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Metal-assisted chemical etching (MacEtch) of semiconductor materials in
HF/H504 solution using noble-metal particles as catalysts has gained much
attention in the past few years due to its unique properties. In this work,
nanoscale Ag particles were deposited on (100) and (111) surfaces of polished
p-Si wafers through the silver-mirror reaction. Subsequently these wafers
were etched in 1:1:1 (v:v:v) HF(49%):H505(30%):EtOH solution at ambient
temperature and pressure for 12 h, producing a number of different quasi-
ordered silicon micro/nanostructures. The resulting surface-modified wafers
exhibited mixed micro- and nanostructures that are an inherent feature of the
etch process; for example, steps appear on the sidewalls of crystallographically
defined nanopores, because the catalytic Ag nanoparticles are convected as
they transit the developing pore during the etching process. The resulting
materials exhibited much reduced reflectivity, reaching a maximum of 3.7x
reduction near 330 nm, which renders them of interest in potential applica-
tions such as back-reflector templates for deposition of thin-film solar cell
materials.
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INTRODUCTION

The rapid development of miniaturized structures
demands smaller, faster, smarter, and more func-
tional materials that, in turn, challenge semicon-
ductor processing technologies to keep pace,
especially techniques for manipulating silicon in
three dimensions on micrometer and nanometer
length scales. Especially challenging is the devel-
opment of subwavelength structures for optoelec-
tronic applications. The mechanical V-texture
method,! laser processing,? electron-beam lithogra-
phy and fast-atom beam etching,® reactive-ion
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etching (RIE),* and electron cyclotron resonance
plasma etching® need sophisticated and expensive
equipment, while newer techniques such as self-
masking damage-free RIE are promising® but are
not yet ready for large-scale use.

The recently developed metal-assisted chemical
etching (MacEtch) method’”™'° has potential as a
simple approach to fashion materials at nanometer
length scales, while being compatible with common
industrial processes. MacEtch is suitable for vari-
ously doped single- and polycrystalline bulk sili-
con'’ as well as thin silicon film'? and even
GaN.'%13 Tt has been successfully used to fabricate
high-sensitivity hydrogen sensors,'® antireflective
layers in efficient solar cells,™* large-scale Si;_,Ge,
quantum dots,® silicon nanowire p—n junction diode
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arrays,'® light-emitting silicon nanowire arrays,'’

and controlled complex three-dimensional (3D)
templates.'®1?

Various noble-metal particle catalysts have been
successfully used to mediate the MacEtch process,
however A ;)articles are most commonly chosen to
etch p-Si.2°7*° The final etched morphologies vary
depending on the detailed etching conditions,
including the method of Ag deposition, crystal ori-
entation and doping, etch solution composition, etc.;
for example, etching of Ag particles deposited by
thermal evaporation or sputtering on p-Si (111) and
n-Si (110) produces obliquely oriented, highly
aligned Si nanowire arrays®" and ordered, vertically
aligned [110] nanowire arrays, respectively.?
However, etching of p-Si (111) using Ag nanoparti-
cles produced by electroless displacement from
aqueous Ag*/HF results in vertical Si nanowires.?®
Furthermore, Si etching can be altered from aniso-
tropic to isotropic by varying the molar ratio of HyO,
and HF.

Mechanisms proposed to explain Si MacEtch in
HF/H5052%?* can be divided into two classes, dif-
fering principally according to the method of Ag
deposition. The mechanism ?rogosed9 for dry depo-
sition methods is as follows: %23

Cathode reaction (at Ag)

Hy05 +2HY — 2H,0 + 2 * 1)
2H" +2e~ — Hy | (2)
Anode reaction (at Si)
Si+ 4h* + 4HF — SiF, + 4H" 3)
SiF, + 2HF — H,SiFg (4)

Overall reaction
Si + HoOy + 6HF — 2H20 + HoSiFg+Hy 1 (5)

The other proposed mechanism invokes the
working principle of a galvanic cell,’®?%25-28 ip
which wet deposition of Ag particles is induced by
Si-I;lediated reduction of Ag* in the presence of F~

a52
Si(s) + 6F o + 448l — 448 + SiFg,, (6)

In this case, the original Ag nucleation sites are
random, but the localized areas beneath the parti-
cles etch first and serve as activated pits for pore
growth, accompanied by translocation of particles
into the growing pores, leading to formation of
either a porous layer® or nanowire arrays.”?

