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ABSTRACT: For decades, fabrication of semiconductor devices has utilized well-established etching techniques to create complex nanostruc-
tures in silicon. Of these, two of the most common are reactive ion etching in the gaseous phase and metal-assisted chemical etching (MACE) 
in the liquid phase. Though these two methods are highly established and characterized, there is a surprising scarcity of reports exploring the 
ability of metallic films to catalytically enhance the etching of silicon in dry plasmas via a MACE-like mechanism. Here, we discuss a metal-
assisted plasma etch (MAPE) performed using patterned gold films to catalyze the etching of silicon in an SF6/O2 mixed plasma, selectively 
increasing the rate of etching by over 1000%. The degree of enhancement as a function of Au catalyst configuration and relative oxygen feed 
concentration is characterized, along with the catalytic activities of other common MACE metals including Ag, Pt, and Cu. Finally, methods of 
controlling the etch process are briefly explored to demonstrate the potential for use as a liquid-free fabrication strategy. 

INTRODUCTION 

Silicon (Si) has long been the cornerstone material in the mod-
ern semiconductor industry, establishing a wealth of fabrication 
techniques in Si processing. The impressive diversity in fabricated Si 
nanostructures is galvanizing the expansion of Si to wide-ranging 
industries from photovoltaics to biotechnology. Recent applications 
of Si nanostructures include photonics1, solar energy conversion2, 
thermoelectric conversion3, energy storage4,5, catalysis6–8, chemical 
and biochemical sensing9–11, drug delivery12, and biological imag-
ing13. These diverse applications have driven the development and 
optimization of a variety of methods for controlling the fabrication 
of Si structures, ranging from the early years of wet chemical etching 
before the 1970s, followed by the development of reactive ion etch-
ing (RIE) in the mid-1970s. Each method has been expanded on 
over the years, with the 1990s providing two major additions: metal-
assisted chemical etching (MACE) for wet etching and deep reactive 
ion etching (Bosch process) for dry etching. 

Since the first report of MACE in 1997, the technique has grown 
exponentially due to its simplicity and cost effectiveness14–17. In 
MACE, Si substrates are deposited with catalytic layers of noble met-
als such as Au, Ag, Pt, and Pd18–27 and immersed in an aqueous etch-
ant of hydrofluoric acid (HF) and an oxidative agent such as hydro-
gen peroxide (H2O2). Si covered by the noble metal catalyst etches 
significantly faster than uncovered Si, transferring the pattern of the 
deposited metal catalyst to the underlying Si. Additional metals such 
as Cu, W, and Ni28–31 have also been shown to exhibit MACE but 
with lower efficacy than noble metals. This straightforward approach 
to highly selective Si etching has supported the wide uptake of 
MACE as a fabrication strategy. 

Although the exact mechanism of MACE is still under debate, 
there is a general consensus that MACE proceeds through electro-
chemical and mass transport reactions15,32–35. The oxidant, H2O2, is 
transported and reduced at the surface of the catalytic metal (Figure 

1). This reaction causes electrons to be extracted from the underly-
ing Si, thus injecting holes, to create electron-poor depletion regions 
in Si that are more susceptible to etching by HF. For thin metal lay-
ers, pores generated in the metal during etching facilitate transport 
of the HF through the film to enable etching of the underlying 
oxidized Si, with reactant byproducts carried away in solution36. For 
thick metal layers, this process happens at the Si/metal interface. 
Since the depletion regions concentrate at the Si/metal interface, 
HF etches the metal-masked Si faster than exposed Si. The high cat-
alytic ability of noble metals to reduce O2 and H2O2

37–42 and reduc-
tion potential differences between the catalytic metal and Si36 are 
theorized to be major driving forces in the mechanism of MACE. 

