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Discovered by Li and Bohn in 2000 [1], Metal Assisted Chemical Etching has been finally
recognized as an emerging etching technology. In its twentieth anniversary, Micromachines dedicated
this special issue to Metal Assisted Chemical Etching. Several acronyms were reported for this
process—metal-assisted chemical etching (MACE), metal-assisted etching (MAE), MacEtch—since 2015
the community seemed to agree with the common acronym of “MacEtch”, which was firstly introduced
by X. Li [1] to distinguish the unique properties with respect of standard wet-etch and dry-etch
techniques. Unlike wet-etch with potassium hydroxide, the MacEtch process is almost independent
of crystal orientation and may be used to create a wide variety of patterns, without suffering of
micro-loading and scallops of dry-etch. An advantage of the method is the considerable reduction in
fabrication costs and complexity with respect to the other techniques. MacEtch is a powerful etching
method, capable of fabricating high aspect ratio nano- and micro-structures in few semiconductors
substrates (Si, GaAs etc) by using different catalysts (Au, Ag, Pt, Pd etc). Several shapes have
been demonstrated with high anisotropy and feature size in the nanoscale: nanoporous film,
nanowires, 3D objects, trenches, which are useful components of: photonic devices, microfluidic
devices, bio-medical devices, batteries, Vias, microelectromechanical systems (MEMS), X-ray optics etc.
With no limitation on large-area and low-cost processing, MacEtch can open up new opportunities
for several applications where high precision nano- and micro-fabrication is required. This can make
semiconductor manufacturing more accessible to researchers in various fields and accelerates innovation
in electronics, bio-medical engineering, energy and photonics.

There are 7 papers published in this Special Issue focusing on several MacEtch applications
and fabrication methodologies. Despite the use of metals, which is still the main shortcoming
for microelectronics, several manufacturing sectors can benefit of MacEtch. In particular, it seems
clear now that the etching capability and the relatively ease of the process are effectively boosting
the integration of MacEtch in the microfabrication framework. MacEtch is not only producing
porous silicon for new electrochemical applications [2], but also the roughness of GaAs [3] can be
tuned for photonic applications. The integration with patterning techniques demonstrated new
capabilities from the easy tuning of conical structures [4] to the more complex 3D control by magnetic
catalyst [5]. The integration with post-etching processing demonstrated that the etched silicon can
functionally serve as template for Al2O3 nanotubes [6], Pd zone-plates [7] and Au micro-gratings [8].
While fundamentals are still discussed for GaAs [3], silicon requires fine tuning strategies as a function
of the application [2,4–6]. X-ray optics fabrication seems to be the most advanced application of
MacEtch with already in use devices [7,8]. Finally, the challenges and the future perspective of
MacEtch as nano and micro-fabrication technology are highlighted in the review article [8]. The future
looks bright for MacEtch: the recent increment of publications related to MacEtch indicate a gradual
integration of the process in microfabrication protocols, with clear advantages of cost-reduction,
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nano-features capability and high aspect ratio structures. The only recommendation is to be careful in
handling and disposing the hazardous hydrofluoric acid!

I would like to take this opportunity to thank all the authors for submitting their papers to this
Special Issue. I would also like to thank all the reviewers for dedicating their time and helping to
improve the quality of the submitted papers.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Metal-assisted chemical etching (MACE) is widely used to fabricate micro-/nano-structured
Si owing to its simplicity and cost-effectiveness. The technique of magnetically guided MACE,
involving MACE with a tri-layer metal catalyst, was developed to improve etching speed as well as
to adjust the etching direction using an external magnetic field. However, the controllability of the
etching direction diminishes with an increase in the etching dimension, owing to the corrosion of Fe
due to the etching solution; this impedes the wider application of this approach for the fabrication of
complex micro Si structures. In this study, we modified a tri-layer metal catalyst (Au/Fe/Au), wherein
the Fe layer was encapsulated to improve direction controllability; this improved controllability was
achieved by protecting Fe against the corrosion caused by the etching solution. We demonstrated
curved Si microgroove arrays via magnetically guided MACE with Fe encapsulated in the tri-layer
catalyst. Furthermore, the curvature in the curved Si microarrays could be modulated via an external
magnetic field, indicating that direction controllability could be maintained even for the magnetically
guided MACE of bulk Si. The proposed fabrication method developed for producing curved Si
microgroove arrays can be applied to electronic devices and micro-electromechanical systems.

Keywords: magnetically guided metal-assisted chemical etching; bulk Si etching; curved Si structure;
catalyst encapsulation

1. Introduction

Fabrication techniques for micro/nano-structured Si, such as cantilever beams and bridge and buried
microchannels fabricated using micro-electromechanical systems (MEMS) or nano-electromechanical
systems (NEMS), have been intensively employed for a wide range of applications, including
bio/chemical sensors [1,2], resonators [3], and power generators [4].

Dry-etching methods such as reactive ion etching (RIE) and deep reactive ion etching are important
technologies for the micro/nano structuring of Si [5–7]. Recently, the Bosch process, which is a type
of RIE, has been applied for the bulk etching of Si with a high aspect ratio, because it enables a
high Si etching rate [8]. However, rough scallops on the surface and ion-induced defects impede the
wider applications of this technique [9,10]. The deposition of C4F8, due to the passivation of the Si
sidewall, is unfavorable when reactions are initiated at the Si surface, such as in battery anodes [10–13].
In addition, achieving control over the etching direction in dry-etching methods is difficult, thereby
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hindering the application of these methods for the fabrication of complex Si structures so that a combined
lithography process is required to fabricate MEMS/NEMS structures. An alternative approach is to
employ wet Si etching methods using KOH or TMAH (tetramethylammonium hydroxide) etchants to
fabricate micro/nano-structured Si; however, the etching direction in such approaches is significantly
restricted by the crystalline orientation of Si substrates [14–16].

By contrast, metal-assisted chemical etching (MACE) of Si using noble metal catalysts has garnered
substantial attention in the past decade for fabricating micro/nano structures because of its simplicity,
low cost, and ability to fabricate high-aspect-ratio structures such as pillar and hole arrays without
sidewall etching [17–21]. In general, noble metal catalyst such as Pt, Ag, and Au are used in MACE
to significantly improve the etching rate. This is because the Si etching rate in an etchant solution
without a catalyst is considerably low because of the low catalytic ability of the Si surface [22]; therefore,
only the Si underneath the metal catalyst undergoes considerably etching. Hence, when noble metal
catalysts are patterned on the Si surface and immersed in a solution of HF and H2O2 diluted in DI
water, a faster Si etching rate can be obtained using MACE, as compared to the use of Si without a
noble metal catalyst. This implies that the geometry of patterned Si can readily be controlled by the
size of the noble metal catalyst, etching time, and etchant concentration in MACE. The MACE of Si has
been to fabricate various Si structures such as nanowires and microstructures [23–29].

Ideally, MEMS structures such as Si cantilever and bridge arrays can be obtained via a simple
MACE procedure, provided the etching direction can be easily manipulated during the etching
process. However, similar to dry/wet etching methods, controlling the etching direction during MACE
is difficult, as the etching direction can only be modulated via the crystalline orientation of the Si
substrate [30–32] and the concentration of the etchant [33]. To fabricate complex Si structures such
as cantilevers and bridges, a type of MEMS structure, the etching direction should be sequentially
altered during the etching process. However, the limited control over the etching direction hinders
the direct fabrication of the MEMS structure via the MACE of Si. Therefore, a versatile technique
for achieving etching direction controllability during MACE is necessary to enable the fabrication of
various Si structures that are in demand for industrial applications.

To improve the etching performance in terms of speed and direction control, we developed a
magnetically guided MACE process utilizing a magnetic Fe layer encapsulated in a multi-layered
metal catalyst [34–36]. Herein, we used a conventional Au/Fe/Au multi-layer metal catalyst instead
of a single noble metal; this enabled the adjustment of the etching direction owing to the magnetic
pulling force between Fe and an external hard magnet placed underneath the etching bath. The curved
Si structures were fabricated by changing the external magnetic field direction during the MACE of Si,
the pattern size of which was less than 1 μm [34,36]. Uniform curved Si structures were fabricated
via this method; however, as the pattern size in this case exceeded 1 μm, non-uniform curved Si
structures were fabricated owing to an inhomogeneous magnetic pulling force, which resulted from
the corrosion of Fe due to HF [36]. In addition, the usage of Au-coated magnetic nanoparticles for the
curved nanostructure during the magnetically guided MACE of Si is unfavorable if the pattern size
needs to be manipulated on a larger scale [34]. Consequently, an appropriate method to suppress the
corrosion of Fe due to HF is essential for the fabrication of curved and zig/zag Si microstructures with
a massive production yield. This would also eventually facilitate the eventual direct fabrication of
MEMS structures such as cantilevers and bridges via MACE.

In this study, we design a novel tri-layer metal catalyst, wherein Fe is encapsulated by Au to
suppress its removal by HF, thereby producing a uniform magnetic pulling force. As a result, uniform
curved Si structures could be obtained in a bulk scale via magnetically guided MACE. We demonstrate
that the tri-layer metal catalyst with encapsulated Fe can suppress Fe corrosion, which, in turn, enables
the production of uniformly curved Si structures, as compared to those achieved using a conventional
tri-layer metal catalyst.
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2. Experimental

Figure 1 summarizes the process of fabricating curved Si structures via magnetically guided
MACE. A 500-μm-thick p-type Si (100) wafer (boron-doped; resistivity of 10–20 Ω·cm) was utilized
in this study. The Si chip size used for the experiment was 2 × 2 cm2. The Si wafer was pre-cleaned
in acetone and ethanol for 10 min each. To encapsulate the Fe in the tri-layer Au/Fe/Au catalyst,
a photoresist (PR; S1827, MNX, Long Beach, CA, USA; approximately 2.5 μm) line patterning was
produced on the Si wafer surface via photolithography (Karl Suss; MA6, SUSS MicroTec, Garching,
Germany), as illustrated in Section 3. Subsequently, the Au catalyst layer (20 nm) was deposited on
the PR grooves via e-beam evaporation (Temescal BJD 1800 E-beam evaporator, Ferrotec, Santa Clara,
CA, USA)). After the PR was removed, the line patterning of Fe was performed to encapsulate Fe with
Au, in which the patterning width was narrower than the lower Au layer. Thereafter, the Fe layer
(10 nm) was deposited via e-beam evaporation, followed by the removal of the PR. Finally, the PR was
patterned such that the pattern width was identical to the lower Au layer. This was also followed by
Au deposition (20 nm) via e-beam evaporation to ensure that the Fe layer was protected by the etching
solution during the magnetically guide MACE of Si.

 

Figure 1. Fabrication process for magnetically guided metal-assisted chemical etching (MACE) of Si:
(a) photoresist (PR) patterning and bottom Au catalyst (20 nm thickness) deposition, (b) PR patterning
and magnetic Fe layer (10 nm thickness deposition), (c) PR patterning and Au (20 nm thickness)
deposition for Fe encapsulation, (d), (e) and (f) magnetically guided MACE of by changing permanent
magnet position, (g) Si groove arrays after the removal of Au and PR by chemical etching.

After the fabrication of the Au/Fe/Au catalyst encapsulated in Fe via the deposition of an upper
Au layer, a post annealing process was performed at 150 ◦C for 5 h to improve etching performance [37].
High-temperature annealing processes can enhance the ferromagnetic properties of the Fe layer,
improving the etching speed and the controllability of the etching direction by increasing the magnetic
pulling force. Furthermore, the porous surface structure of the catalyst can be produced via an
annealing process that facilitates the diffusion of etchant through the metal catalyst.

A mixture of diluted hydrofluoric acid (2 M) and hydrogen peroxide (9 M) diluted in deionized
water was used as an etchant. The magnetically guided MACE of Si was conducted in a Teflon bath;
a neodymium iron boron (NdFeB) permanent magnet (4 cm × 4 cm × 1 cm height) with an energy
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product strength of 35 MGOe was placed outside and underneath this bath to adjust the etching
direction during the process. Si chips with the patterned tri-layer Au/Fe/Au catalyst encapsulated in Fe
were immersed in the etchant for the magnetically guided MACE. The Si covered by the catalyst was
etched faster than that covered by the PR, which can be explained as follows [38].

