nm,
the etch rate gradually decreased as the Au catalyst became
thicker.

With Au catalyst thickness, another point worth noting is the
transition of anisotropic/isotropic characteristics. Figure 2
compares the top portion of GaAs pillars with 3, 5, 7, and 10nm
thick Au catalyst after etch for 10 minutes. With the 3 and 5nm
Au catalyst, the GaAs pillar exhibited a cylindrical top,
indicating anisotropic etch characteristics. As the Au catalyst
increased to 7 and 10nm thick, the top of the GaAs pillars
became conical with a smaller pillar diameter at the bottom,
indicating more isotropic etch characteristics. This transition
toward isotropic etch is probably caused by excess hole
diffusion towards the bare GaAs region. This point will be
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Figure 3. Out-of-plane and in-plane mass transport regimes defined
by variations in etch rates as a function of Au catalyst thickness.
Inset shows the pillar height measured over time for different Au
catalyst thicknesses.
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detailed below.

Figure 3 shows etch rate as a function of Au thickness. The
inset shows pillar height measured over time for different Au
catalyst thicknesses. When the Au catalyst was 3nm thick, an
accurate rate was difficult to measure because of the poorly
defined GaAs pillars. Wide error bars with a low etch rate
indicate unsuccessful metal-assisted chemical etching of the
GaAs. After increasing the Au catalyst to 5nm, the etch rate
increased dramatically to as high as 29 nm/s. This increase is
interpreted to be the result of enhanced mass transport for the
chemical reaction, which will be clarified below. For the 7nm
Au catalyst, the etch rate began to roll-off. When the Au
catalyst was 10nm thick, etch rates further decreased to 8nm/s.
For Au thicknesses > 15nm, etch rate was saturated and
essentially became independent of Au thickness. From the
results, metal-assisted chemical etching of GaAs with different
Au catalyst thicknesses can be classified into two regimes: out-
of-plane mass transport and in-plane mass transport. These
regimes are directly related to the physical properties of the Au
catalyst.

At this point, the metal-assisted chemical etching of GaAs
exhibits different behaviour from that of Si. For Si, with a thin
(<10nm) catalyst layer with pinholes, etching beneath the
catalyst layer is non-uniform, forming nanowires or nanoflakes
through the pinholes?!. However, for GaAs, no such nanoflake
or nanowire formation with a thin catalyst layer is observed in
our experiment or in a previous report?®® The reason for the
difference is currently unclear We tentatively attribute this
difference to material properties. That is, whereas Si is
relatively insoluble and forms a rigid oxide, GaAs is known to
be more soluble with weaker oxide.

To elucidate the etch mechanism in more detail, high-
resolution images of the Au catalyst surface were taken. SEM
images in Figure 4 compare its surface morphology (A=3nm,
B=5nm, C=7nm, D=15nm) observed after etch for 3min. As a
reference, the inset to Figure 4A was 3nm thick Au catalyst
before etch and its surface were relatively intact and smooth.
However, after etching, different morphologies of the Au
catalyst were observed. As shown in in Figure 4A, the Au
catalyst layer seems to coalesce with several wide holes. The
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Figure4. Comparison of the surface morphology of Au catalyst
(A=3nm, B=5nm, C=7nm, D=10nm) after etch for 3min. As a
reference, the inset in A shows seamless 3nm thick Au catalyst
before etch.
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(A) Model-I : in-plane mass transport
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(B) Model-II : out-of-plane mass transport

KMnOas

@ H2504 l

@ Ga3t, As™ @KMn04
L porous  © 50,

@ Ga’t, As™t

—

nano-pinholes on Au surface

Figure 5. Schematic illustration of (A) Model-1: widely accepted in-
plane mass transport and (B) Model-11: proposed out-of-plane mass
transport of reactant and product in metal-assisted chemical etching.

unsuccessful GaAs etch in Figure 1A is attributed to the
collapse of the Au catalyst due to wide holes distributed in the
ultra-thin film. Figure 4B refers to the results with 5nm thick
Au. Unlike the ultra-thin 3nm Au catalyst, the structural
integrity of the Au catalyst layer is maintained even though
numerous nano-sized pinholes are observed.

