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Metal-assisted chemical etching (MACE) is a simple, low-cost and versatile method of fabricating various
silicon nanostructures. Due to the etching anisotropy of monocrystalline silicon, i.e. its different crystal
orientation has different number of silicon back bonds needed to be broken in the etching process, the
obtained silicon nanostructures are morphology variable. It has been demonstrated that, by choosing
the species or morphologies of catalyst, adjusting the etchant composition or concentration, changing
the doping species and level of the silicon substrate, or introducing extra physical fields, MACE method
can be used to prepare various desired silicon nanostructures. This review summarizes the most recent
contributions in the fabrication of designable monocrystalline silicon nanostructure by MACE. In order to
provide a relatively complete comprehension of the MACE, the fundamental principle and basic
manipulation process of a conventional MACE, as well as the main influence factors on the etching effects
are given; and the common applications of MACE in silicon etching are briefly reviewed. This article also
presents some new developed improved MACE technologies and their potential applications in the
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1. Introduction

The approaches for the fabrication of silicon nanostructures can
be briefly classified into two schemes, the bottom-up and top-
down ones. For the bottom-up scheme, the most representative
method is the ‘vapour-liquid-solid’ (VLS) growth [1-6]. In this
method, catalytic liquid alloy phase is introduced as the seed,
which can catalyze the dissociation of the silicon gas with the freed
silicon atoms, rapidly adsorbing them to supersaturating levels;
then, the silicon atoms dissolve out and arrange to crystalline
silicon nanostructures. As the VLS growth is a quasi-stationary
thermodynamics process, it can be used to fabricate relatively
high-quality silicon nanowires (SiNWs). The top-down scheme can
be further separated into dry and wet etching approaches. The
most commonly used dry etching approach is the inductively
coupled plasma (ICP) etching [7,8], which utilizes plasma reaction
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gas to etch the silicon substrate with mask and can provide fairly
good etch rates and anisotropy. And the typical wet etching
approach is the metal-assisted chemical etching (MACE) method
[9-17], in which the silicon substrate immersed in the etchant is
etched into various nanostructures with the assistance of metal
catalyst.

Cost-efficiency and equipment requirement are two factors
must be considered, for the widespread applications of every
approaches mentioned above. The VLS and ICP methods both
require large equipment, so they cannot be afforded by most
laboratories. Additionally, the processes of them are high-cost,
since they both need high purity gases, vacuum technology and
high temperature (or high power magnetic coil); moreover, they
also have a certain dangerous nature because they both require
inflammable dangerous gases. Due to these negative factors, only a
few of research teams still use the VLS and ICP methods in
fabrication silicon nanostructures. Conversely, the MACE method is
thriving and developing day by day, since it only requires very
simple equipment (a beaker), and the silicon nanostructures
prepared by this method are designable by adjusting the etching
process.
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MACE is a reaction process in aqueous solution, so the silicon
substrate is in full contact with the etchant, and meanwhile, the
catalyst (metal particle) is mobile following the micro flow of the
solution [18]. These make the motive path of the catalyst, which
determines the morphology of etched silicon nanostructures, is
difficult to be controlled. Recently, a lot of effort has been made on
studying the etching mechanism, as well as the main factors
influencing the etching effects in MACE [19-26]; and based on
these in-depth understandings, a lot of processes to realize the
designability and controllability for the etched silicon nano-
structures have been developed. Briefly, these processes can be
classified to five categories: adjusting the species and morphology
of the catalyst, changing the recipe of the etchant, modifying the
doping element and level of the silicon substrate, introducing extra
physical fields, and executing post-process for the obtained
nanostructures. Besides, one research group has even improved
the MACE technology to vapor phase condition [18]. Today, MACE
technique has advanced to a level where desired architectures and
surface quality can be readily fabricated, hence is becoming one of
the main technologies in preparing silicon nanostructures.

In this review, we first discuss the basic manipulation process
and fundamental principle of MACE, as well as the main factors
influencing the etching effects. Then, the common application in
silicon etching is briefly introduced. Next, efforts are made to
summarize the most recent contributions in the fabrication of
designable monocrystalline silicon nanostructures by MACE.
Finally, some new improved MACE technologies and their
applications are simply introduced.

2. Manipulation process and fundamental principle of MACE

MACE is a very simple technique in fabricating silicon nano-
structures. The basic manipulation of it even only requires a beaker.
The manipulation process can be briefly separated into three steps
[27]: Firstly, cleaning the silicon substrate and configuring the
etching solution for later use; then, immersing the silicon substrate
into the etching solution and maintaining a period of time; finally,
taking the silicon substrate out and rinsing it with deionized water.
Such a simple technique can be afforded in any laboratory, and
meanwhile can be used to prepare many interesting silicon
nanostructures with low cost.

