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Abstract: The metal-assisted chemical etching (MACE) technique is commonly employed for tex-
turing the wafer surfaces when fabricating black silicon (BSi) solar cells and is considered to be a
potential technique to improve the efficiency of traditional Si-based solar cells. This article aims
to review the MACE technique along with its mechanism for Ag-, Cu- and Ni-assisted etching.
Primarily, several essential aspects of the fabrication of BSi are discussed, including chemical reaction,
etching direction, mass transfer, and the overall etching process of the MACE method. Thereafter,
three metal catalysts (Ag, Cu, and Ni) are critically analyzed to identify their roles in producing
cost-effective and sustainable BSi solar cells with higher quality and efficiency. The conducted study
revealed that Ag-etched BSi wafers are more suitable for the growth of higher quality and efficiency
Si solar cells compared to Cu- and Ni-etched BSi wafers. However, both Cu and Ni seem to be
more cost-effective and more appropriate for the mass production of BSi solar cells than Ag-etched
wafers. Meanwhile, the Ni-assisted chemical etching process takes a longer time than Cu but the
Ni-etched BSi solar cells possess enhanced light absorption capacity and lower activity in terms of
the dissolution and oxidation process than Cu-etched BSi solar cells.

Keywords: black silicon; MACE technique; mass transfer; etching direction; SEM; nanowire

1. Introduction

Improving the crystalline silicon (Si) solar cells in terms of efficiency and quality,
reducing cost in their mass production line, and ensuring easy fabrication are imperative
tasks while promoting solar cell applications in a sustainable environment. In the late
1990s, serendipitous discoveries in Mazur’s laboratory led to the development of a new
type of modified Si textured surface called ‘Black Silicon’ (BSi) because of its very high
light absorption properties. BSi refers to Si surfaces with micro- or nanostructures, which
effectively reduce light reflection. Consequently, BSi appears dark-colored (i.e., black)
compared to the typical light-colored (i.e., silver or gray) planar Si substrates [1].

However, BSi has been used in various applications including micro-electric me-
chanical models [2], biochemical sensors [3], optoelectronic and photonic devices [4], and
lithium-ion batteries [5]. BSi has also been used as a supporting medium for chemical and
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physical reactions, such as in fast metal oxidization and catalytic formations of carbon
nanotubes [6]. Moreover, BSi is being used as a predecessor host for the deposition of
other materials (e.g., chemical and metal) facilitating an adaptable environment [7]. These
successful applications of BSi have encouraged researchers to utilize the features of BSi
in creating solar cells with higher efficiency and reduced cost for mass production. In
this regard, BSi has been widely scrutinized for its noticeable textured surface with a
light-trapping feature that can increase Si solar cell efficiency by reducing its reflectivity
and boosting the absorption of incident photons [8]. To fulfill the criteria for developing
BSi solar cell surface fabrication, several methods have been established, for instance,
reactive ion etching [9], metal-assisted chemical etching [10], plasma etching [11], laser
texturing [12], and wet chemical (anisotropic) etching [13], plasma immersion ion implan-
tation, and atmospheric pressure dry texturing. Among them, one well-known method is
metal nanoparticle-assisted chemical etching or metal-assisted chemical etching (MACE).

MACE is used for creating BSi micro- or nanotextured surface using metal nanoparti-
cles as a catalyst, such as gold (Au) [14–16], silver (Ag) [17], aluminum (Al) [18], copper
(Cu) [19], and nickel (Ni) [20]. The BSi surface texturing occurs when the Si surface is
etched with chemical oxidizing agents such as H2O2 and HF in the presence of the above-
mentioned metal nanoparticles [20]. The first use of the MACE method was demonstrated
by Malinovska et al. (1997) when a porous Si was fabricated by etching the Si substrate with
Al nanoparticles in the presence of oxidizing agents including HF, HNO3, and H2O [21].
Later, the MACE method was examined in detail by Li and Bohn [22] where multiple Si
substrates were sputtered with a thin layer of noble metals, including Au and Al, which
were catalyzed through oxidizing agents H2O2 and HF. This resulted in the growth of
straight micro- or nanostructures on the Si surface. This etching method subsequently
gained attention and, over the decades, several procedures based on the MACE method
were developed for fabricating BSi textured surfaces using various noble or non-noble
metal nanoparticles as catalysts and different oxidizing agents.

