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Metal-assisted chemical etching beyond Si:
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Metal-assisted chemical etching (MacEtch) has emerged as a versatile technique for fabricating a variety
of semiconductor nanostructures. Since early investigations in 2000, research in this field has provided a
deeper understanding of the underlying mechanisms of catalytic etching processes and enabled high
control over etching conditions for diverse applications. In this Review, we present an overview of recent
developments in the application of MacEtch to nanomanufacturing and processing of llI-V based semi-
conductor materials and other materials beyond Si. We highlight the key findings and developments in
MacEtch as applied to GaAs, GaN, InP, GaP, InGaAs, AlGaAs, InGaN, InGaP, SiC, p-Ga,O3, and Ge material
systems. We further review a series of active and passive devices enabled by MacEtch, including light-
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emitting diodes (LEDs), field-effect transistors (FETSs), optical gratings, sensors, capacitors, photodiodes,
and solar cells. By reviewing demonstrated control of morphology, optimization of etch conditions, and
catalyst-material combinations, we aim to distill the current understanding of beyond-Si MacEtch mecha-
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Introduction

Metal-assisted chemical etching (MacEtch) is a benchtop-
tunable etching technique that has been broadly implemented
in nanofabrication."* A viable alternative to conventional dry
etch processes,” MacEtch is a relatively straightforward process
that does not necessitate high-temperature or high-vacuum
processing and is, therefore, easily carried out in most facili-
ties. The demonstration of high aspect ratio structures, with
controllable morphology inherited from the metal catalyst,*”
has opened the doors for the implementation of MacEtch in
many applications, especially in the field of nanoscale
devices." Catalysts can be deposited with a variety of metalliza-
tion methods including thermal and electron-beam evapor-
ation, sputtering, through-mask and damascene electroplat-
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nisms and to provide a bank of reference recipes to stimulate progress in the field.

ing, as well as other masking-based approaches. With catalyst
patterning at the substrate level, via photolithography or other
processes such as self-assembly® or electroless metal depo-
sition,” a high degree of control over etched features can be
exerted. Top-down processing through MacEtch has been
explored for the fabrication of diverse structures including
nanowire arrays,®® nanofins,'® microtrenches,"’ curved'*"?
and other arbitrary'® features and a range of applications such
as photonic crystals,"”> X-ray optics,"® FinFETs,"” solar
cells,"®* lasers,”® LEDs,>® buried optical transmission
gratings,>” energy storage devices,*® and sensors.”***

The mechanism responsible for MacEtch has not been fully
elucidated, and etch progression varies based on etch system
and substrate, but the broadest, most widely supported
MacEtch model describes a three-phase process that occurs at
a much faster rate in regions with both direct metal-to-sub-
strate contact and sufficient solution access.”®?” Initially, an
oxidant species is reduced by the metal at either the top side
(metal-solution interface) or bottom side (metal-semi-
conductor interface),>® shuttling electrons down an oxidation
ladder towards lower energies and generating holes in the
metal. In the second step, the generated holes are injected
into the substrate, up the oxidative ladder, leading to substrate
oxidation.”® Oxidized substrate is dissolved by acid etchants in
the final phase. In the more general case of forward pro-
gression MacEtch, the metal catalyst sinks into the substrate
to form a new interface with undissolved material and begin
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the hole injection process over. The repeated progression
through this cycle can lead to a high aspect ratio etched struc-
ture, as the metal catalyst descends and continually etches
away substrate material.

Many modern fabrication processes necessitate high-aspect
ratio features with controlled dimensions that preserve the
crystal lattice and, in some cases, existing topography.>® While
conventional dry etch processes are capable of reaching high-
aspect ratio targets, the induced surface damage to the etch
sidewalls can lead to undesirable recombination processes
during device operation.’** Preventing surface damage is
important particularly in the case of optical devices, where
surface states can lead to non-radiative recombination and the
quenching of free carriers in the device. Additionally, the
varying degree of isotropy present in most dry etching pro-
cesses will damage three-dimensional structures. Considering
that thermal processes such as rapid annealing are unable to
restore uniform crystallinity for compound semiconductors,
the stoichiometry loss during the anneal will disrupt the com-
positional uniformity of the crystal and lead to band gap
energy migration.>® In MacEtch, the preservation of surface
crystallinity leads to a sidewall condition that better preserves
bulk characteristics. In combination with room temperature
processing, MacEtch can be expected to enable overall
improvements in performance compared to surface-damaged
devices.

As may be expected, MacEtch of III-V semiconductors is
not a universal process able to be generally applied across III-
V compounds without modification. Due to the differences in
band structure among the III-V materials (Fig. 1), as well as
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the formation of multiple oxide species corresponding to the
individual elemental components of the alloy, each material
requires tuning of the etch mixture and will exhibit distinct
etch characteristics. Crystal etch direction, progression of
etching, as well as the etch pattern relative to the deposited
catalyst all vary with materials and etchant solutions. Perhaps
most representative of the variation in etch character from one
material system to another, some materials have been shown
to undergo MacEtch, but inversely. In inverse MacEtch
(I-MacEtch), etching proceeds not in regions where the catalyst
is directly contacting the substrate, but rather in metal-adja-
cent or “off-metal” regions. Under these conditions, the better
solution access in off-metal areas dissolves oxidized substrate
faster, promoting more hole diffusion from the catalyst region
and advancing the overall etch rate. Due to the increased rate
of hole diffusion to off-metal regions, generated holes will
diffuse before oxidizing the substrate below the catalyst.
Without oxidation in catalytic areas, the cycle of etching, dis-
solution and catalyst descent into the substrate does not
occur, making etching to high aspect ratios achieved with
forward progression MacEtch more difficult with I-MacEtch
processing.

Several variations on the standard MacEtch process have
been implemented to address fabrication challenges, either
due to the material system or due to other specific constraints
on final etch dimensions. These include: (a) photo-assisted
MacEtch,** which relies on photogenerated carriers to facili-
tate the MacEtch catalytic process; (b) magnetic MacEtch," in
which superficial magnets direct the catalyst via magnetic field
interactions; (c) self-anchored catalyst (SAC) MacEtch,*® in
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Fig. 1 The upper band structure of semiconductors relative to the reduction potentials (E°) of common metals, catalysts demonstrated to promote

MacEtch, and common oxidants.
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which designed holes in the catalyst layer anchor the catalyst
to the substrate via physical forces and allow for the generation
of deep, high aspect ratio features; (d) MacImprint,*® which
utilizes a catalyst-coated polymer stamp to direct the etch in a
controllable fashion and (e) anodic MacEtch,*” which proceeds
by a two-step mechanism where holes are generated by an
applied electrical current and are trapped at the catalyst-sub-
strate interface by band bending.

Despite the differences between material systems, consider-
ation of the oxidation reduction potentials of the substrate
material alongside those of the oxidant, catalyst, and etchant,
will provide a framework for the design of MacEtch systems for
a given material (Fig. 1). This is aided by the construction of a
conceptual oxidation ladder, on which charge carriers are
transported to lower energies by moving between the substrate
at high potential and the oxidant at low potential; all mediated
by the interceding catalyst. Critical to this conceptualization is
the ladder itself. A more negative oxidation potential relative to
vacuum level will not always result in more aggressive etching,
as evidenced by comparisons of etch rates between Pt and Au
catalysts,*®3® but instead it is necessary for the catalyst to serve
as an intermediary between etchant and substrate. If magni-
tude alone determined the etch rate, one would expect lone
oxidant to etch faster than when catalyzed, shown not to be
the case.?® It could be suggested a “gold”-ilocks zone for cata-
lyst exists between the redox potential of the oxidant and the
band edge of the catalyst, to foment a reduction ladder with
equally spaced steps.

In this review, a survey of past MacEtch processes in
materials aside from silicon is presented, beginning first with
binary semiconductor etch systems and proceeding on to
describing ternary alloys, before finally discussing other wide-
bandgap semiconducting materials including those which
have been demonstrated to be etchable through MacEtch. The
body of research discussed herein demonstrates the wide-
ranging utility of MacEtch to compound semiconductor pro-
cessing and proposes a framework for consideration of
MacEtch mechanisms during etching, including the con-
ditions under which the necessary hole injection processes
arise and what external conditions are necessary to drive the
MacEtch mechanism. We also provide a repository of MacEtch
recipes from the literature, which are intended to guide future
research. There are considerable challenges confronting the
implementation of MacEtch in many industrial settings,
including the process compatibility of catalysts, the repeatabil-
ity and uniformity of the process and the feature dimensions
able to be generated. It is our intent that this review will serve
as a reference for those tackling these challenges.

Background

MacEtch is believed to operate via a mechanism (Fig. 2)
hinged on oxidation-reduction®® reactions between the two
interfaces of the metal catalyst: the metal-solution interface
and the metal-semiconductor interface, which act as cathode
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Fig. 2 Forward MacEtch mechanism: (a) charge builds up along the
metal-semiconductor interface; (b) reduction of oxidant at the metal
injects holes into the semiconductor and results in destabilization of
charge balance across the semiconductor; (c) oxidation by solution con-
sumes the holes and restores charge neutrality; (d) surface oxide is dis-
solved and the substrate is etched, metal descends into the substrate.

and anode, respectively.”” The metal layer catalyzes the oxi-
dation of the semiconductor surface. The oxide generated by
this process is then dissolved by oxide etchants present in
solution, which access the interface via diffusion through adja-
cent oxidized semiconductor.”® The main mechanism by
which MacEtch catalysis occurs is one of hole injection as the
accumulation of charge in both the solution and the substrate
leads to polarization along the interface as charges locally
stabilize.>®*° The exchange can be understood as an electro-
chemical process with two localized half reactions.®**?” In the

Nanoscale, 2024, 16,10901-10946 | 10903


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nr00857j

Open Access Article. Published on 28 May 2024. Downloaded on 7/29/2025 11:03:38 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

cathode reaction, interface polarization induced by the metal
catalyst drives a carrier exchange as electrons are transported
into the catalyst, holes are injected into the substrate and
polarization grows. Simultaneously, a soluble complex forms
under the catalyst and begins to dissolve in the anode
reaction.

The progression and morphology of a MacEtch process
depend on the reaction-limiting conditions during the etch.*®
The level of solution access to the oxidized, catalyst-adjacent
substrate, the lateral diffusion rate of injected holes, and the
solubility of the intermediate interfacial species all influence
the etch."'%?%33 If carrier generation or diffusion is limited at
the catalyst-substrate interface, then the rate of hole injection
into the semiconductor is less than the rate of hole consump-
tion by the oxidation processes. As a result, the injected holes
will rapidly oxidize the semiconductor, promoting the forward
progression of MacEtch. Alternatively, if mass transport of oxi-
dized material is the rate-limiting factor, for example, due to
inadequate solution access to the oxidized semiconductor,
then holes will diffuse to catalyst-adjacent regions before the
interfacial material can be dissolved (Fig. 3). For such a case,
the etch will proceed in regions without patterned catalyst,
generating an “inverse” etch progression by comparison to the
first case.’® In a separate I-MacEtch mechanism, if an in-
soluble, interfacial oxide develops at the catalyst-semi-
conductor interface, then holes that are not captured by oxi-
dation processes will diffuse outward for oxidation at off-cata-
lyst regions."”

The MacEtch solution is composed of, at most essential, an
oxidant and an acid etchant, but is often supplemented with a
mobile surfactant to enhance mass transport of the etching
reagents and products.>” The role of the oxidant is one of elec-
tron acceptor and hole generator. It often undergoes catalytic
reduction at the metal, most importantly generating holes in
the metal catalyst, but also decomposing in solution into
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either radical or negatively charged species prior to reacting
with other aqueous species in the solution, or the substrate
itself. When these nucleophilic species introduced into the
solution react with the substrate, they often generate soluble
byproducts, as is the case of hydrogen peroxide reaction with
silicon to generate silicon oxide,*' which then proceeds to be
dissolved in the highly acidic and electrophilic etch solution.
This etch solution is made to attack the oxidized substrate due
to the presence of the acid etchant in solution.*® These acid
etchants when in solution are partially composed of highly
electrophilic counteranions, which strip the oxidized species
from the reactant surface, solubilizing them in the process.

While this process is well characterized for silicon, which
has benefited from development and thorough study of oxide
growth and the HF-silicon oxide etching chemistry, this is not
the case for III-V materials, which develop their own oxide
films with unique chemical properties.*”> Additionally, the
band gap energies vary greatly among the different semi-
conductor materials (Fig. 1), predisposing them to oxidation
by different oxidants and under different conditions than
those utilized for the catalytic etching of silicon. Further com-
plicating matters is the compound nature of alloyed semi-
conductors, which requires two oxidation chemistries be con-
sidered during the dissolution step. This leads to a range of
results, including the generation of crystalline deposits on the
surface of MacEtched structures as the distinct oxide associ-
ated with each alloy is dissolved, precipitated, and
redissolved.'*>%33

The most important features of MacEtch are appropriate
charge generation and diffusion into the substrate, the for-
mation of a soluble interfacial oxide, and the mass transport
of solution species to and from the interface. Interfacial oxide
solubility can be tuned, in some cases, by adjusting solution
composition, but is also material dependent. Solution access,
on the other hand, can be enhanced by controlling the process
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Fig. 3 The general inverse progression MacEtch mechanism: (a) reduction of oxidant at the metal leads to hole injection at the semiconductor/
metal interface; (b) holes diffuse away from the interface; (c) oxidized substrate is consumed by the solution.
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conditions during the fabrication of the metal catalyst.*> By
restricting the metal thickness, holes will experience a greater
potential for diffusion across the catalyst into the substrate.
Similarly, by restricting the catalyst thickness to the extent it
remains a porous material network and never coalesces to
form a continuous film, solution access via the pores is per-
mitted, increasing vertical etch rates and leaving behind high
aspect ratio nanowires. This catalyst configuration is com-
monly referred to as the “self-anchored catalyst”.?® These
nanowires can be cleared in post-etch processing to obtain the
desired structure.

The MacEtch rate is known to especially depend on the
diffusion and consumption rates of hole carriers in the semi-
conductor being etched. The catalytic film plays a dual role in
facilitating etching. The first function is to catalyze the oxi-
dative half reaction and inject holes into the substrate, the
second being the formation of interfacial junctions leading to
barriers or promoters of carrier diffusion, depending on band
configurations at the interface.** Band-bending arising from a
Schottky barrier will impede hole diffusion away from the
metal and restrict etching to the interfacial zones. Formation
of an Ohmic junction with the substrate will promote hole
diffusion away from the interface and increase the lateral etch
rate.** Oxidant concentration is also critical, as crystal pro-
gression®” and etch rate’® are both known to depend on
MacEtch solution composition. Surface topography and retex-
turing during etching will thus vary depending on the semi-
conductor-catalyst etch system.

