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ABSTRACT: Metal-assisted chemical etching (MacEtch) has been established as a
low-cost, benchtop, and versatile method for large-scale fabrication of semiconductor
nanostructures and has been heralded as an alternative to conventional top-down
approaches such as reactive-ion etching. However, extension of this technique to
ternary III−V compound semiconductor alloys and heteroepitaxial systems has
remained relatively unexplored. Here, Au-assisted and inverse-progression MacEtch
(I-MacEtch) of the heteroepitaxial In0.49Ga0.51P/GaAs material system is demonstrated, along with a method for fabricating suspended InGaP nanofoils of tunable
thickness in solutions of hydroﬂuoric acid (HF) and hydrogen peroxide (H2O2). A
comparison between Au- and Cr-patterned samples is used to demonstrate the
catalytic role of Au in the observed etching behavior. Vertical etch rates for nominally
undoped, p-type, and n-type InGaP are determined to be ∼9.7, ∼8.7, and ∼8.8 nm/
min, respectively. The evolution of I-MacEtch in the InGaP/GaAs system is tracked,
leading to the formation of nanocavities located at the center of oﬀ-metal windows. Upon nanocavity formation, additional
localized mass-transport pathways to the underlying GaAs substrate permit its rapid dissolution. Diﬀerential etch rates between
the epilayer and substrate are exploited in the fabrication of InGaP nanofoils that are suspended over micro-trenches formed in
the GaAs substrate. A model is provided for the observed I-MacEtch mechanism, based on an overlap of neighboring injected
hole distribution proﬁles. The nanofabrication methodology shown here can be applied to various heteroepitaxial III−V systems
and can directly impact the conventional processing of device applications in photonics, optoelectronics, photovoltaics, and
nanoelectronics.
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1. INTRODUCTION
Micro- and nanostructured semiconductor architectures have
been an area of extensive study for years and are being
incorporated into a wide variety of electronic and photonic
devices due to their unique properties compared to their bulk
counterparts.1−4 Conventional top-down micro- and nanofabrication techniques include patterned wet-etching and
reactive-ion etching (RIE); however, these methods can present
challenges as desired features continue to move toward higher
aspect-ratio geometries that are free of crystallographic defects.5
Patterned wet-etching is more cost-eﬀective in that it is
solution-based and can be performed in conventional semiconductor wet benches, although it lacks the ability to yield
high aspect-ratio structures due to it being isotropic or having
crystallographic dependences.6 In contrast, RIE is a dry-etching
technique that can generate high aspect-ratio geometries at the
expense of exposing the target material to high energy ion
bombardment, which causes sidewall damage and detrimental
lattice defects in addition to the intended material removal.7,8
Moreover, RIE uses hazardous gases and is performed under
high-vacuum conditions at elevated process temperatures,
© XXXX American Chemical Society

making it less ideal for process simpliﬁcation and cost
reduction.6
Metal-assisted chemical etching (MacEtch, or “forward
MacEtch” to distinguish it in later discussions) and inverse
metal-assisted chemical etching (I-MacEtch) are top-down,
solution-based fabrication methods that have been demonstrated as attractive alternatives for cost-eﬀective generation of
high aspect-ratio micro- and nanoscale semiconductor
features.1,6,9 These techniques have been gaining the attention
of researchers in many ﬁelds, with structures generated for
devices in a range of applications, including microﬂuidics,10
biosensors,11 photonics,12,13 optoelectronics,2,14 nanoelectronics,15,16 energy storage,17 and energy conversion.18
The MacEtch technique was ﬁrst formalized for Si in 2000,19
and for the ﬁrst III−V material (GaN) in 2002.20 Research in
this ﬁeld has focused primarily on Si,21−25 although several III−
V materials, including GaN,20,26 GaAs,14,27−31 and GaP,32 have
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type of metal catalyst.42 However, the main obstacle for routine
use of these metal-assisted catalytic etching techniques is the
limited fundamental research into the various etching
conditions (e.g., metal catalyst type, solution components,
and the relative concentrations of each) for various semiconductor materials, particularly for ternary III−V semiconductors such as InGaP.
Ternary InGaP has important device applications in high
electron mobility transistors (HEMTs)43,44 due to its deep
donor levels, high power density, and linearity, and it is a
prominent III−V alloy in many tandem solar cell designs45,46
due to its large band-gap energy and ability to be grown in a
lattice-matched conﬁguration with GaAs (i.e., In0.49Ga0.51P).
Although catalytic etching of the binary components of InGaP
(i.e., GaP and InP) has been reported,32,42 MacEtch
investigations involving the ternary phase have not been
presented in the current literature. InP has been shown to
exhibit I-MacEtch behavior,42 while GaP has been reported to
demonstrate both MacEtch and I-MatEtch tendencies based on
the dimensions of the metal catalyst.32 Given that InGaP, when
lattice-matched to GaAs, has a ternary composition consisting
of nearly equivalent In and Ga content, and since the individual
binary constituents InP and GaP exhibit tendencies toward
dissimilar metal-catalyzed etching modes, the dominant
catalytic etching mechanism for InGaP is not immediately
known (i.e., MacEtch or I-MacEtch).
Here, the metal-catalyzed etching behavior of lattice-matched
heteroepitaxial In0.49Ga0.51P ﬁlms on GaAs(100) substrates is
reported. A strong inverse-mode etching tendency is identiﬁed
for InGaP, and the metal-catalyzed nature of the etching
mechanism is revealed through a comparison of metallic masks
with largely variant redox potentials. The vertical etch rates of
nominally undoped, p-type, and n-type InGaP are quantiﬁed
under well-controlled and ﬁxed I-MacEtch conditions. The
progression of the etch front over time is tracked, leading to
localized etching of the InGaP epilayer and subsequent rapid
dissolution of the underlying GaAs substrate as it becomes
exposed to the I-MacEtch solution. Diﬀerential epilayer and
substrate etch rates are exploited in the fabrication of
suspended InGaP nanofoils of tunable thickness. Finally, a
model is proposed for the InGaP/GaAs heterostructure IMacEtch mechanism.