The underlying physical mechanism in MACE process is also
very simple, which can be briefly reflected by the following
equations [27]:

Reaction at metal (cathode)

H,0,+2H* — 2H,0+2h* and 2H* +2e~ — H,| (1)

Reaction of Si etching (anode)
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Sl+4h++4HF—>SlF4+4H+and SIF4+2HF—> H251F5 (2)
Overall equation

Si+H,0, + 6HF — 2H,0 + H,SiFg + H, 1 (3)

The reaction details, however, are a bit more complex, as given
in Fig. 1. When the silicon substrate is immerged into HF/AgNO3
solution, the Ag" ions near the silicon surface will seize electrons
from the valence band of silicon, leading to the formation of Ag
nucleation. As the reaction progresses, Ag nucleation gradually
grows into Ag nanoparticles. Thereafter, Ag nanoparticles directly
seize electrons from their contact or around silicon locations
because the electronegativity of Ag is higher than silicon, creating a
hole-rich region beneath and around the catalyst. Then, H,0, is
reduced at Ag nanoparticles; and the holes are consumed by the
oxidation of silicon to silica, which is quickly dissolved by the HF.
The Ag nanoparticle travels into the silicon wafer as the silica layer
is dissolved, thus the depth of the Ag nanoparticles in the pit
increase gradually with the increase of reaction time.

Although the fundamental physical and chemical process of
MACE is very simple, there are also many factors in the etching
process that are adjustable Since the main objects involved in the
MACE process including the silicon substrate, the catalysts and
etchant, the efforts for modifying the etching process are all carried
out on these three aspects. The main parameters for silicon
substrate that can be adjusted are the doping element and doping
level, which dramatically affects the etching rate and porosity of
silicon nanostructures. Canevali et al. [23] have demonstrated that
the silicon nanowires formation rates increase with dopant
concentration; meanwhile Geyer et al. [22] found that the porosity
of the etched nanowires can be controlled by the doping level of
the silicon wafer. In addition, the surface wettability of the silicon
substrate also has great influence on the etching results [28]. For
instance, Bai et al. [29] proposed that the UV/ozone pretreatment
of the silicon substrate can form a very thin SiO, layer, which can
improve the uniform nucleation of Ag nanoparticles on the Si
surface, thus induce the formation of the silicon nanowire arrays
with good uniformity and high filling ratio. For catalysts, Ag and Au
are used most commonly. They bring in obvious different etching
process and features. As silver is soluble in H,O, and HF solution,
before the actual etching process, it is first dissolved and then
recrystallize to form small nanoparticles [27,30]. This physical
character on one hand enhances the etching rate since small
nanoparticles are in better contact with the silicon substrate; on
the other hand it also results in poor controllability of the etching
process. Additionally, since the hole-generating rate of Ag just
matches the etching (reaction) rate, the surface of the obtained
silicon nanostructure is nearly smooth. Au has better chemical
inertia, so it original morphology is unchanged in the etching

e
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Fig. 1. Schematic illustration of the etching mechanism of silicon nanostructures by MACE in HF/AgNO3/H,0, solution.
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Fig. 2. SEM images of SINW arrays fabricated on silicon substrates of different orientations. (a) Si (100), (b) Si(110) and (c) Si (111) substrate. The insets are high-resolution
TEM images, which indicate that the SiNWs are single-crystalline [51,52].

Si (100) ‘uhﬂra(c

process. Therefore, it is difficult to obtain high etching rate using
Au as the catalyst, but it provides the possibility to control the
architecture of the silicon nanostructure by designing the
morphology of the catalyst. Different from Ag, the hole-generating
rate of Au is much higher than the consumption rate in the etching
reaction. The redundant holes diffuse to the areas on the silicon
substrate far from the catalyst and result in porous structures.
Besides, the shape and size of catalyst can also have great influence
on the etching direction thus the morphology and shape of the
obtained nanostructures [21]|. For the etchant, the etchant
composition is the most important parameter. According to above
reaction equations, it can be easily deduced that increasing the
H,05 can increase the hole injection current thus lead to high rate
etching. Chartier et al. [31] found that the increased H,0,
concentration could also increase the distance holes can travel
within the silicon, leading to straight, tight holes, to conical holes,
crates. A study by Bai et al. [27] suggests that the porosity of the
silicon nanowires become more obvious when the concentration of
H,0, became higher. Recently, Hildreth et al. [21] declaimed that
the etching path (direction) also shows great dependence on the
ratio between the HF and H,0,_ Except for the etchant composition,
the wettability between the etching solution and the silicon also
has influence on the etching results. From the reaction equations it
was found that H, is generated in the etching process. Such
generated H, produces bubbles that adhere to the surface of
silicon. During the release of these bubbles, some of them will
burst thus bring in stripes on the surface of the silicon nano-
structures. Hen et al. [11,32] found that adding moderate ethanol in
the etchant can effectively improve the contact between the
etchant and the silicon substrate thus avoid the generation of Hy
bubbles.