The reduction of hydrogen peroxide (H2O2) on the noble metal catalyst surface generates holes
(h+) as follows:

H2O2 + 2H+ → 2H2O + 2h+ (1)

Noble metal catalysts such as Au, Ag, and Pt facilitate the reduction of H2O2, thereby improving
the etching speed by providing sufficient h+ than the pure Si surface. The holes generated near the
noble metal surface pass through the noble metal surface and are injected into the valence band of Si,
because the valance band potential of Si is lower than the redox potential between H2O and H2O2 [22].
This causes the dissolution of Si with HF, as follows:

Si + 4h+ + 6HF→ SiF2−
6 + 6H+ (2)

During the magnetically guided MACE of Si, the permanent magnet was shifted manually to
alter the orientation of the magnetic field, which, in turn, changed the etching direction. The Si surface
covered by the Au catalyst was etched along the direction of the external magnetic field because
of both the enhanced etching rate through the catalyst reaction and the magnetic pulling force
between the patterned ferromagnetic Fe and the hard magnet; the area covered by PR was protected
because of its resistance to the etchant. The magnetically guided MACE of Si was performed at room
temperature; after the etching process was completed, the sample was immersed in acetone and
gold etchant to remove the remaining PR and metal catalyst. The etched Si chips were then washed
with deionized water. Subsequently, the structure of the tri-layer metal catalyst of Au/Fe/Au and the
etched Si structure were characterized using scanning electron microscopy (SEM; Regulus8230, Hitachi,
Tokyo, Japan; Phillips XL30 ESEM, FEI, Hillsboro, OR, USA)). In addition, the surface morphology of the
tri-layer metal catalyst was characterized via atomic force microscopy (AFM; Park XE7, Park Systems,
Suwon, South Korea).

3. Results and Discussion

Figure 2 presents the top-view SEM and energy-dispersive spectroscopy (EDS) images of the
tri-layer metal catalyst with encapsulated Fe after the annealing process. Figure 2a,b show the tri-layer
metal catalyst with Au (50-μm wide)/Fe (40-μm wide)/Au (47-μm wide) line patterns with 100-μm
spacing fabricated on the Si surface via photolithography. This was confirmed by the EDS images of Fe
and Au, as shown in Figure 2c; a 45-μm wide Fe layer is patterned between the Au layers. The EDS
spectrum at point #2 exhibits sharp peaks at 2.123 KeV and 1.740 KeV corresponding to Au (Mα1) and
Si (Kα1), respectively, whereas only an Si peak was detected at the EDS spectrum of #1, indicating
that the lower (50 μm) and upper (47 μm) Au patterns were fabricated successfully. The width of
the upper Au layer is narrower than that of the lower Au layer; this discrepancy might be due to a
fabrication error. For the EDS spectrum at point #3, Fe Lα1 peaks at 0.705 KeV corresponding to Au
and Si (Figure 2d) were observed. This indicates that the tri-layer metal catalyst with encapsulated Fe
was fabricated successfully.

As the diffusion of the etchant depends on the surface morphology of the metal catalyst [21],
porosity is an important factor influencing the etching speed. It has also been reported that enhanced
porosity in the metal catalyst results in a higher etching speed [36]. Thus, to improve the porosity of the
metal catalyst, we employed an annealing process after the formation of the tri-layer metal catalyst with
Fe encapsulation. However, the changes in the surface morphology of the catalyst caused by annealing
could not be clearly observed due to limitations of the image resolution of SEM. Hence, AFM was
employed to analyze the surface morphologies before (Figure 3a) and after (Figure 3b) the annealing
process. The root-mean-square roughness of the annealed metal catalyst was 1.038 nm (Figure 3b),
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whereas that of the as-deposited metal catalyst was 0.532 nm; this indicates that annealing provides a
rough surface morphology that favors a higher etching during the magnetically guided MACE of Si,
due to the shorter diffusion length of the etching solution [21].

Figure 2. Scanning electron microscopy (SEM) images and energy-dispersive spectroscopy (EDS) images
and spectrums of the tri-layer Au/Fe/Au metal catalyst encapsulating Fe after the annealing process.

 
Figure 3. Atomic force microscopy (AFM) images of the tri-layer Au/Fe/Au metal catalyst with Fe
encapsulation before (a) and after (b) the annealing process.

Figure 4 shows the cross-sectional SEM images of vertical groove arrays produced via the
magnetically guided MACE of Si for 3 h (Figure 4a) and 5 h (Figure 4b). The tri-layer metal catalyst of
Au (20-μm wide)/Fe (15-μm wide)/Au (20-μm wide) lines spaced at 100 μm intervals were patterned
on the surface of Si encapsulated with Fe, and the MACE of Si was performed under the magnetic
field. During the etching, the strong magnet was placed underneath the Teflon beaker, and its position
remained fixed for vertical etching.

7
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Figure 4. Cross-sectional SEM images of vertical Si groove arrays produced by magnetically guided
MACE for etching durations of (a) 3 h and (b) 5 h.

Figure 4 confirms that the Au/Fe/Au tri-layer metal catalyst with encapsulated Fe is suitable
for the magnetically guided MACE of Si in the vertical direction. The measured groove thickness
for the etching of 3 h was 150 μm, while that for the etching of 5 h was 240 μm; these correspond
to etching speeds of 0.83 μm/min (Figure 4a) and 0.8 μm/min (Figure 4b), respectively. Likewise,
a reduction in the etching speed with etching time was observed in our previous results, which were
obtained using a conventional Au/Fe/Au tri-layer metal catalyst [34,35]. A direct comparison between
etching speed and catalyst structure is difficult because etching speed depends on not only the catalyst
structure but etchant concentration and the size of the catalyst patterned on the Si surface during
magnetically guided MACE. However, the reduction in etching speed with increasing time appears to
be mitigated by the encapsulation of Fe, as compared to the etching speed for a conventional Au/Fe/Au
catalyst [34,35]. This reduction in etching speed with the increase in etching time can be attributed to
the reduction in the volume of Fe caused by the HF-induced corrosion, which decreases the magnetic
pulling force between Fe and the permanent magnet. Unlike the conventional Au/Fe/Au tri-layer
catalyst, the sidewalls of the Fe layer in our catalyst remain protected due to the encapsulation by Au;
this effectively suppresses Fe corrosion. As a result, the reduction in etching speed with an increase in
etching time is not appreciable during the magnetically guided MACE of Si. It should be noted that a
slightly tapered structure was produced. The loss at both Au layers in the metal catalyst contribute
toward the corrosion of Fe, resulting in a reduction of catalyst dimensions with increasing etching
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time; this could potentially explain the tapered Si structure obtained. Moreover, this indicates that the
corrosion of Fe could not be prevented completely, even when Fe is encapsulated by Au.

Figure 5 shows the Si groove arrays produced by magnetically guided MACE for 5 h using a
conventional tri-layer catalyst (Figure 5a) and the tri-layer catalyst with encapsulated Fe (Figure 5b).
The tri-layer metal catalyst of Au (50 μm wide)/Fe (40 μm wide)/Au (50 μm wide) line patterns were
produced on the surface of Si encapsulated by Fe. To adjust the etching direction for fabricating a
curved Si structure via magnetically guided MACE, the magnet underneath the beaker was moved
gradually from a vertical position to a tilting angle of 30◦ during the etching.

 

 
Figure 5. Curved Si groove arrays produced by magnetically guided MACE for 5 h using (a) a
Swiss-cheese-like Au/Fe/Au catalyst and (b) Au/Feencapsulated/Au catalyst (tilting angle: 30◦).

As shown in Figure 5a, 60-μm-thick and non-uniform Si grooves with rough surfaces were
produced by etching with a conventional tri-layer catalyst, although rougher surface morphology
was produced by annealing process, as shown in Figure 3, which reduces the diffusion length of the
etchant. Changing the etching direction results in an unstable Si/catalyst interface, thereby facilitating
Fe corrosion because the etchant can readily penetrate the interface and etch the Fe. Therefore, as the
Fe is not sufficiently protected given the changing direction of the magnetic field, magnetically guided
MACE of Si is infeasible due to the reduced and inhomogeneous magnetic pulling force. In contrast,
uniform 150-μm-wide curved Si groove arrays with smooth surfaces were produced during the
magnetically guided MACE of Si using the tri-layer metal catalyst with encapsulated Fe, as shown
in Figure 6b; this indicates that the etching direction can be effectively controlled by changing the
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direction of the magnetic field when the catalyst includes encapsulated Fe, thereby proving that the
HF-induced corrosion of Fe can be effectively suppressed via encapsulation.

 

Figure 6. Curved Si groove arrays produced by magnetically guided MACE for 5 h using (a) a
Swiss-cheese-like Au/Fe/Au catalyst and (b) Au / Feencapsulated /Au catalyst (tilting angle: 90◦).

The etching speeds calculated from the thickness of the measured grooves in Figures 5a and 4b are
approximately 2 μm/min and 0.5 μm/min, respectively. Fe corrosion could result in partial Au ejection
because of the strong adhesive force between Fe/Au, as compared with that for Au/Si. This would result
in a lower etching speed and a rougher surface when using magnetically guided MACE of Si with a
conventional tri-layer metal catalyst, as shown in Figure 6a. In contrast, a higher etching speed and a
smooth surface morphology were obtained when the tri-layer metal catalyst with encapsulated Fe was
used, indicating the partial Au ejection was successfully prevented by the suppression of Fe corrosion.

Figure 6 presents the curved Si groove arrays produced by magnetically guided MACE for 5 h
using the tri-layer metal catalyst with encapsulated Fe. The tri-layer metal catalyst of Au (50-μm
wide)/Fe (40-μm wide)/Au (50-μm wide) line patterns spaced at 100 μm intervals were fabricated
on the surface of Si. First, the magnetically guided MACE of Si was performed by using a strong
magnet placed vertically under a beaker. After this vertical etching for 1 h, the position of the hard
magnet was gradually changed to a 90◦ tilting angle, and etching was conducted for 2 h under a lateral
magnetic field.

As shown in Figure 6, a curved Si structure with a smooth surface was produced via magnetically
guided MACE when the tri-layer metal catalyst with encapsulated Fe was used. As expected,
the curvature of the Si structure was enhanced on increasing the tilting angle from 30◦ to 90◦, indicating
that the etching direction could be adjusted effectively by using the external magnetic field.
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Finally, the bulk micromachining of Si with a curved structure was successful conducted via the
magnetically guided MACE of Si using the metal catalyst with Fe encapsulated in an Au (50μm wide)/Fe
(40 μm wide)/Au (50 μm wide) tri-layer. Therefore, it is evident that suppressing the corrosion of Fe,
through Fe encapsulation, improves the controllability of etching direction during the magnetically
guided MACE of Si.

4. Conclusions

Uniform curved Si groove arrays were produced using encapsulated Fe in a tri-layer metal catalyst
(Au/Fe/Au); this catalyst improved the controllability of etching direction during magnetically guided
MACE. A magnetic layer in a tri-layer metal catalyst was used to modulate the etching direction via a
magnetic pulling force. To improve the direction controllability during magnetically guided MACE,
the Fe layer was encapsulated with Au, which suppresses the HF-induced corrosion of Fe, thereby
enabling the production of a uniform magnetic pulling force.

Uniform curved Si groove arrays were produced via magnetically guided MACE using this Fe
encapsulation, whereby the etching direction was manipulated by moving the external strong magnet
during this process. By contrast, non-uniform Si groove arrays with rougher surfaces were obtained
when using a conventional tri-layer metal catalyst. This indicates that the encapsulation of Fe with Au
can effectively protect Fe against corrosion due to HF, resulting in an enhanced direction controllability.
Furthermore, it was observed that the curvature of Si groove arrays can be modulated by adjusting the
tilting angle of the external strong magnet, when using encapsulated Fe in the tri-layer metal catalyst.