also been explored. Moreover, MacEtching of a ternary III−V
alloy (i.e., InGaAs) has recently been reported for the ﬁrst time
by Kong et al.33 The MacEtch mechanism relies on catalytic
oxidation of a semiconductor substrate beneath a metal catalyst
layer (e.g., Au, Ag, Pt, or Pd), and subsequent selective etching
of the oxidized regions. A cathodic reaction occurs at the
solution/metal interface, and includes oxidant reduction and
injection of resulting holes (i.e., charge carrier transport)
through the metal into the semiconductor at the metal/
semiconductor interface. An anodic reaction then occurs at the
metal/semiconductor interface that dissolves the oxidized
material (i.e., mass transport of dissolution products).6,9
MacEtch solutions consist of an oxidant such as hydrogen
peroxide (H2O2) or potassium permanganate (KMnO4), an
acid such as hydroﬂuoric acid (HF) or sulfuric acid (H2SO4),
and often a diluent or surfactant such as deionized water (DIH2O) or isopropyl alcohol (IPA). Hole injection is site-speciﬁc
to the semiconductor regions interfaced with the metal and, in
the conventional or forward MacEtch regime, preferential
dissolution of oxidized material results in selective etching of
the underlying substrate. Continuous catalytic oxidation and
preferential dissolution causes the metal to sink into the
substrate, such that the oﬀ-metal regions (i.e., the substrate
regions not interfaced with the metal) remain intact.6,9 Ordered
arrays of structures are generated by patterning the metal using
conventional semiconductor fabrication techniques, such as
nanosphere lithography,34,35 soft-lithography,14,28 nanoimprint
lithography,36,37 photolithography,38,39 or electron-beam lithography.40,41
The I-MacEtch process was formalized in 201542 and relies
on many of the mechanisms described for the conventional
MacEtch process (e.g., catalytic oxidation and preferential
dissolution of selective regions). However, several mechanisms
are fundamentally diﬀerent. Most notably, the metal does not
sink into the substrate as observed in forward MacEtch; instead,
the metal acts as a patterned mask as well as a catalyst and
generates inverse structures through preferential dissolution of
oﬀ-metal regions.32,42 As with forward MacEtch, a cathodic
reaction occurs at the solution/metal interface, including
oxidant reduction and hole injection through the metal and
into the underlying semiconductor. However, as previously
shown in the case of InP, distinct types of oxides are formed at
the metal/semiconductor interface and in the oﬀ-metal
regions.42 These interfacial and noninterfacial oxides are
nonsoluble and soluble in the I-MacEtch solution, respectively.
The nonsoluble oxide layer generated at the metal-interfaced
regions does not prevent the cathodic reaction (i.e., oxidant
reduction and hole injection into the interfaced semiconductor), though it acts as a dissolution barrier by preventing
the anodic reaction from occurring in these regions.42 Without
the anodic reaction and dissolution of the oxidized material
occurring beneath the metal, the injected holes diﬀuse from the
interfacial regions and oxidize the oﬀ-metal regions as well.
With the oﬀ-metal regions oxidized to a state that is soluble in
the I-MacEtch solution, mass transport or material dissolution
occurs in regions where the semiconductor is not directly
interfaced with metal. Therefore, submerging a metal-patterned
sample in an I-MacEtch solution results in preferential etching
of the oﬀ-metal regions, followed by etching of the oxidized
regions underneath the metal as those regions become
exposed.32,42 The lateral and vertical etch rates (LER and
VER, respectively) and maximum etch depth are tunable with
the I-MacEtch solution, and with the size, pitch, thickness, and