Despite the mechanisms in note MACE being relatively
thorough and the main influence factors on the etching results
are basically clear, there are still some fundamental problems that
have not been resolved. For instance, consensus on the mass
transfer process of the silicon atoms during the etching has not
been reached. Peng et al. [10,33] assumed that the reagent and
reaction product diffuse along the interface between the noble
metal and the wall of the etching structure; while Werner et al.
[34] supported that in the etching process the silicon atoms

()

(o) P ) B
|

dissolve into the metal and diffuse through the metal and are then
oxidized on the surface of the metal. These two inferences both
have seemingly “solid” basis, so it is difficult to give a definite
conclusion. On this issue, our experimental results tend to support
the latter conclusion. An accurate understanding on this process
will provide significant guidance for the design and fabrication of
novel silicon nanostructures.

3. Common applications of MACE in silicon etching

From being developed, the most common applications of MACE
are to fabricate various vertical, large aspect ratio SiNWs and
silicon Si nanoholes (SiNHs). Of them, SiNW has been widely used
for light-trapping in photovoltaic devices [35-38] and been
regarded as one of the most attractive building blocks for many
future optical and optoelectronic devices [39-47]; SiNH can be also
effectively used to enhance light harvesting in solar cells [48], like
the famous black silicon solar cells [49,50]. There are abundant
reports that have been published on this issue. Here, we just briefly
reviewed some representative literature and some works of our
group, so that the reader can have an intuitive understanding on
the application of MACE but we did not pursue summarizing all of
the articles related.

3.1. SiNW obtained by MACE

MACE is a local electrode less chemical reaction process;
therefore, the etching morphology of silicon by MACE is deter-
mined by the shape and motivation path of the catalyst. If the
catalyst is a continuous thin film with nanoscale porous on the
silicon substrate, SINW should be obtained. In MACE of crystalline
silicon, the reaction rate shows great anisotropy (crystal orienta-
tion selectivity), since the numbers of Si—Si bonds needed to be
broken along different directions are quite different. For instance,
as illustrated in Fig. 2a-c, <100> direction is the preferential
etching direction of Si in MACE [51,52].

However, by adjusting some factors like the molarity ratio of HF
to H,0, [25,53], the etching direction can be effectively controlled.
Via nanosphere lithography, Peng et al. [54] have fabricated
ordered SiNW on p-type Si wafers. They first deposited a

I um

Fig. 3. SEM images of SiNW arrays fabricated on (a) Si (100), (b) Si (111) and (c) Si (113) wafers [54].
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Fig. 4. (a) Wafer-scale SiNW arrays on n-type Si (100) by template-free MACE; (b) porous p-type SiNW arrays and (c) the photoluminescence images of it (individual

nanowire) [29].

monolayer of silica colloidal crystal on the surface; then by
chemical etching in 50:1HF solution, the 2D non-close-packed
silica colloidal crystal was fabricated; thirdly, a metal layer was
deposited onto silicon surface; after that, the silica templates were
removed by brief ultrasonication in water; finally the silver film
with periodic nanoholes was used as catalyst for etching. The
obtained SiNW arrayson Si (100), Si (111) and Si (113) wafers are
shown in Fig. 3a-c, respectively.

Without using a template, Bai et al. [29] fabricated wafer-scale
SiNWs on Si (10 0) wafer. As shown in Fig. 4, the SINW array is of
high filling ratio (1.1 x10'®cm~2) and good uniformity. Through
charactering the reflection spectra on 30 dots on the surface, the
uniformity of the SINW arrays is estimated to be below 0.2 of the
relative standard deviation. They have also fabricated SiNW arrays
on lightly dopedp-type Si (10 0) wafers (resistivity of 7-13 {2 cm),
and obtained porous samples with circular nanopores (diameter
about 5nm) on the sidewall [27]. Such porous SiNW can emit
strong green fluorescence.