While a significant body of literature has explored the process 
and controllability of MACE, there is a relative lack of previous stud-
ies investigating how metals can be used to enhance etching in plas-
mas. Mask-enhanced etching of Si and SiO2 using Al, Cr, Cu, and Ag 
masks is known in fluorine-containing etch chemistries43–46; the in-
creased etch rates for Si with metal masking is attributed to local in-
creases in fluorine concentration due to the catalytic production of 
fluorine radicals on the surface of the metal mask. In one report, Au 
placed upstream of the substrate was shown to increase downstream 
Si etch rate by 3.6 times in CF4/O2 plasma, with the increased etch 
rate attributed to gas phase transport of Au oxides and fluorine radi-
cals to the substrate47. In contrast to Au, Ag and Pt did not have a 
similar effect, despite Ag demonstrating mask-enhanced etching45. 
In other research, Cu deposits on Si enhance the Si etch rate in F2 
and Cl2 by catalyzing fluorination and chlorination reactions of Si, 
respectively48,49. Also, one study reports enhanced etching of Si un-
derneath Ag, but not under Au, in CF4/O2 plasmas50. This finding is 
contradicted by two subsequent studies that demonstrate Au indeed 
enhances the etching of Si in CF4/O2, with the authors suggesting, in 
agreement with mask-enhanced etching, that the observed effects 
are due to an increase in the production of fluorine radicals within 
the vicinity of the Au51,52. 



 

 

Figure 1. Mechanism of MACE. When metal catalyst patterned on a Si 
substrate is exposed to HF/H2O2, the metal reduces H2O2 and with-
draws electrons from the underlying Si. Transport of HF to the metal/Si 
interface causes HF to react with oxidized Si and facilitates the enhanced 
etching of Si. 

However, outside of these limited studies, there has been a 
shortage of exploration regarding the details of how metals can 
catalyze Si etching in reactive plasmas, and if it is merely due to an 
increase in fluorine radicals or potentially operates via a MACE-like 
mechanism. Here, we explore the use of metal-assisted plasma etch-
ing (MAPE) as a liquid-free method for etching Si in an RIE system. 
Metallic film nanostructures are patterned onto Si substrates to 
catalyze the enhanced etching of Si in an SF6/O2 mixed plasma. We 
observe etch rates that are over 1000% higher than the expected rate 
for Si and proceed through a mechanism of enhancement that relies 
on direct Si contact with the metal, does not increase the etch rate of 
proximal Si, and provides an increase of the etch rate on par with that 
of MACE. Furthermore, this effect differs from enhanced etching at 
mask edges created by diffusion-limited reactions and allows for the 
creation of anisotropic profiles that reproduce the patterned metallic 
nanostructures. In turn, MAPE is an intriguing technique for liquid-
free metal-assisted etching of high-aspect-ratio silicon micro- and 
nanostructures. 

EXPERIMENTAL METHODS 

Patterning of Periodic Arrays: Nanostructures were patterned 
onto p- and n-type (100) silicon wafers with resistivity 1-10 Ω cm 
(Pi-Kem, UK) spin-coated with polymethyl methacrylate 950-A2 
(Microchem, USA), and patterned using a RAITH 150 TWO elec-
tron beam lithography system (Raith GmbH, Germany). Following 
exposure, patterns were developed in a 1:3 mixture of methyl isobu-
tyl ketone in isopropyl alcohol and treated in oxygen plasma in a 
Diener plasma generator (Diener electronic GmbH & Co. KG, Ger-
many) to remove excess photoresist scum and produce final circular 
features with an approximate diameter of 200 nm. Microstructures 
were patterned onto silicon wafers spin-coated with S1805 photore-
sist (Microchem, USA) using phase shift lithography. A borosilicate 
mask etched with lines 1.5 inches in length and 1.5 µm thick with 1.5 
µm spacing was used to perform double exposures at 5 mJ/cm2 with 
the mask turned 90° in between exposures on a Quintel Q4000-6 

Mask Aligner (Neutronix Quintel, USA). Patterns were developed 
in MICROPOSIT MF-26A (Dow Electronic Materials, USA) to 
produce final rectangular patterns measuring approximately 1 µm by 
1.3 µm. 

Thin Film Deposition: After patterning, layers of Au and other 
metals were deposited in an Edwards A500-FL500 electron beam 
metal evaporator (Edwards High Vacuum International, UK) to 
form thin layers ranging from 5 nm to 25 nm in thickness. Uni-
formity was confirmed using a DektakXT surface profilometer 
(Bruker Corporation, USA). Lift-off of excess photoresist and met-
als was performed using MICROPOSIT Remover 1165 solvent 
(Dow Electronic Materials, USA). 

RIE: The masked silicon wafers were etched in a parallel plate 
PlasmaPro NGP90 plasma processing system (Oxford Instruments, 
UK). Reactive ion etching was performed at 175 mTorr using a for-
ward power of 50 W, and the total gas flow of SF6/O2 was held con-
stant at 40 sccm. The total concentration of O2 was varied by chang-
ing the relative gas flow rates of SF6 and O2. 