2. EXPERIMENTAL SECTION
All InGaP samples were grown on GaAs(100) substrates (WaferTech)
using a 3 × 2″ Aixtron close-couple showerhead metal−organic
chemical vapor deposition (MOCVD) reactor. Prior to growth, oxide
desorption was performed at 835 °C under arsine (AsH3) over a
period of 10 min, after which the temperature was lowered to a growth
set point temperature of 773 °C (equivalent surface temperature of
650 °C, based on LayTec EpiTT emissivity-corrected pyrometry
measurements). Growth of In0.49Ga0.51P with a thickness of 500 nm
was carried out at a reactor pressure of 100 mbar. Trimethylindium
[TMIn, In(CH3)3], trimethylgallium [TMGa, Ga(CH3)3], and
phosphine (PH3) were used as precursors for the supply of In, Ga,
and P growth species, respectively. Doping was accomplished using
disilane (Si2H6) for supply of Si dopants in n-type InGaP, and
diethylzinc [DEZn, (C2H5)2Zn] was used for supply of Zn dopants in
p-InGaP samples. Dopant concentrations were determined as n = 2 ×
1017 cm−3 for InGaP:Si and p = 5 × 1016 cm−3 for InGaP:Zn, based on
post-growth Hall eﬀect measurements (Nanometrics HL5500). For
simplicity, nominally undoped InGaP will henceforth be referred to as
i-InGaP.
After crystal growth, all wafers were submerged in diluted HF for
native oxide removal, followed by degreasing with standard solvents.
B
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Photolithography was used to pattern the samples; an adhesion
promoter, hexamethyldisilazane (HMDS; MicroChemicals), and a
positive g-line photoresist (Fujiﬁlm HPR 504) were spin-coated,
followed by a 100 °C soft-bake. Exposure and development were
performed using a g-line stepper (GCA 6300) and CD-26 (Microposit), respectively. A 35 nm thick Au ﬁlm was deposited by thermal
evaporation (Lesker PVD75 Thermal Evaporator) at a rate of ∼1 Å/s,
and liftoﬀ was performed in an acetone bath with sonication. The size
of each metal-patterned array was ∼2.5 × 2.5 mm2, and they consisted
of a mesh-shaped Au grid of ∼20 μm width separated by ∼10 × 10
μm2 windows (henceforth, referred to as the “oﬀ-metal” regions). For
consistency, only this pattern dimension is considered at length to
establish the current I-MacEtch behavior of InGaP. Additionally, Crpatterned samples were fabricated for comparison with Au-patterned
samples. The Cr-deposited samples were patterned using the same
photolithography process described above, and a Cr ﬁlm with a
thickness of 35 nm was deposited via thermal evaporation at a rate of
∼1 Å/s to achieve an identical pattern thickness, geometry, and
dimensions as that described for Au.
All I-MacEtch experiments presented here were performed at roomtemperature using a common solution of H2O2 with a molar
concentration of 6.4 mol/L (to support the cathodic reaction and
hole injection) and HF with a molar concentration of 14.1 mol/L (to
facilitate the anodic reaction and material dissolution). All etching
times are reported in the ﬁgure captions. Sample imaging was
performed by scanning electron microscopy (SEM; Hitachi S-4000),
and compositional mapping was carried out by energy dispersive X-ray
spectroscopy (EDXS; TESCAN MIRA3 SEM).

3. RESULTS AND DISCUSSION
The set of tilted-view SEM images in Figure 1 illustrate the etch
progression of Au-patterned i-InGaP samples etched for
increasing lengths of time. Panels (e)−(h) (right-hand side)
show higher magniﬁcation views corresponding to the image
from the same row in panels (a)−(d), with the etch time
increasing from the top to bottom in both columns. As
observed, both the vertical etch depth and lateral etch width
increase with time in oﬀ-metal regions. The same etching
behavior has been observed in the case of InGaP samples
patterned with Au mesh features of diﬀering micron-scale
dimensions. Regardless of whether the oﬀ-metal windows are
small or large relative to the Au width shown in Figure 1,
similar inverse etching behavior is found in the current micronscale regime. Notably, Figure 1e−h shows that the Au/InGaP
interface remains intact with increasing etch time. As indicated
by the white arrow in Figure 1h, prolonged etching periods
result in the formation of a submicron- or nanocavity
(henceforth, referred to as a cavity) in the center of the oﬀmetal region, indicating that the InGaP ﬁlm is locally etched
completely through.
Figure 1 indicates that InGaP exhibits an I-MacEtch behavior
under the etching conditions employed here, causing
preferential dissolution of the oﬀ-metal regions. Several possible
explanations for the mechanism are proposed. As described
above, the oxidant is reduced at the solution/Au interface and
holes are injected along locations where InGaP is interfaced
with Au. Similar to what has been reported by Kim et al. for IMacEtch of InP,42 the etching mechanism of InGaP observed
here could imply the formation of distinct oxide layers in the
Au-covered and oﬀ-metal InGaP regions that are nonsoluble
and soluble in the I-MacEtch solution, respectively. In the case
of InP I-MacEtch, the P-based interfacial oxide layer [i.e.,
InPO4, In(PO3)3] remained insoluble in the etchant bath
consisting of H2SO4 and H2O2, but was dissolved in HF after
removal of the catalyst layer. Since the current work only