In n-type GaAs being etched with Au as the catalyst, for
instance, the band bending generates a Schottky barrier, con-
centrating injected holes at the catalyst interface. This effect is
evidenced by a reduced lateral etch rate in n-type GaAs and an
oxidant concentration-dependent aspect ratio for GaAs pillars
fabricated by MacEtch.”" Higher oxidant concentrations were
shown to increase lateral etch rates and reduce fabricated
aspect ratios due to increased hole injection during the dis-
solution step of MacEtch. The effect of the Schottky barrier on
etch progression is further evidenced by the relationship
between catalyst and etch rate observed for GaN MacEtch.
Reduced Schottky barrier heights due to differences in catalyst
work function will increase both the lateral etch rate and the
overall etch rate as a result of increased hole injection and
faster hole diffusion in the semiconductor.*® Schottky barrier
height reductions in SiC arising due to dopant concentration
changes lead to increases in etch porosity and depth.*”

The ratio of lateral to vertical etch rate will determine the
topography of the resulting etch features; however, the crystal-
linity of the substrate is generally preserved and only engraved
by the catalyst. Preservation of substrate sidewall without the
damage associated with dry etching is a hallmark of MacEtch.
Transmission electron microscopy (TEM) studies have demon-
strated the preservation of substrate crystallinity in Si.**> Under
high oxidant concentration conditions, TEM analysis has
demonstrated the generation of surface porosity in MacEtch-
fabricated nanowires. However, under the most extreme etch
conditions leading to the greatest degrees of surface porosity,

This journal is © The Royal Society of Chemistry 2024
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the native Si crystallinity was still preserved, as demonstrated
via selected-area electron diffraction (SAED) analysis.*®
Moreover, h-MacEtch studies have shown that near-perfect
elimination of non-vertical etch displacement is possible with
MacEtch.'®> TEM studies of InP'” and p-Ga,0,** have also
demonstrated smooth sidewalls of MacEtch features where
substrate crystallinity is preserved following etching.

GaAs

Gallium Arsenide (GaAs) is a III-V compound semiconductor
with a direct bandgap (1.42 eV) and characteristic wavelength
(857 nm) in the infrared range of the electromagnetic spec-
trum. GaAs possesses high electron mobility (8500 cm® V™*
s7'), good thermal characteristics (conductivity 0.55 W
em™ °C™!, diffusivity 0.31 em? s™, linear expansion 5.73 x
107% °C™) and a zinc blende configuration.***° Optical sensi-
tivity in the near-infrared region, along with the stable crystal
structure make GaAs ideal for many optoelectronic®** and
photovoltaic®*® devices, including near-IR photodetectors®">®
and optical waveguides®”° operating at high enough tempera-
tures to generate thermal carriers. The fabrication of GaAs
nanoscale structures is regularly achieved with wet or dry etch
techniques; however, there are advantages to MacEtch proces-
sing of GaAs for specific applications. MacEtch of GaAs is
perhaps better realized in a different fashion to silicon
MacEtch, however, as GaAs will isotropically wet etch in a HF/
H,0, solution without the presence of catalyst®’ ™ and per-
oxide-based catalytic etching will etch in undesirable crystallo-
graphic directions.®®* This greatly limits the overall aspect
ratio obtainable when using a hydrogen peroxide based solu-
tion; however, alterations to the solution chemistry have been
shown to enable high aspect ratio MacEtch of GaAs structures.
Employing KMnO, as oxidant was shown to improve MacEtch
outcomes in GaAs.”"®® The etch rate in potassium permanga-
nate is directly influenced by the interaction between the elec-
tronic band structure of GaAs and that of the catalyst. For Au
catalysts contacted to n-type GaAs, the Schottky barrier at the
interface bends the band upwards, trapping hole carriers at
the interface and promoting forward progression of
MacEtch.** The published results on MacEtch research are
listed below in Table 1, with respect to etching conditions and
dimensions of the MacEtch-fabricated structures.

In 2008, Yasukawa et al.®® demonstrated forward MacEtch
of n-type GaAs with a HF and H,0, solution. The wafer was
patterned by nanosphere lithography and electroless wet Ag
deposition formed the catalytic mask to etch pillars 35 nm
high. Cu was also explored as catalyst, but unlike recent work
where Cu was employed as a viable catalyst,*"** Yasukawa
et al. found no catalytic effect of Cu and observed only conven-
tional, acatalytic wet etching. Etching was found to proceed
faster in the (100) direction by comparison with the (111).

Yasukawa et al.®® went on to investigate the effect of
different metals, either Cu, Ag or Pd, as catalysts for GaAs
MacEtch in a HF and H,0, solution. Cu was again found to
exhibit no catalytic effect. Ag catalyzed the formation of micro-
pillar arrays 1 um diameter and 35 nm deep. Pd was also
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shown to catalyze forward MacEtch, at a 50x faster rate;
however, the lateral etch rate was more than Ag leading to pol-
ishing at long etch times. This is likely due to greater Pd
reduction potential generating more holes able to diffuse off-
metal. Etching with and without catalyst was shown to prefer
the (100) over the (111) direction.

Yasukawa et al®® further investigated Au as an n-GaAs
MacEtch catalyst in an effort to improve uniformity and an-
isotropy over the group’s previous work. After nanosphere
lithography to generate a 3 pm pillar pattern, 6 nm Au was de-
posited via ion sputtering and etching in HF/H,O, solution
proceeded. The etch rate in the (111) direction was shown
faster than (100), but the lateral etch rate was also increased

@ Gallium

Fig. 4

® Arsenic <
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in (111) substrates. The uniformity of features was shown to
be improved for sputtered catalyst by comparison with electro-
less wet deposited catalyst.

Yasukawa et al.®” compared Au and Pt/Pd catalysts de-
posited via ion sputtering and etched in a HF/H,O, solution
Nanospheres were used to generate catalyst microdots and
samples were etched for 60 s (Fig. 4a). Results indicated Au to
etch at a faster rate and with greater anisotropy, whereas Pt/Pd
exhibited a preferential etch rate for the (111) direction over
the (100) direction.

Yasukawa et al.®' found Pt/Pd catalyst to etch faster than
other catalysts tested (Ag, Pd, and Au.) Using nanosphere litho-
graphy, honeycomb and microdot catalyst patterns were fabri-

T
e Bare GaAs; SWR = 35.87 + 0.19 %
—=Sample A; SWR=5.21%£0.11% -
Sample B; SWR =4.070 £ 0.059 %
e=——Sample C; SWR=8.20£0.14% -

4(‘10 560 61’)0 7(’)0 800
Wavelength (nm)

.q

0+ Planar;

550 600 650 700 750 800 850 900 95(
Wavelength (nm)

(a) Au-catalyzed hole formation after MacEtch of GaAs with inset displaying the preferential direction of etch progression. Reproduced from

ref. 67 with permission of IOP Publishing, copyright 2009. (b—g) An identical Au catalyst pattern was defined on two GaAs substrates prior to
MacEtch processing under different conditions. Independently, forward progression MacEtch (b—d) and inverse progression MacEtch (e—g) pro-
ceeded due to tuning of the etch conditions. Reproduced from ref. 63 with permission from American Chemical Society, copyright 2011. (h) The
effect of pattern dimension on GaAs MacEtch progression in a KMnO, solution was evaluated for (i) 2 and (j) 5 pm stripe thickness. Reproduced
from ref. 69 with permission from American Chemical Society, copyright 2014. (k—o) Preferential etch planes for (111)B GaAs surfaces and effect on
surface texturing. Reproduced from ref. 73 with permission from American Chemical Society, copyright 2018. (p) Reflectance enhancements in
GaAs nanowires fabricated by MacEtch. Reproduced from ref. 74 with permission of IOP Publishing, copyright 2019. (q) Electroluminescence testing
of p—i-n LED fabricated by HF/KMnO,4/H,O MacEtch of GaAs pillars. MacEtch of GaAs was shown to enhance luminescent intensity by as much as 3
times. Reproduced from ref. 21 with permission from AIP Publishing, copyright 2013.
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cated on n-GaAs with 3 pm feature size. Substrates were etched
in HF/H,O, solution and etch rate was found to increase with
increasing HF concentration. In off-metal regions, striped
etching patterns formed due to anisotropic chemical etching
of GaAs in absence of catalyst. The etch rate of chemical wet
etching was 40x lower than the catalyzed etching. Feature
shapes were elongated due to the honeycomb shape of the
pattern, producing hotspots where metal regions are closer
and other regions where the nearest metal neighbor is more
distant. This leads to non-uniform hole accumulation profiles
and results in variations in lateral etch rates.

DeJarld et al.®® showed forward progression (Fig. 4b-d) of
GaAs MacEtch via the utilization of potassium permanganate
as the oxidant reagent to achieve an aspect ratio greater than
10. DeJarld etched (100) GaAs substrate by depositing a gold
mesh system via evaporation through a SiN hard-mask.
DeJarld found that due to the bandgap offset of GaAs relative
to the vacuum level, using hydrogen peroxide as the oxidant
would not result in catalytic activity due to the high redox
potential of peroxide (1.763 V vs. SHE) when compared to the
work function of GaAs (0.25 V vs. SHE). KMnO, (1.51 V vs.
SHE) as oxidant in the MacEtch solution reduced the energy
barrier to hole injection via the gold catalyst (0.66 V vs. SHE)
while maintaining a barrier to etching in off metal areas.
Sulfuric acid and hydrofluoric acid were employed as acid etch-
ants in the solution system. Cautionary note: KMnO, and sul-
furic acid react exothermically and are potentially dangerous.
DejJarld showed the effect of oxidant potential and concen-
tration on etch selectivity and etch ratio as well as the influ-
ence of the pattern dimensions over the vertical to lateral etch
ratio and the final aspect ratio produced. For large catalyst
pattern sizes, etching occurred mainly at the boundaries of the
pattern, with limited etching occurring below the center of the
metal regions due to limited solution access to the region. By
varying the oxidant concentration, vertical etch rate was found to
increase with increased KMnO, concentration up to a saturation
level before plateauing. Lateral etching at high KMnO, concen-
trations were found to overwhelm the vertical etch rate and
produce a polishing effect with small feature sizes, by etching a
lateral domain greater than one-half the spaces between features.
Inverse progression MacEtch (Fig. 4e-g) was also demonstrated
via a temperature dependent mechanism. DeJarld found forward
progression to proceed between 40 and 45 °C for forward
MacEtch, and inverse MacEtch at a range of 30 to 35 °C.
Additional experiments examined MacEtch with a HF/KMnO,
solution in a borosilicate container, small changes in tempera-
ture and the over saturation of KMnQ, in sulfuric acid.

Yasukawa et al.®® investigated the formation of hole arrays
in GaAs with Au catalyst and HF/H,0, MacEtch solution. Au
was found to facilitate more control over etch dimensions than
Ag and Pt-Pd; however, the peroxide based solution resulted in
a higher degree of crystallographic and acatalytic etching than
a permanganate based solution regardless of catalyst. Due to
the crystallographic dependence of etch rate in HF/H,0,
MacEtch solution, the orientation of the metal catalyst pattern
relative to the substrate crystal resulted in rectangular holes
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assembled in one of two different formations: hexagonal close-
packed and a vertically-aligned hole arrays.

In Cheung et al.,* the effect of catalyst dimensions on the
vertical selectivity of the etch rate were measured with
MacEtch in a H,SO, (18.4 M diluted to 10% in H,0), KMnO,
and H,O solution (Fig. 4h-j). Cautionary note: reaction of
KMnO, with H,SO, is highly exothermic. Critically, oxidation
of GaAs is comparatively easier than oxidation in silicon, and
where silicon does not etch in the presence of peroxide
without a catalyst, GaAs will etch with peroxide alone.®® This
will produce a steady off-metal etch process which will affect
finally topology. Cheung, as others, argued potassium per-
manganate as the less aggressive oxidant will significantly
reduce the off-metal etch rate and better preserve the catalytic
effect. By varying etchant concentrations (5-15 mM) with
different Au film patterns to characterize the effect of the
oxidant and catalyst, the vertical and lateral etch rate were
determined to change with respect to oxidant concentration.
The catalyst width exerted a greater overall effect on the etch
ratio, however, with parachuting of the catalyst in wide dimen-
sion patterns due to preferential etching at the edges. Solution
access to the region under the metal seemed to extend only to
a distance of 1 um, and patterns with greater than 2 pm width
experienced a quenching of solution access to the center of the
etched feature. High aspect ratio etching was achievable for
feature sizes below 2 um where hole diffusion did not exceed
solution access. Temperature increases were shown to acceler-
ate the vertical etch rate, at the cost of decreased sidewall
smoothness, as the increased kinetics of higher temperatures
lead to more ready migration of the catalyst. The etch rate
increased with temperature until the more rapid H, bubble
formation delaminated the catalyst and prevented further
etching.

Song and Oh”® achieved inverse progression MacEtch and
the generation of porous GaAs in the region immediately adja-
cent to a deposited Au pattern at temperatures of 40 and
45 °C. At higher temperatures of 50 °C, they observed below-
metal forward etching in the fabrication of high aspect ratio
nanopillars.

Asoh et al.”' designed an experiment to control the front-
side etch direction via backside deposition of the metal cata-
lyst. The process flow involved patterning the frontside with a
photoresist pattern and depositing gold films of up to 30 nm
thickness onto the backside of a 450 pm substrate prior to
MacEtch in a KMnO, and H,SO, solution. Cautionary note:
reaction of KMnO, with H,SO, is highly exothermic. MacEtch
with deposited backside catalyst proceeded at a faster rate
than without a backside catalyst. The backside deposition of
gold catalyst did not improve the lateral etch rate, suggesting
the hole injection at the catalyst saturates the substrate with
charge carriers across the whole thickness and drives the oxi-
dation process without establishing a vertical gradient of hole
concentration in the wafer. The process is advantageous for
producing a gold-free wafer front side as the catalyst is only
present on the backside. The wet etching of GaAs wafers in sul-
furic acid and potassium permanganate without a metal cata-
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lyst and resist pattern only was employed to study the non-
catalytic etching of the substrate. To determine isotropy, (100)
and (111) crystal orientation GaAs wafers were studied under
the same conditions, with the etched cross-sections containing
an etched line pattern with a trapezoidal cross-section as a
gradual lateral etch produces a curved sidewall surface.
Etching was found to proceed faster in (111) wafers than (100).