Imaging: Visualization of the etched structures was performed 
with regular and tilting SEM on a Zeiss XB1540 (Carl Zeiss AG, Ger-
many) and LEO Gemini 1525 FEGSEM (LEO Electron Micros-
copy Inc, USA). Tilting images were executed at 45° for etched 
structure imaging and 90° for side fractural imaging. 

Etch Enhancement Measurements: Si substrates following plasma 
treatment were fractured for cross-sectional imaging of the etch pits. 
The vertical etch depth was measured at the center of the Si pillars 
or catalytically etched pits using ImageJ. Ten measurements were 
made for every 12x12 nanostructured array. The etch enhancement 
over 0% O2 was measured by normalizing each measured value to 
the mean value for the Si substrate treated at 0% O2. For substrates 
that formed etch pits, the mean value at 0% O2 was added to the ver-
tical etch measurement to account for the trenching effect. 

RESULTS AND DISCUSSION 

Metal-Assisted Plasma Etching. To explore the use of MAPE 
in SF6-based plasmas, nano- and microstructure arrays were pat-
terned using electron beam and phase shift lithography on n-type 
and p-type (100) silicon substrates with resistivity 1-10 Ω cm. Thin 
films of Au (5 nm) were deposited using electron beam metal evap-
oration. A thin film of Cr (10 nm) was deposited on top of the Au 
film to protect Au from physical etching, creating bi-layered metallic 
nanostructures (Figure 2a). Cr was chosen due to its high etch re-
sistance in fluorine-based plasmas53. Following solvent lift-off to ex-
pose the underlying Si, patterned arrays were subjected to RIE etch-
ing with mixed SF6/O2 gas chemistries for 3 minutes. 

Under normal conditions, SF6-based plasma isotropically etches 
exposed Si to create Si nanopillars underneath each masking struc-
ture54. However, when the bilayer Au/Cr catalytic structures are 
etched, areas of Si covered by the patterned metal exhibit preferen-
tial and enhanced etching far exceeding the expected etch rates of Si 
(Figure 2b, S1). This enhanced etching gives rise to deep trenches at 
the original location of each metallic structure, with the boundaries 
of the etching extending outside those of the original metal structure, 
but confined locally to the array of the 12x12 metal dots. This en-
hanced etching is seen in both p-type and n-type silicon, suggesting 
the etch enhancement is intrinsic to the Si and not dependent on the 
type of substrate doping (Figure 2c). 



 

 

Figure 2. Metal-assisted plasma etching of Si. a) Thin films of 5 nm Au and 10 nm Cr were patterned by electron beam lithography onto Si substrates 
in 12x12 circular nanostructured arrays. Each nanostructure measured 200 nm in diameter. All scale bars represent 2 µm. b) N-type Si substrates pat-
terned with Au/Cr nanostructures were treated for 3 minutes in a mixed SF6/O2 plasma at 25% O2 concentration. Deep etch trenches characteristic of 
localized catalytic etching formed underneath each nanostructure while exposed Si at the edges of the array did not exhibit catalytic etching. c) P-type 
Si substrates patterned and treated at the same conditions produced no significant difference in etching when compared to the n-type Si substrates. d) 
Si substrates patterned with Au/Cr exhibited similar enhanced etch profiles after etching for 6 minutes. e) A thicker film of 25 nm Au was patterned 
onto Si substrates with 10 nm Cr on top. After plasma treatment, etched substrates presented a higher degree of etch enhancement with more pro-
nounced etch trenches due to the increased Au film. f) Circular Cr-only (25 nm) nanostructures were patterned on Si substrates and subsequently 
treated in SF6/O2 for 3 minutes. Si pillars formed underneath each Cr masking nanostructure and exhibited no evidence of enhanced etching with the 
removal of the catalytic Au layer. g) Sandwich architecture nanostructures were created by depositing 5 nm Au in between 10 nm layers of Cr. Si 
substrates with this architecture showed a notable decrease in catalytic etching. Enhanced etch pits occurred only where nanostructures tilted in an 
orientation to allow the middle Au layer to contact the Si substrate. h) A reverse architecture of 10 nm Cr and 25 nm Au was patterned onto Si substrates. 
After plasma treatment, a similar catalytic inhibition occurs with Cr serving as an etch stop only when the orientation of the particle results in isolation 
of the Au from the Si. 