Figure 1. SEM images showing the etch progression of Au-patterned iInGaP (initial thickness = 500 nm) with increasing time from the top
to bottom. Panels (a) and (e) show a sample shortly after etching
began after an etch time of 5 min. Panels (b) and (f) show the i-InGaP
layer approximately halfway etched through after an etch time of 20
min. Panels (c) and (g) show a sample shortly before the i-InGaP layer
has been etched through after an etch time of 40 min. Panels (d) and
(h) show a sample immediately after the i-InGaP layer has been
completely etched at the center of the oﬀ-metal window after an etch
time of 50 min. The white arrows point to the location of the cavity. A
suspended InGaP nanofoil has been formed in the regions surronding
the central cavity. All scale bars represent 4 μm.

employs HF, which has been shown to permit dissolution of
the P-based oxides,16,42 it is likely that the observed I-MacEtch
mechanism for InGaP diﬀers from that of InP.
Another possible explanation for the I-MacEtch behavior
observed here could be related to the quality of the Au/InGaP
interface and the hole distributions generated in the semiconductor from the cathodic reaction. In this case, holes are
injected everywhere InGaP is interfaced with Au, but the Au
layer is suﬃciently thick (i.e., the 35 nm Au ﬁlm is continuous
and contains no voids) and wide (i.e., 20 μm Au grid width)
such that it does not allow HF to access the oxidized InGaP
regions covered by Au. Without solution access to the
underlying InGaP regions, the anodic reaction is inhibited by
the Au layer and material dissolution in metal-coated regions is
prevented. As the cathodic reaction continues to inject holes
that are free to diﬀuse from directly underneath the Au,
extended hole distributions can form under the metal with
proﬁles that are dependent on a variety of reaction- and
C
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the redox potential of the metal must lie lower than the
ionization potential (i.e., valence band edge) of the semiconductor.21,48 Otherwise stated, in order to facilitate the
requisite cathodic reaction, the reduction potential (E0) of the
metal must be oﬀset relative to a more negative semiconductor
ionization potential, when referenced to the standard hydrogen
electrode (SHE). On this basis, while Au (E0 = +1.50 V/SHE)
is commonly used as a catalyst in standard Si MacEtch
experiments, Cr (E0 = −0.74 V/SHE) is known to prohibit
catalytic etching.21,49 Similar to the case of Si, InGaP has an
ionization potential that lies intermediate to the redox
potentials of Au and Cr.50 Thus, a comparison between Au
and Cr may determine whether an observed etching eﬀect is
simply due to patterned wet chemical etching, or if the metal
promotes catalytic etching. Notably, Figures 2b and 1d show
results obtained from identical InGaP samples (composition,
thickness, and metal pattern geometry) that were etched under
equivalent conditions (solution composition, temperature, and
duration), with the only exception being the type of metal
employed. Contrary to the case of the Cr/InGaP system
(Figure 2), signiﬁcant etching is observed in the case of the Au/
InGaP system (Figure 1). This highlights the role of Au as a
catalyst that enables a cathodic reaction for the injection of
holes into the underlying InGaP ﬁlm.
Progression of the vertical etch front in oﬀ-metal regions is
considered next. Figure 3 shows VER data collected for InGaP
samples of the three distinct doping types. The VER for iInGaP, p-InGaP, and n-InGaP is determined to be 9.7 ± 0.7
nm/min, 8.7 ± 0.6 nm/min, and 8.8 ± 0.9 nm/min,
respectively. Figure 3a shows the measured etch depth
progression data for i-InGaP samples. A higher etch rate is
observed initially (i.e., before 2.5 min) due to smaller volumes
of oxidized material being consumed by the acid in the IMacEtch solution near the sample surface. As etching
progresses, greater volumes of oxidized material are exposed,
and the VER of oxidized material is reduced in comparison to
the initial nonlinear etching regime. Thus, beyond approximately 2.5 min etch time, an apparent linear etching regime is
observed. A linear etch depth trend was also observed for pand n-type InGaP samples. Kim and Oh have reported a similar
linear I-MacEtch VER evolution (within measured error)
during GaP micro-mesa fabrication.32 In contrast, I-MacEtch of
InP demonstrated a saturation of VER over time.42 Despite the
obvious distinctions between the current study and the
experiments reported by Kim and Oh (e.g., catalyst type,
thickness, geometry, etchant solution composition, etc.), which
can explain the notable absolute VER diﬀerences, the common
linear trend for InGaP and GaP may highlight an important
diﬀerence between the I-MacEtch mechanisms of those systems
in comparison to that of binary InP. The VER trend diﬀerence
between InGaP and InP may potentially be related to the
absence of a distinct undissolved oxide layer at the Au/InGaP
interface, which was observed in the case of InP I-MacEtch.
However, further analysis is required beyond the current study
to clarify this point (discussed further below).
Figure 3b summarizes the representative VER for InGaP
samples of all three doping types, which is deﬁned as the
measured slope of the etch depth vs etch time trend for each
sample set in the linear etch regime. To ensure etch
reproducibility and measurement repeatability, each depth
data point (e.g., Figure 3a) was calculated as the mean value
collected from at least 6 distinct samples etched for the same
amount of time, and with at least 10 measurements per sample,

