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ABSTRACT: Metal-assisted chemical etching (MACE) is a versatile anisotropic etch for silicon although its mechanism is not
well understood. Here we propose that the Schottky junction formed between metal and silicon plays an essential role on the
distribution of holes in silicon injected from hydrogen peroxide. The proposed mechanism can be used to explain the
dependence of the etching kinetics on the doping level, doping type, crystallographic surface direction, and etchant solution
composition. We used the doping dependence of the reaction to fabricate a novel etch stop for the reaction.
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D eep, patterned, anisotropic, high-aspect ratio silicon
etching is of interest for semiconductor device process-
ing, with potential applications for MEMS,' 3D transistors,”
photovoltaics,”* and batteries.” Metal-assisted chemical etching
(MACE) is an example of a recently developed anisotropic
electrochemical corrosion reaction.’ Unlike other anisotropic
wet etches like KOH, where the anisotropy relies on the etch
rate suppression of one crystal face relative to another, features
etched by MACE are not constrained by their crystallographic
orientation, making high-aspect-ratio structures facile.” As a wet
etch, MACE has the potential to be lower cost than deep
reactive ion etching techniques like the Bosch process’ that
require vacuum, high frequency electronics, and ion optics.
MACE has also been used to generate high surface area porous
Si for diverse applications in optoelectronics, chemical sens.ing,8
drug delivery,” and micromachining.'’

MACE is characterized by the presence of an oxidant (such
as H,0,, HNO;, KMnO,, or HCIO,), whose reduction is
catalyzed by a metal (such as Au, Ag, Pd, Pt, Cu, or I, in the
form of a deposited film or nanoparticles formed in situ).”'""*
The charge carriers (holes) generated by this half-reaction then
participate with another reactant to dissolve the material by an
oxidative etching half-reaction. MACE reactions for Si, GaAs,
GaN, Ge, Si;_,Ge, and SiC have all been demonstrated."’
MACE of silicon stands out from other anisotropic Si etches by
its lack of reliance on crystal axis. Features etched into a silicon
wafer using MACE can be steeply vertical, no matter the crystal
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surface orientation of the wafer. MACE can be applied for
silicon micromachining at a range of scales, from millimeter to
nanometer scales (Figure S1). In certain conditions, etching
occurs only directly underneath a patternable metal cata-
lyst,"*'> which offers great spatial control. In other etching
conditions, a porous Si surface is produced everywhere near the
catalyst.'®"” Despite its importance, the MACE mechanism is
not fully understood.

In this paper, we propose a new understanding of the MACE
mechanism in silicon, which explains previously observed but
unexplained dependences of the etch rate on the silicon doping.
We show that the catalyst metal film on the silicon plays a dual
catalytic role in the MACE reaction. Previously, the metal had
been understood to only catalyze the oxidative half-reaction.
Here we propose an additional function of metal: forming a
Schottky junction with Si to control the spatial distribution of
the injected holes. The Schottky barrier band-bending formed
on n-type silicon traps injected holes at the surface, promoting
the oxidation of Si and speeding up etching. The band-bending
is reversed in p-type silicon, which slows the oxidation and
etching of Si by pulling holes away from the surface. The
proposed mechanism can be used to explain the dependence of
the etching kinetics on the doping level, doping type,
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crystallographic surface direction, and etchant solution
composition. We expect that this understanding can be
generalized to develop other anisotropic solid corrosion
reactions for compatibility with MEMS, integrated circuit, and
solar cell manufacturing.

In our MACE system, hydrogen peroxide (H,0,) is
catalytically reduced by a gold catalyst film, and a hole (h*)
is injected from the gold into the silicon. The oxidized silicon
then etches by reaction with hydrofluoric acid (HF) to form a
soluble silicon hexafluoride (Figure 1a).

Au
H,0, + 2H" = 2H,0 + 2h*

Si + 4HE,~ + 2h" — SiE*” + 2HF + H,(g)

Following the methods of ref 18, our catalyst film is
nanoporous, with pores with widths of about 10 nm, which
allows access of the hydrofluoric acid to the silicon surface
(Figure 1b). The nanoporous etching regime is distinct from
but similar to the solid film regime.'®'® We achieve this
nanoporous morphology by electron evaporation of a 16 nm
layer of Au without an adhesion layer. Throughout the reaction,
the gold maintains an intimate electrical contact with the
silicon, sinking with the silicon as it is etched. Because hole
injection can take place only catalytically, in some cases the
silicon etches only directly underneath the Au catalyst film and
high anisotropy can be achieved. In this work, we have achieved
an anisotropy ratio as high as 100 for n-type Si of 1—10 Q c¢m
resistivity. The anisotropic etching also allows facile measure-
ment of etch rates, which we have used here to elucidate new
aspects of the MACE mechanism.