In this review, the key challenges associated with achieving the optimum surface
properties of BSi with the MACE method, including its mechanism, chemical reaction, the
direction of etching, mass transfer, and the overall process of BSi surface fabrication, are
presented. The surface texture as well as light trapping and carrier transportation is directly
related to improvement of the efficiency of c-Si solar cells. Nevertheless, the materials and
chemicals used in the texturing techniques are equally important for achieving optimum
surface texture. Thus, three metal catalysts, Ag, Cu, and Ni, which are commonly used
in the MACE method, have been reviewed and analyzed to compare their experimental
procedures and the different characterization results of BSi. This review article aims to
identify the role of each metal catalyst in producing high-quality and low-cost BSi solar
cells for mass production.

2. Mechanism of MACE Technique

MACE is described as a form of chemical etching of BSi for creating the micro- or
nanotextured surface that occurs in the presence of oxidizing agents. This etching is
accelerated via the deposition of metal nanoparticles, which play the role of catalyst in
etching the Si substrate surface [23].

The basic mechanism of the MACE method is schematically demonstrated in
Figure 1 [21,24,25], where a sample Si substrate is etched using HF:H2O2 solution. First,
the metal catalyst is deposited on the sample Si substrate, and then the sample is immersed
in the solution. The HF:H2O2 forms resolvable H2SiF6 by reacting with the Si surface.
Subsequently, through the ‘Van der Waals force’ and the ‘Electrostatic Attractive force’,
the metal catalyst is moved into the Si substrate as shown in Figure 1 [26]. The whole
mechanism is modeled as a localized electrochemical procedure wherein the Si represents
an anode, and the catalyst reacts as a cathode with the surrounding and current flows
between the cathode and the anode during the etching process [27].
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Figure 1. Schematic diagram of the MACE method. (a) H2O2 is converted to H2O in the presence of Ag catalyst particles
and holes (2 h+) are injected into the Si valence band, which creates a hole (h+)-rich region around the catalyst particle.
(b) The holes (h+) are consumed at the HF interface by the oxidation of Si0 to Si4+ to form soluble H2SiF6. (c) As the Si
around and/or beneath the nanoparticle is dissolved, the Ag nanoparticles are move into the silicon wafer [26].

Typically, the MACE method is classified into one-step MACE and two-step MACE [26].
In one-step MACE, the etching procedure occurs in an aqueous solution that mostly con-
tains hydrogen fluoride, metal nitrates, or sulfate along with an oxidizing agent hydrogen
peroxide [28,29]. In two-step MACE, the first step involves the metal being deposited
in one of three different ways: (i) deposition in aqueous solution via calculating molar
ratio, (ii) physical deposition via thermal evaporation, (iii) deposition via sputtering. The
second step involves the etching that takes place in the HF:H2O2 solution [29–32]. This
paper will focus on both one-step and two-step MACE methods that involve depositing
three different types of metals (Ag, Cu, and Ni) in an aqueous solution via calculating
molar ratios, with subsequent etching in HF:H2O2 solution. For simplicity, in this paper we
describe the mechanism of MACE in three sections: chemical reaction, etching direction,
and mass transfer.

2.1. Reaction

When the Si substrate is etched in the oxidizing solution in the presence of the catalyst,
several conceivable reactions can occur in two different sections: cathode and anode. In
the case of the cathode reaction, Li and Bohn (2000) proposed that two reactions take
place: first, H2O2 breaks by reducing at the metal; second, the reduction of protons into H2
occurs [22]:

H2O2 + 2H+ → 2H2O + 2h+, (1)

2H+ + 2e− → H2 ↑. (2)

Moreover, in the case of the anode reaction, the etching reaction occurs at the anode
section, where the Si substrate is oxidized and dissolved:

Si + 4h+ + 4HF→ SiF4 + 4H+, (3)

SiF4 + 2HF→ H2SiF6. (4)

Chartier et al. (2008) proposed a mixed reaction composed of divalent and tetravalent
dissolution reactions. Combining the reactions that occur at the cathode and the anode:

Si +
n
2

H2O2 + 6HF→ nH2O + H2SiF6 +
4− n

2
. (5)
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The localized etching occurs as an electrochemical procedure with nanometer-sized
metal that acts as a local cathode [25]. It must be noted that the essence of the MACE
method is generating holes (h+) from H2O2 by reducing the oxidants (H2O2 or O2). Both
the generation and reduction are assisted by the metal catalyst [33]. Consequently, in
MACE, holes are injected into the Si substrate via the metal border, and metal nanoparticles
(catalyst) are surrounded by these holes, depending on the electrostatic force, which causes
the etching of Si to occur underneath the catalyst [34].