material-speciﬁc properties (e.g., magnitude of the reduction−
oxidation potential relative to the ionization potential of the
semiconductor, carrier mobility and diﬀusion length, temperature, etc.).9,21,25 Under such conditions, the hole distributions
from neighboring Au-coated regions may overlap and generate
a higher hole concentration in these overlapped regions, leading
to locally enhanced oxidation rates in the oﬀ-metal regions.24
Thus, material dissolution of the exposed InGaP (i.e., oxidized
oﬀ-metal regions) occurs ﬁrst, and is followed by etching of the
Au-covered InGaP adjacent to the oﬀ-metal regions as it
becomes exposed. This explanation may be supported by the
observation that the initial cavity formation is localized to the
center of the oﬀ-metal window.
As seen throughout Figure 1, the Au layer continues to
conform to the underlying etched InGaP in the interfacial
regions, resulting in the Au/InGaP interface remaining intact.
This is contrary to I-MacEtch behavior previously reported
where the metal is suspended over the dissolved regions.32,42
This observation may shed some light on the inverse etching
mechanisms observed for InGaP. In the case where the catalyst
layer is suspended over the etched regions, additional material
volume is exposed underneath the Au as the oﬀ-metal regions
continue to etch, allowing for mass transport pathways. In
contrast, for the case where the metal conforms to the
underlying proﬁle, mass transport underneath the metal is
impeded by a limited path for simultaneous HF access and
material removal, thereby leading to reduced etch rates
(discussed below). The limited path for solution access and
mass transport of dissolved products is visible in Figure 1e−h as
a narrow gap along the Au/InGaP interface at the window edge.
In order to validate the catalytic role of the metallic layer in
the selective oxidation of In0.49Ga0.51P, etching investigations
have been carried out using Au and Cr masks for comparison. A
series of i-InGaP samples are patterned with Cr using the same
preparation methods and etched under the same conditions as
the Au-patterned InGaP, discussed above. The SEM images in
panels (a) and (b) of Figure 2 show Cr-patterned InGaP

Figure 2. SEM images of Cr-patterned i-InGaP (a) before and (b)
after being subjected to I-MacEtch for 50 min. Scale bars represent 5
μm.

samples prior to and after being subjected to I-MacEtch,
respectively. In the case of the Cr/InGaP system, no observable
etching is found; only deterioration of Cr mask is noted (visible
cracks in metal layer), likely due to slow dissolution in HF.47
This supports the understanding that the etching behavior of
Au-patterned InGaP is metal-assisted and a consequence of
catalytic oxidation, as further discussed below.
A necessary condition for the metal to serve as a catalyst in
the redox reaction between H2O2 and the semiconductor is that
D
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In the I-MacEtch process, the catalyst or plane of hole
injection does not sink, in contrast to forward MacEtch. In such
a scenario, and due to the ﬁnite extent of oxidized material
under the catalyst, a corresponding limit to catalytic etching will
arise and lead to etch rate saturation, as reported in the case of
InP I-MacEtch.42 Under otherwise constant I-MacEtch
conditions, InGaP samples of suﬃcient thickness (i.e., to
prevent cavity formation) are expected to eventually experience
such an etch rate saturation. In the current study, since thin
InGaP ﬁlms of 500 nm thickness are used, a saturation eﬀect is
not observed prior to cavity formation.
While a comparison of vertical etch rates between i-, n-, and
p-type GaAs in the forward progression MacEtch regime has
been previously reported,14 no such comparison of etch rate
dependences upon doping type has been presented to date (to
the authors’ knowledge) for I-MacEtch of III−V compounds.
The current set of measurements have shown that InGaP VER
in the I-MacEtch regime is independent of doping type, as all i-,
p-, and n-type samples have shown comparable etch rates
within the measured errors with no apparent trend favoring an
enhanced etch rate for one type over another. In comparison to
the I-MacEtch VER values reported for n-InP42 and n-GaP,32
the current study shows a reduced n-InGaP VER by a factor of
∼0.44 and ∼0.23, respectively. The etch rates reported here are
also substantially lower than the I-MacEtch VER values
presented by Lee et al. for n-GaAs under exposure to ultraviolet
(UV) radiation (i.e., ∼130 nm/min).51 However, due to the
large number of dissimilar experimental parameters across the
listed set of most comparable studies (e.g., size, thickness, and
type of catalyst features; conformal vs overhanging catalyst
proﬁle; ratio of catalyst area to oﬀ-metal area; dopant
concentration; I-MacEtch solution composition; with or
without UV exposure; etc.), direct I-MacEtch VER-tocomposition correlations cannot be made.
In the absence of consistent VER comparisons in the IMacEtch regime, etch rate dependences upon doping type are
considered from literature pertaining to both III−V and Si
systems in the forward MacEtch regime. For forward MacEtch
of GaAs, consistently greater VER values were observed for ptype samples, independent of etchant temperature, dilution
ratio, and oxidant concentration.14 In contrast, Lai et al. have
shown that, for forward MacEtch of Si in solutions with
comparable HF proportions of ρ = [HF]/{[HF] + [H2O2]} =
0.68 as in the current study, p-type samples showed reduced
etch rates relative to n-type Si, by a factor of ∼0.85.25 In the
case of Si, the lower forward MacEtch rate of p-type samples
can be attributed to Schottky barrier-induced hole drift away
from the metal/semiconductor interface. However, the same
explanation cannot hold for the current InGaP I-MacEtch
study, since the etch front progresses in oﬀ-metal areas and
evidence for preferential localization of hole distributions at the
Au/n-InGaP interface (i.e., forward MacEtch) has not been
observed. Therefore, the VER of InGaP in the I-MacEtch
regime appears to be independent of diﬀerences in Fermi
energy and workfunction. This is consistent with the model for
metal-catalyzed etching whereby the oﬀset between metal redox
potential and semiconductor ionization energy is more critical
than the availability and type of free carriers.21,48
Next, the heterostructure I-MacEtch stage is considered.
Figure 1d,h shows SEM images obtained immediately after the
InGaP layer has been locally etched through, marked by the
formation of a cavity in the center of the oﬀ-metal window
(indicated by a white arrow in Figure 1d,h). The InGaP layer