We also attempted to fabricate complex Si structures such as Si cantilever arrays and zig-zag
microwire arrays; however, this could not be achieved using the proposed approach. On increasing the
etching time, the controllability of etching direction decreases, which is likely caused by the corrosion of
Fe due to HF. In addition, depletion of the etchant around etched areas between the metal catalyst and
Si could result in a reduced etching rate as well as poor controllability over etching direction. To directly
fabricate MEMS structures via the magnetically guided MACE of Si, magnetic alloy materials such as
AuFe and CoFe need to be used as the metal catalyst in order to reduce the corrosion of the magnetic
layer by HF. In addition, the etching process should be conducted under an etchant circulation system
to ensure sufficient etchant reaches the reactive area which remain as future works. Although complex
Si structures could not be achieved via magnetically guided MACE with Fe encapsulation, the results
of this study prove that encapsulation helps prevent Fe corrosion, resulting in a uniform magnetic
pulling force. Consequently, uniform curved Si structures can be fabricated in bulk by improving the
controllability of etching direction during magnetically guided MACE.
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Abstract: Thanks to its excellent semiconductor properties, like high charge carrier mobility and
absorption coefficient in the near infrared spectral region, GaAs is the material of choice for thin
film photovoltaic devices. Because of its high reflectivity, surface microstructuring is a viable
approach to further enhance photon absorption of GaAs and improve photovoltaic performance.
To this end, metal-assisted chemical etching represents a simple, low-cost, and easy to scale-up
microstructuring method, particularly when compared to dry etching methods. In this work,
we show that the etched GaAs (black GaAs) has exceptional light trapping properties inducing
a 120 times lower surface reflectance than that of polished GaAs and that the structured surface favors
photon recycling. As a proof of principle, we investigate photon reabsorption in hybrid GaAs:poly
(3-hexylthiophene) heterointerfaces.

Keywords: metal-assisted chemical etching; antireflection; black GaAs; photon recycling

1. Introduction

In the last decades several antireflective coatings, scattering layers and photon recycling structures have
been developed to enhance photovoltaic performances in devices based on inorganic semiconductors, [1–3]
donor-acceptor organic [4] and hybrid [5,6] systems, perovskites [7], and for light transmitting panels
based on luminescent solar concentrators [8]. Photon absorption can also be enhanced using scattering
and light trapping surfaces [9–12] or photonic crystals [13–15] that aim to increase the light optical
path, to confine light in the active layer, or to recycle emitted photons [16]. Most of these structures are
obtained by lithographic methods that produce high quality and homogeneous patterns, but often
do not provide the high throughput necessary for the fabrication of large area devices. To this end,
wet chemical methods are a viable, low-cost, and easy to scale-up alternative to lithographic patterning.
Among these processes, metal-assisted chemical etching (MacEtch) became a paradigm for silicon
structuring to produce surfaces with near-zero reflectance [17–25]. Etched black silicon is indeed
a commercial product, and entered mass production of solar cells and modules [26,27]. The high
throughput demonstrated for silicon made wet etching processes interesting also for translation to
other semiconductors [28].

MacEtch relies on the dissolution of a semiconductor surface catalyzed by a metal in a bath
containing alkaline or acidic oxidizing agents [17,20,23,29–31]. The catalyst favors anisotropic substrate
dissolution. Then, the substrate can be structured by patterned metal films [32,33] or etched randomly
using dispersed metallic particles [24]. In recent years, several attempts aimed to extend MacEtch
to III-V group semiconductors [32–43], which yield better device characteristics in light emitting
diodes and solar cells compared to mainstream silicon and germanium [44,45]. GaAs structuring
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via MacEtch has been reported in conjunction with catalyst vacuum depositions [46], or with
metal patterning [32–41] by nanoimprint lithography [47], photolithography [20], and microsphere
self-assembly [48]. While lithographic depositions allow highly controlled nanostructuring, they have
limited room for scaling-up the fabrication. Recently, lithography-free MacEtch of GaAs was
demonstrated by both electrode [49] and electrodeless deposition of gold nanoparticles [12]. In the
first case, etching the (100) GaAs surface in a KMnO4:HF bath yields nanowire arrays similar to those
reported for etched black silicon. This approach generates an effective medium with reflectance as low
as 4% [49]. In the second case, etching in H2O2/HF baths induces crystal plane dependent dissolution
rates and then light trapping surfaces with reflectance lower than 2%. [12] In this case, the crystal
plane dependent etching rate is favored by the different reactivity of the Ga and As sp3 atoms [12].
A schematic of the etching reactions is illustrated in Figure 1. Specifically, a gold nanoparticle previously
cast on the substrate is oxidized by the peroxide in the bath. The oxidized gold cations diffuse along
the semiconductor surface and are selectively reduced at an arsenic site. Then, the precipitated catalyst
can be further oxidized or form a electrochemical cell for gold deposition and surface etching [12,50].
Although catalyst ions diffusion and precipitation mechanism apparently contradict the etching
mechanism reported in the seminal paper by Li and Bohn [17] and further confirmed by a number of
researches [32], catalyst dissolution and redeposition have been demonstrated for two-step etching
processes [50,51]. The selective auric reduction is favored by the higher reactivity of As with respect to
Ga in the structure [52]. Indeed, the zinc-blende structure stabilizes trivalent Ga, and destabilizes As,
which has valence five in electrophilic environment and an easy-to-oxidize pair of electrons. Arsenic is
then oxidized to arsenic and arsenious acids, while Ga is complexed by fluorine anions allowing
migration of the catalyst within the inner surface. Normally, monoatomic Ga planes, which only
expose Ga atoms, are mildly reactive in the etchant solution. However, the catalytic effect of migrating
gold ions is inhibited when a continuous catalyst film is cast on the semiconductor surface. In this case,
the etching process does not depend on the crystal plane exposed to the bath [33,53–57].

Figure 1. Schematic of the metal-assisted chemical etching (MacEtch) process of a GaAs (111)B surface.

As mentioned above, while lithographic patterning limits the scalability and throughput of the
etching process, lithography-free MacEtch is a start-to-end solution process that is easy to scale up
to wafer size. The etching of different GaAs crystallographic orientations was previously reported
and light trapping properties were reported for etched GaAs (111)B and (100) surfaces [12]. In this
work, we investigate the possibility to employ the etched structures for photon recycling in hybrid
polymer-inorganic heterointerfaces. Reabsorption of emitted photons is indeed particularly desirable
in hybrid photovoltaic devices which suffer of low power conversion efficiency related to high charges
recombination and low charge carrier mobility [58–60]. The possibility to reabsorb photons emitted
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upon charge recombination, which would otherwise increase losses, could improve the performance
of these devices [58–60]. It was indeed demonstrated that charge generation at hybrid heterointerfaces
occurs in both the polymer and in the inorganic material [6]. Photon reabsorption, therefore, could lead
to larger generation yield in hybrid devices. To assess the possibility to employ the process for the
fabrication of photon recycling surfaces, as a proof of principle, we investigate the photoluminescence
reabsorption occurring at the heterointerface between structured GaAs and poly(3-hexiltiphene)
(P3HT), which is a widely studied conjugated polymer in hybrid and tandem photovoltaic devices.

2. Materials and Methods

Metal-assisted chemical etching: the MacEtch was performed at room temperature on n-type
(100), (110), (111)B, and (211) epi-ready GaAs wafers (Axt Inc, Fremont, CA, USA). In the process,
gold nanoparticles were first deposited on the GaAs surfaces by immersion in a water solution
containing 0.1 mM of AuCl3 (Sigma Aldrich, Saint Louis, MO, USA). The samples were successively
blow-dried and etched in a bath of HF and H2O2 (4:1) in a Teflon® container (DuPont Wilmington, DE,
United States) for about 10 min under vigorous stirring. The samples were then removed from the
bath, rinsed in deionized water, and finally blow-dried. Au nanoparticles removal was performed by
further etching of the (111)B microstructured surface in aqua regia (HNO3/HCl = 1:3) with different
dilution in water (not diluted, 1:5, and 1:10).

P3HT deposition: P3HT was deposited on quartz substrates (Hellma Müllheim, Baden Württemberg,
Germany) and on polished and etched GaAs by spin coating a 10% (w/v) solution in dichlorobenzene
at a rotation speed of 800 rpm. All the samples were annealed for 15 min at 120 ◦C on a hotplate (VWR,
Radnor, PA, United States). Deposition and annealing were performed in nitrogen environment to
avoid polymer oxidation.

Structural and optical characterization: Gold nanoparticles and microstructure images of the
etched GaAs samples were collected by scanning electron microscopy (SEM) with a field emission
Jeol JSM-6700F (Jeol, Akishima, Japan) endowed with a secondary electron detector. Particle size
distribution was retrieved manually. Representations of the GaAs crystal lattice were elaborated with
the software VESTA (JP-Minerals, Ibaraki, Japan) [61] using data retrieved from the Crystallography
Open Database [62]. Normal incidence reflectance was collected with a Bruker Vertex 80v Fourier
transform spectrometer (Bruker, Billica, MA, USA) coupled with a Bruker HYPERION microscope
(Bruker). Photoluminescence spectra were collected at room temperature using a Horiba Fluorolog
spectrofluorometer (Horiba, Kyoto, Japan) with a CCD detector, a Xenon lamp as the exciting source,
and a monochromator to select excitation wavelength. The measurements were collected exciting both
P3HT and GaAs at 500 nm.

3. Results and Discussion

The effective electrodeless deposition of Au nanoparticles on the GaAs surface was confirmed by
SEM measurements. Figure 2a reports a micrograph of the pristine particles, which are distributed
densely and homogeneously on the GaAs surface. The diameter distribution shown in Figure 2c in black
color displays that the catalyst has a broad size dispersion, whit diameters ranging from 3 nm to about
50 nm, while the larger fraction has a diameter approaching 7 nm. These data suggest the presence
of particles aggregates on the semiconductor surface, which are not easily recognizable form single
particles owing to the instrumental resolution. Figure 2b reports instead a SEM micrograph showing
the gold particles on the surface after the etching process. In this case, they are not homogeneously
distributed over the sample. Indeed after the etching, the catalysts are located within the etched
features (see Figures 3 and 4). However, the particles dimension is more homogenous with respect
to the previous case. The size dispersion shown in red in Figure 2c indicates a sharper distribution
with diameters ranging from 6 to 35 nm, with the larger percentage having a diameter equal to
11 nm. The variations in the particles size and distribution can be attributed to the continuous
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gold oxidation and reduction, which implies its dissolution and reprecipitation may decrease the
diameter polydispersity.

 

 

 
Figure 2. SEM micrographs showing Au nanoparticles on the GaAs surface as casted (a) and after the
etching process. (c) Particles size distribution before (black) and after (b) GaAs MacEtch.

Figure 3 shows the SEM micrographs collected after etching of the (100) (panels a, a’), (110) (panels b,
b’), (111)B (panels c, c’), and (211) (panels d, d’) surfaces. Similar results were discussed in a previous
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work [12], but the brief analysis presented here provides a better interpretation of photon recycling
mechanism of the etched surface. The top panels (a–d) of the figure display the cross-sectional
micrographs collected for the different crystalline planes, while the bottom panels (a’–d’) show a tilted
view at lower magnification. Etching of the (100) GaAs crystalline plane provides facets with ca. 25◦
characteristic angle with the sample plane and size of about 30 μm (Figure 3a). While these facets are
partly exposed on the sample surface, the micrograph also shows the formation of holes beneath the
surface. Figure 3a’ shows that these facets cover a large area, giving a homogeneous appearance to the
surface. Figure 3b,b’ displays the results for the (110) plane. It is clear from Figure 3b that the surface
exposes facets with similar orientation and size than those observed for the (100) surface. Panel b’
shows again a homogeneous distribution of etched planes on the entire sample surface. In the case of
the (111)B surface, the etching generates randomly oriented hillocks (Figure 3c) and a homogenous
surface (Figure 3c’). The facets on the etched (111)B orientation form larger angles than those observed
in the (100) and (110) planes. Etching of the (211) plane digs conic-like holes into the surface and some
spikes. These structures form again characteristic angles with respect to the sample plane (Figure 3d).
Additionally, in this case, the resulting microstructures are homogeneously distributed and appear
similar to those formed on the (111)B surface (Figure 3d’). Comparing the features size, it is possible to
notice that the (111) surface provides less deep features than those arising from (211), (100), and (110)
ones, which are instead similar in size. We suggest that the three surfaces showing deeper features
are indeed etched at a faster rate, as monoatomic low-rate gallium planes are exposed to the etchant
only at a later stage (i.e., the visible features in Figure 3a,b,d). Conversely, the etching of the highly
reactive (111)B plane exposes the underlying (111)A plane (see Figure 1) where gallium atoms with
mild reactivity can slow down the process.