3.2. SiNH fabricated by MACE

If the catalysts are discrete nanoparticles distributing on the
silicon surface, the obtained silicon nanostructures should be
various SiNHs [55-57]. One usually used method to prepare the
catalysts is the silver mirror reaction method, where the silver
nanoparticles are electrolessly deposited on the silicon surface in a
mixed solution of AgNOsand HF [49], or of [Ag(NH3),]JOH and
glucose [58] at room temperature. After silver mirror reaction, the
obtained silver nanoparticles are always of various shapes (Fig. 5a)
[59]. However, the shape of the NH should be influenced but not
determined by the shape of the catalysts. If the ratio of H,0,:HF is
low (2.9:1), the shape of the nanoholes is square on Si (100)
(Fig. 5b) or hexagon on Si (111) (Fig. 5¢) surface [16]. These show
clearly that the shape of the NH is determined by the anisotropy of
silicon. Another proof for this conclusion is that, on a (110)
substrate the etch patch moves along an allowed <11 0> direction

(i.e., [T00] or [010]) at random (Fig. 5d) [60]. However, when the
ratio of H,0,:HF is high (5:1), the etching rate became very fast
thus the shape of the obtained SiNHs are all quasi-round shape
(Fig. 5e).

For the fabrication of SiNH, since the catalysts are isolated
nanoparticles, their motivation path depends more on the
anisotropic etching for different crystal orientation of silicon,
the dislocation defects in the substrate, as well as the micro flow of
the etchant and the H, bubbles generated. As a consequence,
despite following the same mechanism as SiNW etching, the SiNH
morphologies become more complex. For example, various helical
nanopores (Fig. 6) as prepared by Jiang et al. [61] could be obtained
when the HF concentration is greater than 40%. We attribute the
formation of helical pores to the rotation or revolution of Ag
particles, which related to the dislocation defects, etching rate (HF
concentration), gravity and other factors. Detailed studies on the
influence factors on the etching morphologies are of great help for
the designable fabrication the Si nanostructures.

4. Designable monocrystalline silicon nanostructure fabricated
by MACE

For the more practical and specific application of silicon
nanostructures, it is required to control the size, morphology and
surface quality of the nanostructures. To achieve the rational
design and fabrication of various silicon nanostructures, we can
take advantage of the anisotropy etching of silicon accompanied by
adjusting the substrate quality, catalyst and etchant, as well as by
post processing [62]. Next, we summarize the most recent
contributions in the fabrication of designable monocrystalline
silicon nanostructures by MACE.

4.1. SiNWs array with certain diameter and pitch

For SiNWs array, the designable size parameters mainly mean
the diameter, pitch and length. The length of SINW, being related to
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Fig. 5. (a) Silver nanoparticles of various shapes fabricated by silver mirror reaction [59]; (b) square NHs on Si (10 0), (c) hexagonon Si (111) surface [16], and (d) etch patches
of random allowed <110> directions on Si (110) substrate etched by etchant owning low H,0,:HF ratio [60]; (e) quasi-round NHs obtained in etchant of high H,O,:HF ratio.

the etchant concentration and etching temperature, is proportion-
al to the etching time thus can be simply controlled [63]. The
etching morphology dramatically depends on the motivation
trajectories of the metal catalyst; therefore, a most direct approach
to control the morphology of the obtained structure is to control
the morphology of the catalyst. This is just the basic starting point
of the template method. Until now, several methods have been
developed to fabricate the template (mask) of the etching,
including the photoresist mask, anodic aluminum oxide mask,
PS sphere mask, SiO, sphere mask, PMMA mask and CsCl mask
Huang et al. [15,64-70]. Of them, the PS sphere mask is most
widely used in laboratory.

The overall fabrication process using the PS sphere mask
method is schematically depicted in Fig. 7a [71]. In this process,
the key step is to assemble the PS sphere arrays on the silicon
surface. Very recent, Gao et al. [73] have reported a novel
method to fabricate large area (1 m x 1m) uniform PS mask.
After the PS sphere array is prepared, a step to RIE the PS spheres
is carried out to form the spacing, and then an Ag thin film is
deposited and the PS spheres are removed, after that the MACE
of silicon starts. Using this method, very regular SiNW arrays can
be obtained as shown in Fig. 7b and c [66,72]. It can be noted
that, the metal film still maintains its integrity as shown in
Fig. 7b and c. Similarly, Liu et al. [74] have found that the

Fig. 6. Cross-sectional SEM micrographs of various helical NHs of different morphologies, etched by etchant with HF concentration greater than 40% [61].
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Fig. 7. (a) An overall MACE process using PS spheres as the mask [71]; and the regular SiNW arrays of (b) high and (c) low surface concentration obtained by this method

[66,72].

morphologies of the etched SiNW and SiNH arrays matched well
with those of the Ag holes and nanoparticles. These demonstrate
the importance of the catalyst in fabricating silicon nano-
structures with desired parameters.