The standard potential diagram illustrated in Figure 2 [22,27,35] shows the vast and
positive electrochemical potential of H2O2, where the holes (h+) are injected directly into
the valence band of the Si. These hole (h+) injections are widely independent of reducing
strength levels and types of doping, even though etching rates and featuring resolutions
can be affected by these parameters. Based on the kinetic energy, the process of reducing H+

from H2O2 on a smooth Si substrate surface is relatively slow, and the etching rates of the
direct dissolution of Si in HF:H2O2 solution are lower than 10 nm/h. The concentrations of
the solution are insignificant in this case, even with high HF and H2O2 concentrations [21].

Figure 2. Standard potential diagram of reducing strength during MACE and the standard reduction
potentials of Ag, Cu, and Ni metals.

Nevertheless, it should be mentioned that, in some cases, the solutions with high HF
and H2O2 concentrations can negatively affect feature resolutions when etched for a long
period. Having said that, solutions with high HF and H2O2 concentrations have been used
for etching porous Si during MACE with a selectivity of 105:1 [36]. It is believed that during
the charge transfer mechanism of the MACE process, band bending and barrier height
play important parts [37,38]. By calculating this barrier height along with the valence band
maximum, the process of charge transfer was found to be profoundly impacted by the
band bending that occurs at the Si and the metal crossing point [26]. Because of this band
bending, it was reported that around 1–2 nm depth of etching can occur during MACE [27].
This thereby restricts the transportation of the holes (h+) further from the region that is
surrounded by the metal catalyst [39]. As mentioned earlier, the reaction that happens
between the Si substrate and HF:H2O2 solution results in a relatively low etching rate.
Applying the MACE method that uses metal as a catalyst in the reaction results in the
etching reaction being faster and more impactful for the Si substrate fabrication process [22].
This happens mainly because of the kinetic energy, which prefers the reduction of H2O2
on the surface of the metal in contrast to the surface of the Si. In this way, the cathode
reactions occur comparatively faster on the metal surface than on the Si surface [40]. Thus,
the MACE method allowed use of noble or non-noble metal nanoparticles for etching.
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Chattopadhyay et al. (2002) tested the electrochemical potentials of H2O2 and H2O and
the energy level of the Si substrate. They observed that holes (h+) are injected deeply into
the valence band through platinum (Pt) nanoparticles while the Si substrate is etched with
HF:H2O2 solution [41]. In the same vein, Peng et al. (2006) compared the electrochemical
potentials of five redox ratios (Ag+/Ag, PtCl62−/Pt, Fe3+/Fe2+, Cu2+/Cu, AuCl4−/Au)
and the energy level of the Si substrate. From their experiment with a silver (Ag) and HF
solution, the authors stated that the Ag reduction occurred surrounding the Ag center
where the Si was oxidized and dissolved [29]. However, both Chattopadhyay et al. and
Peng et al.’s work did not show that the charge transfers between the metal and Si substrate
are deeply affected by the band bending of the Si surface.

The band bending of the Si surface can be dependent on the levels and types of
doping concentration of the Si substrate, the size of the metal (catalyst) atoms or ions, the
Fermi level, the Si substrate’s surface states, and the etchant’s components [21]. It must
be mentioned that these aspects of the Si etching mechanism have not been highlighted
properly in the literature so far. Moreover, the role of the energy levels of charge transfers
between the catalyst and the Si substrate in the MACE method awaits investigation.

2.2. Mass Transfer

The comprehensive morphologies of the etched structures correlate with the number
of processes during MACE, for instance, the mass transfers, the movements of the metal
catalyst, the productions of H2, the productions of heat, the dissolutions and depositions of
metal nanoparticles, the diffusions of oxidizing agents, and the reductions of holes (h+) at
the Si substrate [42]. It can be postulated that, at the boundary between the etched structure
of the Si substrate and the metal catalyst, the atoms of Si are oxidized. Moreover, the
diffusion of the oxidizing agents or reagents occurs in this area, as illustrated in Figure 3,
Model 1 [41,43]. This postulation is considered reasonable for the MACE method where
the etching process is accelerated by metal nanoparticles with apparent small lateral sizes.
Therefore, the diffusions of the oxidizing agents at the boundary between the etched
structure of the Si substrate and the metal catalyst involve only a short distance, allowing
the process to be achieved easily. It is well-known that the etching process is very complex,
and there is a lack of explicit experimental results to support this theory. Meanwhile,
another assumption has been developed that the Si atoms in contact with the metal catalyst
are dissolved in the catalyst and subsequently diffused through it to reach the metal surface
or the boundary between the solution and the catalyst, wherein the Si atoms are oxidized,
as illustrated in Figure 3, Model 2 [44]. It is worth mentioning that there is no explicit
discussion found in the literature about MACE to support this assumption.