Coalesced Au and nano-pinholes were results of a dynamic
redistribution of Au from cyclic reaction forming Au®* and
back to Au®, as explained in the following paragraph on etch
mechanisms.?? The repeated etching and deposition processes
transfer Au to an adjacent catalyst region similar to a nucleation
effect. The highest GaAs etch rate measured with 5nm thick Au
is related to the presence of nano-pinholes. Pinholes allowed
out-of-plane mass transport of the reactant and product during
etch. As the Au thickness increased to 7nm (Figure 4C) and
10nm (Figure 4D), the number of pinholes decreased
substantially. Etch rate roll-off is in good agreement with of the
fewer pinholes. When Au thickness was 15nm, almost seamless
surface morphology was observed without any pinholes in any
given area. For Au thicknesses > 15nm, the saturated etch rate
coincides with the surface morphology of the Au catalyst.

In previous reports, proposed mechanisms for metal-assisted
chemical etching can be roughly classified into two categories:
in hole injection mechanisms, the metal catalyst reduces the
oxidant (KMnO, in current work), producing free electronic
holes. Electronic holes are injected into the valence band of the
semiconductor and oxidize it. Then an etchant (H,SO, in
current work) dissolves the oxidized semiconductor. On the
other hand, in the more recently proposed metal catalysis
mechanism??, the metal catalyst is oxidized by oxidant and
dissolved into a solution. Then the dissolved metal ion
redeposits onto the semiconductor and etches it. Whereas the
hole injection model assumes semiconductor band control for
the metal-assisted chemical etching, the metal catalysis model
assumes a simple heterogeneous surface reaction.

In both mechanisms, the dissolved semiconductor ions need
to diffuse out from the metal/semiconductor interface into the

J. Name., 2012, 00, 1-3 | 3
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bulk solution. Figure 5A illustrates model-1 for the in-plane
mass transport of reactant and product. Note that in this model,
the etch rate is independent of catalyst thickness, because the
catalyst layer is thick and uniform and mass transport of
reactants and products is virtually blocked through the metal
layer, occurring only at the edge of the metal/semiconductor
interface. Etch rate is relatively low because of in-plane mass
transport. On the other hand, Figure 5B is a schematic
illustration of the out-of-plane model-1l that we have
experimentally proven for the first time. In this model,
electrochemically generated nano-pinholes in the metal catalyst
not only enhance important catalytic effects in redox
reactions,?>?* but also act as a diffusion pathway for the
reactants (H,SO,) and products (Ga®* and As"™ ions) for
chemical etching oxidized GaAs. When diffusion through the
pinholes is the dominant mass transport process, the chemical
reaction uniformly occurs at any location beneath the metal
catalyst. Therefore, the conical top of the pillar was not
observed as a result of homogeneous etching at the Au/GaAs
interface. In addition, the overall etch rate is enhanced and the
cylindrical top of the pillar is formed. The density of pinholes
in the metal catalyst is determined by the metal thickness. This
model supports that the etch rate has a strong dependence on
Au thickness ranging from 3 to 10nm and is independent of Au
thickness > 15nm in terms of pinhole density.

With these two models, experimental results can be
interpreted consistently. When Au thickness > 15nm, the
conventional model-1 becomes the dominant process and the
etch approaches the edge of the Au/GaAs interface, which
results in a low etch rate and isotropic and conical profiles. For
a 7~10 nm Au catalyst, the etch make a transition from model-I
to model-11 as the number of pinholes decreases. The highest
etch rate and cylindrical top of the GaAs pillars are driven by
model Il because of the numerous pinholes in 5nm Au catalyst.
A 3nm Au catalyst is too thin to transport sufficient electronic
holes in the GaAs, resulting in a scattered etch rate.

Conclusions

Metal-assisted chemical etching of GaAs has a strong
dependency on surface porosity or the thickness of the metal
catalyst. Several pinholes formed in the 5nm Au catalyst
facilitated the GaAs etch rate to as high as 29 nm/s, while the
15~20nm Au catalyst lowered the GaAs etch rate substantially.
We have proven with out-of-plane models for metal-assisted
chemical etching of GaAs that pinholes in thin metal serves as
diffusion pathway for the reactant and product during the
catalytic reduction of oxidant in the chemical etching of GaAs.
With thin Au and mass transport occurring through pinholes,
metal-assisted chemical etching of GaAs was enhanced with
high anisotropic etch profiles. With thick Au, however, metal-
assisted chemical etching of GaAs showed little dependency on
Au thickness, suggesting in-plane mass transport.
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