The optical characteristics of the samples can be understood in terms of geometrical light trapping.
The feature size, of the order of a few micrometers, is too large relative to visible and near infrared
wavelengths to be treated within the effective medium theory. Light is therefore trapped within the
etched surfaces upon multiple specular reflections. Figure 3e compares the reflectance spectra of
the four etched samples with the one of a polished GaAs surface. The reflectance of polished GaAs
approaches 0.7 in the range between 1100 and 925 nm. Moving toward shorter wavelengths, the values
decreases to about 0.6 below 925 nm and remains rather constant until 700 nm where it increases and
reaches ~0.85 at 550 nm. Conversely, the reflectance of etched GaAs approaches zero in the entire
spectral range. The spectra are better visible in Figure 3f, where the intensity scale has been expanded.
Within the GaAs transparency region, the minimum reflectance values are 0.013, 0.01, 0.008, and 0.007
for the (100), (110), (111)B, and (211) surfaces, respectively. Therefore, in the best case, MacEtch induces
a 120-fold reduction of light reflection for the (211) surface at 550 nm (0.85/0.007).

Figure 3. Cont.
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Figure 3. Cross-sectional (a–d) and tilted view (a’–d’) SEM micrographs of the (100) (a,a’), (110)
(b,b’), (111)B (c,c’), and (211) (d,d’) GaAs crystalline planes. (e) Normal incidence reflectance spectra
of polished (black) and etched GaAs surfaces: (100), red; (110), green; (111)B, blue; (211), cyan.
(f) Reflectance spectra of the etched samples: A magnification of the reflectance scale allows to
appreciate the spectral features.

Because the presence of residual gold would be detrimental for devices, we tested the possibility to
dissolve the particles through a second etching step in aqua regia. Figure 4a reports the cross-sectional
micrograph of the (111)B surface after the two MacEtch processes (see experimental section). There,
gold is barely visible in the sample. However, several features on the surface appears broken. To reduce
this detrimental effect, we also tested diluted etchants. Figure 4b shows the micrograph of a sample
after etching with the acidic solution diluted 1:5 with water. Also in this case gold is barely visible,
while the damages to the features are less evident than in the previous case. After further diluting the
solution (1:10), the features are not damaged at all, but gold nanoparticles are still clearly visible in the
micrograph as bright spots at the base of the etched features (Figure 4c). Then, we can infer that the
dilution 1:5 can successfully remove the gold particles at a low expense for the microstructure quality.
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Figure 4. Cross-sectional SEM micrographs of the (111)B etched surface after 30 min treatment in pure
aqua regia (a), and in aqua regia diluted in water with proportion 1:5 (b) and 1:10 (c).

As mentioned earlier, light trapping is a promising mechanism for photon recycling in hybrid
polymer-inorganic optoelectronic devices. To demonstrate that the etched GaAs favors reabsorption
of emitted photons, as a proof of principle, we cast a thin film of P3HT on the etched (111)B surface
and investigated the resulting optical properties of the hybrid system. Figure 5a compares the
reflectance spectra of the bare black GaAs (black line) with the one collected for black GaAs covered
with P3HT (red line). The presence of P3HT increases the overall reflectance. While the bare black
GaAs reflectance approaches zero in the entire spectral range, addition of the P3HT film generates a
structured spectrum. The data show a maximum at 1100 nm, where the reflectance approaches 0.15.
Moving toward shorter wavelengths, the intensity decreases slowly until ca. 870 nm. At energies
above the GaAs energy gap, the reflectance then decreases with a faster rate until 660 nm, where it
approaches zero. On the short wavelength side, a broad peak is detected between 420 and 660 nm, with
a maximum at 505 nm and structures at 470, 570, and 611 nm, which are assigned to P3HT [6,63–65].
Overall, these data confirm the effective coverage of the surface by the polymer. To assess the
effectiveness of photon recycling, we excited both P3HT and GaAs at 500 nm and compared the
emission spectra of flat and etched surfaces. Photon recycling is expected to yield reduction of the
P3HT photoluminescence and enhancement of the GaAs photoluminescence signals upon photon
reabsorption in GaAs, favored by the trapping geometry. Figure 5b compares the emission spectrum
collected for bare P3HT (green line) with P3HT cast on polished (red line) and black GaAs (black line).
The bare P3HT emission spectrum ranges between 600 nm and 900 nm with a maximum of intensity
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at ~720 nm (green line) [66,67]. In the polished GaAs/P3HT spectrum no other features than those
assigned to P3HT are evident and the emission intensity is lowered, suggesting electron transfer at
the P3HT:GaAs interface (red line) [6]. The black GaAs/P3HT sample is characterized by stronger
P3HT photoluminescence reduction compared to the flat sample, and by the presence of a peak at
~875 nm assigned to GaAs emission (black line) [12,33,68,69]. Quenching of the P3HT emission in the
etched sample is consistent with geometrical light trapping discussed previously. Indeed, as sketched
in Figure 5c, photons emitted from P3HT undergo several reflections between the surface features
before they can leave the system, favoring reabsorption in GaAs. Because P3HT emission occurs below
the HOMO-LUMO transition of the polymer, emitted photons cannot be reabsorbed by P3HT and
therefore excite the underlying GaAs.

 

Figure 5. (a) Reflectance spectra collected for polished (red) and etched (black) GaAs (111)B surfaces
covered with a P3HT thin layer. (b) Photoluminescence spectra collected for a P3HT film cast on
a quartz substrate (green line), on polished GaAs (red line), and on black GaAs (black line). (c) Scheme
of photon recycling at the black GaAs–P3HT interfaces.

These results are an important demonstration of a possible application of black GaAs as a photoactive
material in hybrid solar cells. The superior semiconducting properties of GaAs, together with efficient
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light trapping and reabsorption of emitted photons shown here, could be employed to devise various
hybrid structures for high performance photovoltaic devices.

4. Conclusions

We demonstrated that microstructured GaAs surfaces provide an efficient photon recycling
platform to reduce losses associated with light emission occurring upon charge recombination in hybrid
polymer-inorganic heterointerfaces. The microstructures were obtained by wet chemical etching of
different GaAs crystalline planes in HF/H2O2, catalyzed by gold nanoparticles dispersed randomly
on the semiconductor by electrodeless deposition. The process favors suppression of light reflection
from the GaAs surface, with up to a 120-fold reduction. These are the best antireflective properties
achieved for wet-etched semiconductors. Investigation of photoluminescence properties of GaAs:P3HT
heterointerfaces confirmed that the microstructured GaAs reabsorb photons emitted by the P3HT cast
on its surface. On the whole, the MacEtch process could be added to the fabrication workflow of
photodetectors and solar cell devices to further improve their characteristics.
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Abstract: A simple and inexpensive method to obtain Si conical structures is proposed. The method
consists of a sequence of steps that include photolithography and metal assisted chemical etching
(MACE) to create porous regions that are dissolved in a post-etching process. The proposed process
takes advantage of the lateral etching obtained when using catalyst particles smaller than 40 nm for
MACE. The final shape of the base of the structures is mainly given by the shape of the lithography
mask used for the process. Conical structures ranging from units to hundreds of microns can be
produced by this method. The advantage of the method is its simplicity, allowing the production of
the structures in a basic chemical lab.

Keywords: silicon cones; metal assisted chemical etching; transversal pores

1. Introduction

Different techniques have been developed in order to produce Si structures to be used in
applications such optoelectronics [1], energy storage [2], or sensors [3]. Among these techniques it is
possible to find reactive ion etching (RIE), inductively-coupled plasma (ICP)-RIE, or chemical assisted
ion beam etching (CAIBE); however, all of them require special equipment, like vacuum chambers or
plasma generators. On the other hand, electrochemical etching of Si has proved to be a good option
because it provides high control for Si dissolution. Nevertheless, etching complete wafers is complex,
since high current densities in the range of amperes are required, which derive in undesired heating
that makes necessary the use of high-quality cooling appliances.

On the other hand, the metal assisted chemical etching (MACE) technique does not require any
special equipment or facilities, and makes possible the fabrication of complex structures [4–6]. MACE is
performed by immersing a piece of semiconductor (commonly Si, but also other semiconductors like
Ge [7] or III-V semiconductors [8,9] can be used), previously coated with a catalyst (usually the metals
Au, Pt, or Ag [10]), in an HF based solution containing an oxidant agent (commonly H2O2, Na2S2O8 or
KMnO4 [11,12]). The metal catalyzes the release of electronic holes from the oxidant and, depending
on the potential energy difference between metal and semiconductor, it promotes their injection to the
semiconductor. In the most common etching case, Si is oxidized beneath or around the metallized
sections, and this oxide is dissolved by HF.

Despite it is possible to obtain different structures using MACE, the most of the reports on this
technique indicate that the etching occurs most probably in crystallographic directions (there are
fast etching planes and etch-stopper planes) or vertically [13]. However, it is also known that when
the catalyst particles have diameters smaller than 40 nm, they produce pores either vertically or
horizontally [14,15]. Furthermore, when MACE has been performed using particles with a dispersion
of sizes from 10 to 400 nm, thin pores (with diameters below 100 nm) and wide pores (with diameters
of hundreds of nanometers) were obtained vertically, while just thin pores were obtained horizontally.
By eliminating the most of the particles of sizes below 100 nm, mainly vertical porosification was
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obtained [16]. The vertical porosification of large particles is due to the much larger contact area below
than at the sides of these particles, considering that they are spherical. For lightly-doped p-type Si
wafers, for example, a larger contact area means a larger injection of electronic holes, which speeds the
etching rate up. The contact area plays an important role in MACE [17]. When the particles are smaller,
the probability is the same to etch either vertically or horizontally. With this equal probability, it is
possible to think about a porous section growing upon the time in a direction with an angle close to
45◦ with respect to the vertical (the same amount of particles may move in the x than in the y direction,
at similar velocity, producing that dy/dx = 1). To the knowledge of the authors, there are no reports to
date taking advantage of this effect.

In the present work, a methodology to obtain Si conical structures by MACE is proposed. It consist
of creating porous regions by MACE (previously defined by photolithography), which grow in angle
with the time (due to lateral and vertical porosification obtained with catalyst particles smaller than
40 nm), and removing them afterwards. This methodology brings more flexibility to the MACE process.
Additionally, it has the advantage of being simple, because the entire process could be performed in
basic chemical labs without the need of complex facilities or equipment. Arrays of conical structures
are important for different applications. They have been used as multielectrode sensing platforms
for neuronal or cardiac tissue [18]. Additionally, arrays of complete or truncated cones have been
used as antireflection layers [19] or to enhance the absorption of light [20], for different optical and
optoelectronic applications such as solar cells. Moreover, such arrays have been used to modify the
wetting properties of surfaces [21], achieving even super-repellency of hydrophobic surfaces [22].

2. Materials and Methods

p-type (100) Si wafers with resistivity of 15–25 Ω·cm were used as starting material. The fabrication
procedure to obtain the conical structures of the present work consists of a sequence of steps:
(a) Photolithography, (b) chemical deposition of Ag particles, (c) MACE etching, (d) dry oxidation of
the porosified sections, and (e) dissolution of oxide. Alternatively, at the end of the process one can
also dissolve the Ag particles in solutions of HNO3. The steps are schematized in Figure 1.

A quadratic pattern of circles was transferred by photolithography to a film of photoresist
previously deposited on the Si wafers. The photoresist acts as masking layer for the metal deposition.
The metallization can be done as sophisticated and controlled as in the case of thin film deposition by
sputtering [23–25], or as simple as in the case of chemical deposition of metal particles using just a
beaker [26]. For this report, it was used the simplest case. Ag particles were chemically deposited on
the uncovered sections of Si by immersion in a solution 0.1 mM of AgNO3 in a mixture of HF (48%),
H2O2 (30%) and H2O, in a proportion 2:3.4:94.6 v/v. High-density polypropylene beakers were used
for this and all the subsequent processes with HF, since that material endures adequately this acid.
The deposition time was 90 s, being performed in an ultrasonic bath in order to obtain a homogeneous
distribution of particles.