According to Model 2, the Si atoms that are in contact with the metal nanoparticles are
dissolved in the metal nanoparticles and then diffuse through them to the metal/solution
interface. Those Si atoms that reach the metal/solution interface are oxidized and etched
away. This postulation is quite comparable to the well-known fact that Si substrates are
usually catalytically oxidized at low temperatures in O2 or the ambient air while covered
with metal either in film or nanoparticle form [45–48]. In this case, the Si atoms break out
from the Si substrate at the interface between the Si substrate and the metal catalyst, and
they dissolve in the catalyst, diffuse through it, and thermally oxidize on the metal–solution
interface. We must note that if the Si substrate is covered with large-sized metal particles
(more than 1 µm), lateral diffusions of the oxidizing agents along the boundary of the Si
substrate and the metal catalyst (i.e., Model 1) will be a long-distance process, whereas
diffusions of the Si atoms through the catalyst (i.e., Model 2) will be comparatively short
distanced (less than 10 nm) and can be dominant [39]. However, there is a need to conduct
experimental studies to prove explicitly which of the two models is dominant during the
MACE method.
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Figure 3. Illustration of two theories of diffusion models during MACE. Model 1: The reagent and by-product diffuse along
with the interface between the noble metal and the wall of the etched structure. Model 2: A Si atom is dissolved into the
noble metal and diffuses through it and is then oxidized on the surface of noble metal.

2.3. Direction

For understanding the direction of the micro-/nanostructure on the etched Si substrate
surface, two basic chemical wet etching orientations are discussed: isotropic etching
(orientation-independent) and anisotropic etching (orientation-dependent), as illustrated
in Figure 4. In isotropic etching, the etchants H2O2 or HNO3, which are considered as non-
directional etchants, are applied to the Si substrate. During isotropic etching, a chemical
reaction occurs that leads to the transportation of etchants to the sample surface and/or
etching products away from the etched surface. This helps to remove the exposed areas of
the Si substrate and, as a result, the sample is etched equally in all directions [49–51].

Figure 4. Schematic diagram of the isotropic (left) and anisotropic (right) etching processes.

In anisotropic etching, the etchants are described relative to their ‘orientation de-
pendence’ because of their varying etching rates on different crystal plates. This means
the etchant etches at variant speeds and in multiple directions, which thereby creates a
faster reaction compared to the surface reaction [52,53]. Additionally, when isotropic or
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anisotropic etching takes place, three crystallographic orientations occur within a local
minimum etching rate plot. As a result, three different corresponding directions of crystal
structured surfaces appear on the concave Si substrate samples as shown in Figure 5. These
directions are labeled as Si {100}, Si {110} and Si {111} [50].

Figure 5. Atomic representations and microscopic pictures of three Si surface orientations with their corresponding
directions, (a) for Si(100), (b) for Si(110) and (c) for Si(111) [50].

It must be mentioned that most of the wet etching processes discussed in the literature
are anisotropic. In isotropic wet etching, materials are removed in an even and uniform
way in all directions via HF solution or a mixture of HF and NH4F solution. This contrasts
with the anisotropic wet etching where materials are removed in mainly vertical directions
(i.e., through vertical walls with fewer masks undercut) [54]. However, the directions of the
micro-/nanostructure on the BSi surface depend dramatically on the reduction potentials
of the noble or non-noble metals, which are discussed in detail in the following sections.

3. Applied Metal Nanoparticles in the MACE Technique

Some essential aspects of BSi surface fabrication using the MACE technique are
considered in this section. It should be noted that the growth of the micro- or nanotextured
surface of BSi can only be achieved under specific fabrication conditions. In particular,
fabrication parameters have significant effects on the morphologies and optical properties
of BSi. These parameters include molarity ratios and concentrations of HF:H2O2 solution,
time and temperature levels of etching, and, most importantly, types of metals being used
as catalysts [55,56]. This section will review three different metals (silver, copper, and
nickel) along with their influences on the fabrication of BSi surfaces.

3.1. Silver (Ag)

Silver is one of the most used noble metals, and several experimental studies were
found in the literature where Ag was used as a catalyst in the MACE method. Li et al.
presented a simple MACE method by creating a silver coating on the surface of the Si
substrate in an aqueous solution of AgNO3 (with 0.01 M molar ratio) and HF (with 2.3 M
molar ratio). The etching was conducted with a thin Ag layer using oxidizing agents (H2O2,
H2O, and HF) at room temperature in the absence of light. Subsequently, the Ag particles
were removed in the HNO3 solution. This work aimed to identify the optimized fabrication
parameters, including etching time, deposition time, and the molar ratio of oxidizing and
aqueous solutions, to gain the best anti-reflective BSi surface. The results showed that the
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best experimental parameter for depositing AgNO3:HF is 0.01:2.3 M, with a deposition time
of 120 s. The optimized reaction parameters of etching time and molar ratios of HF:H2O2
are 5 m and 4.6:0.5 M, respectively. Moreover, they noted that the size of the nanowires
should be within the range of 1–3 µm to stabilize or increase the antireflection capability of
BSi [55]. Two main reactions happen during the etching:

Si + 4Ag+ + 6F− → 4Ag + SiF62−, (6)

2Ag + H2O2 + 2H+ → 2Ag+ + 2H2O. (7)

Following a similar approach using the AgNO3:HF aqueous solution,
Abdulkadir et al. (2019) conducted fabrication of the BSi surface through a one-step MACE
process [56]. However, their work was only focused on optimizing the etching time to
enhance the absorption of broadband light in BSi. Their result complies with Li et al.’s
regarding the optimum height of the nanowires structured on the etched BSi surface, which
was around 2–2.9 µm, and the average diameter of around 100 nm. However, Kadir et al.’s
results revealed that the optimized etching time is around 80 s. It was initially revealed
that the growth of BSi nanowires started at 60 s of the etching time; however, at that time
many regions remained unetched. Full-packed nanowires were observed when the etching
time increased to 80 s. Surprisingly, the nanowires started to lose height at 90 s etching
time, which was caused by over-etching effects. Thereby, the weighted average reflection
(WAR) of 6% was observed at the optimized 80 s etching time owing to denser and taller
nanowires. The resultant reflectance is shown in Figure 6b. It was found that taller and
denser BSi nanowires allowed less WAR and more absorption in the wavelength region of
interest. The top view SEM image of their textured substrate is shown in Figure 6a.

Figure 6. The SEM images of Si nanowire textured surfaces. (a) Top view, (b) Reflection curve of BSi wafers after MACE
with Ag at different times [56].

In terms of metal size and thickness, Lajvardi et al. highlighted the importance of
identifying the optimum Ag thickness required for fabricating BSi textured surfaces using
the MACE method [57]. They revealed that the catalyst layer thickness is a key determinant
for the morphologies of the fabricated nanowires. According to their results, the optimum
Ag thickness is 10 nm. Meanwhile, Chartier et al. during their experiment stated that
oxide cannot be formed at the surface of Si at a higher HF:H2O2. However, they also
mentioned that after adding the Ag nanoparticles at a lower HF:H2O2 ratio, the surface
was oxidized, and distribution of the injected holes (h+) occurred. As a result, dissolution
of the Si substrate happened, resulting in the optimum polished BSi surface [25].
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In another work, Li et al. used an additive that contained biological enzymes. The
enzymes were macromolecular proteins with a precise catalytic function using Ag in the
MACE method. Their results showed that by using the Ag catalyst along with the additive,
a maximum solar cell efficiency of 19.56% was achieved, which was 0.65% higher than
the additive-less method [35]. In an interesting view, Zhang et al.’s experimental results
confirmed that all nanowires (Figure 7) on a BSi surface follow the same direction when
using Ag nanoparticles as catalysts [58].

Figure 7. SEM cross-sectional view of Si nanowires [58].

The authors presented the observation results of six types of BSi nanowires with
different surface orientations and directions. Their results showed that the direction of
these nanowires had a definite relation to the surface orientations of the Si substrate and
the Ag catalyst. In other words, every nanowire followed the same direction of the Si
surface orientation, thus creating organized layers of porous holes and columnar structures
on the BSi surface. As a result, easy absorption of photons within the visible wavelength
range was observed, which subsequently created high-quality and efficient solar cells.
As the Ag nanoparticles have larger redox potentials compared to Cu and Ni, this may
allow the formation of one-dimensional Si structure arrays in HF:H2O2 solution, as shown
in Figure 7. This catalytic property leads to the Ag nanoparticles commonly used in the
MACE technique.

3.2. Copper (Cu)

Cu has also been used as the noble metal catalyst in the MACE technique as it is
low cost and more abundant than Ag. Recently, owing to the increasing need for mass
production of lower-cost solar cells, Cu nanoparticles are getting more attention for the
fabrication of BSi solar cells. In this regard, Cao et al. successfully prepared a textured
porous layer on a Si surface in a Cu2+: HF:H2O2 solution [59]. The low redox potential of
Cu2+ helped the Cu nanoparticles to be broken easily by the oxidizing agent H2O2, which
resulted in a self-continuous etching process of the Si substrate. The overall Cu-assisted
chemical etching reaction of Si into the mixed solution of HF and H2O2 is shown below.