Using template method can get accurate silicon nanostructures,
while the fabricating of mask is always time-consuming, expensive
and to some extent not easy to be mastered. Therefore, using the
template free method to realize the control of the SiNW
parameters attracts many interesting. Through thermal annealing
of thin Ag film, Liu et al. [74] have successfully prepared
semispherical Ag nanoparticles and Ag mesh with holes (Fig. 8a
and b). After MACE, sparse individual SiNHs and SiNWs can be
obtained as given in Fig. 8c and d. They demonstrated that the
diameter and distribution of mesh holes as well as the nano-
particles are manipulatable by the film thickness or the annealing
temperature. Therefore, the diameter and pitch can be also tuned

by controlling the respective catalyst. However, until now there is
still no report on controlling the diameter and pitch separately, as
well as controlling the periodicity of SINW nanostructures by
template free method. This is still a great challenge for the
researchers in this field.

4.2. Si nanostructures with various diameters from top to bottom

Recently, several simulation results denote that tapered SINW
shows much enhanced light harvesting capability than cylindrical
one [75,76], due to its continuous diameter thus resonant
wavelengths excited. Using well-designed mask combined with
RIE method, Lu and Lal [77] have fabricated high-efficiency silicon
nanoconical frustum array solar cells. Therefore, fabrication of
tapered SiNW by the simple MACE method attracts a lot of
attention.

Fig. 8. SEM images of (a) separated silver nanoparticels, (b) silver mesh with holes and the corresponding (c) SiNHs and (d) SiNWs after etching [74].
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Fig.9. (a) Schematic illustrations of the operation process to fabricate Si nanostructures with different morphologies, and SEM images of the tapered silicon nanostructures (b
and c) obtained by this process [78]; (d) SEM images of tapered SiNW arrays fabricated by a one-step template-free method and (e) TEM images of one individual tapered

SINW [78].

Lin et al. [78] have developed a relative complex method to
fabricate silicon nanocone. The schematic is illustrated in Fig. 9a.
Firstly, silicon nanopillars are prepared by HF/H,0 solution using
a Ti/Au mesh film as the mask. Secondly, the nanopillars are etched
by [AgNOs + HF + HNO3/H,05]. In this etching process, first, the Ag
catalysts are deposited on the tip of the obtained pillars with
obvious site selectivity through a silver mirror reaction; then, the
etching process takes place. When the second etching process is
carried out repeatedly, the silicon nanocone arrays are obtained, as
given in Fig. 9b and c.

Bai et al. [79] have developed a one-step template-free method
to realize the fabrication of tapered SiNW arrays with various
filling ratios. In their work, they first deposited a silver film on the
silicon surface and then carried out etching using HF/H,0; solution
as the etchant. The key mechanism for obtained tapered SiNW is
the in-situ oxidative dissolution of the silver network in the
etching process. Since the standard reduction potential of
oxidizing agents in the solution is greater than that of silver, the
silver network is gradually dissolved (oxidized to silver ions) and
shrunk during its sinking process. Besides, the diffusion of positive
holes from the bottom to the sidewalls can also contribute to the
formation of the tapered SiNW and SiNH arrays [31,61,80]. The
obtained tapered SiNWs with tapering degree about 12.7° are
given in Fig. 9d and e.

Except above methods, there are also some post process
methods to fabricate tapered SiNWs. For instance, Jung et al.
[81-83] found that the tapering can be done by KOH etching for
about 60 s after the SINW has been prepared, as shown in Fig. 10. In

addition, during this step, the bunched SiNW arrays, induced by
van der Waals forces, can be easily separated from each other.

4.3. Zigzag SINW

It has been demonstrated that the etching direction of Si can be
effectively controlled by adjusting some factors like the molarity
ratio of HF to H,0, [13,25]. By imposing vertical gradient of etchant
(HF and H,0,) concentrations during the etching process, Kim et al.
[84] first fabricated structurally well-defined zigzag SiNWs on
(100)-oriented silicon wafers, as shown in Fig. 11. The vertical
gradient of etchant is introduced by a thin layer of porous silicon
nanostructures covering the entire mesh surface, which is
fabricated by a first-step etching. This step etching is carried out
after the Au mesh being prepared, in etchant of high relative H,0,
concentration. The high H,0, concentration results in an extra
amount of positive holes, which can readily diffuse away from the
etching front to the lattice defects and dopant sites, thus resulting
in the formation of the thin layer of porous silicon nanostructures.