The etching process was performed using an aqueous solution containing HF (48%), H2O2 (30%)
as oxidant agent [27], and deionized water (DI), in a proportion 4:7:40 v/v at 30 ◦C. The etching time
was 5 h. With this process, porous Si sections were obtained. In order to obtain the final structures,
the porous sections of the Si samples need to be dissolved. To accomplish this, it is possible to use
anisotropic [28,29] or isotropic chemical etching techniques [30]; however, in order to dissolve mainly
the porous sections without important modification of the shape of the remaining Si, those techniques
were avoided in this work. The samples were submitted to thermal oxidation at 850 ◦C under O2 flux
(1 sccm) for 3 h. With this process, the porous Si sections were oxidized. To dissolve the oxide, the
samples were immersed in a solution of HF (48%) and H2O in a proportion 1:9 v/v for 60 s. Silicon
oxides are highly soluble in HF based solutions [31]. The final structures were analyzed with a JEOL
JSM-7500F (Tokyo, Japan) field emission scanning electron microscope.
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Figure 1. Schematic of the process to produce conical structures: (a) Photolithography, (b) deposition
of Ag particles, (c) MACE, (d) dry oxidation, and (e) dissolution of oxide.

3. Results and Discussion

Figure 2a shows a SEM (scanning electron microscope) micrograph of a Si sample after Ag
deposition. The Ag particles are the white sections in the micrograph. Their shape is semi-spherical,
but sometimes the particles coalesce giving rise to ovoidal forms. Semi-spherical shapes are commonly
obtained when depositing using low concentrated AgNO3 solutions [32]; the particles nucleate and
start to grow until they coalesce and could form dendrites at longer deposition times [16]. It is also
important to note that the particles are encrusted in Si. This happens because of the use of H2O2 during
the deposition process: The Ag particles deposit on Si and catalyze the etching of Si at the same time,
in the presence of the oxidant. However, the trenches are shallow because the deposition time is short
(90 s). The deposited Ag particles have diameters in the range of 10 to 70 nm. A histogram of the
particle size distribution (measured from SEM micrographs of the deposits) is presented in Figure 2b.
As can be seen, the most of the particles have sizes below 40 nm. It was intended to have particles with
sizes below 40 nm taking into account previous studies that suggest that with particles of those sizes
the probability of etching vertically or horizontally is similar [16,18,19].

(a) 

 

(b) 

 

Figure 2. (a) SEM micrograph of the surface of a Si sample after deposition of Ag particles. (b) Size
distribution of the Ag particles of the deposits.
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Figure 3 shows a SEM micrograph of the structures obtained after the MACE process, dry oxidation
and oxide dissolution. As can be observed, the structures are arrays of truncated cones. The bases and
tops of the cones differ a bit from the circular shape. The diameters of the cones are 52 ± 5 μm for the
top part and around 120 μm for the bottom part. They have a height of 60 μm.

Figure 4 shows a close-up to the structures. The walls of the cones is rough, with apparent
porosity. This is an indication that the oxidation time was not enough to oxidize the whole porous
Si sections. Because of this, the porous sections could not be completely dissolved during the last
treatment in HF solutions (that dissolve SiO2). However, the porosity of the cone walls is a good
indication of the transversal porosification. Taking a look at the surface of the cones (inset of Figure 4)
helps confirming the existence of transversal pores. They grow in the <100> directions. In principle,
one would not expect pores exactly at the surface; however, Ag particles may grow through the
photoresist (the photoresist is partially permeable to Ag+ ions during the deposition of Ag particles).
It is important to mention that the photoresist used for the experiments of the present work is not HF
resistant; nevertheless, it stands enough time for the Ag deposition, and it starts detaching during
the etching process. It is not necessary that the photoresist stands the whole etching time, since no
masking layer is necessary for this process (the etching rate in sections with Ag is hundreds of times
faster than the etching rate in sections without catalyst). The few Ag particles grown beneath the
photoresist could move in the X-Y plane during the etching process due to the availability of etchant in
the surface (the photoresist does not stand HF, and the acid could diffuse through or below it); for this
reason, it is possible to see transversal pores exactly at the surface.

 
Figure 3. SEM micrograph of the obtained structures after the whole process. An array of truncated
cones is evident.

Taking a closer look to one entire truncated cone (see Figure 5), one can observe two different
slopes of the cone walls. Going up to down, the first slope is of 2.8, while the second is of 1.3. The steep
first slope is given by an excess of etchant; thus, the etching process is reaction-rate limited. As could
be observed in the histogram of Figure 2, there is a good number of particles larger than 40 nm.
Those particles have a higher probability of etching vertically. As they offer larger areas to catalyze
the decomposition of H2O2, they inject a larger number of electronic holes to the semiconductor
enabling a faster etching rate than with the smaller particles. It is known that the one dimensional
(vertical) etching rate increases with the catalyst particle size (in particular with the coverage area of
the catalyst) [10], but until certain limit of sizes, when the mass transfer beneath the catalyst particles is
limited, and the etching rate starts to decrease [11]. After the first 24 μm of etching in depth, the process
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is diffusion limited. It is common to observe diffusion limitation during a MACE process [33]. In this
way, the etching process is mainly controlled by the availability of etchant, and the effect of the particle
size is secondary. The difference between the vertical and the horizontal etching rate is about 30% in
this depth range (27.5 μm of lateral etching vs. 36 μm of vertical etching, producing a slope of 1.3).
The difference of etching rates in shallower depths is 180%. Following the tendency of the etching
fronts, evoluting in angle, one can predict that if the MACE etching time is longer, complete conical
structures (not truncated) could be obtained.

 

Figure 4. SEM micrograph closing up at the wall of the cones. Inset: Top view of the cones.

 

Figure 5. SEM micrograph of a truncated cone indicating its dimensions. The dashed lines indicate the
two slopes of the cone walls.

Figure 6 shows a top view of the pattern of photoresist used during the etching process (photograph
of the left), in contrast to the pattern of truncated cones obtained (SEM micrograph of the right).
The photograph was captured with a portable optical microscope equipped with a CCD (charge-coupled
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device) camera. The dots of photoresist deviate a bit from the circular shape due to the resolution of
the photomask, which was fabricated with a conventional paper printer. The diameter of the dots of
the original pattern is of about 120 μm, with a pitch of 230 μm. The final structures have an upper
diameter of 52 ± 5 μm, with a lower diameter in the range of 120 μm (as the original pattern).

 
Figure 6. Left: Photograph of the pattern of photoresist used during the process. Right: SEM
micrograph of a top view of the array of truncated cones.

The fact that the top of the cones does not have the same shape than the dots of photoresist could
be explained with the fact that the etching occurs mainly in <100> directions (see Figure 4). The etching
profile of lateral pores, saw from above, is schematized in Figure 7. The dots of the figure represent
Ag particles, while the straight lines represent the pores. All the straight lines have the same length,
considering equal etching rates in the [100] and [010] directions. It is clear that the region without lines
(pores) is not exactly a circle. It is also possible to observe that there are sections with lines (pores)
just in one direction, thus the density of pores in those sections is just the half. Sections with pores in
two directions can be oxidized faster, due to the higher density of pores, which provide larger surface
areas to be oxidized. These oxidized sections can be easily removed in HF solutions. One could still
observe pores in the walls of the cones of this work. This should indicate that the oxidation of all
porous sections was not complete (the oxidation of the sections with pores in just one direction takes
longer). If the oxidation time would be reduced even more, the cones would tend to have a flower-like
shape (the sum of the sections with no lines and the sections with lines in one direction of Figure 7).

Figure 7. Schematic of the lateral pores observed from above. The black dots represent Ag particles,
while the straight lines represent pores.
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To prove that the proposed process to produce conical structures works also in the micron range,
an experiment was performed using a mask with a quadratic array of circular dots of 1.5 μm, with
pitch of 3 μm. A micrograph of the resulting structures is shown in Figure 8a. Figure 8b shows a
micrograph of the cross-section of one of the micro-cones. As can be observed, no pores cross the
structure, supporting the theory of cone formation. Despite the surface of the cones looks porous,
the bulk is solid. The lines observed in the cross section are a cleavage artifact.

(a) 

 

(b) 

 

Figure 8. SEM micrographs of micron sized truncated cones produced by the methodology of this
work. (a) Overview; (b) cross-section of a cone.

4. Conclusions

Transversal porosification of Si by MACE using Ag particles of sizes smaller of 40 nm has been
used as basis to produce conical structures. At etching depths smaller than 24 μm, porosification is
controlled by the reaction rate, producing steeper cone walls. Deeper etching is limited by the diffusion
of the etchant, producing a reduction of the slope of the cone walls. Transversal porosification occurs
mainly in the <100> direction. Due to this, the final cross-sectional shapes of the cones do not follow
exactly the shape of the patterns of the photolithography mask. It was proved that the methodology
works to produce conical structures of sizes from units to hundreds of micrometers, and it could be
developed in basic chemical labs without complex equipment.
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Abstract: We report a robust, sidewall transfer metal assistant chemical etching scheme for fabricating
Al2O3 nanotube arrays with an ultra-high aspect ratio. Electron beam lithography followed by
low-temperature Au metal assisted chemical etching (MacEtch) is used to pattern high resolution, high
aspect ratio, and vertical silicon nanostructures, used as a template. This template is subsequently
transferred by an atomic layer deposition of the Al2O3 layer, followed by an annealing process,
anisotropic dry etching of the Al2O3 layer, and a sacrificial silicon template. The process and
characterization of the Al2O3 nanotube arrays are discussed in detail. Vertical Al2O3 nanotube
arrays with line widths as small as 50 nm, heights of up to 21 μm, and aspect ratios up to 420:1 are
fabricated on top of a silicon substrate. More importantly, such a sidewall transfer MacEtch approach
is compatible with well-established silicon planar processes, and has the benefits of having a fully
controllable linewidth and height, high reproducibility, and flexible design, making it attractive for a
broad range of practical applications.

Keywords: Al2O3 nanotube; ultra-high aspect ratio; gold (Au) metal assisted chemical etching; atomic
layer deposition; anisotropic dry etching

1. Introduction

In recent years, Al2O3 nanotube arrays possessing high surface-to-volume ratios have attracted
much attention, owing to their potential applications in optoelectronics [1,2], biotechnology, and
photocatalysis [3,4]. For example, several recent studies have indicated that Al2O3 nanotube arrays
exhibit excellent dielectric properties [5] and good flexibility [6], as compared with other oxide
nanotubes. Thus, Al2O3 nanotube arrays would be more advantageous for use as optical transportation
media in optoelectronics. They can also be utilized as a new biomineralization nanoreactor in
biotechnology, and so on. Various template-based strategies for the fabrication of Al2O3 nanotubes
with a high aspect ratio have been proposed. These include hydrothermal reaction methods [7], coating
of carbon nanotubes with aluminum isopropoxide [8], anodization of Si-based Al film [9,10], and
etching of a porous anodic alumina (PAA) template in a NaOH solution and ultrasonic treatment of
PAA membrane [11,12]. In addition to the Al2O3 nanotubes, atomic layer deposition (ALD) coatings
of silicon oxide (SiO2) [13], zinc oxide (ZnO) [14,15], zirconium dioxide(ZrO2) [16], and titanium
oxide(TiO2) [16,17] have also been successfully applied to the preparation of nanostructures.Using
these methods, much progress has been made on achieving highly ordered nanotube arrays with
a controllable size and short length. However, due to the poor consistency of the pillar size in the
templates, it is not easy to confine and control the profile of the fabricated nanostructures. Moreover,
separating hollow nanostructures from a template to obtain individual nanostructures remains a
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challenge. Many kinds of nanotubes with high aspect ratios will lose their tubular structure after
extraction from the template. With the continuous request for high performance nanotube-based
devices, the aspect ratio of the fabricated nanotube arrays as obtained by tailoring electrochemical
conditions is far from satisfactory.