Figure 3. (a) Plot of vertical etch depth as a function of I-MacEtch
time for i-InGaP. The red dashed line marks the linear regression from
which VER is calculated. The blue dotted line shows an extrapolation
of the linear regression for longer etch times and demonstrates that the
constant etch rate persists for extended etch periods leading toward
cavity formation. (b) Comparison of vertical etch rates (VER) for i-,
p-, and n-type InGaP samples under common etching conditions.

based on cross-sectional SEM imaging. The error bars in Figure
3a represent the ﬁrst standard deviation from the mean for
depth measurements analyzed at a given etch time. Multiple
etch times were analyzed to determine the overall etch rate (i.e.,
Figure 3b) for each doping type, based on the slope of a linear
ﬁt. Therefore, the data highlighted by the red dashed line in
Figure 3a shows the linear regime from which the etch rate of iInGaP was calculated to be 9.7 ± 0.7 nm/min. This linear
regression is extended toward data points representative of
longer etch durations by the blue dotted line in Figure 3a,
which indicates a constant etch rate prior to the formation of
cavities in the InGaP layer after approximately 50 min. In the
limit of extended etch times required for the formation of
cavities in the InGaP layer, the inﬂuence of the nonlinear
etching regime (i.e., less than 2.5 min) becomes negligible.
Thus, the linear regime marked by the red dashed line in Figure
3a was chosen for the calculation of etch rate because this
constant etch rate is representative of the relevant etch depths
of interest for the current study. Etch rates for n- and p-type
InGaP were determined in the same manner.
E
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hole diﬀusion length is greater than the thickness of the
epitaxial layer, then the substrate will be continuously oxidized
while the epitaxial layer is being etched. The hole distribution is
likely to diﬀer from layer to layer based on the material
properties; however, an important observation is that, without
HF access to the underlying oxidized substrate for material
dissolution, the substrate becomes heavily oxidized until it
reaches a saturation point. Here, with the GaAs substrate being
heavily oxidized throughout the InGaP etching phase, upon
cavity formation in the epilayers, a rapid dissolution of GaAs is
observed with a vertical etch rate of approximately 9 μm/min.
The post-I-MacEtch nanofoil heterostructure is more clearly
revealed via EDXS mapping. Figure 5a shows a cross-sectional
SEM image of an i-InGaP sample (i.e., 500 nm i-InGaP ﬁlm on
a GaAs substrate), with a corresponding set of EDXS maps
representative of elemental In, Ga, Au, P, and As shown in
panels (b)−(f), indicating the composition of the ﬁnal nanofoil
structure. Figure 5d shows the presence of the Au catalyst layer
on the surface of the sample. Panels (b), (c), and (e) show the
InGaP layer in the same vicinity as the Au ﬁlm, and panels (c)
and (f) show the GaAs substrate underneath the InGaP ﬁlm. It
is noted that Au, In, and P are only present along the nanofoil
near the surface of the sample. Elemental As is only detected
beneath this layer, corresponding to the location of the GaAs
substrate, and Ga is detected in both the InGaP layer and GaAs
substrate, as anticipated. Figures 4b and 5a indicate the etch
front in the GaAs substrate progresses along the {111} planes
[i.e., micro-trench sidewalls are oriented 54.7° relative to the
(100) substrate surface plane], which suggests crystallographically preferential etching occurs in the GaAs substrate
with the InGaP window acting as a patterned mask. The
etching behavior along the GaAs{111} planes agrees with the
conventional selective chemical etching behavior of GaAs,52
including the re-entrant proﬁle at the intersection of the InGaP
nanofoil and the GaAs{111} planes seen in Figures 4c and 5a
(indicated by white arrows). While the GaAs substrate exhibits
masked chemical etching behavior, enhanced etch rates are
expected during the early stages of GaAs dissolution, and
corresponding to etch depths equal to the hole diﬀusion length
(i.e., the oxidation range in the I-MacEtch regime). The distinct
etch rates and etch progression behavior between the InGaP
ﬁlm and the GaAs substrate demonstrates the advantage of
utilizing dissimilar oxidation eﬀects and hole distributions in
heteroepitaxial systems for the formation of suspended
structures. In the current study, beyond the point of cavity
formation by I-MacEtch, the etch rate of GaAs is suﬃciently
high in comparison to InGaP to allow for the formation of
suspended nanofoils.
The schematic illustrations shown in Figure 6 depict the Au/
InGaP/GaAs I-MacEtch mechanisms, processes, and resulting
structures. Figure 6a is a model of the mechanisms and
reactions that occur during I-MacEtch. First, a cathodic reaction
occurs with oxidant reduction at the solution/Au interface
(black arrow), accompanied by hole injection into the
underlying semiconductor at the Au/InGaP interface (blue
arrow). An anodic reaction occurs with the dissolution of
oxidized oﬀ-metal regions (red arrow). The catalytic etching
behavior of InGaP, as observed here, can be understood in
terms of hole distributions corresponding to adjacent injection
sites (i.e., metal/semiconductor interfacial regions). Figure 6b
depicts hole distributions as regions marked by white dashed
arrows, resulting from the catalytic oxidation at neighboring Au
locations. The hole distributions and oxidation proﬁles can