How does this thin layer can impose vertical gradients of
etchant concentrations? Kim et al. [84] gives a rational explanation
from the view of microscopic electrochemical events. Chemical
etching will quickly deplete H,O, near the etching front thus
establishes a large concentration gradient of H,O, along the
direction perpendicular to the action interface. Depletion of H,0,
at the etching front in turn results in retardation of etching
reaction. At this stage, a new cycle begins by the influx of H0, due
to the vertical diffusion of the etchant. Iteration of the cycle

Bunched NWs+MWs

Tapered NWs + MWs
(CNMW)

Fig. 10. Schematic illustrations of the operation process to fabricated tapered SINWs by a post process method of immersing in KOH solution for about 60s [81-83].
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Fig. 11. (a) An overall flow of fabrication zigzag SiNW arrays; (b) SEM images of the
thin layer of porous silicon nanostructures after the first step etching; (c) SEM
images of the zigzag SiNW arrays obtained [84].

corresponds to the periodic oscillations of etchant concentration,
which switches the etching directions, that is, etchings along the
vertical <100> direction at low H,0, concentration and non-
<100> directions at high concentration.

The relationships between the H,0O, concentration and the
etching directions can be explained as follows. The second-step
etching is carried out in etchant of low relative H,O, concentration
at high temperature. In this case, if the H,O,concentration at the
reaction front is high, due to the high temperature, the
decomposition of H,O, is fast thus abundant holes can be
generated. Therefore, silicon atoms of more compact crystal

(a)sillca

spheres

i“q

After 2 etch (c)

planes with higher density of silicon back bonds than (100)
surface become labile to the oxidation, resulting in etching along
non-<100> directions. In contrast, if the H,O,concentration is the
low, no sufficient holes can be generated thus only the least
compact (10 0) surface with the fewest silicon back bonds can be
etched. The uniform etching direction by the different locations of
the Au film in every oscillation is related to the integrity of the Au
film during the etching process. However, if we change the Au film
in to nanoparticles, the obtained nanohole arrays are expected to
be of the same directions yet, due to the interactions between
adjacent catalysts [85,86].

4.4. Multilayer and periodic porosity-patterned SINW

For the transfer of uniform, vertically aligned SiNW to foreign
substrates, an important problem is that the SINWs will fracture at
random locations. Weisse et al. [87] found that by introducing an
intermediate process in the MACE of silicon, they could fabricate a
designated segment of vertically aligned SiNW arrays.

The fabrication procedure for the cracked SINW array is given in
Fig. 12. Once the SiNW of desired length was achieved by
controlling the etching time, the silicon wafer was rinsed in
deionized water and dried. Subsequently, the silicon wafer was
soaked in a 75 ° CDI water bath for about three hours to delaminate
the Ag film. After that, the wafer was returned into the etching
solution. At the start of the second step etching a well-controlled
horizontal crack parallel to the wafer surface was formed; then the
etching continued to elongate the SiNWSs. This intermediate
process can be carried out more than one time, and SiNWs with
several horizontal cracks can be obtained, as in Fig. 12b and d.

4.5. Ultrathin SINW

Functional ultrathin SINWs are of promising applications in
high-tech devices, such as high responsive photo-detectors and
ultra-high sensitive bio-chemical sensors. Very recent, Li et al. [88]
reported that using an Au/Ag bilayered metal mesh as the catalyst
can obtain ultrathin SiNWs of porous structures. They explained
the etching as a double-screen process, as shown in Fig. 13. As the
Au and Ag nanofilms are deposited with no template in sequence,

Delaminated Ag

Fig.12. (a) The fabrication procedure of the cracked SiNW array; (b) SEM images of the etched SiNW arrays with one horizontal crack and (c) the zoom-in view of the crack; (d)

SiNW arrays of two horizontal cracks [87].
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Fig. 13. (a) The schematic diagram of the Ag(nether)/Au(upper) nanofilm catalytic etching process, and (b) SEM image of the porous ultrathin SINW array obtained; (c)
illustration of the etching process using the Au(nether)/Ag(upper) bilayer nanofilm and (d and e) the obtained sparse siicon pillars [88].

their meshes overlapped. During the following etching process,
firstly, the Ag mesh etches the silicon into vertical SINWs; soon
afterwards, the Au re-etches the SiNWs into ultrathin porous ones.
The SEM image of their obtained porous ultrathin SiNW array is
shown in Fig. 13b.

However, when they deposited the Ag film on the Au one, the
etching process is quite different. As mentioned above, the silver
catalyst may undergo a first solution then recrystallize process in
this case; the etching process is illustrated in Fig. 13c. The silver
nanofilm first transforms into nanoparticles, which then penetrate
into the interspaces of the Au nanofilm and etch the silicon
substrate into SiNWs; after that, the SiNWs are etched and
vanished by the Au nanofilm but only some sparse silicon pillars
are left, which correspond to the very large holes on the Au mesh.
The obtained results are given in Fig. 13d and e.