Metal assisted chemical etching (MacEtch), first reported by Li and Bohn in 2001 [18], offers a
promising wet etching solution for generating silicon nanostructures [19–22]. In addition, the MacEtch
of germanium (Ge) [23] and III−V compound semiconductors, such as GaN [24,25], GaAs [26–28],
GaP [29], InP [30], AlGaAs [31], InGaAs [32], and InGaP [27], have also been demonstrated. This
method has the benefits of inherent simplicity, a low cost, high versatility, and high reproducibility,
making it attractive for preparing silicon nanowire arrays. The conventional method for generating
micrometer, submicrometer, and nanosized silicon structures with high aspect ratios [19–22] is by
submerging a metal-coated Si sample into an etchant solution composed of hydrofluoric acid, hydrogen
peroxide solution, and a diluting agent. Furthermore, large-area uniform micro-gratings with well
controlled morphological features and depths as large as 80 μm have also been successfully produced
by optimizing the MacEtch method [33]. Highly dense Si/TiO2 core/shell nanowire arrays have also
been synthesized using a nanostructured Si template obtained by the MacEtch of the Si substrates and
a layer of TiO2 deposited by ALD [34,35]. In the previous works, using Ti/Au nanostructures patterned
with electron-beam lithography followed by ion beam etching, we fabricated vertical silicon nanopillar
arrays with a period of 250 nm and an aspect ratio of 160:1 using MacEtch [36]. A 20 nm minimum
feature size was also realized by MacEtch-based nanoimprinting [37]. Unfortunately, the MacEtch
method cannot be directly adopted to generate oxide nanotubes.

Sidewall transfer lithography has been widely recognized as a promising technology that
can fabricate deca-nanometer metal-oxide-semiconductor field-effect transistors (MOSFETs) and
siliconnanostructures [38–40]. The key idea is to combine three well-established techniques (lithography,
sidewall process, and dry etching) to create silicon nanostructures. In this work, we present a reliable
means, called sidewall transfer metal assistant chemical etching, to fabricate Al2O3 nanotube arrays
with an ultra-high aspect ratio. The key idea is to combine a low-temperature MacEtch and sidewall
transfer process based on ALD and dry etching to simultaneously achieve their respective advantages.
The former is used to generate vertically oriented silicon nanostructures that serve as a sacrificial layer,
while the latteris used to transfer the silicon nanostructures to Al2O3 nanotube arrays with a higher
aspect ratio and smaller feature size. The ultimate aspect ratio and feature size of the fabricated Al2O3

nanotube arrays can be controlled by modifying the thickness of the Al2O3 film deposited by ALD.
The influence of the deposition temperature and annealing temperature on the structure and optical
properties of Al2O3 thin films deposited by ALD are also examined.

2. Materials and Methods

The process flow of the proposed sidewall transfer MacEtchis shown in Figure 1. In our
experiments, 4in.p-Type<100>CZsiliconwafers (Silicon Quest International, San Jose, CA, USA) with a
resistivity of 2–10 Ω·cm and thickness of 500 μm were used. After the samples (Figure 1a) were cleaned
in sulfuric acid and hydrogen peroxide to remove the surface native oxide layers, a 3-nmTi/20 nm
Au thin film was deposited on the silicon substrates by a magnetron sputtering system (ACS-4000,
ULVAC Company, Chigasaki, Japan). The working pressure was maintained at 4.5 × 10−6 Torr, and the
temperature of the chamber was kept at 25 ◦C over the entire deposition process. Then, highly sensitive
chlorinated electron beam resist ZEP520A was spin-coated on the Ti/Au layer to a thickness of about
400 nm, and was bakedon a hotplate at 180 ◦C for 2 min (Figure 1b). The resist was exposed with an
electron beam lithography system (JBX-6300FS, JEOL Company, Tokyo, Japan) for patterning definition
(Figure 1c), and ion beam etching (IBE) was performed to transfer ZEP520A resist pattern onto the
Ti/Au layer, forming Ti/Au nanostructures that serve as a local cathode (Figure 1d). Then, the MacEtch
processwas carried out to generate silicon nanostructures with a high aspect ratio (Figure 1e). The
ALD process was used to deposit the Al2O3 film on the sidewalls and on top of the generated silicon
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nanostructures (Figure 1g). Finally, the exposed tops of the Al2O3 film and its silicon nanostructures
underneath were removed by dry etching, forming Al2O3 nanotube arrays with a higher aspect ratio
and smaller feature size.

 
Figure 1. Schematic diagram of the sidewall transfer MacEtch process for the realization of the Al2O3

nanotube arrays with ultra-high aspect ratios: (a) silicon substrate; (b) deposition of the Ti/Au layer
and ZEP520A resist; (c) electron beam lithography; (d) ion beam etching; (e) metal assisted chemical
etching (MacEtch); (f) Si pillars template; (g) atomic layer deposition (ALD) Al2O3 film; (h) dry etching;
(i) reactive ion etching of Si.

The morphology and structure of the fabricated Al2O3 nanotube arrays were characterized by a
scanning electron microscope (SEM; SUPRA-55, Zeiss, Oberkochen, Germany). The information on the
surface chemistry of the Al2O3 layer deposited by the atomic layer deposition (ALD) technique was
investigated using X-ray photo emission spectroscopy (XPS) with a monochromatic Al Kα X-ray source.
Both the Al2O3 film thickness and its refractive index profile were determined by a spectroscopic
ellipsometry (Horiba Uvisel FUV, Kyoto, Japan) over the spectral range of 150 to 900 nm using the
Cauchy model.

2.1. Fabrication ofTi/Au Nanostructures with Low Aspect Ratio

To obtain high-resolution resist patterns, electron beam lithography was performed at an
accelerating voltage of 100 kV, with a beam current of 200 pA and an exposure dose of 400 μC/cm2.
After electron beam exposure, the ZEP520A resist was developed using a standard developer N50D
(ZEON) for 1 min at 18 ◦C, and rinsed with isopropanol (IPA) for 40 s to stop development. Then, the
sample was dried with a steady stream of N2.

Next, a home-madeargon (Ar) IBE system was used to transfer the resist patterns into a Ti/Au
thin film deposited onto the silicon wafer. The working pressure was maintained at 1.0 × 10−4 Torr,
and the substrate temperature was lower than 100 ◦C over the entire IBE process. The Ar+ ion energy
and the beam current density were 500 eV and 1 mA/cm2, respectively. The corresponding etching
rates of Au and the resist were 120 nm/min and 20 nm/min, respectively, resulting in a selectivity ratio
of 6:1. The etching time in our experiments was 12 s. After completion of the IBE process, the residual
ZEP520A resist was removed by washing with a resist removal solution (ZDMAC, ZEON Company,
Tokyo, Japan), followed by oxygen plasma ashing. The patterned Ti/Au nanostructures served as a
catalyst in the subsequent low-temperature MacEtch process.

2.2. Fabrication of Silicon Nanostructures with High Aspect Ratio

A low-temperature Au MacEtch process was performed to generate silicon nanostructures with a
high aspect ratio. It should be noted that samples must be kept clean and tidy before the Au MacEtch
process. The Au MacEtch process was carried out in an etchant solution composed of hydrofluoric
acid, hydrogen peroxide solution, and deionized water (4.1 M HF/0.15 M H2O2/45 M H2O) at 2 ◦C. The
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etching was conducted for 15 min. It is well known that the collapse of large aspect ratio nanostructures
often occurs during the drying step. In our drying scheme, we used isopropanol with low surface
tension, instead of deionized water (DI) water as a rinse solution. This reduced the capillary force
acting on the silicon nanostructures. After the sample was rinsed with isopropanol, it was evaporated
naturally and dried at room temperature.

2.3. Al2O3 Film Deposition by ALD

The ALD process allows one to precisely deposit highly uniform and conformal thin films onto
complex three-dimensional topographies. Here, an Al2O3 film was deposited using Al(CH3)3 (TMA)
and deionized water with a hot-wall atomic layer deposition system (Picosun R200, Espoo, Finland).
The deposition temperature was 300 ◦C. An Al2O3 film was grown on the sidewalls and on top of the
fabricated silicon nanostructures with an aspect ratio of 160:1, using TMA and deionized water. TMA
(Sigma Aldrich, St. Louis, MO, USA) was used as the precursor and deionized water was used as an
oxidant source during the ALD process. The TMA reactant exposure time, N2 purge time following
TMA reactant exposure, water exposure time, and N2 purge time following the H2O reactant exposure
were 0.5 s, 2 s, 0.5 s, and 2 s, respectively. The growth rate of the Al2O3 film was 0.089 nm/cycle,
as inferred by spectroscopic ellipsometry. The sample was processed with 400 ALD cycles, and the
corresponding Al2O3 film thickness was 50 nm.

2.4. Annealing Processand Characterization of the Al2O3 Film

The thermal expansion coefficient of Al2O3 film is 8.2 × 10−6 ◦C−1, which is higher than that
of silicon (2.6 × 10−6 ◦C−1). To compensate the lattice mismatch between the Al2O3 ALD filmand
silicon nanostructures, four samples were annealed at 700 ◦C, 800 ◦C, 900 ◦C, and 1000 ◦C under a
vacuum for 90 min, seperately. The specifications of the Al2O3 film was investigated using X-ray
photoelectron spectra (XPS). Characterization of the optical properties of our Al2O3 film from 150 to
900 nm wavelengths was also performed using spectroscopic ellipsometry.

2.5. Formation of Al2O3 Nanotube Arrays with an Ultra-High Aspect Ratio

First, the exposed tops of the Al2O3 film on the silicon nanostructures were removed by an
inductive coupled plasma (ICP) etching system (ULVAC, Japan), with a mixture of BCl3 and Cl2
reactive gas. Secondly, the silicon nanostructures underneath the exposed tops of the Al2O3 film were
removed by the same ICP etching system with SF6 reactive gas and an isotropic reactive ion etching
mode. The etching parameters of the Al2O3 film and silicon nanostructuresa re summarized in Table 1.

Table 1. Recipes for Al2O3 and Si in etch system.

Process Parameters Al2O3 Etch Si Etch

Cl2 (sccm) 1.2 −
BCl3 (sccm) 6.8 −
SF6 (sccm) − 90

Pressure (mtorr) 3 4
Coil power (W) 900 400

Platen power (W) 200 3

Process temperature is 25 ◦C for all of the processes.

The etch rates of the Al2O3 film and silicon nanostructures were 0.89 nm/s and 9 nm/s, respectively.
The etching selectivity between the silicon nanostructures and Al2O3 film was as high as 66,000:1 for
the Si etching recipe [41].
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3. Results and Discussion

Figure 2 shows the dependence of the Au MacEtch process parameters (etchant solutions and
etching temperature) on the quality of the fabricated silicon nanostructures. When the hydrogen
peroxide concentration in the etchant solution was relatively high, the lateral etching rate increased and
defects began to occur on the sidewalls, as shown in Figure 2a. This is because as the concentration of
H2O2 increased, the number of the generated holes also increased, resulting in an increase in the silicon
etching rate. In other words, when the generated holes between the Si and Ti/Au interfaces could
not be completely consumed, the excess holes spread laterally, leading to lateral corrosion and the
formation of defects in the sidewalls. Using an optimized H2O2 concentration, the transverse etching
rate could be limited by the availability of the generated hole. Thus, vertical silicon nanostructures
could be obtained, as shown in Figure 2b.

Figure 2. Cross-sectional scanning electron microscope (SEM) micrographs of silicon nanostructures
using various etchant solutions composed of hydrofluoric acid, hydrogen peroxide solution, and
deionised (DI) water with molar ratios of (a) 4.8:0.35:50, (b) 4.8:0.15:50, and (c) 4.8:0.15:50. The scale
bars in (a–c) are 850 nm, 900 nm, and 1.9 μm, respectively. The etching temperatures in (a,b) are 22 ◦C,
and the etching temperature in (c) is 2 ◦C.

Etching temperature also plays an essential role in the Au MacEtch process. When the Au MacEtch
process was performed at 2 ◦C, a better morphology could be obtained than that at room temperature,
at the expense of a much lower etching rate. In this work, a low-temperature Au MacEtch process
could result in silicon nanostructures with an aspect ratio of up to 160:1, as shown in Figure 2c. Silicon
nanostructure bottoms that are especially clean and flat can be obtained.