becomes progressively thinner toward the center of the
window, with an ultrathin InGaP nanofoil surrounding the
cavity location. The nanofoil thickness is tunable with etch
time, and Figure 1d shows the nanofoil suspended above a
trench formed in the underlying substrate. The microscale
trench underneath the overhanging InGaP nanofoil is formed
by the rapid dissolution of the GaAs substrate, which is
accommodated by HF access and mass transport pathways
through the cavity. The SEM images in Figure 4 show the

Figure 4. Cross-sectional SEM images of Au-patterned i-InGaP
showing a sample (a) before central cavity generation (etch time of 20
min) and (b, c) after central cavity generation and formation of the
suspended InGaP foil (after an etch time of 50 min). A cross-sectional
view of an ordered array of GaAs micro-trenches and suspended
InGaP nanofoils with re-entrant proﬁles in the GaAs substrate
indicated by the white arrow is shown in (c). The Au layer is observed
on top of the suspended InGaP foil at the sample surface. Scale bars in
(a, b) represent 2 μm, and in (c) represent 10 μm.

cross-sectional view of etch progression through the InGaP ﬁlm
for i-InGaP samples. Figure 4a shows an example of a sample
that has been subjected to the I-MacEtch solution, though prior
to the time of cavity formation; thus, the InGaP ﬁlm has not yet
been etched through. Alternatively, Figure 4b shows a crosssectional view of a sample subjected to I-MacEtch beyond the
point of cavity formation, wherein a micro-trench is generated
in the GaAs substrate underneath the InGaP window. Figure 4c
illustrates the ordered pattern of dissolved GaAs micro-trenches
directly below the center of each window in the array. It should
be noted that Figure 4b was not cleaved at the center of the
window for cross-sectional imaging, which explains why a
centrally located cavity is not apparent in the InGaP layer along
the imaging plane and why the trench in the underlying GaAs
does not converge to a point at the base (i.e., an inverse
pyramid shape). As described above, holes are injected through
the metal and into the underlying semiconductor throughout
the entire etching process such that hole diﬀusion forms a
hemispherical distribution around each injection site. An
interesting consequence of subjecting heteroepitaxial samples
to such an I-MacEtch process is the diﬀerential catalytic
oxidation of the epilayer and the underlying substrate. If the
F
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Figure 5. (a) Cross-sectional SEM image of Au-patterned i-InGaP nanofoil suspended over a micro-trench in the GaAs substrate after an etching
period of 50 min. Corresponding EDXS maps are shown, which are representative of elemental (b) In, (c) Ga, (d) Au, (e) P, and (f) As. The Aucovered InGaP nanofoil is prominently observed in panels (b)−(e), while absent in the elemental As map (f). The white arrow points to the reentrant proﬁle formed in the GaAs substrate. All scale bars represent 3 μm.