Asoh et al”?® developed a vertical etching technique for
(100) GaAs with low oxidant concentration and HF in the
etchant solution. A gold catalyst was evaporated through an
anodic aluminum oxide mask. The oxidant concentration was
reduced to decrease the lateral etch rate and produce more ver-
tical features. By reducing oxidant concentration at sufficiently
high temperature, the MacEtch progression was shown to
proceed in the forward regime and high aspect ratio features
were fabricated according to the catalyst pattern. At higher
oxidant concentrations, the rate of hole injection exceeded the
rate of hole consumption; excess holes diffused outward from
under the catalyst and to be etched by the solution, leading to
inverse etching. At high oxidant and etchant concentrations,
the catalyst mask was found to delaminate due to the high
lateral etch rate.

Cowley et al.®® etched 600 nm diameter GaAs nanopillars to
a depth up to 1.2 um via nanosphere lithography and a
KMnQ,, HF, and ethanol MacEtch solution. Variation in etch
rate was observed across the sample, with etch depths ranging
from 0.5 to 1.2 pm. Delamination of the Au catalyst was pre-
vented by a surfactant prewetting step before Au deposition,
and variation in catalyst interface is suggested to explain the
range of etch rates observed. Photoluminescence measure-
ments observed 3% enhancement in intensity and a redshift of
3 nm in the luminescence wavelength. Additionally, Raman
spectroscopic measurements indicated the presence of amor-
phous and crystalline As species at the interface alongside
B-Ga,0;. It is suggested As may be undergoing transition from
the amorphous to crystalline phase during etching. Lacking
As,0; signatures in the Raman trace is presented as evidence
for an As-oxidation mediated MacEtch mechanism, previously
proposed for GaAs etching.?*%

Lova et al.”® fabricated porous GaAs of a range of crystal
orientations with a two-step MacEtch process. Solution depo-
sition of 0.1 mM AuCl; in water to form a Au nanoparticle cata-
lyst preceded etching in a H,O, and HF solution. The gene-
ration of porous regions in the GaAs substrate preceded along
microfacets of crystal orientation, providing evidence for an
orientation dependent etch rate (Fig. 4k-o). The slow etch
plane families were identified as (311) and (111). A mecha-
nism to explain the progression was proposed, where the nor-
mally tetravalent arsenic is preferentially oxidized by the Au
catalyst. Following catalytic oxidation of As to form arsenide
acids, the highly electronegative fluorine ions dissociated from
HF strip the gallium from the lattice. Gallium atoms exposed
along the (311) and (111) family of planes have three coordi-
nate bonds whereas atoms inhabiting the other planes have
only two anchoring bonds. This leads to preferential etching
of gallium along the (311) and (111) planes.

This journal is © The Royal Society of Chemistry 2024
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Wilhelm et al.”* fabricated porous, light-absorbing “black”
GaAs with low reflectance values. Self-patterned vertical nano-
wire arrays of up to 14 aspect ratio and diameters between 170
and 325 nm were fabricated after electrodeposition of gold par-
ticles on (100) oriented GaAs wafers. The nanowire arrays
reduced light reflectance by twenty times as measured by total
hemispherical reflectance spectroscopy  (Fig. 4p).
Deconvoluted Raman spectroscopic measurements were not
red-shifted after MacEtch, unlike in Cowley et al.®* Differences
in feature dimensions, including pitch, period, depth and dia-
meter may explain the discrepancy, as might the differences in
overall reflectance of the structures or the improved sensitivity
of the confocal Raman tool used by Cowley et al.®>

Mohseni et al®>' demonstrated forward progression
MacEtch of GaAs in a KMnO,, HF and H,O solution at room
temperature and fabricated 1.8 aspect ratio GaAs p-i-n pillars
(Fig. 4q). During etching, the pattern irregularities of the de-
posited Au pattern were transferred onto the pillar sidewall as
vertical grooves. The grooves were attributed to the irregulari-
ties of the deposited gold structure boundaries; however, the
sidewall was only grooved at the sub-micron scale and the
surface roughening did not affect the atomic lattice. Vertical
etch rate was quantified as a function of temperature and con-
centration, and the vertical etch rate was found to increase
with temperature up to 40 °C due to improved mass transport
from the increased diffusion rates at higher temperature. An
approximately linear increase in vertical MacEtch rate was
observed with increasing temperature starting from 0 °C to
40 °C. A similar trend is also observed in silicon MacEtch®®
and is attributed to the increased diffusion of holes and mass
transport of soluble species in the ionic solution. When evalu-
ating the influence of dopant type and level over the observed
etch rate, increases in dopant concentration were found to
result in higher etch rates, and p-type samples were found to
etch at a 2.3 times faster rate than the corresponding n-type
samples when pattern size and etch conditions were kept con-
stant. The discrepancy between p- and n-type etch rates was
attributed to increased diffusion of charged species through
the substrate outpacing the transport of etchants to the oxi-
dized surface as seen in other cases of MacEtch.***®
Additionally, higher oxidant concentrations were found to
produce more holes at the catalyst interface resulting in the
promotion of oxidation at greater distances from the metal
interface. Experiments involving sequential etch solutions
were also performed to modulate etching profiles over time.
The process of digital etching allows for the tuning of etch
rates during etch progression, generating options for uncon-
ventional topological profiles, such as inverse pyramids or
other tapered etches. Emission intensity of MacEtch-fabricated
LEDs increased with etch depth. A significant increase in emis-
sion intensity was also observed over planar LEDs.

In Liu et al,” extraordinary optical transmission (EOT)
gratings were fabricated with MacEtch. EOT gratings exceed
open area transmission intensities, and take advantage of a
roughened MacEtch interface to increase transmissions
through the gratings. By utilizing MacEtch of semi-insulating
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(100) GaAs, the fabrication of both the grating and the rough-
ened transmission metal interface were completed in a single
step. These gratings exceeded the transmission quotients of
other conventionally fabricated EOT devices. Liu et al. utilize
KMnO, and HF as the components of the etch solution. After
e-beam evaporation of the Au deposition, the Au was patterned
with lithography and etched with gold etchant before
MacEtch. The final aspect ratio of the EOT gratings was 1.3 at
an etch rate of 0.118 pm min™".

GaAs MacEtch has been shown to function independently
of substrate crystallinity, with demonstrations of etch topogra-
phy exactly replicating that of the catalyst.>' This crystallinity
independence, however, has also been shown to vary with
respect to solution composition, with numerous reports of
crystallographically-dependent etch progression.®””””"”? GaAs
was observed, generally, to preferentially etch the {100} plane
and expose {111} facets. Monoatomic Ga and As atoms inhabit
the zinc blende structure of GaAs and are sp® hybridized. The
electron deficiency of As, the group-V element and electron
donor, destabilizes those ions by comparison to Ga.
Resultantly, As is preferentially oxidized during etching, and
As dissolution exposes {111} and {311} surfaces, where Ga is
bound more tightly to the crystal by 2 and 3 bonds respectively.
The increased binding energy of Ga ions to the zinc blende
structure reduces the etch rate in these directions.”® This
pattern of anisotropy is also observed for catalyst-free GaAs wet
etching.®” Crystalline anisotropy was reduced by utilizing
KMnO, as the wet etchant in place of H,O,. Anisotropic cata-
Iytic etching also occurs when solution access to the substrate
is extremely limited, as is the case for catalysis by a robust
backside metal layer.”*

Zhang et al.”> developed a MacImprint device to fabricate
2-5 pm squares in n-type GaAs (Fig. 5a-d). The electro-
chemistry of the reaction, occurring as a Pt mold was brought
into direct contact with n-type GaAs in a KMnO, and H,SO,
solution, was investigated with a scanning electrochemical
setup. A contact electrification between the Pt catalyst and sub-
strate was found to be critical for the progression of MacEtch.
Electrochemical potentials measured in the study indicated
potential shifts, positive for the substrate and negative for the
catalyst, occur during the dissolutive oxidation and reduction.
The potential shifts provide electronic stimulus for the
reduction of MnO,~ at the Pt catalyst and the dissolution of
GaAs by the etchant solution. The dissolution of the GaAs sub-
strate was evaluated to be the rate determining step. 5 pm and
2 pm molds produced 4.8 uym and 2.2 pm features in the wafer
during MacImprint. A “W” profile was observed due to faster
etch rates at the edge compared to the inner regions of the
etch-field. Etching was arrested after 15 min, and XPS indi-
cated the formation of Ga- or As-based oxides and further
suggested the direct reduction from MnO,~ to Mn**.

Zhang et al.”® fabricated curved and arbitrary structures in
n-type GaAs with a reusable Pt mold and the MacImprint
process. A polymethylmethacrylate (PMMA) imprint mold
coated with 100 nm Pt was used in a solution containing
H,SO, and KMnO,. Depths of 600 nm were achieved after
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20 min etch times. The imprinted structures were within 95%
tolerance of the original mold. Contact pressure was optimized
at 0.5 atm, with 0.1 atm not generating an imprint etch, and
above 1 atm causing mold deformation and resulting aberra-
tion of the etched structures. XPS identified Ga,0;, elemental
As and As oxides at the interface between mold and substrate.
KMnO, concentration above 40 mM precluded structure for-
mation. High temperatures disrupted pattern transfer due to
oxidant precipitation and excessive bubble generation.

Kim et al.”” utilized the MacIlmprint approach involving a
reusable nanoimprint stamp coated in gold being impressed
onto the surface of n-type (100) GaAs wafers prior to immer-
sion in a permanganate and HF MacEtch solution (Fig. 5e-k).
The stamp was coated conformally with the Au catalyst,
leading to a greater etch dimension on the wafer surface than
on the stamp pattern as the stamp deforms and expands
during contact. The increase in etch dimension could be
addressed by using Au cap over the pillar in place of the con-
formal Au film. Additionally, the high aspect ratio of the
nanoimprint stamp improved solution access into the etching
zone by providing a larger reserve of solution at the catalyst
interface when compared to a lower aspect ratio stamp. With
the high aspect ratio stamp (i.e., 4.5) the authors were able to
fabricate 2.9 aspect ratio trenches, and found the lateral etch
rate was increased due to the conformality of the etch struc-
ture. Solution access was the limiting factor on the etch rate,
suggesting a charge diffusion limited state in the general case
only becoming mass transport limited when solution is denied
access to the active etch front.

Zhang et al’® tuned the contact area of a Pt mold for
MacImprint to investigate the effect of critical feature dimen-
sions on solution access at the catalyst/semiconductor inter-
face. Both structure size and contact pressure were shown to
exert an influence over the final profile. Since the PMMA mold
deforms before the rigid semiconductor, the contact area of
the mold was shown to increase as more force is applied. With
greater contact area, solution access and mass transport at the
interface becomes more restricted, so etching was found to
initiate at the edge region, where solution access is greater,
and gradually proceed to the center of the etched feature. For
some feature sizes tested, this effect preceded a protrusion in
the center of the etch feature, a phenomenon shown to be
dependent on critical mold dimension. Etch depths of 480
and 1330 nm were obtained for features sizes of 3.7 and
56 um, respectively. Submicron features were etched to a depth
of 23 nm. In FEM simulations to determine the source of the
nonuniformity, the surface coverage of the GaAs relative to the
oxidated species was found to rapidly increase with scaling to
smaller feature sizes, indicating greater uniformity at small
feature sizes.

Xu et al.”® investigated the localization of the MacEtch reac-
tion by testing the effect of physical separation of the two half-
cell reactions into separate cathode and anode reactors
(Fig. 51-m). A Pt plate was submerged in a cathodic solution
containing only KMnO, and electrically contacted to the Pt
imprint mold which was placed into direct contact with a

This journal is © The Royal Society of Chemistry 2024
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n-GaAs substrate in a separate anodic solution containing only
the H,SO, etchant. Reduction at the Pt plate in the cathodic
solution consumes electrons from the Pt catalyst, which
injects holes into the etched substrate in the anodic solution.
As the reproduction dimensions depend on the ratio of mass
transport to carrier diffusion, diffusion limited systems more
accurately reproduce the parent mold than mass transport
limited systems where etching occurs further away from the
catalyst. Separating the two half-cells improved etch rate and
reproduction accuracy due to the more uniform rate of GaAs
dissolution in the absence of off-catalyst hole injection by
aqueous MnO, . Nearly three times depth enhancement (0.67
to 1.63 um) was observed as result of spatial separation.
Additionally, the effect of photo-enhancement on GaAs
MacEtch was tested and etch depth was further increased to

This journal is © The Royal Society of Chemistry 2024

2.59 um under Xe lamp illumination. Contact pressure studies
indicated etch rate and final depth increase with increasing
contact pressure; however, deformation of the mold under
high pressures leads to unpredictable distortion in the final
etch profile.

Sun et al.®® investigated the spatially-separated MacImprint
method confining not only the oxidant but the catalyst to the
cathodic chamber. Using a contact to a glassy carbon mold,
hole injection was achieved into the substrate separately con-
fined in acid etchant, while reduction occurred at the Pt cata-
lyst submerged in KMnO, solution. 1.82 pm depth was
reached after 20 minutes of MacImprint. Etch depth was
shown to increase with increasing contact pressure, and the
glassy carbon mold was shown to tolerate greater pressures
than those seen with other MacImprint studies.”®”®

Nanoscale, 2024, 16, 10901-10946 | 10913
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In general, MacEtch of GaAs is an adaptable process, with
demonstrations of both forward and, albeit more limited,
inverse etch progressions. Utilization of a MnO,~ oxidant, gen-
erally with a less reactive (i.e., less exothermic) etchant such as
HF as opposed to H,SO,, improved the micromachining capa-
bilities of MacEtch processing. There is considerable discre-
pancy concerning the best catalyst, however, with different
studies suggesting Au, Pt/Pd, and Pt to be optimal.
Crystallographic dependence of the etch was also found to vary
with catalyst and etch recipe. The final issue of note concerns
the mechanism of oxidation, with differing Raman results
suggesting a range of mechanisms. According to Raman spec-
troscopy analysis presented by Cowley et al.,®* the formation of
an arsenic oxide layer preceded etching. The formation of the
intermediate arsenic oxide, however, is not universally
observed,” possibly due to differences in MacEtch or other
experimental conditions.