To further understand the mode of etch enhancement, the 
length of plasma treatment and metal film thickness were varied in 
the etch experiments. Interestingly, Si substrates patterned with the 
same bilayer metal structure but etched for twice as long (6 minutes) 
in plasma exhibit no noticeable difference to those etched for 3 
minutes (Figure 2d). At these testing conditions, the etch enhance-
ment does not appear to increase with increasing time. Furthermore, 
nanostructures with a thicker Au film (25 nm Au/10 nm Cr) pro-
duce pronounced etch features in the Si that are deeper and rougher 
than thinner Au films (Figure 2e). The amount of enhanced etching 
increases with the increased thickness of Au, suggesting that Au is 
the main catalytic reagent enabling the metal-enhanced etching of 
Si, and that the process of enhanced etching likely consumes it. 
Taken together, the extent of etching appears to depend primarily 
on the amount of Au, with higher amounts of Au enhancing etching 
for a longer time before being consumed. Cr-only nanostructures do 
not display this enhanced etching, supporting the critical role of Au 
in catalyzing the MAPE process (Figure 2f). 

To determine whether the direct Au-Si contact is necessary to 
facilitate MAPE, we constructed two different configurations of 
metal films. First, a thin Au layer was deposited between two layers 
of Cr to create a sandwich architecture (10 nm Cr/5 nm Au/10 nm 
Cr), isolating the catalytic layer and preventing its contact with the 
underlying Si. The etched Si substrates exhibited a notable decrease 
in MAPE with many Si areas forming pillars underneath the 

nanostructures, although some regions still form the unmistakable 
trenches from enhanced etching (Figure 2g). Examination of the 
nanostructures that maintained the enhanced etch profile suggests 
that Au-Si contact is essential since these nanostructures became ori-
ented in a way that allowed the exposed edge of the sandwiched Au 
layer to contact the Si surface (Figure S1, S2). To further test this 
concept, a second film configuration was made by placing a thick Au 
layer (25 nm) above a Cr film (10 nm). In agreement with the sand-
wich structure, this reverse configuration led to a significant reduc-
tion in MAPE, with cases of enhanced etching again occurring only 
where the nanoparticles appear to reorient themselves so that the 
top Au layer contacts the Si (Figure 2h, S2). 

These data suggest that Au is unable to diffuse through the Cr 
layer to the underlying Si to facilitate etching. Furthermore, there is 
little evidence that etched Au or fluorine radicals produced on the 
surface are transported through the plasma or diffuse on top of Cr; 
the trenches due to enhanced etching localize only to the areas pat-
terned with nanostructures following reorientation that places Au in 
direct contact with Si. If transport of Au of fluorine radicals in the 
plasma occurs, enhanced etching should be visible in the proximity 
of the nanoparticles without direct contact between the Au and Si. 
However, these experiments find that no enhanced etching is ob-
served even within nanometers of Au particles unless there is direct 
contact between Au and Si. Finally, it is interesting to note that the 
extent of etching is similar between the sandwich structure (Figure  



 

 

Figure 3. Effect of O2 concentration on MAPE. Si substrates were pat-
terned with 5 nm Au/10 nm Cr and etched for 3 min in SF6/O2. By 
maintaining the total flow rate at 40 sccm and manipulating the O2 flow 
rate, we examined the effect of O2 concentration on the etch enhance-
ment over a 0% O2 etch. (left) Violin plots indicating the median and 
range for each condition. Little or no etch enhancement was measured 
at 0% and 1% O2 while treatment in 10% O2 exhibited a maximal amount 
of catalytic enhancement. A smaller degree of etch enhancement occurs 
at 25% O2 with the disappearance of etch enhancement at 50% O2. 
(right) Representative images of etching. All scale bars are 400 nm. 

2g) and inverse structure (Figure 2h), despite the inverse structure 
having an exposed Au surface area that is over 10x larger than the 
sandwich structure. This lack of dependence on surface area further 
supports the concept that the surface of the Au does not generate 
diffusible products that facilitate the increase in etch rate, and that 
direct contact between the Au and Si is necessary for enhancing the 
rate of etching. 