4HF + 4H2O2 + Si + 2Cu→SiF4 + 4H2O + 4OH− +2Cu2+. (8)
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Lee et al. in 2010 observed that by using Cu as a catalyst, BSi nanostructures were
etched randomly because Cu nanoparticles do not fallow any specific direction while
etching [60]. In the same vein, Park et al. in 2018 investigated the Cu MACE experiment
and found that if the ratio of HF is significantly less during the etching time, the rate of
etching is too low to properly form the textured surface. The same thing happened when
the etching time was too short. When they increased the etching time along with increasing
the ratio of HF solution, they found the lowest reflectance. The reason behind this is the
formation of an oxide film by HF at the interface of Si and Cu particles during the etching
time, which helped the Cu particles to penetrate deeply enough to form a dense and minute
pore structure, as shown in Figure 8a [61].

Figure 8. The SEM images of Si surfaces (a) after enhancing the etching ratio of H2O2:HF [61],
(b) with inverted pyramid structure [62].

Lua and Barron in 2014 proposed a one-step MACE using Cu as a metal catalyst [63].
In their experimental study, they used a solution mixed with Cu2+ and H3PO3 where
inverted pyramid-shaped structures were developed on the BSi surface. These shapes
appeared because of the low reduction potentials of Cu2+ that caused the Si etching to
happen with Si{100} and Si{110} directions simultaneously. Chen et al. concluded that
in a Cu-etched BSi surface, the textures are inverted pyramid-shaped because of the low
redox potential of Cu nanoparticles and the anisotropic etching behavior. Figure 8b shows
the SEM images of the inverted pyramidal structure surface layer of the Si wafer [62].
However, as mentioned, Lee et al.’s experimental result with Cu nanoparticles resulted in
the formation of hierarchical synthesized rough Si surfaces. This happened because of the
occurrence of shallow pits on the Si surface from relatively low redox potentials [64,65].

Moreover, to reduce defects in micro-structured textured surfaces with the minimum
reflectivity of a Cu-etched BSi surface, Zhao et al. proposed that the Cu catalyst is better
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suited with Si{110} direction crystalline planes [66]. In their experimental study, the
morphologies of the BSi surface were transformed from the upright pyramid-shaped
to the inverted pyramid-shaped structure via increasing deposition concentration and
agglomeration degree of Cu nanoparticles, as shown in Figure 9. The latter shape in
Figure 9b helped to obtain a minimum weighted average reflectance of 6.19% in the visible
wavelength region of the AM1.5G spectrum. This result indicated the greater potential of
Cu in the MACE method for the mass production of solar cell applications.

Figure 9. The SEM images of Si surfaces. (a) Upright and (b) inverted pyramidal structure. (c) Sharp
reduction of reflectance from the upright pyramidal structure to the inverted pyramidal textured
surface [66].

The Cu-etched substrate is unlike the Ag-etched substrate where, as discussed above,
every micro or nanostructure has the same direction with well-defined orientation. The
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self-continuous etching feature is assumed to be effective for the mass production of
solar cells.

However, it should be noted that underexposure, copper contamination reduces the
lifespan of minority carriers in p-type silicon, which may happen during the MACE process
resulting in significant efficiency losses for solar cells [67]. Again, it must be considered, as
mentioned earlier, that apart from the solar cell, BSi has other multi-dimensional applica-
tions; in this case, compared to BSi with a pyramidal or nano-porous surface structure (e.g.,
Cu-etched substrate), nanowire surface structure (e.g., Ag-etched substrates) wafers are
more in demand because of their unique and homogenous nanowire structure.

3.3. Nickel (Ni)

Instead of noble Ag and Cu nanomaterials, Ni is used as the non-noble metal catalyst
in the MACE method. Like Cu, Ni was proved cost-effective for the fabrication of BSi.
Gao et al. combined Cu and Ni nanoparticles to fabricate BSi on a multi-crystalline Si
substrate. In their experimental study, the etching rates of Cu nanoparticles at room
temperature were greatly enhanced via the addition of Ni-ion solution. The results for
an inverted pyramidal shape textured surface (shown in Figure 10a,b) with an average
reflectivity of 10.30% found in the visible wavelength range were around 50% lower than
etching without adding Ni ions [68]. However, it must be considered that using two
metals as a catalyst in a single MACE process can increase the cost and hinder the mass
production rate of BSi solar cells. In light of this, the previous authors conducted another
experimental study where they used only Ni as a catalyst for the fabrication of BSi. They
mainly focused on obtaining the lowest reflectance rate by changing the concentration of
HF solutions. By enhancing the HF concentration, they noticed that the Ni nanoparticles
gradually disappeared from the surface of the Si wafer during the etching reaction. The
MACE etching reaction for Ni on a Si wafer is expressed in Equation (9):

Ni + H2O2 + 2H+ → Ni2+ + 2H2O. (9)

Figure 10. The SEM images of Si surfaces containing inverted pyramidal textured shape. (a) Top
view [68], (b) cross-sectional view. (c) Reflectivity rates of Ni-etched BSi in four different concentra-
tions of HF solution, where 2.3% is the lowest reflectivity [69].
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At the optimum concentration level, around 2.30% reflectively was obtained with
Ni nanoparticles, which was 8% lower than their results with Cu and Ni combined, as
illustrated in Figure 10c. In their experiment, they also noted the way Ni nanoparticles
wiped out or disappeared during the MACE process; this has not happened for other noble
metals like Ag [69].