GaN

Gallium nitride (GaN) is a wide-bandgap (3.4 V) binary semi-
conductor alloy possessing comparable or better electrical
characteristics by comparison to similar materials.®®°
Acceptable carrier mobility (1500 em® V™' s7') and physical
properties including a high breakdown voltage (E.;: = 3.3 MV
cm ™), thermal conductivity (1.3 W em™" °CE), and operational
temperature range (melting point 2500 °C) make GaN broadly
useable in optoelectronic and electronic materials.*> GaN has
found applications in various fields, including power elec-
tronics,”’ RF/microwave devices,”® optoelectronics,®® LEDs,”?
laser diodes,’® and sensors.” The blue emissions generated by
GaN light emitting diodes have allowed for energy-efficient
and inexpensive consumer white lighting.’® Furthermore, GaN
nanowires have numerous applications due to their quantum
confinement properties and luminescence capabilities.”*
MacEtch of GaN structures can improve the fabrication of GaN
devices by providing a low-cost and highly adaptable mecha-
nism for surface etching. GaN MacEtch differs from other
MacEtch processes by being comparatively delocalized.
Despite proceeding largely via an inverse mechanism, etching
occurs at micrometer distances from the catalyst and under-
neath the catalyst as well. Published GaN MacEtch results are
provided in Table 2.

Bardwell et al.”” investigated the mechanism for photoen-
hancement in GaN peroxydisulfide/KOH etching via compari-
son between masked and unmasked regions of a GaN/AlGaN
heteorjunction field effect transistor (Fig. 6a) with gold and
silicon oxide as masking materials on the GaN surface. The UV
illumination generates both holes in the GaN and reactive
oxidant radicals in solution, leading to etching of the sub-
strate. During wet-etching, a roughly ten times etch rate
enhancement (43 nm min~") was observed for the Au mask by
comparison to the inert SiO, mask, due to catalytic hole injec-
tion by the noble metal. Bardwell et al. claimed the etch
mechanism to proceed first at the most crystalline regions, fol-
lowed by grain boundaries and without etching dislocations
due to edge-type trapping of electrons at dislocations leading
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to recombination.®”'*® Similarly, etch rate was found to
decrease with increasing distance from the catalyst, due to
reduced hole concentrations. Surface roughness was found to
be tunable as a result of illumination wavelength and inten-
sity, solution composition and agitation, dislocation density in
the substrate, and distance from the catalyst. MacEtch of GaN
was found to proceed at all UV wavelengths. However, wave-
lengths below 310 nm resulted in an enhancement of etch
rates from ~30 nm h™' to ~270 nm h™".

Li et al.’® produced porous GaN (Fig. 6b) with Pt-assisted
HF/peroxide etching in 1 x 10'® doped n-GaN substrate. The
nanopores demonstrated a greater vertical etch rate than
lateral etch rate. In chemiluminescence measurements, a blue-
shifted peak was detected at specific etch depths, which was
attributed to a band-gap shift resulting from the tapering
pillar size. It is suggested quantum confinement at smaller
pillar widths is the cause of the blue-shifted emission.
Similarly, the blue-shifted emission was found to occur pri-
marily in Pt adjacent areas, where smaller pores evolved than
those formed directly under the metal. X-ray diffraction
measurements showed a preservation of underlying crystal
structure across the etched region. Overall, GaN was found to
exhibit a low etch rate, believed to be due to low hole mobility
preventing hole diffusion after injection.

Diaz et al.** generated porous GaN under UV illumination
with a HF/CH;OH/H,O, solution. GaN MacEtch was found to
necessitate both UV illumination and a Pt catalyst, due to the
barrier to free carrier generation presented by the wide
bandgap of GaN and the role of the catalyst in generating oxi-
dative species. Diaz observed a heterogeneous etch result,
where a ridge structure forms adjacent to and above the
porous substrate and does not exhibit blue-shifted emission.
The formation of ridges modulates with etch time, first
appearing as disconnected pores, which coalesce to generate
broad GaN plateaus, gradually tapering until deep ridges are
formed. Both etch progression and ridge formation required a
catalyst to proceed, but the porosity and ridge formations were
only weakly correlated with proximity to the Pt catalyst. The
etch rate was shown to increase with increasing dopant con-
centration, but the progression from porosity to ridge structure
was consistent across all dopant levels tested. Diaz et al
claimed pre-cleaning to remove surface contamination is criti-
cal to reproducible etch results. Any contamination adlayer
will affect hole injection into the substrate and lead to unpre-
dictable results. Of additional importance is catalyst thickness.
A sufficiently thick, discontinuous Pt is critical to etch pro-
gression, as continuous films mask the UV illumination and
prevent carrier generation.

Duan et al.”® fabricated a hydrogen sensor with porous-GaN
(PGaN) fabricated through MacEtch. The induced porosity
increased the sensitivity of the device by increasing H absorp-
tion. The PGaN was fabricated with solution-based deposition
of Pt to prevent adlayer formation on the substrate and elimin-
ate a pre-MacEtch cleaning step. Solution-based catalyst depo-
sition resulted in a different etch progression, as porous
material was formed without the generation of ridge and valley

This journal is © The Royal Society of Chemistry 2024
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superstructures, likely due to decreased catalyst size, increased
permeability to the etch solution, and more efficient UV illu-
mination. The depth and diameter of the pores were tuned
with etch times to generate nanopores 50-100 nm in diameter
and roughly 1 um depth. The authors observed the deepest
pores to begin to dominate the structure as MacEtch times are
increased, with eventually all pores being consumed except the
deepest. Energy-dispersive X-ray spectroscopy (EDXS) results
indicated the presence of the Pt catalyst at the base of the
pores.

Murata et a investigated platinum-catalyzed polishing
of GaN to achieve atomically smooth surfaces with hole injec-
tion in a MacPolishing process (Fig. 7). With a Pt plate and a
GaN substrate submerged in water, atomically smooth, planar
GaN surfaces were produced. In MacPolished samples, surface
damage was reversed via an etch-induced ordering. No illumi-
nation is used to effect this process, instead friction between
the Pt plate and the GaN wafer provides energy via a tribo-
chemical effect. Following flattening for 20 min, a non-
uniform atomic step structure developed, giving way to a well-
ordered atomically flat step structure after 60 min. Steps were
shown to terminate at GaN(0001) faces. Significant PL
enhancement was observed following MacPolishing, due to a
lack of recombination sites in wafers made surface-defect free
due to MacPolishing. Current density measurements indicated
friction due to rotation to be necessary for generation of the
electrical potential between substrate and catalyst that leads to
etching.

Geng et a utilized solution-deposited Ag as a catalyst for
MacEtch fabrication of GaN nanowires. As seen previously,”
solution-based etching in a HF/H,O or HF/MeOH solution
generated PGaN without long range ridge structures. Porosity
was determined by the local presence of the catalyst. The den-
dritic nature of the Ag deposition caused high static inter-
actions amongst the nanowires, leading them to entwine
during etching. Beneath the nanowires, a porous layer devel-
oped. After etching the Ag catalyst, the formation of GaN den-
drites in the locations formerly hosting Ag dendrites were
observed.

Ooi et al."® fabricated free standing GaN nanowires with a
platinum catalyst and a HF, H,0,, and methanol solution
under UV illumination (Fig. 6c¢). Etch progression proceeded
from nanopores, to standing nanowires, to collapsed nanowire
structures with increasing time. The nanowire formation was
observed as spontaneous and a high aspect ratio of 125 in the
standing nanowires was measured.

Nie et al.' generated porous GaN with MacEtch and both
Pt and Ag catalysts for biomolecular recognition applications.
The etchant solution consisted of HF, H,0,, and methanol.
The formation of ridge structures during pore formation was
observed, but the authors were able to remove the precipitated
ridges via 10 minutes of sonication in methanol. Pore mor-
phology was found to be etch time dependent, as seen in other
publications.?*98:99:102

In their 2013 paper, Geng et al.®® evaluated the catalyst
effect on GaN MacEtch by comparing etching with Ag, Au, Ir,

1 100
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Fig. 6 (a) GaN heterostructure FET fabricated by photoenhanced MacEtch of GaN in K,S,0g solution. Contact pad is shown on the bottom left,
gate passing diagonally to the top-right through the source—drain gap. Reproduced from ref. 97 with permission from AIP publishing, copyright
2001. (b) Cross-sectional SEM images at 30° tilt showing porous GaN of a depth of 700 nm and fabricated by MacEtch. Reproduced from ref. 98
with permission from AIP Publishing, copyright 2002. (c) Pt-catalyzed free-standing nanowires fabricated by MacEtch. Reproduced from ref. 102
with permission from IOP Publishing, copyright 2012. (d—g) SEM images of MacEtch samples fabricated with (d) Ag, (e) Au, (f) Pt, and (g) Ir-catalyzed
MacEtch. Catalyst material was found to affect both etch rate and pore morphology. Reproduced from ref. 38 with permission from IOP Publishing,
copyright 2013. (h and i) SEM images of GaN pillars and nanowires fabricated by MacEtch. Etching and nanowire formation proceeds in off-metal
areas. (h) cross sectional image of GaN substrate after etching, (i) plan-view SEM detailing off-metal inverse MacEtch. Reproduced from Ref. 104
with permission from Elsevier, copyright 2016. (j and k) plan and tilt-view SEM images of Cu-assisted MacEtch GaN pillars. Reproduced from ref 110
with permission from MDPI, copyright 2021. (1-0) SEM images of GaN MacEtch samples at (1) 5 x 10%, (m)1 x 108, and (n) 1 x 10*° dopant concen-
trations to illustrate the effect of doping on progression of GaN MacEtch. Surface roughness with respect to doping is considered in (o). Reproduced
from ref. 109 with permission from AIP Publishing, copyright 2021. (p—s) Process flow to form MacEtch-generated nanoridges and (t) SEM tiltview of
post-MacEtch nanoridges. Reproduced from ref. 111 with permission from American Chemical Society, copyright 2023.

and Pt under similar conditions. PGaN in n-type, p-type, and increase with catalyst in the following order: Ag, Au, Ir, and Pt.
UID substrates was fabricated with H,0,, HF, and CH;OH and Geng et al. suggest a mechanism based on work function
a range of catalysts (Fig. 6d-g). They observed etch rate to instead of reduction potential to explain catalyst effect on etch
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Fig. 7 Schema of GaN MacPolishing (left) Observed PL Enhancement following polishing (right). Reproduced from ref. 100 with permission from

IOP Publishing, copyright 2012.

rate and etch progression. It is noted that the work function-
dependence of MacEtch rates has been a subject of debate in
the field in recent years.”®

Wang et al.'® compared the influence of catalyst pattern
and dimension over MacEtch-produced GaN nanowires.
Catalysts were deposited with either a solution or vacuum
based method. In the case of the physical vapor deposition of
catalysts, micrometer-scale metal disks or sheets with pore
openings were deposited. The MacEtch process was found to
be photosensitive and would only proceed under UV illumina-
tion, creating a condition where the patterned metal catalyst
acted as a photomask for etching, with nanowires developing
in off-catalyst areas (Fig. 6h and i). When uniformly-dispersed
and solution-deposited Ag was used without patterning a cata-
lyst network, a GaN nanowire field was shown to evolve, termi-
nating at depths more shallow than observed with the pat-
terned catalyst. Photoluminescence emission enhancement in
the green range of the visible spectrum was also observed in
PGaN samples etched for 10 min. Also generated were GaN
nanowires via metal-assisted photochemical etching. Their
process parameters included a HF and H,0, etchant solution
and an electrodeposited Au catalyst network. During the
etching process, heterogeneous ridge structures were formed
as enlarging nanopores coalesced. The UV illumination gener-
ated charged holes subsequently consumed by the etchant.
The generated electron carriers were reported to migrate
through the metal catalyst to reduce peroxide and maintain
charge neutrality.

Zhang et al.'® fabricated PGaN with electrodeposited Au
and Pt nanoparticles formed in situ on the substrate and
carried out hv-MacEtch with peroxydisulfide oxidation in pot-
assium hydroxide. The electrodeposition was performed at a
fixed potential determined by cyclic voltammetry to produce
optimal catalyst particle size and distribution. The Au particles
were on average larger than Pt, and the resulting nanopores
reflected the size discrepancy.

Zhang et al.'°® fabricated GaN nanowires 8-24 nm in dia-
meter using electrodeposited Au. The high aspect ratio wires

10918 | Nanoscale, 2024, 16, 10901-10946

were observed to be formed along the (0002) face of wurtzite
GaN to a depth of several microns. Nanowire diameter was
shown to roughly correspond to nanoparticle size. Electrical
potential during deposition was characterized with cyclic vol-
tammetry. Reduction of AuCl, to form Au(s) was located at
—0.5and —-0.9 V.

Wang et al.'®” etched GaN in silver or copper nitrate and HF
solution in conjunction with UV photo-illumination to produce
nanowires. The etching process was dependent on both metal
salt and HF concentration, and would not proceed if either
species was deficient in solution. Additionally, the behavior of
the soluble catalyst species in solution was found to be altered
around sites of macroscale substrate defects. For the case of GaN
samples grown on (111) Si, crack structures in the epitaxial layer
acted as nucleation sites for the aqueous metal catalyst. As a
result, Ag metal dendrites densely precipitated at these struc-
tures, creating a self-propagating pattern of unetched GaN due to
insufficient UV-generated carriers below the dense metal. A
36 nm min~" etch rate was measured in off-metal regions.

Kim et al.'%® fabricated a multiple quantum well GaN-based
LED with surface porosity induced by AgNO;-catalyzed
MacEtch. The MacEtched LEDs exhibited red-shifted electrolu-
minescence alongside a 23% increased intensity over non-
MacEtched LEDs. This increase was attributed to surface
plasmon resonance increasing the internal quantum efficiency
of the device.

Chan et al.*® fabricated high aspect ratio micropillar arrays
in n-type GaN using a 10 nm Pt catalyst deposited on a 5 nm
Ti adhesion layer and a potassium hydroxide, potassium per-
oxydisulfide, and sodium phosphate etch solution at 85 °C. A
dopant dependent etch rate was measured, increasing in etch
rate with Si-dopant concentration (Fig. 61-0). The increased
film quality resulting from hydride vapor phase epitaxy was
also shown to increase etch rate, due to the improved elec-
tronic properties associated with those wafers compared to
metalorganic chemical vapor deposition-grown thin films.