We measured the etch rate for a range of doping levels for
both n-type and p-type (100) silicon across a range of solution
concentrations (Figure 1c). N++, N+, and N are n-type silicon
with resistivity 0.001—-0.01, 0.01—0.1, and 1-10 Q cm,
respectively, with P++, P+, and P similarly defined for p-type
silicon. Sixteen nanometers of Au catalyst film was evaporated
onto photolithographically patterned wafers with S pm wide
lines spaced by 20 um. We used an etchant solution with
combined concentration of C = [HF] + [H,0,] = 4.8 M, and
varied the proportion of HF, p = [HF]/([HF]+[H,0,]). The
etch rate used throughout this paper refers to the vertical depth
per unit time that the silicon is etched, or if the catalyst did not
sink vertically, to the path length of the etching catalyst film.
We show examples of the morphology of the etched silicon as a
function of doping and solution (Figure 1d). See Figure S2a for
a complete set of morphologies.

From the etch rates (Figure 1c), we observe the following
trends, which cannot be explained by previously described
heuristics of this reaction. First, although the etching half-
reaction is mediated by holes, n-type silicon consistently etches
faster than the hole-rich p-type silicon. Second, N, N+, and
N++ etch rates are all very similar across this range of MACE
etchant composition, despite the large differences in resistivity
and hole concentrations. Third, the P++ etch rate is
comparatively very low, while P and P+ etch rates are very
similar.

To explain these observations on the etch rate, we consider
how the doping of the silicon changes [h*], the concentration
of holes available to react at the surface, at a fixed etchant
composition. The energy levels of the oxidative and reductive
half-reactions of MACE show that the hole is injected deep in
the Si valence band (Figure 2a).'* A Schottky barrier interface
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Figure 1. (a) Schematic of MACE silicon etching reaction. (b) False-
color SEM of 16 nm nanoporous Au catalyst film. (c) Etch rate as a
function of proportion of HF, p = [HF]/([HF]+[H,0,]), with a fixed
combined concentration C=[HF]+[H,0,] = 4.8 M. N and P refer to
the doping type of silicon and ‘+” means more highly doped. (d) SEM
images of the silicon etched for 1 h. All scale bars are 10 ym.
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Figure 2. (a) Schematic of reduction potentials of the two MACE half-
reactions relative to the standard hydrogen electrode, Vgyg. (b, c)
Band-diagram of Au—Si interface for n-type and p-type Si, respectively,
showing the behavior of hole carriers injected by the reduction of
H,0,. (d, e) Schematic of the resulting morphology of MACE for n-
type and p-type Si, respectively.

electric field between Au and Si confines holes to the surface for
n-type Si (Figure 2b) and pulls holes away from the surface for
p-type Si (Figure 2c), as observed also in metal-assisted anodic
etching of silicon.'” Thus, despite the higher concentration of
holes in p-type silicon, holes are not available to react with the
HF at the surface, so p-type silicon etches slower than n-type
silicon.

We note that this band picture is valid because the Au
maintains intimate electrical contact with the Si throughout
etching. The Schottky barrier heights were measured using an
I-V technique (Figure $4).”° The p-type Si shows a positive
Schottky barrier height (from 0.5 to 0.8 €V), whereas n-type Si
has a negative barrier height (from —0.5 to —0.8 eV). The sign
and value of the measured Schottky barriers are consistent with
literature values.”**

Second, because the holes are confined near the surface in n-
type Si, the surface is saturated with holes for N, N+, and N++
Si, so the reaction rates are all similar, despite the differences in
doping.

Third, in p-type Si, the concentration of holes depends on
the drift velocity of the holes away from the junction, which
depends on the mobility and the electric field at the interface.
We can estimate the drift velocity of holes based on well-known
dependences among Si mobility, doping concentration and
resistivity. The drift velocity is about 1 X 107, 2.5 X 107, and
1 % 10® cm/s for P, P+, and P++, respectively. Because mobility
decreases and electric field strength increases with increased
doping, P and P+ have very similar drift velocities and etch
rates. However, for P++, the electric field strength overcomes
the reduction in mobility: holes drift so quickly from the
junction that they are unable to react, and the etch rate is slow.

The model also explains the etch morphology. For N and N+
silicon, because the holes are confined to the Au—Si junction,
the etch is highly anisotropic (Figure 2d). With more highly
doped N++ silicon, the Schottky junction width is small enough
for carrier tunneling, so the etch occurs everywhere in a porous
fashion (Figure 1d, N++, Figure S2b). In contrast, in p-type
silicon, the injected holes drift away from the junction
(Figure 2e). These holes can diffuse to the sidewalls of the

exposed Si trench, and the silicon etches there, thus widening
the etched trench at the top (Figure 1d, P, P+, P++). The
widening occurs more severely for P++ than P+ and P, because
the holes drift away from the junction more quickly.

The fracture of the catalyst seen under some conditions has
been observed previously, and has been explained by
differences in spatial hole concentration.”® For N++ and P+
Si, MACE etching forms thick layers of porous Si, as previously
observed.® At extremely high [HF], we observe the formation
of vertical silicon whiskers, also previously observed.'® Higher p
correlates with higher anisotropy: the faster HF reacts with
injected holes, the less the holes are able to diffuse away from
the metal catalyst, eventually leaving silicon whiskers in place at
p > 095 due to the nanoporosity of the catalyst film
(Figure S2d—g).