Another method to fabricate ultrathin SINWs is carried out in a
two-step dry oxidation and post-chemical etching process for the
obtained vertical thick SiNW. The dry oxidation is executed at
temperatures 750-850 °C in a tube furnace to generated core-shell
SiNW arrays. Then, the oxide layer of the core-shell SINW array is
removed by the HF solution. Using this approach, Su et al. [66] have
successfully fabricated core-shell SiNW arrays with gradually
reduced diameters (Fig. 14). The inner diameter can be reduced
down to sub-10 nm by controlling the oxidation time (Fig. 14c).

4.6. Co-integrated wire structure of MWs and NWs(CNMW)

Co-integrated wire structure of MWs and NWs shows specific
application promising in fabricating solar cells architected by both

radial and bulk p-n junctions [83], as shown in Fig. 15a. Where the
red color denotes the n-type shell and the blue color denotes the p-
type core. Using this structure, the cell conversion efficiency can
reach about 7.19%.

Sure, the CNMW structure can be easily prepared by a template
method as being done by Jung et al. [83], as illustrated in Fig. 10,
where they used the photoresist mask to protect the position on
the silicon surface corresponding to the MWs. The representative
SEM images of their obtained wafer-scaled CNMW structure are
given in Fig. 15b and c.

Recently, Bai et al. [89] developed a simple template-free
approach for the fabrication of such CNMW structure by one-step
etching. In their process, the etchant is composed of KMnO,/
AgNOs/HF. The overall formation mechanism of the CNMW
structure is illustrated in Fig. 16a. Firstly, many Ag nanoparticles
are deposited on the silicon surface via the electroless deposition
mechanism; then, the etching reactions started, when the silicon
atoms are oxide toSiF4, which can be easily hydrolyzed toSiF; . As
the reactions proceed, the concentration of SiFg~ increases until
they nucleate at the silicon surface and grow into H,SiFg particles.
These particles can shelter parts of the silver nanoparticles, block
the etchant from the contact with the catalysts, thus act as the
mask. The obtained CNMW structure is given in Fig. 16b and c.

4.7. Ultra-thin silicon wafer by homogeneous etching

The anisotropicin MACE of silicon is the basic reason for the
designable fabrication of various novel, controllable silicon

Fig.14. (a and b) SEM images of SiNW arrays with gradually reduced diameter by a two-step dry oxidation and post-chemical etching process; TEM images of a single core-

shell SINW with inner diameter down to sub-10 nm [66].
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Fig.15. (a) lllustration of the bulk and radial p-n junctions structure based on CNMW structure (red for the n-type shell and blue for the p-type core), and wafer-scaled CNMW
structure (b) before and (c) after KOH process [83]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

nanostructures. On the other hand, this also makes the uniform
non-directional etching into difficulty.

Considering the etching directions can be regulated by the
etchant concentration, by adjusting the ratio of the HF, AgNO3 and
H,0, in the etchant, Bai et al. [90] realized the homogeneous
etching of the silicon wafer. The obtained ultra-thin silicon wafer
with thickness about 30 wm and average roughness of 13 nm is
shown in Fig. 17. This work exploits a new field of application for
the MACE method. If such MACE technology is combined with the
oxidation and post-chemical etching process mentioned above, it
will be very possible to realize the fabrication of ultra-thin silicon
wafers with nanoscale thickness.

5. Improved MACE technologies

On the basis of traditional MACE etching technology, some
scholars have also conducted further improvements. These efforts
contain introducing extra electric field, optical filed, even changing
the phase state of the etchant.

\g nanoparhcles ]\2§|F6 parnclcs

5.1. Electric field assisted etching

MACE is a typical electroless galvanic reaction; therefore, it can
be also regulated by extra electric field [91,92]. By introducing
periodic pulsing of anodic bias during gold-assisted chemical
etching of silicon, as shown in Fig. 18a and b, Kim et al. [92]
obtained bamboo-like SiNW arrays (Fig. 18c), where the length of
every segment is controllable. At the joint positions, the SiINW is
porosity-patterned thus can be broken by ultrasonic treatment,
which allows as harvesting SiINWs with desired lengths (Fig. 18d).

In this electric field assisted etching process, the extra anodic
potential pulses results in sharp increase of current densities
during the etching process. These pulsing currents can inject
abundant holes into the silicon, which preferentially diffuse to the
metal/silicon interface rather than to the solution/silicon interface.
This is because the valence band of silicon at the former interface is
energetically higher than that at the latter. Such abundant holes
accelerate the reaction between the silicon and the HF thus
generated porous structures. Therefore, in this novel electric filed

Si micropillars/nanowires
composite structure

Fig.16. (a) Formation mechanism of the CNMW structure in the one-step template-free etching method, and (b and c) the SEM images of the obtained CNMW structure [89].