extend beneath the InGaP layer (shown as the light gray ﬁlm in
Figure 6b) and into the GaAs substrate (dark gray). Moreover,
an overlap of the neighboring distributions at the midpoint
between two Au features marks the location of enhanced IMacEtch and corresponds to the site of cavity formation in the
InGaP layer. Figure 6c represents the features generated in the
oxidized GaAs substrate after the cavity formation and when
HF has penetrated the InGaP layer (note: the viewing plane in
Figure 6c corresponds to the center of the oﬀ-metal window,
and simply depicts a row of neighboring features; thus, no
features from background rows are observed, unlike those seen
in Figure 4c). The InGaP layer acts as a patterned mask for the
rapid etching of the oxidized GaAs regions near the interface
and deeper substrate regions along the {111} planes. The
position of the cavity in the InGaP layer is aligned with the
initial GaAs etching location and corresponds to the bottom of
the inverse pyramidal micro-trench that is etched in the GaAs
substrate. Thus, the mesh-patterned Au catalyst enables IMacEtch of the InGaP layer, but also determines the location at
which GaAs etching is initiated. The morphology of the microtrenches formed in the GaAs substrate is not expected to vary
with changes in the dimensions of the Au catalyst pattern.
Dissolution of GaAs beneath the InGaP window also causes the
InGaP nanofoil to be suspended over the micro-trench.
The unique suspended InGaP nanofoil structures described
here demonstrate that diﬀerential oxidation and dissolution
rates can be exploited during I-MacEtch of III−V heterostructures for single-step nanofabrication of complex architectures. It is anticipated that this process can be exploited for the
fabrication of nanoscale, three-dimensional heterostructure
geometries for device applications in photonics (e.g., waveguides), photovoltaics (e.g., tandem-junction solar cells),
optoelectronics (e.g., lasers), and nanoelectronics (e.g.,
HEMTs). In future work, additional structural characterization
via transmission electron microscopy (TEM) and chemical
analysis via X-ray photoelectron spectroscopy (XPS) and/or
Auger electron spectroscopy (AES) is required to understand

the basis of the I-MacEtch mechanism, speciﬁcally related to
the potential absence of the distinct oxide phase that was
observed at the metal/semiconductor interface in the case of
InP I-MacEtch. The nature of a suspended catalyst proﬁle,
observed previously for GaP and InP, in comparison to the
current conformal Au proﬁle can likewise be investing via TEM
in future eﬀorts, which would also identify potential crystallographic dependences at the etch front. Lastly, further
investigation of etching rate dependences upon dissimilar
micron-scale Au mesh dimensions and exploration of nanometer-scale catalyst features, which may permit enhanced
solution access to oxidized regions and potentially modify the
inverse etching behavior observed in the current study, are
areas of future consideration.

4. CONCLUSIONS
The I-MacEtch behavior of Au-patterned In0.49Ga0.51P/GaAs
samples in a solution of 14.1 mol/L HF and 6.4 mol/L H2O2
has been described. Whereas Cr-patterned samples demonstrated no apparent etching behavior, the use of Au-patterned
samples under otherwise identical etching conditions led to the
formation of suspended InGaP nanofoils over micro-trenches
formed in the GaAs substrate, thereby highlighting the catalytic
role of Au in the I-MacEtch mechanism. The vertical etch rates
for nominally undoped InGaP, p-InGaP, and n-InGaP were
determined as 9.7 ± 0.7 nm/min, 8.7 ± 0.6 nm/min, and 8.8 ±
0.9 nm/min, respectively, indicating that etch rates are
independent of doping type under the evaluated experimental
conditions. The formation of InGaP nanofoils was conﬁrmed
via EDXS mapping. A model for the observed I-MacEtch
mechanism has been set forth based on overlapping hole
distributions in the InGaP layer, which led to localized etching
and formation of nanocavities at the center of the oﬀ-metal
windows, followed by rapid dissolution of the underlying and
exposed GaAs substrate. Diﬀerential etch rates between the
InGaP epilayer and GaAs substrate were exploited in this
method for fabrication of suspended InGaP nanofoils of
G
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Figure 6. Schematics showing (a) the I-MacEtch mechanism and
reactions, (b) a qualitative depiction of neighboring hole distributions
in the InGaP layer (light gray) and GaAs substrate (dark gray), and (c)
a model of the suspended InGaP nanofoil with cavity aligned with the
center of the micro-trench generated in the underlying GaAs substrate.

tunable thickness. This technique is anticipated as a practical
route toward formation of suspended nanostructures using
alternative heteroepitaxial systems, including InGaAs/InP. The
I-MacEtch approach described here provides a low-cost method
for the fabrication of unique micro- and nanostructures, and
does not require the use of hazardous gases, high-temperature
processing conditions, or high-vacuum instrumentation. The IMacEtch process and InGaP nanostructures described in this
work may be employed for future device applications in
photonics, optoelectronics, photovoltaics, and nanoelectronics.
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