Figure 3 shows the binding energies of the Al2O3 film deposited at 300 ◦C. Two signatures of
orbital, 74.4 eV for Al (2p) and 531.5 eV for O (1s), can be observed from an XPS wide scan. The O/Al
ratio of the Al2O3 film is close to the expected value of 1.5, corresponding to the lattice oxygen of
Al2O3 [42]. The difference between these two elemental peaksis close to the standard values in the
literature for different forms of aluminum oxide [43,44]. A peak of binding energy of 1s carbon in
the Al2O3 film could also be observed, indicating either an incomplete reaction or an insufficient N2

purge time.
Figure 4 shows the Al2O3 ALD film thickness and refractive index as a function of the annealing

temperature. The refractive index of the Al2O3 ALD filminitially increased with an increase of annealing
temperature from 700 ◦C to 800 ◦C, and later saturated with the increasing annealing temperature.
When the annealing temperature reached 1150 ◦C, the refractive index approached a maximized value
of 1.724, which is slightly smaller than that of crystalline sapphire (1.76). The measured data indicate
that the amorphous Al2O3 ALD film in this experiment would densify further upon crystallization.
This is consistent with the existing result [45]. Meanwhile, there was a 10% decrease in the Al2O3 ALD
film thickness with increasing the annealing temperature from 700 ◦C to 800 ◦C, which was mainly
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due to an increase inthe density and purity levels of the Al2O3 films deposited by ALD. The measured
data also indicate the occurrence of Al2O3 crystallization after high-temperature annealing, which
appears to be particularly advantageous for preventing the collapse of ultra-high aspect ratio Al2O3

nanotube arrays.

 
Figure 3. X-ray photoelectron spectra of the Al2O3 layer deposited at 300 ◦C. The two insets show the
Al (2p) and O (1s) peaks, respectively.

Figure 4. Variation of film thickness and refractive index versus annealing temperature.

Figure 5a shows the SEM image of the top view of the generated Si nanostructures, followed by
the Al2O3 film deposition by ALD and annealedat 1150 ◦C for 90 min. The results of the generated
Al2O3 nanotube arrays without the annealing process are also given in Figure 5b. One can clearly see
that the Al2O3 nanotube arrays bend and lean against each other.The bending is probably caused by a
mismatch in internal stress between the Al2O3 layer and Si pillar. The thermal expansion coefficient of
the Al2O3 film is 8.2 × 10−6 ◦C−1, while the thermal expansion coefficient of silicon is 2.6 × 10−6 ◦C−1.
It should be noted that the Al2O3 ALD film was deposited by the temperature gradient method over a
temperature range from room temperature to 300 ◦C, and the Si cores were removed afterwards using
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a plasma reactive ion etching at 25 ◦C. By comparison, Figure 5c,d shows the SEM images of the top
andcross section views, respectively, of the generated Al2O3 nanotube arrays after the whole process
was finished. These uniform structures had a line width of 50 nm and height of 21 μm, corresponding
to an aspect ratio as high as 420:1. The Al2O3 nanotube arrays were perfectly preserved from collapsing
after the annealing process, confirming the successful pattern transfer of the sidewall transfer MacEtch
process. The shape of the Al2O3 nanotube arrays exhibited very little deformation relative to that of
the original Si nanostructures. Figure 5e shows a tilted SEM view of the Al2O3 nanotube arrays after
the whole process. One can see that the silicon template was almost completely removed by plasma
reactive ion etching at 25 ◦C.

Figure 5. A series of images demonstrating sidewall transfer MacEtch for the preparation of ultra-high
aspect ratio Al2O3 nanotube arrays. (a) Top view SEM of the Si nanostructures after Al2O3 film
deposition by ALD. The scale bar is 300 nm. (b) Top view SEM of the generated Al2O3 nanotube arrays
without annealing process. The scale bar is 400 nm. (c,d) SEM images of the top and cross section
views of the generated Al2O3 nanotube arrays resulting from the sidewall transfer MacEtch process.
The scale barsin (c,d) are 250 nm and 1.6 μm, respectively. (e) Tilted SEM view of Al2O3 nano-tube
structures after the whole process. The scale bar is 400 nm. The tilting angle is 35◦.

4. Conclusions

In summary, we have demonstrated a reliable sidewall transfer MacEtch process to fabricate
ultra-high aspect ratio Al2O3 nanotube arrays with linewidthsas small as 50 nm, heights of up to
21 μm, and an aspect ratio of up to 420:1. This technique combines the advantages of the high aspect
ratio nanostructure capabilities of the low-temperature Au MacEtch with thesidewall transfer process.
The use of the sidewall transfer process has two advantages. First, it leads to higher-resolution and
higher aspect ratio Al2O3 nanotube patterns than with MacEtch, and second, the line-width of the
Al2O3 nanotubes can be precisely controlled by the cycle number of ALD for Al2O3. The sidewall
transfer MacEtch provides a promising route to the scalable manufacturing of ultra-high aspect ratio
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Al2O3 nanotube arrays, and is applicable to other kinds of oxide nanotubes, as long as the oxide can be
deposited by ALD.
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Abstract: Zone plates are diffractive optics commonly used in X-ray microscopes. Here, we present a
wet-chemical approach for fabricating high aspect ratio Pd/Si zone plate optics aimed at the hard
X-ray regime. A Si zone plate mold is fabricated via metal-assisted chemical etching (MACE) and
further metalized with Pd via electroless deposition (ELD). MACE results in vertical Si zones with
high aspect ratios. The observed MACE rate with our zone plate design is 700 nm/min. The ELD
metallization yields a Pd density of 10.7 g/cm3, a value slightly lower than the theoretical density
of 12 g/cm3. Fabricated zone plates have a grid design, 1:1 line-to-space-ratio, 30 nm outermost
zone width, and an aspect ratio of 30:1. At 9 keV X-ray energy, the zone plate device shows a
first order diffraction efficiency of 1.9%, measured at the MAX IV NanoMAX beamline. With this
work, the possibility is opened to fabricate X-ray zone plates with low-cost etching and metallization
methods.

Keywords: X-ray diffractive optics; zone plate; high aspect ratio nanostructures; metal-assisted
chemical etching; electroless deposition

1. Introduction

X-ray microscopy is a powerful scientific tool used for the study of different samples in a variety
of disciplines [1,2]. Especially in the hard X-ray regime (multi-keV photon energies), X-ray microscopy
offers the possibility to study thick samples with nanoscale resolution. Diffractive zone plate optics are
commonly used as focusing and imaging optics in these X-ray microscopes. Zone plates are circular,
dense grating structures with radially decreasing zone widths [3,4]. The outermost zone width defines
the zone plate resolution, whereas the zone thickness defines the zone plate diffraction efficiency. As an
example, to focus X-rays with 9 keV photon energy with maximum efficiency performance, a zone
plate made from Pd would require a thickness of 2.5 μm. The required high aspect ratios at very small
zone widths make hard X-ray zone plates challenging to fabricate [5,6]. The performance of hard X-ray
microscopes is therefore often limited by the fabrication quality of the focusing optics.

Two main high aspect ratio zone plate fabrication routes have been presented in the literature.
The first is direct electron-beam patterning either of an organic or inorganic resist mold. The mold
is then filled with a metal by electrodeposition [7,8] or covered with a metal layer by atomic layer
deposition [9,10]. The second method transfers the zone plate pattern into a metal layer by deep
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reactive ion etching [11,12]. However, in both cases, the achievable aspect ratios are limited to about
20:1. Attempts have been made to overcome this limit by stacking of multiple zone plates, either
mechanical [13,14] or via multi-level e-beam exposures [15,16], which is very challenging.

Metal-assisted chemical etching (MACE) has recently been used as an alternative fabrication
method to transfer a zone plate pattern into a Si substrate with the advantage of vertical etching and
the possibility to reach high aspect ratios [17–20]. MACE is a wet-chemical process where a noble
metal layer, such as a Au zone plate pattern, is transferred into a Si substrate by an etching solution
consisting of a strong oxidizing agent and HF [21–23]. The Si is predominantly oxidized where it is
in contact with the noble metal layer, which catalyzes the oxidation process. The HF subsequently
dissolves the formed SiO2 [24,25].

Due to its low X-ray diffraction efficiency in the hard X-ray regime, the MACE processed Si zone
plates are not suitable to be used directly as optical devices. Instead, they can be used as molds for
high-Z materials, such as Pt, deposited with atomic layer deposition (ALD) [17,18]. Unfortunately,
ALD is a rather slow and expensive process, and the homogeneous filling of deep and small trenches is
challenging. Electrodeposition (ED) is an alternative wet-metallization process that is often used with
polymer resist-based zone plate molds on conductive substrates [26]. ED is, however, challenging for
metallizing MACE Si molds due to contacting difficulties to the Au layer at the bottom of the zone plate
pattern. To overcome the challenge of contacting, the autocatalytic process of electroless deposition
(ELD) is an alternative method to metalize the Si-based zone plates. In ELD, a metal complex is
selectively reduced at a conductive surface [27,28]. The deposited metal now serves as a catalyst in the
deposition reaction, ensuring continuous buildup of the metal.

In this work, we describe the fabrication process of hard X-ray Pd/Si zone plates using a simple
and low-cost wet-chemical approach. MACE is used to transfer a zone plate pattern into a Si substrate,
and ELD is used to metalize the Si zone plate mold with Pd. The Au zone plate pattern serves as a
catalyst in both processes, under which the Si is selectively etched and on which the Pd is selectively
deposited. Here, Pd is chosen as a high-Z material owing to an acceptable diffraction efficiency in the
hard X-ray regime and the commercial availability of a well-formulated, stable ELD bath.

2. Materials and Methods

2.1. Materials

p-type, boron-doped Si (100) wafers with 1–5 Ωcm resistivity were purchased from Si-Mat.
CSAR 62, amyl acetate, and dimethyl succinate were purchased from Allresist. Hydrofluoric acid
(HF, 40%) and acetone were procured from Merck. Hydrogen peroxide (H2O2, 31%) and isopropanol
were from D-BASF. The PD-Tech PC electroless Pd system was purchased from Atotech. Ethanol and
n-pentane were from VWR.

2.2. Zone Plate Patterning Using Electron Beam Lithography (EBL)

The overall zone plate fabrication schematic is presented in Figure 1. The Si-wafers were cut into
1.5 × 1.5 cm2 substrates and pre-cleaned under sonication in acetone followed by isopropanol for 5 min
each. Thereafter, the substrates were cleaned in oxygen plasma for 5 min in an Oxford Instruments
PlasmaLab 80 Plus RIE/ICP system. Seventy nanometer CSAR 62 EBL resist was spin-coated on
the substrates and baked on a 180 ◦C hot plate for 60 s. The zone plate patterning was performed
using a 50 kV Raith Voyager EBL system. The written zone plate pattern had a diameter of 150 μm,
an outermost zone width of 30 nm, and a line-to-space ratio of 1:1. The exposed CSAR 62 was
developed in amyl acetate for 60 s at room temperature. Further, the substrates were rinsed in
isopropanol and n-pentane for 10 s and 15 s, respectively, and descummed in an oxygen plasma for
13 s for removal of exposed resist residues. Using an in-house Eurovac/Thermionics electron beam
evaporation deposition system, a 2 nm adhesive Ti layer followed by a 10 nm Au layer were evaporated
at a rate of 1 Å/s. The resist lift-off was performed in dimethyl succinate under sonication for 10 min,
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and the substrates were thereafter rinsed in isopropanol and deionized (DI) H2O. The resulting
substrates with Au zone plate patterns were dried under nitrogen gas.

Figure 1. Schematic of the zone plate fabrication process.

2.3. MACE Processing of Si Zone Plate Molds

The Au patterned substrates were cleaned in oxygen plasma for 3 min right before MACE.
The MACE zone plate processing was performed as reported previously [20]. Briefly, a 15 mL
etching solution consisting of 0.68 M H2O2, 4.7 M HF, and 51 M DI H2O was prepared in a
polytetrafluoroethylene bath. The clean substrates were immersed in the etching solution, and the
MACE process was performed at room temperature for 75 s under light protection. The substrates
were rinsed in copious amounts of DI H2O, transferred to ethanol, and dried in a Leica EM CPD300
critical point dryer.

2.4. Pd ELD Metallization of Zone Plates

The substrates were cleaned prior to ELD metallization in oxygen plasma for 3 min. This plasma
oxidation step was found necessary for preventing Pd deposition on other sites than the catalytic Au
layer at the bottom of the zone plate structures. A 100 mL plating solution consisting of 75 mL DI H2O,
15 mL PD-Tech PC Reduction Solution, and 10 mL PD-Tech PC Plus Make-Up Solution was prepared
as specified by Atotech and heated to 40 ◦C. After 30 min of temperature stabilization, the Si substrates
were vertically immersed in the plating solution, and the ELD proceeded for 30 min under stirring.
After completion of the ELD, the substrates were rinsed in DI H2O and dried under nitrogen gas.

2.5. Characterization

Micrographs were obtained and cross-sections prepared with an FEI NOVA 200 dual-beam
scanning electron microscopy (SEM) and focused ion beam (FIB) system.