Fig. 17. (a) A picture of 4 in. ultra-thin silicon wafer, and (b) comparison for the thickness of the original and the ultra-thin silicon wafers [90].
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Fig. 18. (a) lllustrationof the electrochemical set up employed for introducing periodic pulsing of anodic bias during MACE of silicon, and (b) a typical current-time transient
during the etching process; (c) SEM image of SiNW array fabricated by this method, and (d) the SINWs separated from the samples given in panel c [92].

assisted etching, pulse duration and pulse interval determine the
lengths of porous wire segments and nonporous ones, respectively.

5.2. Optical assisted etching

In MACE process, the etching rate dramatically relate to the
carrier concentrations at the reaction front. While, due to the
intrinsic semiconductor properties of silicon, the carrier concen-
tration can be dramatically enhanced by an irradiation [76]. So
introducing extra optical filed can also result in great influences on
the etching process.

Ding et al. [93] have amplified the influences of the light on
silicon etching utilizing the local surface plasmons of Ag nano-
particles. Based on the conventional etching process, they added
vertical laser illumination with a wavelength of 476 nm on the
silicon surface. As shown in Fig. 193, the light with this wavelength
can excite the local surface plasmons of Ag nanoparticles, which
results in strong optical field around the nanoparticle. This
enhanced optical field then brings about abundant carriers
generated in the silicon substrate around the silver nanoparticles.
Such generated carriers, especially holes, can greatly accelerate the
etching. The result is that, under the laser illustration, the etching

area and etching rate are both enlarged, and special crateriform
morphology is obtained (Fig. 19b); while in the area with no
illumination, normal vertical SiNHs are formed (Fig. 19¢).

In addition, Lin et al. [94] have also used a light-induced TiO,
etching technology to fabricate ultra-small surface textures on the
silicon surface. Since this method can avoid the introduction of
metal impurity, it is of application prospect in fabricating solar
cells.

5.3. Vapor phase MACE

Except introducing extra physical fields, Hildreth and Schmidt
[18] have also reported a vapor phase MACE (VP-MACE) of Silicon.
The schematic of the VP-MACE process is very similar as the
conventional MACE one, as given in Fig. 20a. This technology can
effectively avoid the influence of the H, bubbles on the surface
quality of the obtained silicon nanostructures; and circumvent the
impact of the fluid flow on the motivation of the catalyst.

The feature resolution of the obtained structure is comparable
to the liquid phase MACE and on the order of 1-2 nm (Fig. 20b). By
changing the catalyst species, etchant concentration, substrate
temperature, they have demonstrated that, this method can also be

Fig.19. (a) Schematics of the etching mechanism with laser illumination, and (b) the obtained special crateriform morphology on the silicon surface; (c) normal vertical SiNHs

etched in the area with no illumination [93].
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Fig. 20. (a) Schematic of the VP-MACE process; (b) SEM micrograph of silicon nanostructure, which shows high feature resolution, formed after VP-MACE; the fabricated (c)

SiNW, (d) vertical SiNHs and (e) helical SiNHs by the VP-MACE process [18].

used to fabricate various silicon nanostructures, like SINW, vertical
and helical SiNHs (Fig. 20c-e).

6. Conclusions

Recent developments in fabricating designable silicon nano-
structure using MACE method have been summed up in this article.
Based on deeper and deeper understanding on the etching
mechanisms during the MACE process, it has been demonstrated
that the fundamental for the fabrication of desired silicon
nanostructures is the anisotropic etching. That is to say, the Si
(100) surface has the fewest silicon back bonds thus should be
preferentially etched; while the Si non-(100) surfaces are
deprioritized. By regulating the substrate quality, catalyst and
etchant, adding post processing, or introducing extra physical
fields, such etch anisotropy can be effectively controlled, as the
abundant efforts have been made in this field.

Some typically designable silicon nanostructures fabricated
using the MACE method, and the recently developed improved
MACE processes by introducing extra electric field, optical filed,
even changing the phase state of the etchant are mainly
summarized. From the published reports it was found that, SINWs
(NHs) of specific morphologies, length (depth), density and surface
quality have already been fabricated; and the anisotropic etching
feature can be overcome thus a homogeneous up to down etching
of a silicon wafer has been realized. In addition, the introduction of
extra fields and the VP-MACE bring about new vitalities for MACE,
which indicate more widespread application of MACE in fabricat-
ing specific novel silicon nanostructures.
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