Wang et al.''® investigated the formation of high aspect
ratio GaN microtrenches using photo-assisted MacEtch with a
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copper sulfate solution and a Ag/Ni etch mask. The process
proceeded with a high vertical etch rate (100 nm min™") and
high vertical/lateral selectivity, attributed to the reduced inci-
dence of UV light on the vertical sidewalls compared to the
trenches. Porosity was shown to be dependent on HF acid
etchant concentration (Fig. 6j-k). Copper crystalizes preferen-
tially on the Ag/Ni mask, serving as an electron reserve and
increasing the local hole concentration, subsequently increas-
ing the rate of hole generation and etching. Microarrays of 1.2
aspect ratio were fabricated, limited by interfacial barriers
between doped layers, as the doping was found to greatly affect
vertical etch rate and lightly doped material was not etched at
a significant rate.

Liao et al''' investigated MacEtch of UID GaN as an
alternative to wet chemical etching to fabricate nanoridge
structures with favorable antireflective properties. An evapor-
ated Pt nanomesh was deposited via electron-beam evapor-
ation and the samples exhibited selectivity for vertical over
lateral etching. Dewetting control of nanomesh dimensions
were shown to influence etch rate and profile. X-ray photo-
electron spectroscopy and photoluminescence spectroscopy
measurements indicated a surfacial oxide layer on the nanor-
idges, leading to an n-type doping effect on the MacEtched
GaN.

Wang et a studied solution-based, one-step GaN
MacEtch under 300 W illumination and made a comparison of
etching in CuSO, and AgNO; solutions with HF. The Cu etch
system exhibited a faster etch rate than Ag, but both termi-
nated etching after 60 minutes regardless of depth. Cu-cata-
lyzed etching was found to produce nanowires instead of nano-
pores formed during Ag catalyzed MacEtch. This discrepancy
was attributed to the formation of Ag dendrites during etching
in AgNO;-based solutions. The addition of hydrogen peroxide
was found to reduce vertical to lateral etch selectivity as a
result of the increased oxidation rate. The authors found that
adding H,0, would prevent the formation of nanowires as
nanopolishing dominates and the Cu catalyst is dissolved by
the peroxide in solution. A high vertical etch rate (60 nm
min~') and a high selectivity over lateral etching lead to a
tapered etch profile after extended etching. The HF concen-
tration was shown to influence the surface roughness of the
features, with higher HF concentrations producing a more con-
trolled etch progression and, consequently, a faster etch with
smoother sidewalls and better vertical selectivity.

Chan et al.'*? studied the feasibility of GaN blue-light emit-
ting diodes defined via Ru-catalyzed MacEtch. Due to the poor
selectivity of p-type MacEtch of GaN®® and better electrical and
optical characteristics for p-doped topside in optical p-n
devices,"'* the surficial p-region of the LED was first etched
via RIE, and the resulting III-N active and n-doped regions
were etched with a MacEtch process utilizing K,S,0g and HCL.
A multi-type heterojunction with varying band gaps and Fermi
energies was etched in a one-step process by appropriate selec-
tion of catalyst and solution composition under the prevailing
MacEtch theory.”® Etch depths of 780 nm were obtained after
18 + 5 min MacEtch, with rates comparable to RIE etch rates.

l. 82
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Visible smoothness was evaluated to be roughly equivalent
between the two processes; however, MacEtch gave an
improved PL response, with a drop of over 60% in PL emission
intensity for RIE by comparison to MacEtch. Due to similar
surface roughness, the drop in PL emission intensity was
attributed to plasma induced crystal damage. A series of
devices ranging from 5 to 45 um in diameter were fabricated.
The emission peak was centered at 445 nm and did not show a
shift with variation in mesa size. Low leakage current was
observed across the device range, with some size dependence.
Diode non-idealities were improved over plasma devices,
which suffer from parasitic leakage at low voltages. Reduced
size negatively impacts EQE at low current densities, attributed
to increased series resistance from the diodes and poor con-
tacting. EQE values converged at 13% across most device sizes,
with 5 pm devices deviating from this trend to surface
roughening.

GaN etching is generally characterized by an exceedingly
slow etch rate, due to the high stability of the Ga-face of the
GaN crystal structure.'™ Stimulation of holes in the valence
band following UV-absorption will drive etching at an
enhanced rate. The rate of GaN MacEtch, wherein UV illumina-
tion generates holes in exposed substrate, is found to depend
on the incident photon energy, not only due to increased
energy of absorption, but also due to the effects on radical
generation in solution.’*®"*® Tllumination below 230 nm was
shown to greatly enhance etch rate due to radicalization of
etchants in the MacEtch solution.®” Solution composition was
found to exert a great influence over the final etch results, with
some combinations of oxidant and surfactant generating long-
range ridge structures during etching.**°%'% The utilization of
solution-borne catalysts in a one-pot MacEtch configuration
was shown to require a sufficient etchant and metal-salt con-
centration,'®” suggesting a complex dynamic between etching
and the catalyst solubility. Photoluminescence enhancement
and characteristic spectral shifts were observed in the
MacEtch-fabricated porous GaN structures, likely due to
surface or quantum confinement effects.”®*%°

InP

Indium phosphide (InP) is a III-V compound semiconductor
with a direct bandgap structure and high carrier velocities,
making it well-suited to a range of developed and emerging
technologies including fiber-optic communication,’*® high-
speed transistors,'*® lasers,” photonic integrated circuits,>®
photodiodes,"*"*** and high-frequency electronics.'**'** The
high electron mobility and direct bandgap allow for the devel-
opment of InP optical and electronic devices requiring high
frequency switching'” as devices can discharge capacitance at
a sufficient rate, improving the RC delay faced by conventional
CMOS-based devices."®® To date, the only InP devices fabri-
cated by MacEtch have been produced using an inverse pro-
gression MacEtch, due to mass transport limitations of the InP
semiconductor leading to hole diffusion and etching in off-
catalyst areas. The published InP MacEtch results are pre-
sented in Table 3.
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bonding states in patterned and off-patterned regions (b and c). Reproduced from ref. 10 with permission from American Chemical Society, copy-

right 2015.

layer is suggested to disrupt hole injection at the interface,
causing holes to diffuse to off-metal areas to promote etching.
By depositing 30 nm thick Au catalyst stripes to delineate the
fins, junctionless InP fin field-effect transistors (FinFETs) were
fabricated. MacEtch prevented crystal damage to the substrate
during etch processing and eliminated challenges associated
with deep ion implantation and high temperature annealing
steps associated with conventional approaches to transistor
fabrication.

In Song et al.,"”'*® I-MacEtch-fabricated InP FinFET were
reported. A 3 x 10° ON/OFF ratio was measured, and a steep
subthreshold slope of 63 mV dec™ " indicating sharp turn-on,
with the slope decreasing with fin dimension. Fabrication
downstream from the etch process required backfilling of
MacEtched regions, limiting the critical feature size of sub-
sequent processing steps and leading to increased parasitic re-
sistance arising due to poorly optimized geometry. On-state
characteristics include a high drive current (7.2 pA fin™"' or
6 pA um ') and a threshold voltage scaling with fin dimension
from —4.7 V to —3.5 V (Fig. 10).

InP MacEtch, which only proceeds by the inverse mecha-
nism, is both crystallographically dependent and enhanced by
UV illumination. The inverse progression generates exceed-
ingly smooth sidewalls, as the dissolution occurs only as a

2

S| InP substrate

function of proximity to the catalyst. An insoluble oxide layer
formed under the catalyst is likely to be a major contributing
factor to the exclusive inverse progression of the etch
behavior."’

GaP

Gallium phosphide is an indirect bandgap semiconductor
with significant use in the fabrication of optoelectronic
devices, including photonic crystals,"**'?° mechanical resona-
tors,”*® photovoltaics,*""**> LEDs,"** and lasers.”** The
bandgap of 2.26 eV makes GaP suitable for applications in the
visible regions of the electromagnetic spectrum. Furthermore,
GaP is closely lattice matched to Si, meaning it can be grown
on Si via MOCVD,**> MBE,*® or other epitaxial methods. GaP
also has a high electron mobility,”® making it useful in high-
speed THz devices'*” and power electronics.'*®

Kim et al.™*° utilized a 30 nm-thick Pd catalyst and an HF
and hydrogen peroxide MacEtch solution to fabricate nano
and microscale features in n-type (100) GaP substrate from
200 nm up to several pm in critical feature dimension
(Fig. 11.) The MacEtch proceeded in both the forward and
inverse progressions, depending on the feature size. Forward
progression MacEtch was observed for feature sizes below a
critical dimension of 1 um with Pd catalyst engraved at the

Drain

Fig. 10 SEM images of MacEtch fabricated 14 nm FinFETs including cross-sectional image detailing channel and gate oxide (left) and tiltview image
of FinFET array. Reproduced from ref. 126 (left) and ref. 17 (right) with permission from IEEE, copyright 2015 and 2016.
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Fig. 11 SEM images detailing GaP nanocone etch progression from (a.) 5 minutes, (b.) 7.5 minutes, (c.) 10 minutes, and (d.) 15 minutes of Pd-cata-
lyzed MacEtch. Reproduced from ref. 139 with permission from Royal Society of Chemistry, copyright 2016.

bottom of etched regions. A tapered profile in forward etched
features was observed due to an only marginal selectivity for
vertical over lateral etching. The poor selectivity limited the
overall aspect ratio of the etched features to a maximum of
0.45. For larger features, the MacEtch progressed in the
inverse, mass transport-limited regime. The inverse MacEtch
was found to be anisotropic and generate inverse tapered
micro-mesas with elongation in the [110] direction due to a
crystallographically-dependent lateral etch progression. It was
found that patterned Pd nanomeshes could promote forward
and inverse progression MacEtch simultaneously, with GaP
nanocones formed on top of micromesas.

Ternary III-V and III-N semiconductors

The properties of GaAs substrates can be tuned via the intro-
duction of a third substituent into the compound. By introdu-
cing a complementary element from the same periodic groups
of III and V, material properties, such as lattice constant,'*°
bandgap energy and momentum (direct or indirect),"** optical
emission wavelength,'*? chemical reactivity,®® and physical/
mechanical properties'**'** can be modified by alloying.
While such ternary alloys take on useful physical properties,
alloying can complicate fabrication due to the additional con-
straint of maintaining stoichiometry during processing.
III-GaAs semiconductors are generally hindered by the same

10922 | Nanoscale, 2024, 16,10901-10946

limitations as those inhibiting GaAs and other binary semi-
conductor alloys, specifically the lack of controllable, specific
etching technologies to achieve desired anisotropicity and
solubility. MacEtch does not necessitate high temperature pro-
cessing and can simplify the process flow to overcome some of
the fabrication challenges presented by alloyed GaAs materials.
Table 4 collects all published ternary semiconductor MacEtch
processing.

InGaAs

Aside from MacEtch, the primary methods of InGaAs proces-
sing used to generate vertically-integrated structures include
epitaxy and dry etch techniques,"*®"° both of which suffer
from large process overhead or irreversible lattice damage fol-
lowing processing."*> MacEtch is free from both the aforemen-
tioned drawbacks, as it is a benchtop, atmospheric process
that derives an anisotropic character from thermodynamic cat-
alysis without either the high energy bombardment of dry
etching or the high temperature processing associated with
epitaxial growth.

Kong et al.'*® used Au catalyst in a KMnO, and HF solution
for the forward progression MacEtch of Ing 53Gag 4,As to fabri-
cate nanopillars of dimensions between 200 and 300 nm. The
pillars exhibited a tapered sidewall profile, due to the for-
mation and slow dissolution of a porous shell adjacent to the

This journal is © The Royal Society of Chemistry 2024
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etch-field. The vertical etch rate was shown to increase with
increasing HF concentration to a climax, then immediately
drop off, suggesting that mass transport of solution com-
ponents to the substrate surface is the limiting factor in etch
progression. As a result, increasing the concentration of HF
etchant was shown to improve sidewall verticality by increasing
etch rate and reducing total lateral etch time. The dropoff in
etch rate at high HF concentrations was attributed to the
reduction in surfactant concentration. Indeed, increasing the
volume of the DI water surfactant improved mass transport in
the etch system. At the highest HF concentrations tested, the
porous layer was shown to increase in thickness, consuming
the entirety of the etched pillars.

As etch progress was found to be constrained in the mass
transport domain, the effect of changing oxidant concen-
trations on etch rate was minimal, due to the increased
diffusion of holes away from the etch field, inducing porosity
and lateral etching. The hole diffusion was shown to be a
result of the reduction in Schottky barrier height of the InGaAs
substrate as In concentration is increased (Fig. 12). With a
reduced Schottky barrier, holes can diffuse laterally without
impetus. The porosity was not completely eliminated by either
increasing etchant concentration or reducing oxidant concen-
tration, attributed to the reduced barrier height and ready
diffusion of hole carriers. Even for extreme ranges of oxidant
conditions, transforming the etch process from the mass
transport-limited regime to the charge diffusion-limited
regime was not possible due to the rapid hole diffusion, and
higher oxidant concentrations led to a thicker porous layer.
Additionally, the reduction in barrier height led to InGaAs
alloys exhibiting slower etch rates than GaAs, as the increased
concentration of holes at the GaAs etchfront can promote
faster oxidation and etching. The depth of the porous shell
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was found to increase with increasing In content. GaAs, by
contrast, developed minimal porosity in either the etch field or
the pillars.

Based on these results, it is suggested that the fabrication
of highly-vertical sidewalls with minimal porosity by MacEtch
can only be achieved in semiconductor/catalyst systems with
significant Schottky barrier height and appropriate selection
of etching conditions. To retrospectively mitigate the porosity
formed during InGaAs MacEtch, Kong et al. implemented a
digital etch process subsequent to the MacEtch step to dissolve
the porous oxide. By alternating treatments with UV ozone and
HF, porosity on the surface was removed post-MacEtch.
Nanoscale MOS-capacitors were fabricated using MacEtch of
Ing.53Gag 47As. The MacEtch process, combined with a digital
etch procedure, enabled fabricated devices with smooth side-
walls that were free of damages and roughness associated with
other forms of etching. Such a sidewall profile led to enhanced
device performance evidenced by capacitance-voltage measure-
ments that indicate a low interface state density.