Addressing the cost and mass production of BSi solar cells, a recent study by Kong et al.
highlighted the importance of using a low-cost metal as a catalyst, such as Ni, to prevent the
lift-off step problem that occurs while using a high-cost catalyst, such as Ag [70]. In most
of the MACE applications, an extra lift-off step is required using the metal, which posed a
challenge to accomplishing the low-cost mass production of BSi solar cells. Therefore, the
experimental study by Kong et al. proposed the use of Ni nanoparticles as the catalyst to
achieve the satisfactory size and density of micro-/nanostructures on the BSi surface.

Their approach is considered to be an economical improvement of large-scale pro-
duction of BSi solar cells because of the self-assembly properties of Ni-etched MACE. The
lift-off problem during the MACE method was previously addressed by Stafiniak et al.
where they proposed the use of Ni nanoparticles because they can be easily removed
from the Si substrate, compared to other metal nanoparticles, and they are not oxidized
at room temperature and do not leave any unwanted stains on the BSi surface [71]. Their
experimental study aimed to fabricate patterned BSi textured surfaces with wider ranges
of lateral dimension and density. Therefore, by using Ni nanoparticles and ensuring an
efficient lift-off, a wider surface can be managed for the growth of texturization with
antireflection arrays.

On the other hand, Gao et al. identified that different sizes of Ni nanoparticles adhere
to the Si surface and play varied roles during the etching process [70]. For example, small
Ni nanoparticles act as the catalyst between the margin of the Si substrate and chemical
solution to fabricate the Si surface. Meanwhile, large Ni nanoparticles also act as the
catalyst, but they are responsible for two things: forming the inverted pyramid-shaped
structures and forming nanopores on top of the inverted pyramid-shaped structures.
This happens because large Ni nanoparticles reduce their size to match the small Ni
nanoparticles and create the inverted pyramids on the Si surface. This reduction of size
happens through the corrosion of the chemical solution by the large Ni nanoparticles,
resulting in tiny left-over nanoparticles that were separated from the large ones. These tiny
nanoparticles subsequently create the nanopores on top of the inverted pyramid-shaped
structures. The formation of nanopores using Ni nanoparticles was previously mentioned
by Han et al., where they implied that when the nanopores are formed on top of the
constructed inverted pyramid-shaped structures, rhombic nanostructures are created with
a 50–100 nm size, as shown in Figure 10b. These nanostructures were found to be higher
in light abortion and lower in reflectivity than the typical inverted pyramids [29]. Path
Length Enhancement is a term used to describe this phenomenon [72]. It is more common
for the micro-nanostructured front surface of the Si solar cell to result in longer light paths
into the Si wafer. This microstructure, combined with the nanopores, creates more angled
reflections of light than either constituent alone. When the absorbed light at the band
edge travels a tilted path over the wafer’s surface, a delay is created that may be used to
evaluate the performance of a textured surface layer. From these results, it can be assumed
that using Ni nanoparticles is more effective than using Cu nanoparticles because of the
formation of more dynamic textured structures with the former catalyst. However, two
things must be noted about the etching time and surface passivation process: Ni MACE is
slower than Cu and Ag owing to the extra time required for the formation of the unique
model structures on the BSi surface, and this unique nanostructure surface sometimes
makes the passivation process a bit harder.

4. Discussion

There are numerous ongoing research and developments regarding the fabrication
of BSi using the MACE method to create micro or nanotextured surface layers. In this