From this data, several conclusions are possible regarding the 
mechanism of MAPE. First, Au acts as a catalytic reagent to promote 
the enhanced etching of Si in SF6/O2 plasma. The enhanced etch-
ing effect is far more pronounced than typical Si etching. Second, di-
rect contact of Au on Si is critical for the catalytic etching reaction to 
proceed. The enhanced etching can be blocked by entirely isolating 
the Au layer from the Si surface with a non-reactive metal like Cr. 
Third, the degree of enhancement depends on the amount of cata-
lytic Au present, suggesting that the mechanism likely consumes Au. 
In these experiments, the amount of remaining Au measured on the 
Si substrates following etching was less than the detection limit for 
energy-dispersive X-ray spectroscopy. If the etch is well controlled, 
it appears that MAPE has the potential to operate as a self-limiting 
etch that terminates after depletion of the Au catalyst. This aspect is 
different from MACE where the catalytic metal remains on the 
etched substrate and the etch process ends by manual removal of the 
substrate or neutralization of the chemical etchants. Note that alt-
hough it appears that MAPE consumes the Au, it is referenced here 
as a metal catalyst due to the analogous enhancement of Si etching 
to metal catalysts in MACE. Finally, transport of the plasma ions to 
the Au/Si interface is required. Data from Si substrates patterned 
with large lateral Au/Cr bilayer structures of the same thickness (5 
nm Au/10 nm Cr) and etched in SF6/O2 further supports this re-
quirement (Figure S3). Si substrates exhibit similar enhanced etch-
ing to the nanopatterned substrates, but only at the Au/Si/plasma 
interfaces. Furthermore, images from early etching with nanoparti-
cles suggests that pillars created via conventional SF6/O2 plasma 
etching precede metal-enhanced etching (Figure S4), with en-
hanced etching likely starting following exposure of the Au-Si inter-
face to the plasma. Importantly, the metal nano- and microstructures  

 

Figure 4. MACE metals in MAPE. a) Microstructure arrays patterned 
by phase shift lithography on Si substrates. 25 nm of Ag was deposited 
onto the substrate to form 1.0 x 1.3 µm rectangular structures. After 
treatment in an SF6/O2 plasma for 3 min, Si substrates exhibited etch 
profiles indicative of MAPE. Little of the Ag microstructures remained 
in the etch trenches, likely due to the low resistance of Ag to etching in 
SF6 plasmas. b) Similar microstructures were created with 25 nm Pt. Af-
ter treatment, Si pillars formed underneath each Pt microstructure with 
no evidence of enhanced etching. c) Si substrates patterned with 25 nm 
Cu also did not exhibit MAPE after plasma treatment although the etch 
produced increased roughness on the Si surface. All scale bars are 2 µm. 

catalyze an enhanced etching phenomenon that is divergent from 
plasma-enhanced edge effects. Catalytic activity is not purely limited 
to the mask edges from a concentration of reactive species on the 
mask or enhancement of the field strength. Instead, the Au in direct 
contact with Si actively promotes enhanced etching in SF6/O2 plas-
mas. 

Effects of Oxygen Content on MAPE. Having established that 
SF6-based plasmas facilitate MAPE, we then aimed to determine the 
impact of oxygen in the process. The addition of O2 to SF6 is known 
to increase the F-atom concentration, increasing overall Si etch rate 
by preventing the recombination of F atoms with SFx radicals 
through the formation of SO2 and SOF4

55. To determine if MAPE 
maintains this O2 dependence, we evaluated a range of O2 concen-
trations from 0% to 50% at a constant total flow rate and pressure 
(Figure 3, S5). Minimal or no MAPE occurs when the fraction of O2 
is 1% or less, whereas at 10% O2 we observe the maximum enhance-
ment of the MAPE process. This finding follows a similar trend to 
previous reports of maximal Si etch rates occurring between 10-40% 
O2 composition for both SF6/O2 and CF4/O2 etch chemistries56–58, 
though the maximum etch rate has been known to vary based on sys-
tem-specific parameters55.The MAPE process is observed through 
25% O2 but exhibits a significant decrease at 50% O2. This decrease 
is supported by previous observations of an inversion in etch rates 
above 40% O2 due to competitive adsorption of increasing oxygen 
species onto Si reaction sites over fluorine species56. Taken together, 
these data suggest that similar to its effect on normal Si etch rates for 
fluorine/oxygen plasmas, the relative concentration of O2 in the 
plasma plays a significant role in determining the etch rate of MAPE. 