AlGaAs

AlGaAs is unique among semiconductor alloys for retaining a
nearly constant lattice constant despite variations in stoichio-
metric ratio."" Consequently, alloys of different stoichiometry
can be stacked adjacent to each other without having to
account for significant lattice mismatch on GaAs substrates.
The freedom to vary composition, and consequently other
important properties such as optical excitation values, with
little cost in terms of lattice strain, makes AlGaAs alloys
especially suited for heterogeneous integration'>> and optical
devices.”

AlGaAs is soluble in most common reagents used to dis-
solve semiconductor-associated oxides, including HF and sul-
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(a) Dependence of etch rate on group llI stoichiometry, (b and c) cross-sectional SEMs detailing fabricated MacEtch pillars and (d) Schottky
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barrier diagrams for InGaAs alloys. Reproduced from ref. 145 with permission from American Chemical Society, copyright 2017.
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furic acid.** AlGaAs is, however, insoluble in a solution of
citrate and hydrogen peroxide, but some oxidized states, such
as Al, O3, are insoluble in citrate solution and will remain as in-
soluble deposits. This characteristic of AlGaAs in citrate can be
exploited for MacEtch, as the greater rate formation of in-
soluble oxides under the catalyst than in other areas creates a
disparity in solubility. In those zones where soluble oxides
form and are then etched by the solution, substrate dis-
solution can be expected to occur at a faster rate. By producing
insoluble oxides at the catalyst interface, the catalyst denies
solution access to the AlGaAs, prevents dissolution, and pro-
duces an I-MacEtch effect.

Wilhelm et al** investigated the inverse MacEtch of
Al,Ga;_,As in citric acid and hydrogen peroxide as temperature
and stoichiometry (i.e., x) were varied. Increases in tempera-
ture were shown to increase both vertical etch rate and lateral
etch rate. It is suggested that increasing the temperature accel-
erates hole diffusion away from the catalyst interface, thereby
driving oxidation off-catalyst and increasing the lateral etch
rate. As solubility also increases with increased temperature, it
can be expected that the rate of dissolution of oxidized AlGaAs
will also increase with temperature, leading to increases in
both vertical and lateral etch rate. Both the vertical etch rate
and vertical/lateral etch selectivity were shown to depend on
AlL,Ga;_,As stoichiometry (Fig. 13) with the vertical etch rate
decreasing as Al content is increased, but at the benefit of
improved selectivity for vertical etching over lateral etching.
Increasing Al content shifts the valence band edge towards the
lower energies of AlAs. As a result, the lower energies of the
valence band electrons reduce the thermodynamic drive for
hole injection, leading to a lower overall etch rate. Due to the
inverse progression, features were fabricated with highly
smooth sidewalls as the etch-field is defined by a gradual
change in diffusion instead of the catalyst edge pattern.

InGaN

Ternary GaN alloys find applications in many fields of elec-
tronic devices, but they are most noted for their optical
properties.”>®'>* With alloys such as InGaN, the optical emis-
sion wavelength can be tuned from the infrared to the ultra-
violet ranges of the electromagnetic spectrum encompassing
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the entire gamut of visible light."*” It is thought the generation
of porous structures, via processes like MacEtch, can reduce
the lattice strain mismatch between InN and GaN, which so
far has limited the applications of InGaN."*®

After depositing 10 nm Pt catalyst onto the substrate, Najar
et al.'*® etched InGaN samples with a HF, hydrogen peroxide,
and methanol MacEtch solution. Inverse MacEtch proceeded,
where the platinum catalyst acted as a photomask for the gene-
ration of porous InGaN, giving way to vertical nanowire for-
mation for longer etch times. As etching of the vertical nano-
wires progressed, the strain generated in the nanowire struc-
ture due to the GaN/InN lattice mismatch was compensated by
the entwining of nanowires into bundled structures, resulting
in a 2 and 4.5 nm red shift in the photoluminescence spec-
trum of the nanowires. The results suggest that the spon-
taneously generated nanowires may relieve some of the lattice
strain due to mismatch in InGaN samples.

Soopy et al."®” compiled a review of the applications of GaN
and In(Ga)N structures fabricated by photo-induced MacEtch.
Many structures not fabricated by MacEtch are covered within
Soopy,"”” but the discussion may be relevant to those inter-
ested in MacEtch and associated applications.

InGaP

InGaP is a ternary semiconductor with a tunable bandgap cov-
ering the lower energy half of the visible spectrum. Unlike
some of the compound ternary semiconductors, InGaP’s emis-
sion characteristics are tunable with the stoichiometry of the
group-1II elements, as the bandgap changes from indirect to
direct when the In content is increased beyond ~30%.'"®
InGaP has seen use in high frequency applications,"’
LEDs, " solar cells*®* and bipolar transistors.*¢**%

Wilhelm et al.'*” investigated MacEtch of Ing 40Gag 5;P with
solutions of H,O0, and HF. InGaP was found to undergo
inverse MacEtch at a rate below that of other semiconductors.
During MacEtch of In, 49Gag 5:P, the vertical etch depth and
lateral etch depth were found to increase in off-metal regions
only. No etching was found to occur at any position below the
catalyst, unlike other etch systems where inverse etching leads
to an undercut of the catalyst.*>'*® Vertical and lateral etch
rates were measured for n-type, p-type, and UID samples. The

Fig. 13 Cross-sectional SEM images of etched nanopillars in Alg s5Gag 45As (left) and Al ;Gag 3As (right). Reproduced from ref. 42 with permission

from American Chemical Society, copyright 2018.
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Fig. 14
mission from American Chemical Society, copyright 2018.

etch rate was observed to taper off to lower values as etching
time increased, due to the etch-induced change in the ratio of
substrate surface area to etch solution volume. At extended
etch times, a cavity in the Ing 40Ga, 5;P layer permitted solution
access to the deeper underlying GaAs layer driving masked
wet-etching of the GaAs along {111} crystal planes. Etching of
GaAs proceeded at a faster rate than Ing40Ga, 5,P, leading to
the generation of an In, 40Ga, 5;P nanofoil suspended above a
pyramidal void in the GaAs (Fig. 14).

Non III-V semiconductors

MacEtch has been adapted for a handful of additional
materials systems that fall outside the realm of both Si and
III-V compounds. Materials such as gallium oxide, similar to
III-V materials in terms of their desirable optical and elec-
tronic properties and process applications, have been investi-
gated by the MacEtch research community. These fields are
still emerging, however, and there has been limited character-
ization of the MacEtch process for many of these materials.

Silicon carbide

SiC is an emerging material for optical devices and high power
electronics due to its wide bandgap and robust physical
characteristics, including high thermal stability, chemical re-
sistance, breakdown field strength, and thermal
conductivity.*>'®*7'%® The compound exists in several poly-
types, two of the most important forms are the 6H and the 4H
phases, which have good stability at applicable temperatures
and desirable electronic applications.'®” SiC is employed for a

10926 | Nanoscale, 2024, 16, 10901-10946

(a—c) Cross-sectional SEM images of InGaP nanofoils fabricated by MacEtch on top of bulk substrates. Reproduced from ref. 147 with per-

range of applications including integrated photonics,'®® radio-
frequency devices,'®® visible LEDs,'”® UV photodetectors,'”*
and sensors."”?> Due to the wide bandgap, UV illumination to
excite electrons to the conduction band is generally required
for MacEtch of SiC to proceed. A table of SiC MacEtch results
follows below in Table 5.

Rittenhouse et al.'”® produced porous 4H and 6H SiC after
Pt coating and submersion in a HF and K,S,0;4 etching solu-
tion (Fig. 15a). UV illumination was filtered to generate 32 mW
em™? intensity at wavelengths below 360 nm. The concen-
trations tested were not found to significantly influence the
etch outcomes. Short etch times of the 6H polytype yielded
ridge structures, while longer etching generated spongy poro-
sity with increased lateral networking of the pores. The overall
depth of the porous SiC reached >100 um below the surface.
The 4H polytypes still generated ridges at reduced etch times,
but longer etch durations resulted in the formation of nanofin-
gers. MacEtch was found to terminate after, at most, a few
hundred nm in the 4H samples, with a high degree of vari-
ation from sample to sample. Defects were described to have a
highly adverse effect on etch progression. No etch-induced
changes in the Raman spectra were observed. The photo-
luminescence of etched samples was slightly blue-shifted by as
much as 20 nm, but no additional PL emissions lines were
observed after etching.

Liu et al."’* fabricated porous SiC with Pt-assisted MacEtch
followed with RIE and surface treatments. The authors
suggested that dangling bonds generated during MacEtch are
reduced following RIE, decreasing overall surface energy and

This journal is © The Royal Society of Chemistry 2024
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Fig. 15 (a) Cross-sectional SEM of a porous 6H SiC fabricated with MacEtch. Reproduced from ref. 173 with permission from Elsevier, copyright
2003. (b) Spectra detailing enhancement of PL intensity after inducing porosity with MacEtch process. Reproduced from ref. 174 with permission
from IOP Publishing, copyright 2012. (c) Cross-sectional SEM of induced porosity in 4H SiC after MacEtch. Reproduced from ref. 47 with permission
from IOP Science, copyright 2015. (d—f) Three time points (15, 45 and 150 min) indicating progression of p-SiC formation during MacEtch of 4H-SiC.
Reproduced from ref. 175 with permission of IOP Science, copyright 2017. (g—j) SEM images demonstrating the influence of oxidant concentration
on SiC MacEtch in K,S,0g solution. [K,S,0g] increased from (g) 6 to (j) 96 mM. (k) Relationship between oxidant concentrations, etch rate and side-
wall angle. Reproduced from ref. 176 with permission from John Wiley and Sons, copyright 2021. (I-o) SEM images detailing evolution of SiC holes
with increasing MacEtch time. (p) Reduction in reflectance after MacEtch processing for 60 and 120 min. Reproduced from ref. 177 with permission
from Elsevier, copyright 2022.

influence the etch rate. Optical reflectance reduced with Chen et al.'’® fabricated SiC nanovia arrays with MacEtch
increasing etch duration, decreasing by up to 4 times at sub- in a H,O, and HF solution under UV illumination. A novel
visible wavelengths measured. aspect of this study included an enhancement of etch rate and
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feature depth by the application of a catalyst metal to the back-
side of the wafer. The backside catalyst improves charge distri-
bution in the SiC substrate by providing a sink for space
charge accumulation. Nanovias with depths approaching
300 nm were obtained. By changing the backside metal
material, the vertical-to-lateral etch rate would also change.
The Pt backside catalyst had the fastest vertical etch rate
(30 nm min™"), although the lateral etch rate increased to a
lesser extent (10 nm min™"). Ag still improved the etch rate
(8.8 nm min~"), but less so than Au (17 nm min~") and Pt.

SiC MacEtch generally follows an inverse etch progression,
dependent on UV illumination for the excitation of electrons
across the wide bandgap of the material. 4H and 6H polytypes
of SiC have been studied as substrates for MacEtch, and gener-
ally better results have been obtained in 6H, with deeper pores
being formed than in 4H crystals."”® 4H SiC MacEtch, on the
other hand, was found to depend on dopant concentration
and catalyst deposition method, with deeper structures being
obtained at high doping concentrations and following catalyst
anneal.’”*

p-Gallium oxide

Gallium oxide is a wide-bandgap material that exists in
different crystal phases, with the monoclinic beta-phase being
most relevant for device fabrication.'®® Beta-phase gallium
oxide (B-Ga,0;) is a specific isomorph of gallium oxide where
the wide bandgap is a function of the oxygen deficiency and
typically in the range of 4.5-5.0 eV. p-Ga,Oj3 is a semiconductor
with unique properties including high thermal stability.'®!
The wide bandgap, conferring UV transparency and a large
breakdown field strength, makes f-Ga,O; a material of con-
siderable interest for high-power electronics and opto-
electronic devices operating in the UV range of the spec-
trum.'® A summary of B-Ga,0O; MacEtch is included in
Table 6.

Kim et al.'®® demonstrated MacEtch of p-Ga,0; to fabricate
metal-semiconductor-metal UV photodiodes, where the
MacEtched surface possessed a reduced Schottky barrier
height and conferred an increase in gain and responsivity. The
devices were fabricated with a ten hour etch of patterned Pt de-
posited on B-Ga,0O; at room temperature in a HF and K,S,0g
solution under 254 nm UV illumination. The etch process gen-
erated crystallographically-aligned nanoscale grooves with a
XPS-determined 10% oxygen vacancy. The slow etch rate led to
a crystallographic dependence of the etch progression, and
also impacted the comparative rate of removal of O and Ga
species during etching. As O is removed faster than Ga, the
abundance of oxygen vacancies is increased at longer etch
times, resulting in oxygen deficiency, a reduction in p-Ga,O;
bandgap, and a lowering of the Schottky-barrier height to the
metal. Schottky-barrier heights were determined from the
current-voltage (I-V) behavior of the fabricated devices, and
the photoresponse of the diodes were measured under 254 nm
UV illumination. MacEtch-fabricated diodes showed more
efficient light trapping, due to reduced reflectance from the
sub-wavelength nanogrooves formed during etching. Dark

This journal is © The Royal Society of Chemistry 2024

Table 6 MacEtch of p-Ga,Os experimental results
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current in the photodiodes fabricated by MacEtch was found
to be significantly increased; however, a greatly enhanced
photocurrent ultimately resulted in overall performance
enhancement. The reduced Schottky barrier led to a high
internal gain, a 2-4 orders of magnitude improvement in
responsivity, and three orders of magnitude increase in the
normalized photocurrent to dark current ratio (Fig. 16).