The work described herein uses the simple silver-
mirror reaction utilizing Tollen’s reagent® to
deposit Ag particles on polished p-Si (100) and (111)
surfaces, thereby avoiding Si-mediated redox pro-
cesses. When metal-coated substrates prepared by
this approach are subjected to MacEtch in HF/H50,

solutions, unique morphologies are observed,
exhibiting unusual micro/nanostructures, varying
as a function of crystal face and etch conditions. The
observed behavior suggests an etching mechanism
similar to that given in Egs. (1)—(5), and the com-
bination of nanoscale and microscale roughness
features supports potential applications in solar cell
fabrication.

RESULTS AND DISCUSSION
Silver Deposition

The silver-mirror reaction produces granular Ag
particles on p-Si (100) and p-Si (111) substrates, as
shown in Fig. 1. The scanning electron microscopy
(SEM) results are augmented by x-ray photoelec-
tron spectroscopy (XPS) analysis, which is shown for
Ag-decorated p-Si (100) in Fig. 2. The XPS spectrum
of p-Si (111) (not shown) produces similar results.
The Ag particles are distributed uniformly and at
high density on both substrates, consistent with the
observation of strong Ag peaks in the XPS spec-
trum. The particles are aggregated in the size range
from 100 nm to 1 um, with most aggregates
>500 nm (Electronic Supplementary Material,
Fig. S2). Since most of the particles in the thick Ag
films aggregated into clusters, detailed particle size
analysis was precluded. Although silver-mirror
reactions were carried out under the same experi-
mental conditions for both crystal orientations, the
shapes of Ag particles exhibit subtle differences
when deposited on (100) and (111) wafers; for
example, although hexagonal-aspect particles, such
as the particle highlighted in Fig. 1d, are found on
both surfaces, they are far more prevalent on Si
(111). The detailed reason for these differences are
still being studied, but the observation is similar to
the deposits of metals on mica,?* where nanometer-
scale, face-centered-cubic metals tend to nucleate
and grow into twinned and multiply twinned par-
ticles with their surfaces bounded by the lowest-
energy (111) facets. Similar hexagonal plates with
the flat and bottom faces bounded by (111) plane
were also observed in the controllable growth of Ag
nanostructures on p-Si (111) wafers by a simple
replacement reaction.?’

Ag-Catalyzed MacEtch of Silicon

Ag-catalyzed MacEtch of p-Si of either orientation
in HF:H5Os:ethanol (EtOH) is accompanied by
evolution of bubbles throughout the 12 h etch. Even
though deep pores are not observed when micro-
meter-sized Ag catalyst particles are used,®* deep,
quasi-ordered nanoporous structures are obtained
from both orientations with Ag mnanoparticles
obtained by the use of Tollen’s reagent (Fig. 3). The
interesting features of this catalyst and process
include: (1) the wide range of particle sizes, as the
catalyst particles used here varied from 100 nm to
1 ym in size; (2) the nonspherical Ag nanoparticle
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Fig. 1. SEM images of Ag particle deposition by the silver-mirror reaction on (a, b) p-Si (100) and (c, d) p-Si (111) wafers.
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Fig. 2. XPS spectrum of Ag-particle-decorated p-Si (100) produced
by the silver-mirror reaction.

shapes; (3) the molar ratio of HF:H,05 = 1:2.9, as
the composition of the etchant used here lies just
inside the range for pore formation and is close to
the composition gielding maximum Ag particle
penetration rates;” and (4) the use of long etch
times to allow the etch to proceed under conditions
of sparse particle densities which are not present at
the beginning of the etch.

Beyond these observations, there are several
striking features of the etched Si morphology. First,
most of the etched structures display well-defined
shapes, with rectangular and hexagonal pores
dominating Si (100) and Si (111), respectively. In
addition, the internal openings of these structures
range from 1 ym to 4 um, significantly larger than
the centroid of the Ag particle distribution. How-
ever, there is a striking similarity in pore size
among noncoalesced pores, especially for the rect-
angular pores on Si(100) shown in Fig. 3b. This is
surprising in light of the wide dispersion in Ag
particle sizes and states of aggregation evident in
Fig. 1.

Pore Side-Walls and Sizes

In addition to the gross size and shape distribu-
tions, interesting multiscale features are observed
in the MacEtch pores. Terraced steps are present on
the side-walls of the etched pores formed on both Si
(100) and Si (111) substrates in Fig. 3c, d, for
example in the areas indicated by the circle in
Fig. 3d. The origin of this interesting morphology
cannot be definitively assigned at present, however
it is consistent with both transverse particle motion,
which might be caused by the evolution of Hy, and
the nonspherical shapes of the Ag catalyst particles.
The Ag-catalyzed MacEtch rate for Si can be as fast
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Fig. 3. SEM images of p-Si wafers subjected to MacEtch in 1:1:1 (v:viv) HF (49%):H,O, (30%):ethanol solution for 12 h at 300 K by using
catalytic Ag particles deposited on Si via silver-mirror reaction. The top macroporous layers have been removed by dipping in NaOH (1%) for
15 min. The wafers used are p-Si (100) for (a—d) and p-Si (111) for (e-h). Images are displayed at different magnifications and orientations.
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as 1 ym min~ 1, so by reaction (5), the rate of H,