Translation of Additional MACE Metals to MAPE. In addi-
tion to Au, liquid phase MACE is routinely achieved using other no-
ble metals such as Ag and Pt, and to a lesser degree, Cu. To 
determine if the catalytic effect is transferrable to MAPE, Si sub-
strates were patterned with microstructures of the common MACE 
catalysts Ag, Pt, and Cu and etched using the same conditions as 
those in Figure 2. Similar to substrates patterned with Au films, Si 
substrates patterned with Ag films exhibit enhanced etching suggest-
ing Ag has a comparable ability to facilitate MAPE (Figure 4a). 
However, substrates patterned with Pt do not show increased etch-
ing of the Si substrate (Figure 4b) despite Pt MACE being faster 



 

than Au MACE18. Substrates patterned with Cu also do not exhibit 
any catalytic etching but instead induce a rougher Si surface 
following etching than Pt (Figure 4c). 

The difference in the catalytic effect between MACE and MAPE 
suggests the mechanism of MAPE deviates from that of MACE, alt-
hough the exact reason why a metal will function as a catalyst in 
MACE but not MAPE is not currently fully understood. Unlike in 
MACE where the reduction potential of the metal catalyst in relation 
to the Si ionization potential predicts whether a metal will function 
as a MACE catalyst36, reduction potential does not correctly predict 
the non-catalytic behavior of Pt and Cu in MAPE. Although shown 
not to correlate with MACE activity, previous studies have demon-
strated that changing the work function of metals can enhance their 
catalytic activity59. In agreement with MACE findings, measure-
ments of the work function of catalyst-only and catalyst/Cr configu-
rations do not demonstrate an accurate prediction model for MAPE 
(Figure S6). 

The diffusion of metals into Si substrates and the reverse diffu-
sion of Si into metal is fast even at modest temperatures60. Increased 
diffusion at the metal/Si interface may facilitate enhanced Si etching 
by increasing the overall mobility of metal ions and their ability to 
modulate the electron density of Si61. This contradicts the mecha-
nism underpinning MACE, where the catalytic metals serve to ex-
tract electrons/inject holes and neither the Si nor metal noticeably 
enriches with diffused atoms. Though the diffusivities of Pt and Cu 
do not significantly differ from the diffusivities of Au and Ag on Si62, 
the formation of metal oxides on the surface of the catalyst metal 
when exposed to O2 and/or the ability to form stable compounds 
with Si, as opposed to solid solutions, may provide insight into a 
possible mechanism. Binary oxides formed from Pt and Cu have 
higher thermodynamic stability when compared to oxides formed 
from Au and Ag on Si63. Since MAPE occurs in the presence of O2, 
the increased stability of these oxides may negatively impair the dif-
fusion at the metal/Si interface64, in turn inhibiting the enhanced 
etching. Furthermore, Pt/Si and Cu/Si readily form stable com-
pounds64,65, potentially reducing their ability to act as Si oxidizing 
agents. 

An alternative mechanism underpinning the enhanced etching 
is the possible formation of surface-associated metal fluorides. Metal 
fluoride compounds such as AuF5, AgF2, and AgF3 are known to be 
strong oxidizing agents66–68 and may draw electrons from Si to create 
active sites for etching. These metal fluorides form when the metal 
surface is exposed to fluorine species in plasma and may more readily 
compete with the formation of metal oxides due to increased ther-
modynamic stability69. High electron affinity metal fluorides formed 
with Pt are possible, but compounds such as PtF6 are known to be 
volatile at room temperature70, potentially resulting in rapid removal 
from the Si-Pt interface. Overall, this mechanism that relies on the 
production of metal fluorides to oxidize underlying Si is similar to 
the MACE mechanism wherein the metal catalyst serves to oxidize 
underlying Si for etching. 

Therefore, based on the data presented here we propose the fol-
lowing potential MAPE mechanism (Figure 5): (1) The generation 
of an SF6/O2 plasma creates reactive species including F and O rad-
icals, SO2F2, SOF4, and other charged species. (2) Diffusion occurs 
across the metal/Si interface as metal ions diffuse into the underly-
ing Si and Si atoms diffuse through the metal layer to the surface. (3)  

 

Figure 5. The proposed mechanism of MAPE. Diffusion occurs across 
the Si – metal interface, resulting in oxidation of both the Si underlying 
the metal and Si diffusing to the surface of the metal. In the presence of 
SF6/O2 plasma, surface-associated metal fluorides form that further 
oxidize the Si. Fluorine radicals present in the plasma etch the oxidized 
Si at a faster rate than standard Si.  