Huang et al.** described I-MacEtch of p-Ga,O; utilizing a Pt
catalyst and a MacEtch solution containing HF and K,S,0s.
Nanofins with aspect ratios as high as 50 were fabricated using
patterned Pt catalysts on a p-Ga,O; substrate. The progression
of nanofin formation was found to be heavily dependent on
the orientation of the Pt catalyst, where both verticality and
etch rate was shown to vary with the orientation of the Pt lines
relative to the [102] direction on a (010) substrate (Fig. 17). The
sidewall angles would steepen as the Pt orientation was
changed, leading to the generation of pyramidal, trapezoidal,
and vertical fins with increasing sidewall angle relative to the
[102] direction. The observed changes were stated to arise due
to changes in exposed surface compositions. Depending on
the direction of etch progression, the concentration of exposed
oxygen dangling bonds would change. As O was found to etch
faster than Ga, the relative abundance of exposed oxygen
atoms will influence the etch character. Similarly, Schottky
barrier height was also affected, as surface remodeling during
etching altered stoichiometry, reducing the bandgap and con-
sequently the barrier height. MOS capacitors were fabricated
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with I-MacEtch of p-Ga,0; and capacitance-voltage (C-V)
measurements were made, during which a flat-band voltage
shift was found. The change in interface and border trap
density responsible for the shift in the voltage response was
attributed to the improved surface quality of MacEtched struc-
tures by comparison with planar p-Ga,0s;.

f-Ga,O3; MacEtch is highly crystallographically dependent,
with both catalyst and substrate crystallinity significantly
affecting the etch progression. High performance devices in
B-Ga,0; have been fabricated with MacEtch®*'”° and Ren et al.
have very recently evaluated the temperature-dependence of
B-Ga,O; finFETSs operating up to nearly 300 °C, which were fab-
ricated by an I-MacEtch process. They demonstrated compar-
able high-temperature performance as planar -Ga,O; transis-
tors, determined based on measurements of ON/OFF ratios
and subthreshold swing values.'®* Huang et al'® have also
compiled a review of p-Ga,Oj; etching including a relevant dis-
cussion on MacEtch of the material system.

Germanium

Germanium is a group-IV semiconductor with a high intrinsic
carrier concentration and electron mobility.*® It is noteworthy
particularly for its historical use in the development of semi-
conductors,'®® but Ge is commonly employed in the fabrica-
tion of solar cells,'®” photodetectors'®*®'®® and other optical
components,'® including lasers."”* MacEtch of Ge substrates,
which are otherwise easily damaged by many commonly used

(b)
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Fig. 16 Characterization of textured metal-semiconductor—metal photodiode fabricated by MacEtch and compared with planar photodetectors.
Reproduced from ref. 183 with permission from AIP Publishing, copyright 2018.
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of etched fins formed under different catalyst orientations. Reproduced from ref. 33 with permission from American Chemical Society, copyright

2019.

surface chemistries, may provide a means to take advantage of
the attributes of Ge without confronting the issues associated
with Ge surface processing. Novel approaches to Ge MacEtch
have been adopted by utilizing gentle wet chemistries for cata-
lytic etching (e.g., use of H,O as the primary etchant), or the
employment of novel catalysts such as various reduced states
of graphene,'*>"*® which is intriguing as graphene is a promis-
ing next generation material for a range of devices.'**'**> Ge
MacEtch results are tabulated in Table 7.

Aizawa et al.'*® made perhaps the earliest demonstration of
Ge MacEtch when local etching was observed in Ge substrates
immersed in AgNO; solutions of concentrations below
0.5 mM. Localized patterns of etching on the Ge surface,
described as nano-inukshuks after an Inuit word, were formed
after submersion of Ge substrates in AgNO; solutions
(Fig. 18a). TEM results indicated (111)-facing Ag to crystalize
on the Ge surface and Ag crystal growth to likely proceed by a
Volmer-Weber growth mechanism. Following crystallization,
etched nano-inukshuks are formed at concentrations below
0.5 mM Ag". Ag is deposited on (111) and (100) facets of Ge.

Arima et al."®” induced MacEtch of p- and n-type Ge by
deposition of Ag and Pt nanoparticles and immersion in water
solutions containing dissolved oxygen. Only under sufficient

This journal is © The Royal Society of Chemistry 2024

oxygen concentration (9 ppm) was MacEtch found to proceed.
Pyramidal etch pits were generated with crystallographic
etching along (111) Ge facets and centered on the catalyst
nanoparticles, which were deposited at the base of the pit.
When oxygen-free water solutions were implemented, no etch
pits were formed. It is indicated that depleted-oxygen water
would improve device performance in Ge devices due to a
reduction in surface roughening during cleaning. Forward pro-
gression MacEtch occurred after a large-scale Pt/Pd pattern
was sputter-coated onto Ge, with etching proceeding under the
deposited metal pattern.

Kawase et al."®® formed etch pits in (100) Ge with Ag and Pt
catalysts. Etching was explained to be mediated by oxidation of
Ge and subsequent dissolution in water, as GeO, is known to
be water-soluble. The dissolved oxygen species in the water
were described as the oxidant in the MacEtch process.
Additionally, a 40 nm depression was induced with a 1 mm
diameter deposited Pt film after immersion in O,-rich water
solution. AFM scans suggest the shape of the indentations to
match the pattern of the deposited metal catalyst (Fig. 18b-e).

Kawase et al."®° developed inverse MacEtch of Ge with Ag
and Pt catalysts in oxygen-rich water. Etching was found to
proceed along the (110) direction of the Ge substrate leading

Nanoscale, 2024, 16, 10901-10946 | 10931
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g g to a pyramidal pit topology. The oxidant in the system was
8 g again discussed to be dissolved oxygen, which is reduced to
< L
2 u‘la form liquid water. To further study the process, Kawase
g 9 initiated MacEtch of Ge in water with a Pt-coated cantilever in
L . . . .
55| gE by g an immersion atomic force microscopy (AFM) system. By
£ i ] . . .
§g| 3o < b5 manipulating the cantilever, MacEtch of the substrate could be
E5 | o= 2 & : : - ; R
5 carried out in a controlled fashion with etching proceeding in
" ::‘ regions directly contacting the metal-coated cantilever. The
- "{% .5 etch depth of the pits was found to be dependent on the press-
g *§ g g2 3 E ing force with a generally linear increase in etch depth with an
22 e =& Z g increasing pressing force over the range of 1-20 nN pressing
So|=2P22s2 S80d g . .
HO |RPARAA TO< = force. Dissolved oxygen in the water was found to be necessary
a for etch progression across the range of pressing forces tested
e} .
- ccg? - (Fig. 18f-h).

c8B|ggi33i8E g Lee et al.>*" investigated surface texturing with Ge MacEtch
S o T30 NO = =) & g

£ 1N = 0o

HA | ow-dd—So» S towards enhanced performance of Ge solar cells.
q_,f—\ _' Concentrations of HF, H,0,, and H,O0 were optimized by their
§ g S ability to induce a range of surface remodeled features in (100)
< g NO N E :;E: Ge substrates. Solution variation would generate a range of tex-
BE RT3V 5 tures in the Ge surface, includin ramids, octagonal and

g g py g
b E inverted pyramidal pits, texturing, and induced roughening.

v
2| E EE i Etch rate was found to increase with increasing HF solution,

- E as the etch process shifted towards the oxidation-limited

- % E % regime. Conversely, the etch rate was stated to be dependent
] . . S

= R = on the peroxide concentration and the rate of Ge oxidation.
= P

g £ Solutions containing HF were shown to generate surface

g2 ;I roughness at a much accelerated rate; however, the topology of

E the textured surface was found to be heavily recipe dependent.
g ° g Additionally, etching was shown to proceed crystallographi-
% | 3 EEnaeds83s 3 cally, due to reduced bond energies in the {110} and {111}
< cececeeceeee ¥ planes and the lower density of the {100} plane. These differ-
‘:::; ; ences in planar surface orientation led to the preferential for-
@ 3 mation of {110} and, especially, {111} etch facets. Based on the
< & evaluation of surface texturing during Ge MacEtch under a
<19 2.9 g " : .
| | o T T 3 range of conditions, Ge solar cells were fabricated and their

S FT performance was evaluated with respect to reflectance, power
. § Q CZ o: ﬁ conversion efficiency, short circuit current density, open
O |~ LT & circuit voltage, and fill factor. Considerable performance

1]

g = enhancements were observed in the MacEtch-fabricated
= s 5 devices, particularly in the case of (100) substrates textured in
o N . . .
£leg s8¢ g ‘cl'é'g H,0, and H,O solutions. The discrepancy between increases
5; § § ; § § SE in light absorption due to MacEtch-induced surface changes

,T:v % and a decrease in overall solar cell efficiency was attributed to

25 high seri ist diminishi h llection in solar

28 a high series resistance diminishing charge collec

< . . .
= & IE ) cells with an otherwise greater rate of light capture.
S G 3 O>'< Kawase et al.>°>?°* developed a surface flattening process
512 = Z % § 50 3 =5 for Ge wafers by utilizing a Pt-coated elastomer pad. Following
O|E EE << - . .

_qg g treatment with the elastomer pad, surface micro-roughness
g9 g E3 was improved to an average roughness 50% of the pre-treat-
£l 3 =B ment value. Also investigated was the nanoscale patterning of

| aye . . . . . .
- s = § g Ge wafers utilizing a Pt-coated cantilever immersed in a liquid
b 8 2 = 3 & AFM apparatus.

5 -

S = ‘;4 % %5\ i Rezvani et al.>*? fabricated crystallographic pores with a HF,
< | B . O . .

~ S| B A, ;5_3 E E H,0,, and H,O solution and Ge wafers coated with Ag nano-

r%; <l g o o= 5 ! particles. The MacEtch pores were formed alone on the {111}

- &l - aaq M 5 facets of the Ge substrate. By anodically etching the porous Ge
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Fig. 18 (a) SEM image showing local Ge etching in oxygen-rich water. MacEtch was found to generate nano-inukshuks. Reproduced from ref. 196
with permission from American Chemical Society, copyright 2005. (b—e) Topographic images of MacEtch induced impression recorded with AFM.
The impressions were only shown to occur in the presence of high concentrations of dissolved oxygen. Reproduced from ref. 198 with permission
from AIP Publishing, copyright 2012. (f—h) Schematic and SEM images demonstrating of AFM-facilitated Ge MacEtch with variation in etch depth
dependent on substrate surroundings. The substrate etch proceeds within the boundaries defined by the AFM scan. (f) Depiction of AFM-assisted
MacEtch process; (g) depicts the surface prior to AFM-induced etching; (h) depicts the surface following AFM scanning. Reproduced from ref. 199
with permission from Springer Nature, copyright 2013. (i—k) SEM images of etch pits formed by graphene oxide catalyzed Ge MacEtch, (i) Graphene
oxide flakes on Ge substrate prior to immersion in water, (j) Ge etch pits formed following submersion in oxygen-rich water, and (k) no etch pits
formed in low oxygen water. Reproduced from ref. 192 with permission from IOP Publishing, copyright 2017.1°2 (1) Schematic depiction of reduced
graphene oxide-catalyzed MacEtch of Ge showing catalyst location prior to etching and mass consumption following etching. Reproduced from ref.
205 with permission from Elsevier, copyright 2018. (m-r) SEM images detailing periodic features fabricated by TiN-catalyzed Ge I-MacEtch.
Crystallographic etch dependence can be seen in (o and r). Reproduced from ref. 209 with permission from John Wiley and Sons, copyright 2021.

formed by the MacEtch process, Ge nanowires with diameters oriented in the (100) direction, normal to the surface face of
between 10 and 300 nm and lengths up to 10 pm were gener- the substrate, indicating the crystallographic etching to cease
ated by an inverse-like etch progression. The nanowires were following the application of the applied bias.
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Ito et al.”®* fabricated Ge nanowhiskers and nanopores with
a MacEtch process utilizing AgNO; and HF/H,0, solutions. By
depositing 100 nm diameter Ag nanoparticles prior to the etch
step, porous nanostructures were formed on the surface of Ge
wafers. Variation in oxidant concentration was found to exert
control over pore size in the nanostructured surfaces.
Nanowhiskers were fabricated by etching in a AgNO; solution,
and whisker density and dimensions were shown to depend
on AgNO; concentration.

Nakade et al." investigated the use of highly-reduced gra-
phene oxide (hrGO) as a catalyst for the MacEtch of Ge. As
metal catalysts can induce surface contamination, it was
suggested that a graphene oxide catalyst would allow for
surface flattening via a MacEtch process without the presence
of metal catalysts. In this work, hrGO was transferred onto Ge
wafers, which were then immersed in oxygen-rich water. The
graphene oxide induced etching in the presence of the oxygen
oxidant (Fig. 18i-k). The graphene was verified to have a dis-
persed layered structure with thickness of 0.8-1.2 nm, specu-
lated to be due to oxygen sorption onto the monolayer. The
graphene oxide flakes were reported to disappear after etching.

Hirano et al.>*> advanced the study of graphene oxide-cata-
lyzed MacEtch of Ge (Fig. 181). Reduced graphene oxide (rGO)
sheets were transferred onto a Ge substrate, then immersed in
a water bath containing 9 ppm dissolved oxygen. Etching was
induced and localized to the area under the rGO sheets, gener-
ating shallow pits in the Ge surface. Etch rate was shown to be
inversely correlated to the rGO sheet area, with exponential
increases in etch rate below 0.5 wm?®. The rate increase is
attributed to the increased rate of oxidation occurring at the
graphene edge. It is suggested that holes in the rGO sheet can
increase the etch rate by increasing the rate of oxidation, with
the different oxidation potentials between zigzag and armchair
edges influencing etch rate, and etching only proceeding at
edges or defects in the bulk graphene.

Li et al.*>°® used in situ AFM to study the local distribution of
etch rates during graphene oxide-catalyzed MacEtch of Ge.
Their AFM results confirmed a likely dispersion of graphene
sheets on the surface. Additional scans conducted separately in
water and in air showed a swelling of the graphene oxide sheets
when immersed in water. Etching was found to be selective to
the region under the graphene sheet, indicating forward
etching. The observed MacEtch effect was also preferential
along the edge of the graphene by comparison with the central
region. The intercalated water layer between the graphene oxide
and the Ge was suggested to be crucial for etch progression.

Mikurino et al.?*” made a detailed chemical study of the
reduction states in reduced graphene oxide during Ge
MacEtch in oxygen-rich water by taking XPS measurements of
graphene oxidized to varying degrees before and after etching.
The mechanism was further probed with ex situ AFM measure-
ments to evaluate the etch rate as the redox potential of the
graphene sheets changes. The more reduced states of gra-
phene oxide (i.e., Ayd-rGO and amm-rGO) exhibited accelerated
etch rates. This observation was suggested to result from the
increased availability of oxidative electrons. Additionally, the

This journal is © The Royal Society of Chemistry 2024
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edge states are discussed to influence etch rate, as carbon
atoms at the edge of graphene possess a greater charge
density, and “zigzag” edges contain unpaired zn-electrons able
to reduce dissolved O, and oxidize the Ge substrate. Due to
these charged regions, graphene sheets become oxidized upon
immersion in water. The ammonia-reduced graphene oxide
was considered the most catalytic. Etch rate variation with
temperature was used to make measurements of the activation
energy of the etch reaction, and generally increased with
temperature. Additionally, etch rate is believed to increase as
the etch proceeds due to changes in graphene oxidation. The
conclusions drawn from this robust and interesting study
provide further evidence for the role of redox potential in
MacEtch.