We further support our model by modulating the surface
crystal plane of the silicon wafer. For both N and P Si, the etch
rate and morphology do not depend on the crystal axis
(Figure 3), because the Schottky barrier height changes very
little with crystal plane.
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Figure 3. SEM images of the morphology of the MACE reaction after
1hinap =04, C=4.8 M solution for N and P Si for different surface
crystal orientations. Scale bar is 10 um, applicable to all images.

Note that this observation contrasts with the crystal axis
dependencies observed with nanoparticle MACE catalysts.”***
Our nanoporous film is well-explained by a band diagram, but
nanoparticle catalysts may not be explained as such. Other
works have explained the crystal axis dependence based on the
surface energy differences along different crystal planes of
Si.'>*>*° However, our explanation is consistent with previous
studies of doping dependent etch rate using Ag nanoparticles,""
as well as evidence of hole carrier drift in highly doped n-type Si
using Ag and Pt catalysts.'">” The etch rate dependence on the
catalyst material'” depends largely on the catalytic reactivity of
the metal with H,O,, because these catalyst materials have very
similar reported Schottky barrier heights.””** Our contribution
to the MACE mechanism clarifies the previously mystifying
doping dependence of MACE.

To further elucidate the MACE mechanism, we measured
the etch rate dependence on the solution composition to obtain
kinetic rate exponents, which, to our knowledge, has not yet
been measured for this reaction. We fix p = 0.4, and vary the
combined solution concentration of C = [HF]+[H,0,]. We
measure the etch-rate for N Si, and allometrically fit the etch
rates with an exponent of 1.62 (Figure 4a). On the basis of the
reaction equation, the etch rate scales like the following
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Figure 4. (a) Etch rate for N Si with fixed p = 0.4, with an allometric
fit to the rate, equation shown above. (b) Etch rates for all dopings of
Si, normalized to maximum observed rate.

rate ~ [HF[HFJ'[H,0,]" = [H]p"(1 — p)'C*™

and so the sum of the kinetic rate exponents for [HF] and
[H,0,] is 1.62, x + y = 1.62. The scaling of the etch rate with C
also holds for P+ Si in the range C = 12.6 M to C = 3.1 M at
p = 093, corresponding to an etch rate range of 1.75 to
0.1 ym/min.

We plot the etch rates for a fixed C = 4.8 M, normalized to
the maximum for each doping type, and observe that as a
function of p the etch rate maximum occurs near p = 0.5 for all
n-type Si and for P++ Si (Figure 4b). Therefore, for these
dopings of Si, the kinetic rate exponents for [HF] and [H,0,]
must be equal, and x = y = 0.81.

For P Si and P+ Si, we observe two maxima. These two
maxima correspond to two distinct etch mechanisms. In the
regime p < 0.5, P Si and P+ Si etch with a morphology very
similar to that observed in N, N+, N++, and P++ Si. In the
regime p > 0.9, the etch morphology is completely distinct,
forming porous Si, with a combined morphology observed in
the range 0.5 < p < 0.9 (Figure 1d, Figure S2). The maximum
at higher p corresponds to porous Si formation by MACE in p-
type Si, while the maximum at lower p corresponds to solid
MACE etching, as also previously observed.”” Because of the
similarity in morphology, and because P+ Si obeys the same
scaling with C as N Si, the kinetic exponents for P Si and P+ Si
are also likely x = y = 0.81.

From the noninteger values of the kinetic exponents, we infer
that MACE involves the coparticipation of more than one HF-
etching mechanisms, as well as the coparticipation of HF, F~,
and HF,~ in those mechanisms.””*° The importance of several
mechanisms is consistent with the literature on anodic HF
etching of Si and uncatalyzed HE-H,0, etching of Si.”"" For a
detailed consideration of the MACE mechanism, see the
Supporting Information.

The P++ Si etch rate and N Si etch rate differ by about a
factor of 40. We apply this to fabricate a novel doping etch stop
for MACE (Figure S). We fabricate an 8 ym deep P++ Si layer
on the backside of an N Si wafer using spin-on-glass (Figure Sa).
a). We then pattern the top surface and use MACE to etch the
wafer. The etching slows down when the catalyst hits the p-type
silicon and etches in a porous fashion (Figure Sb—d), similar to
the morphology for p-type silicon shown in Figure 1d.

In summary, we have proposed a novel model of metal-
assisted chemical etching of silicon using a nanoporous Au
catalyst with an H,0, oxidant and Si-HF dissolution reaction.
The etch rate and morphology of the etching reaction is
explained by the Schottky barrier electric field at the interface of
the catalyst and the silicon. We expect that this understanding
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Figure S. (a) Schematic of the MACE doping etch stop. (b) Cross-
section SEM of the etched N Si structure after Shinap =04, C =438
M solution. (c) Detail view SEM of the etch-stop after S h. (d) Time
dependence of the etch depth.

will aid in the development of new MACE reactions for other
materials and etchants.
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