Sustainability 2021, 13, 10766 14 of 18

paper, the mechanism of MACE was described, which includes deposition of metal in an
aqueous solution and etching in HF:H2O2 solution through reaction, mass transfer, and
direction. It was found that there is a vast positive electrochemical potential of H2O2,
which indicated that the holes (h+) are injected directly into the valence band of the Si
during the MACE reaction. Furthermore, it was recognized that understanding the reaction
mechanism of the Si surface is crucial. This is because, during MACE, the metal catalysts
stay on top of the silicon layer, resulting the hole (h+) generation and injection for oxidizing
Si, which take place on the top surface of the Si substrate. Unfortunately, the experimental
studies on the Si surface reaction mechanism part of the MACE process at atomic scale are
still very limited. Thereby, because of the insufficient kinetic information available in the
literature, the standard energy diagram illustrated above does not provide explanations
of the various etching speeds and the multiple etching morphologies on the Si substrate.
Meanwhile, researchers are affirmative regarding the mass transfer incident that happens
during the diffusion process of MACE. Based on the two theories of diffusion models
found in the literature, it can be said that the theory of diffusions of the Si atoms through
the catalyst has more fundamental logic than the theory of diffusions of the oxidizing
agents along the boundary of the Si substrate and the metal catalyst. The direction of the
micro-/nanostructure that is originated on the etched Si substrate surface was described by
reviewing isotropic and anisotropic theoretical analysis. This analysis showed that MACE
follows the anisotropic orientation-dependent etching direction.

The key analysis of this paper focused on the MACE method that involves depositing
three different types of metals (Ag, Cu, and Ni) in an aqueous solution with subsequent
etching in HF:H2O2 solution. It should be noted that the increasing need for mass pro-
duction of high-quality and low-cost BSi solar cells has led to the wide application of the
MACE method for the fabrication of BSi surfaces. The presence of metal nanoparticles
as catalysts accelerates the dissolution and the oxidization of Si substrates in a chemical
solution, which reduces the etching time. Nevertheless, the experimental procedures for
each metal and the characterization results of BSi micro- or nanotextured surfaces differ in
each metal. From the experimental studies presented in the literature, it was identified that
Ag-etched BSi substrates contain nanowire textured surfaces with well-defined orientation
as each nanowire follows the same direction as the Si surface orientation, hence creating
an organized and very homogenous layer of nano-width columnar structures on the BSi
surface. As a result, easy absorption of photons within the visible wavelength range was
observed. Therefore Ag-etched BSi wafers can be described as high in quality in terms of
their unique surface structure criteria.

On the other hand, both Cu- and Ni-etched BSi do not contain nanowire textured
surfaces and, instead of the columnar nanowire structures, upright/inverted pyramid-
shaped with or without nanopore or synthesized dense and rough nanopore surface
structures are created. From the review, we found that the inverted pyramidal structure is
a better light absorber compared to the upright pyramidal structure. In terms of Cu-etched
substrate, it has been recognized that Cu MACE is typically etched within a short period of
time to create the inverted pyramidal structure. However, when it is etched for longer time,
further reactive activities can result in dense and minute pore structure that appears when
breaking the inverted pyramidal structures. This is not the case with Ni because it takes
a longer time to construct the inverted pyramidal structures, resulting in a lower activity
rate compared to Cu. This is a unique property of Ni, which is beneficial to preserving the
preferred inverted pyramidal shape.

In terms of Ni-etched substrates, it has been observed that, during the MACE process,
Ni nanoparticles can construct inverted pyramid-shaped structures containing nanopores.
This special type of microstructure surface was found to be lower in reflectivity than
the typical inverted pyramids in Cu-etched BSi substrates. Another advantage of the
Ni MACE process compared to other noble metals like Ag is that Ni nanoparticles can
disappear during the etching process, thus eliminating the need for a further step to clean
the remaining metal nanoparticles from the substrate. However, the etching time of the Ni
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MACE process is slower than those of Cu and Ag MACE because of the longer dissolution
and oxidation process during the etching time.

5. Conclusions

In this paper, the MACE method was reviewed along with its mechanism in detail.
Furthermore, three metal catalysts (Ag, Cu, and Ni) were critically analyzed to identify
their roles in producing BSi solar cells with enhanced quality and in an economical way.
To fulfill the criteria of mass production of BSi solar cells, a low-cost metal catalyst is
required during the MACE method for the fabrication of BSi. Both Cu and Ni are more
economical and cost-effective compared to Ag catalysts. In this regard, the Cu MACE
process and Ni MACE process were proven to be effective for mass production because
of the self-continuous etching feature and self-assembly feature, respectively. Although
apart from BSi solar cell technology, Ag-etched BSi is popular in other applications of
BSi; Cu- and Ni-etched BSi wafers are more cost-effective and more appropriate for the
mass production of BSi solar cells. However, Cu is known to correspond to light-induced
minority carrier degradation in p-type silicon. Although the Ni MACE process takes a
longer time than Cu, Ni-etched BSi substrates possess enhanced light absorption capacity.
In conclusion, by investigating theoretical reviews and analysis, it can be stated that, for
fabricating BSi via the MACE method, Ni MACE is the most compatible for implementation
in solar cell technology.
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