Si is oxidized on the surface of the metal or by electron density mod-
ulation by dissolved metal ions in the underlying Si. In addition, the 
surface of the metal chemically reacts with fluorine species to form 
metal fluoride oxidizing agents. The surface associated metal fluo-
rides oxidize the underlying Si at the metal/Si interface. Finally, (4) 
the etching reaction proceeds with the transport of fluorine species 
to the oxidized Si, the formation of SiF4 products, and subsequent 
removal of byproducts via the plasma. Similar to liquid phase 
MACE, MAPE likely proceeds through both redox and mass 
transport reactions. However, further investigation is essential to 
fully understand the underpinning mechanism and establish a pre-
dictive model for catalytic metal activity in dry plasmas. 

Controlling the Process of MAPE. The applicability of MAPE 
depends on the ability to control the process during etching. To this 
end, we demonstrate the ability to control catalytic etching by puls-
ing the plasma to form selective etch pits (Figure 6). By generating a 
plasma and allowing the reaction to proceed for a shorter amount of 
time (1 minute or less), it is possible to limit the extent of catalytic 
etching so that the Si trenches more closely resemble the original size 
of the patterned metallic structures (Figure 6a-b). Time pulsing is 
hypothesized to act as a method of control by limiting the MAPE re-
action, thus reducing the distance of diffusion or limiting the 
chemical formation of metal fluorides, to enable a more localized 
reaction at the metal/Si interface. Using this method, it is possible to 
form large areas of uniform lattice structures by etching Si substrates 
with patterned microstructures (Figure 6c-d). Through refinement 
of the temporal pulsing method, it may be possible to use MAPE to 
create complex, high-aspect-ratio micro- and nanostructures. Alter-
natively, nanostructures patterned on a thermally grown SiO2 film 
do not exhibit enhanced etching, suggesting that oxide formation 
impedes MAPE (Figure S7). This feature may permit the use of O2 
plasma treatment steps in between fluorine-based etch steps to grow 
protective oxide barrier layers for improved fabrication control. 



 

 

Figure 6. Time pulsing as a method of control for nano- and 
microstructures. a) Si substrates patterned with 5 nm Au/10 nm Cr 
nanostructured arrays were etched for 1 minute to create a limited local 
etch where the Si substrate contacted each nanostructure. b) Substrates 
with the same nanostructure architecture were treated for two cycles of 
1 minute each to produce deeper etch trenches that more faithfully re-
produced the shape of the catalytic nanostructures. c) The method of 
pulsed time control extends to catalytic microstructures. Si substrates 
patterned with microstructures of 5 nm Au/10 nm Cr exhibited con-
trolled etch trenches after similar plasma treatment (2x1 min). d) Si sub-
strates patterned with microstructures and treated for two cycles of 1 
min followed by a 4 min cycle produced uniform patterns of deep lattice 
structures across the entire substrate. 

CONCLUSION 

In summary, we have explored a MACE-like effect in dry SF6/O2 

plasmas by utilizing patterned metallic nano- and microstructures to 
catalytically enhance the etch rate of silicon. Direct contact between 
the metal catalyst and Si substrate is necessary for this localized etch 
effect, and diverges from enhanced mask edge etching due to the 
higher degree of enhancement for all areas of underlying Si contact-
ing the metal nanostructure. The MAPE process exhibits a rate de-
pendence on oxygen feed concentration similar to that of classic sil-
icon etching. Interestingly, not all metals that function as MACE cat-
alysts can function as MAPE catalysts, indicating that the plasma-
based mechanism deviates from that of liquid phase MACE. Cru-
cially, preliminary results suggest that methods of control including 
temporal pulsing and oxide barrier formation are possible, and are 
shown to enable the creation of uniform lattice structures with rela-
tive processing ease. Importantly, limitations of liquid phase MACE 
such as fluid flow effects, stiction, and solute deposition are not pre-
sent with MAPE. With further development of the techniques de-
scribed here, MAPE may provide an exciting strategy for high-as-
pect-ratio Si processing in liquid-free environments. 
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