generation must be correspondingly large, as evi-
denced by the observation of intense, prolonged
bubble evolution. So, it is plausible to assign the
large pore sizes and the rough pore side-walls, as
evident when checking the cross-section (Fig. S3), to
agitation of the Ag nanoparticles caused by evolving
H, gas. Another striking feature relevant to the
convection of Ag nanoparticles is the frequent
observation of helical nanopores, such as those
shown in the cross-sectional SEM micrographs in
Fig. S3. Thus, while the basic pore shape observed
in plan view (Fig. 3b, d) is retained except for a
small amount of corner rounding, oblique and cross-
sectional views lend support to the idea that Ag
nanoparticles are strongly convected during the
MacEtch process.

Telescoping Pores

Frequently, MacEtch results in formation of con-
ical pores.®? The analogous behavior observed here
is that the size of the internal pore opening dimin-
ishes stepwise with depth. This is particularly clear
in the highlighted pore at the bottom center of
Fig. 3b. The sudden step changes in pore size with
depth may result from the production of smaller Ag
particles, for example, by disruption of Ag nano-
particle clusters into smaller particles. An alterna-
tive explanation could be based on the observation
that similar changes occurring during MacEtch of
p-Si (100) using thermally evaporated silver?? could
be initiated by smaller Ag nanoparticles condensed
from Ag® dissolved from larger Ag particles.?
However, there is no direct evidence to confirm
extensive dissolution of noble metals in HF/H505,
and Ostwald ripening would be expected to lead to
growth of large particles at the expense of small
particles.?®3* Also, if a significant amount of silver
existed in the form of Ag* ions, in the absence of a
more suitable reducing agent, the displacement
reaction between Ag* and silicon, i.e., Eq. (6), would
occur, resulting in isotropic etching, contrary to
observation. Thus, it is more likely that Hy bubble-
mediated convection cleaves larger Ag clusters into
smaller ones and that these newly formed smaller
particles produce vertically organized pores with
smaller size at greater depth.

Reflectivity and Surface Energy

One of the goals of this research is to produce
materials with enhanced antireflection behavior.
Figure 4 shows the reflectivity of samples in the
wavelength range of 300 nm < A < 800 nm before
and after etching. The reflectivity for both orienta-
tions of wafers declines after etching, with the
change being somewhat larger for p-Si (100). The
antireflective properties may be further improved
by combining MacEtch-produced materials with
other strategies to produce antireflection coatings,
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Fig. 4. Reflectivity of samples before and after MacEtch. Curves 1,
2, and 3 represent unetched p-Si (100), etched p-Si (111), and
etched p-Si(100) samples, respectively. The processes used to
produce samples 2 and 3 are the same as those illustrated in Fig. 3.

e.g., deposition of nanoscale structured SiN, on
textured surfaces®® and through optimization of the
MacEtch process; for example, the reflectance of
MacEtch p-Si was lowered to R ~ 10% by greatly
reducing the etch time for both kind of wafers,
which resulted in quasi-ordered silicon micro/
nanostructures being replaced by completely ran-
dom micro/nanopores mixed with spherical nano-
scale features. These latter structures exhibit
sufficiently small reflectance, comparable to results
obtained using the hot wire method,® for potential
use as light-trapping layers for silicon solar cells.

CONCLUSIONS

Deposition of catalytic Ag nanoparticles on p-Si
(100) and (111) wafers by the silver-mirror reaction
produces a highly active surface architecture which
supports the MacEtch process. Quasi-ordered sili-
con micro/nanostructures are obtained, and
the dramatic differences in morphology between the
(100) and (111) surfaces appears to reflect both the
underlying crystal orientation as well as complex
dynamical processes during etching. These pro-
cesses reflect the size, shape, and symmetry of the
deposited catalyst particles and the rate of evolution
of Hy during etching. The evolution of Hy through-
out the etching processes strongly suggests that the
mechanism of etching is governed by separate ano-
dic and cathodic redox processes, i.e., Egs. (1)-(5),
rather than galvanic displacement Eq. (6). The
resulting surface reflectivity is reduced relative to
the unetched substrates, lying in the range where
antireflective properties become technologically
interesting. Finally, the stepped side-walls which
are characteristic features of these structures might
facilitate deposition of noble-metal nanoparticles,
which could be used, for example, in high-sensitivity
chemical sensing,'® or as special channels or catalyst
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supports for application in embedded microfluidic
systems.
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