Chen et al.*>*® investigated light trapping enhancements on
n-type Ge substrates following MacEtch. The influence of H,O,
over texture dimensions in HF, H,0,, and H,O MacEtch solu-
tions was studied using a low concentration of AgNO; as the
catalyst. Ge mass consumption was the highest in samples
etched in the highest oxidant concentration solutions. Here,
etch rate was suggested to be determined by H,O, concen-
tration. MacEtch was shown to reduce optical reflectance
across the visible and near-infrared spectral ranges, and attrib-
uted to an increase in light trapping capability of the etched
samples. Reflectance was not found to depend on total mass
consumption, however, and the greatest absorption was seen
with a lower concentration of oxidant, with 97% molar ratio
showing a better absorbance profile than 93%, 95%, and 99%.
This phenomenon is suggested to arise due to competition
between catalytic and non-catalytic etching process, which
proceed in tandem.

Liao et al.>*® demonstrated TiN and Ni-catalyzed I-MacEtch
of Ge (Fig. 18m-r). According to the authors, MacEtch pro-
ceeded in the inverse progression due to the strong adhesion
of the catalyst layer to the substrate preventing solution access
at the interface. Combined with the high hole mobility in Ge,
catalyst-patterned samples immersed in KMnO,-based solu-
tions were shown to undergo I-MacEtch. Inverted pyramid and
V-groove arrays were fabricated after 1 hour and 2 hours
etching durations, respectively. Ni was also shown to drive
I-MacEtch, with a bare Ni catalyst delaminating after a short
period, but with a Ni catalyst deposited on top of a Ti adhesion
layer forming deep inverted pyramids. Schottky barrier heights
were extracted from Schottky diode transport measurements
using Norde’s method to analyze I-V curves. Ge was found to
experience a high degree of Fermi level pinning. The Schottky
barrier heights for all catalysts were measured similarly. This
junction configuration led to upward band bending, and rapid
hole injection and diffusion away from the interface, promot-
ing I-MacEtch. XPS results indicated that the TiN catalyst was
not degraded during etching. Moreover, reflectivity in the tex-
tured samples reduced to less than 10% after TiN MacEtch.

Ogasawara et al.'®® used MacEtch of Ge substrates as a
means to probe the catalytic activity of nanocarbon sheets.
Reduced graphene oxide was compared to graphene oxide in
terms of its electrochemical properties as well as the catalytic
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etching induced when brought into interfacial contact with Ge
substrates immersed in water. Hollows were formed at the
locations of graphene sheets, with depths surpassing 10 nm.
Deeper hollows were formed at locations coated by reduced

Table 8 Proposed mechanisms for MacEtch of non-Si materials
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graphene oxide, indicating a higher catalytic activity. The
authors highlighted MacEtch a viable characterization tool to
evaluate the oxidative-reductive potential of functionalized gra-
phene sheets or other functional nanocarbon materials.

Material Proposed reactions Ref.
GaAs GaAs(s) + MnO, " (aq) + H(aq) —» Ga*'(aq) + As""(aq) + Mn**(aq) + H,O({) 63
10GaAs(s) + 16KMnO, ~ (s) + 24H,804(1) — 5Ga,03(s) + 10H3As0,4(1) + 16MnSO4(s) 69
+8K,S04(s) + 9H,0(1) (1)
Gazog(s) + 3H2504(1) d Gaz(SO4)3(aq] + 3H,0 (2)
GaAs(s) + 6H'(aq) — Ga**(aq) + As*(aq)
GaAs(s) + 3H,0,(1) + 3HF(1) - GaF,(s) + HyAsO,(1) + 3H,0(1) (1) 62
GaAs(s) + 4H,0,(1) + 3HF(1) - GaFj(s) + HzAsO3(1) + 4H,0(1)  (2) 73
MnO, (aq) + 8H'(aq) + 5~ = Mn**(aq) + 4H,0(1) (1) 75
GaAs(s) + 3H,0(1) - Ga**(aq) + AsO;*"(aq) + 6H'(aq) + 6e~  (2)
MnO, (aq) + 8H"(aq) + 5¢” = Mn**(aq) + 4H,0(1) (1) 76
GaAs(s) + 3H,O(1) + 6h* — Ga**(aq) + AsO;*"(aq) + 6H'(aq) (2)
MnO, (aq) + 8H'(aq) + 5¢~ = Mn**(aq) + 4H,0(1) (1) 78
GaAs(s) + 6H,O(1) + 6h" — H3;Ga0;-H;Ga05(aq) + 6H'(aq)  (2)
H;Ga0; - H3As0;(aq) + aGaAs(s) — aGaAs - 1 (Ga,0; - As,0;)(aq) + 3H,0(1)  (3)
GaN GaN(s)+y — GaN(s)+e~+p" (1) 97
GaN(s) +3p' — Ga®>" +IN, (2)
S$,05(aq) + 2¢” — S0, 7(aq) (3)
S:0s(aq) +y — 280, (aq)  (4)
2GaN(s) + 3H,0,(1) + 4HF(1) — 2GaF,(s) + 4H,0(1) + N,(g) 38
2GaN(s) + 6Ag*(aq) + 2H,O(1) + 4HF(s) — 2GaF,0H(aq) + 6Ag(s) + N, (g) + 6H" 101
2GaN(s) + 3S,04(aq) + 120H™ (aq) — 2Ga(OH)*"(aq) + 650, (aq) + N, (g) + 6H" 105
GaN(s) + 2H,0(1) — Ga,04(s) + N,(g) + 6H'(aq) + 6e~ (1) 107
Ga,05(s) + xHF(1) » GaF,*™(s) + H,0(l) (2)
2GaN(s) + 6h"—»2Ga*"(aq) + Ny(g) (1) 106
Ga*'(aq) + xHF(l) » GaF,C™)(s) + xH'(aq) (2)
Sic 48,05 (aq) + SiC(s) + 2H,0(1) + 6HF(1) — 850,*~(aq) + 8H'(aq) + CO,(g) + H,SiF4(s) 173,174
48,057 (aq) + 8¢~ — 850,* (aq) (1) 47,175 and 176
SiC(s) + 4H,O(1) + 8h* — SiO,(s) + 8H'(aq) + CO,(g) (2)
SiO,(s) + 6HF(1) — H,SiF4(s) + 2H,O0(1)  (3)
SiC(s) + 4H,O(1) + 8h™ — Si0,(s) + 8H'(aq) + CO,(g) 178
p-Ga,0, 2Ga, 03 +6S,05% (aq) + 12HF +y — 4GaF3(s) + 12S0,% (aq) + 12H' (aq) + 30,(g) 179
Ge 0,(g) + 4H'(aq) + 4e~ - 2H,0(1) (1) 197, 198 and 205

10936 | Nanoscale, 2024, 16, 10901-10946

Ge(s) + 2H,0(1) — GeO,(s) + 4H'(aq) + 4~ (2)
H,0,(1) + e~ —» 2H,0(1) + 2h" (1)
Ge(s) + 2H,0,(1) > GeO,(s) + 2H,0()  (2)

GeO,(s) + H,O(1) » HaGeO3(1)  (3)

H,0,(1) + e~ - 2H,0(1) + 2h" (1)

Ge(s) + 2H,0,(1) — GeOy(s) + 2H,O(1)  (2)
GeO,(s) + 4HF(I) — GeFy(s) + 2H,0(1)  (3)
GeO,(s) + 6HF(1) » H,yGeFg(aq) + 2H,0(1)  (4)

Ge(s) + O(aq) — GeOy(s) (1)
GeO,(s) + H,O(l) —» HyGeOs(aq)  (2)

3Ge(s) + xh™ + 60H>~ — 3GeO* (s) + (4 — x)°~ + 3H,0(1)

—_—

210

201
206

212

This journal is © The Royal Society of Chemistry 2024
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Dutta et al.>'® formed shell-shaped, micron-scale islands of
Ge oxide following MacEtch in a dilute H,0,/H,0 solution and
AgNO; catalyst. An abundance of oxide deposits were found to
increase with Ag catalyst and HF concentration. The islands
were randomly distributed across the surface, with roughly a
2:1 stoichiometric ratio. XRD results indicated the islands to
be crystalline. The exact mechanism for formation was
unclear, as Ge oxides are generally soluble in water solutions.
The oxides were found to be in the hexagonal phase. Further,
XPS analysis suggested the formation of the GeO, phase.
Optical reflectance was reduced after the catalytic oxide for-
mation process. The bandgap of the resulting oxide, as deter-
mined from absorbance measurements, was shown to increase
with increasing oxide presence. The I-V characterization
results indicated the presence of a GeO,/Ge heterojunction
with hole-blocking capabilities. Resistivity was also found to
increase with increasing oxide formation.

Lidsky et al.®™' investigated the variation in Au-catalyzed
MacEtch rate enhancement with oxidant concentration. Rings of
Au were fabricated on (100) Ge substrates prior to immersion in
etch baths consisting of H,O and H,0, with concentrations
ranging between 0.03 M and 0.61 M. An empirical formula for
the etch rate with distance from catalyst was derived from the
etch profiles as measured by profilometery. The total etch depth
showed direct dependence on the etchant concentration, but etch
rate enhancement was found to exhibit a maximum at concen-
trations between 0.2 M and 0.6 M. The diffusion length of holes
in the Ge substrate was approximated as an exponentially decay-
ing trend from empirical fits to the data. The etched substrates
were found to maintain their crystallinity and showed no amor-
phous character. The etch rate and profile is explained to be inde-
pendent of doping type.

Ge MacEtch is a highly-crystallographic process that follows
a forward etch progression, but generates results resembling
those of semiconductor systems that progress via an inverse
mechanism. Due to the crystallographic nature of Ge MacEtch,
the catalyst sinks into the substrate but leaves behind a pro-
ceeding crystallographic etch front, generally resulting in
inverse pyramidal features. Both metal-salt'®®?°*?%% and
oxygen-containing water solutions were shown to drive
MacEtch, as were solutions containing only H,O and other oxi-
dants and etchants, including HF and H,0,. In graphene
oxide catalyzed studies, solution access was shown to be criti-
cal for etch progression. When MacEtch was catalyzed by gra-
phene oxide, etching would proceed only at the edge of the
graphene oxide sheets, or underneath them only when pores
were opened in the surface of the two-dimensional material.

Conclusions and perspectives

Of the III-V systems investigated for MacEtch, GaAs has been
the most developed and the effects of both catalyst and solu-
tion composition were investigated along with other appli-
cation critical parameters, including feature dimensions and
catalyst thickness.®® High aspect ratio structures were fabri-

This journal is © The Royal Society of Chemistry 2024
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cated’ in GaAs substrates, and characterization of the surface
following MacEtch was carried out®*’* while advanced optical
devices like LEDs>' and optical transmission gratings®* were
demonstrated using MacEtch-fabricated micro- and nano-scale
structures. Additionally, the MacImprint technique has been
developed to an advanced state®® and applied to GaAs proces-
sing. GaN processing has received significant development as
well, doubtless in part due to the difficulties associated with
GaN wet etching. Restricted to inverse etching regimes due to
the requirement for UV light to drive etch progression, GaN
MacEtch has produced structures at the microscale and below,
including nanowires,"*" micropillars,'”” and porous GaN.'** In
the limited research into InP MacEtch so far, evidence was pre-
sented to elucidate the mechanism behind the inverse pro-
gression that has been shown to generate extremely-smooth
sidewalls and high aspect ratio features. Using this inverse
etch method, high performing FinFETs were fabricated with
14 nm widths and near-ideal subthreshold slope, demonstrat-
ing that MacEtch can be used to generate structures with com-
petitive technical performance. Nanocones in GaP substrates
were fabricated under both forward and inverse progression
MacEtch regimes. The MacEtch process has also been applied
to ternary III-V alloys, and in general progression was shown
to depend on material stoichiometry as an additional para-
meter. SiC has been MacEtched under UV illumination to
generate nanoholes, nanopillars, and various degrees of poro-
sity in 4H and 6H SiC polymorphs. Nanofins and nanosquares
have been fabricated in $-Ga,0Os, and a variety of subtractive
features, including pits, roughening, and surface indentations
have been formed in Ge substrates using MacEtch.

MacEtch and its derivative approaches for micro- and nano-
fabrication take advantage of the specific electronic configuration
of a semiconductor to metal junction to selectively etch either
interfacial regions or off-metal regions depending on a multitude
of factors described in this Review. The need for broadly appli-
cable and adaptable etch processes for III-V semiconductors and
other materials has stimulated research in the field. Novel
approaches to adapting MacEtch to a wider range of materials
have been developed, including changes to solution composition,
catalyst makeup, and external conditions like photo-illumination.
The reductive potential of the catalyst as an intermediate between
the semiconductor valence band edge and oxidant reduction
potential is a critical factor to drive hole-injection into the semi-
conductor and enable catalytic oxidation.

For MacEtch of III-V semiconductors and other materials,
innovative approaches to etching have been developed and will
continue to evolve. Beyond expanding to etching next-gene-
ration materials, including other III-V alloys, ferroelectrics,
perovskites, van der Waals materials, and two-dimensional
monolayer systems, MacEtch needs to address shortcomings
in the current process flow. Specifically needing to be
addressed are issues relating to the implementation and
scaling of the MacEtch process, including affordable and
CMOS-compatible catalysts, issues around repeatability and
uniformity, controllability of etched feature dimensions, and
comprehensive evaluation of etch progression in heterojunc-
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tion systems, both axial and lateral. Additionally, the exact
chemical reactions governing MacEtch are not clearly eluci-
dated, despite viable proposals (Table 8) to explain the
observed phenomena. Advances in in situ analysis to more pre-
cisely determine reaction species would certainly benefit the
MacEtch community. The recent development of two-dimen-
sional materials,'*2°%207:213 oxides,> and nitrides?***'* as
catalysts, one-pot MacEtch,°*®* and MacImprint*®*'® tech-
niques are promising developments on these issues. By the
same token, the advantages of MacEtch have the potential to
greatly innovate mainstay nanofabrication techniques, by
improving processing throughput, reducing fabrication com-
plexity, avoiding surface damage, and lowering costs.
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