The static contact angle measurements were performed using a Biolin Scientific Theta Lite Optical
Tensiometer on 10 nm Au-coated Si substrates before and after a 3 min oxygen plasma treatment.
At room temperature, a 5 μL DI H2O droplet was released on the substrate, and the contact angles on
both sides of the droplet were continuously recorded. The presented data were the average value of
the left and right contact angles over a 4 s contact time.
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The Pd density was determined gravimetrically using a Sartorius analytical scale and a KLA
Tencor P-15 surface profiler by weighing and measuring the thicknesses of several Pd films plated on
10 nm Au-coated Si plating bases.

The zone plate diffraction efficiency was quantified at the NanoMAX beamline at the MAX IV
synchrotron radiation facility [29]. Several zone plates were illuminated by a coherent beam with
a photon energy of 9 keV. A 500 μm aperture with a 25 μm-wide and 25 μm-thick tungsten central
stop was placed before a zone plate, and a 10 μm order sorting aperture (OSA) was placed slightly
upstream of the zone plate focal plane. The first order diffraction was recorded by a Crycam X-ray
camera from Crytur. For the calculation of the first order diffraction efficiency, several images with
the first order zone plate cone and the empty beam without the zone plate and OSA (but transmitted
through the Si substrate) were recorded.

3. Results and Discussion

3.1. Zone Plate Fabrication

As reported previously, a Au zone plate catalyst design with interconnects between the zones plate
rings is essential to get a controlled, vertical etching during MACE at ambient processing conditions
(Figure 2a) [20]. While zone verticality is ensured with this design, too thick zones will tilt due to
mechanical instabilities. This is especially visible at the outermost parts of the zone plate where the
zone widths are the smallest. Therefore, the deepest zone thickness was chosen as 900 nm in this
study, giving an aspect ratio of 30:1 (Figure 2b). For 150 μm zone plates with a 10 nm Au catalyst layer,
the observed MACE rate was 700 nm/min.

Figure 2. SEM micrographs of (a) Au patterned Si substrate (top-view), (b) MACE processed Si zone
plate mold (52◦-tilt view), and (c) ELD metalized Pd/Si zone plate showing selective plating in the
zone plate area only (top-view).

Measurements revealed a decrease of the contact angle for the oxygen plasma-treated Au films,
indicating a more hydrophilic surface character and easier wetting. The measured contact angles
before and after the oxygen plasma treatment were 89◦ and 29◦, respectively. In addition, no plating
was observed on sites other than on the Au at the bottom of the Si zone plate mold (Figure 2c).
This suggested that the short plasma treatment was enough to grow a passivating oxide layer on
the Si substrate. Thirty nanometer wide zones with thicknesses of 3 μm were evenly plated, and no
limitations were observed with the Pd ELD process. These results are however not shown here due the
stability issues of the Si nanostructures, resulting in tilted zones.

The decreasing zone widths resulted in a variation of zone thickness over the zone radius.
The inner zones were wider than the outer zones and consequently relatively thin compared to
the outer zones. In order to fill the zones fully with Pd via ELD, over-plating was unavoidable.
The variation of zone thickness over the zone plate radius is presented in Figure 3a. The zone thickness
variation was largest from the zone plate center to 20 μm outwards. However, this variation was not
a big concern for the final zone plate performance since, normally, a central stop is used. The zone
thickness was uniform from 20 μm to the outermost part of the zone plate, with a standard deviation
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of about ±30 nm. Cross-section SEM micrographs are presented in Figure 3b for the inner, middle,
and outer parts of a typical Pd/Si zone plate. The tendency of non-vertical zones is visible for the
30 nm wide zones in the outer part, where the Si structures are slightly slanted.

Figure 3. (a) Zone thickness profile over the zone plate radius based on image analysis of SEM
cross-section micrographs. The error bars represent the zone thickness variation of the surrounding
zones at each point. (b) SEM micrographs of the cross-sections of the inner, middle, and outer parts of
a typical Pd/Si zone plate (52◦-tilt view).

3.2. Pd Density

A pure Si zone plate would require extreme thicknesses to serve directly as a zone plate device.
At a 900 nm zone thickness at 9 keV, a first order diffraction efficiency of only 0.6% would be expected
(Figure 4a). Oppositely, a pure Pd zone plate has a theoretical efficiency of 10% at the same thickness.
A combined Pd/Si zone plate, as in our work, would show a shift in focusing performance so that
thicker zones would be required to reach the maximum efficiency. The 30% maximum diffraction
efficiency would be expected at a 3 μm thickness for a combined Pd/Si zone plate given a tabulated
Pd density of 12 g/cm3. We kept the Si walls in our zone plates after filling with Pd due to the
mechanical support that they provided. For a 900 nm thick Pd/Si zone plate with tabulated Pd density,
an efficiency of 6.4% was expected.

The density of the ELD plated Pd was gravimetrically determined to be 10.7 ± 0.4 g/cm3.
With lower Pd density, the expected zone plate efficiency also decreased (Figure 4b). It should be
noted that a lower density than the tabulated value was expected for ELD plated Pd. Pores, voids, and
impurities in the Pd deposit were common reasons for this. The inclusion of relatively light-weight
elements in the ELD bath formulation, such as brighteners, would decrease the deposit density [30].
The expected efficiencies for 900 nm Pd/Si zone plates with Pd densities of 10 g/cm3 and 11 g/cm3

were 4.0% and 5.1%, respectively.
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Figure 4. Zone plate efficiency at 9 keV as a function of zone height for (a) Pd/Si, Pd only, and Si only
zone plates (bulk densities) and (b) Pd/Si zone plates with different Pd densities and bulk Si density.
Calculations were done in MATLAB with GD-Calc.

3.3. Focusing Performance

Figure 5 shows an image of the first order diffraction cone and illustrates the local zone plate
efficiency. The best measured total zone plate efficiency of our 900 nm thick devices at 9 keV was 1.9%.
The main factor for the lower zone plate efficiency compared to theoretical values could be explained
by a decrease of the local efficiency towards larger radii. The local efficiency was even to about 2/3 of
the radius, and then gradually dropped outwards. This was believed to be due to the more tilted zones
in the outer part (cf. Figure 3b). Moreover, the Au catalyst had a grid-like design with interconnects
between the rings (Figure 2a). While this grid design was necessary to ensure zone verticality during
the MACE process, the interconnects reduced the effective zone plate area. Lastly, the Pd overplating
had a minor effect on the efficiency due to some absorption of the incoming photons.
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Figure 5. Raw image of the first order diffraction cone showing a map of the local zone plate efficiency.

4. Conclusions

In this paper, we presented a wet-chemical route to fabricate high aspect ratio Pd/Si zone plates
aimed for the hard X-ray regime. MACE was used to fabricate a Si zone plate mold, and ELD was
used to metalize the mold with Pd. We demonstrated and characterized the zone plates using this
fabrication route. The optics device had a grid design with a 30 nm outermost zone width and a
900 nm zone thickness, thus an aspect ratio of 30:1. The lower zone plate efficiency of 1.9%, compared
to theory, was mainly due to the tilt of the outermost zones, the loss of effective zone plate area by the
grid design, and some photon absorption due to Pd overplating.

The MACE parameters used in this study were optimized for processing at ambient conditions
with the grid zone plate design [20]. Vertically etched zones were obtained at the presented process
conditions; however, some tilting was observed in the outermost parts. This was due to the mechanical
instabilities of the free-standing Si structures with the grid design, and the aspect ratio was therefore
limited to 30:1. To reach larger aspect ratios, a different zone plate design with interconnected
Si structures should be adapted, as reported by Chang and Sakdinawat [17]. Combined with Pd
electroless deposition, much higher efficiencies should be possible.

Author Contributions: Conceptualization, R.A., A.S., and U.V.; methodology, R.A. and U.V.; investigation, R.A.,
T.F., H.O., F.L., U.J., K.L., and U.V.; visualization, R.A.; writing, original draft preparation, R.A. and U.V. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Swedish Research Council Grant Number 2018-04273 and the Olle
Engkvists stiftelse Grant Number 196-0068.

Acknowledgments: We would like to thank Muhammet S. Toprak (KTH ) for useful discussions; Alexander
Björling and Sebastian Kalbfleisch for their help with the experiments at the MAX IV NanoMAX beamline;
and Hazal Batili (KTH) for her help with the MACE experiments. We acknowledge the support from SLAC
National Accelerator Laboratory. Parts of this work were performed at the Albanova Nanofabrication Facility
(ANF) and the Stanford Nano Shared Facilities (SNSF).

Conflicts of Interest: The authors declare no conflict of interest.

53



Micromachines 2020, 11, 301

Abbreviations

The following abbreviations are used in this manuscript:

MACE Metal-assisted chemical etching
ALD Atomic layer deposition
ED Electrodeposition
ELD Electroless deposition
EBL Electron beam lithography
DI Deionized
SEM Scanning electron microscopy
FIB Focused ion beam
OSA Order sorting aperture
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Abstract: The formation of porous silicon by Pd nanoparticles-assisted chemical etching of
single-crystal Si with resistivity ρ = 0.01 Ω·cm at 25 ◦C, 50 ◦C and 75 ◦C in HF/H2O2/H2O solution
was studied. Porous layers of silicon were studied by optical and scanning electron microscopy, and
gravimetric analysis. It is shown that por-Si, formed by Pd nanoparticles-assisted chemical etching,
has the property of ethanol electrooxidation. The chromatographic analysis of ethanol electrooxidation
products on por-Si/Pd shows that the main products are CO2, CH4, H2, CO, O2, acetaldehyde (CHO)+,
methanol and water vapor. The mass activity of the por-Si/Pd system was investigated by measuring
the short-circuit current in ethanol solutions. The influence of the thickness of porous silicon and
wafer on the mass activity and the charge measured during ethanol electrooxidation was established.
Additionally, the mechanism of charge transport during ethanol electrooxidation was established.

Keywords: porous silicon; Pd nanoparticles-assisted chemical etching; etching rate; ethanol
electrooxidation

1. Introduction

Technological innovation leads to an increase in energy and natural resources consumption, in
particular, natural gas. Continuous consumption of non-renewable resources leads to their exhaustion.
There is a need to develop and make use of alternative energy sources, based on environmentally-friendly
technologies, because of natural resources limitations. Development of new alternative energy sources
will allow us to receive scientific and technical results, with technologies which provide transition to
resource-saving energy. One of the prospective directions in the resource-saving power area is the fuel
element and portable electrochemical energy generators. They have many advantages: portability,
high efficiency, small level of harmful emissions and quietness [1]. Nowadays, an interesting and
prospective direction in the resource-saving power area is ethanol as fuel and a power source for the
electric current generators [2].

Transformation to electric power is due to direct ethanol oxidation in the cell. It allows the
simplification of the fuel supply system because of high specific energy of liquid alcohols, providing a
short circuit in an environmentally-friendly cycle of transformation of energy in the natural scale due
to a number of alcohols. The ethanol can be produced in biosystems in almost unlimited volumes [3].
The oxidation product of ethanol is CH4.
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Recent studies for alternative fuels indicate a growing interest in the development of small fuel
cells and energy generators based on porous silicon due to a few advantages: high specific surface;
strong chemical loading ability of the surface; the possibility of changing the surface morphology of the
porous layers at the nano- and micro levels; simplicity and low cost of manufacture and compatibility
with silicon integrated technology [4]. The plasma chemical etching for porous silicon formation is
widely used. This method is characterised by a high complexity of hardware provided [5]. Chemical
etching in solutions of alkalis or acids is a cheaper method for porous Si formation. Porous Si is usually
formed by anode etching in HF solutions [6–8]. However, this method means individual treatment
of wafers.

In recent years, special development was received by the chemical etching induced by noble
metals (Ag, Au, Pt, and Pd) [9–12]. This method is simple and enables carrying out group treatment
of wafers that reduces the price of the technology of porous silicon formation. Besides, this method
allows the production of porous silicon with a wide range of geometrical sizes by using a form and
type of a metal mask. The thickness of the porous silicon is defined by the etching duration, electrolyte
composition, and the metal amount. The MACE (metal-assisted chemical etching) method enables the
production of a noble metal/porous silicon structure that combines the functions of both the anode and
cathode of the generator’s active element and fuel cell. This structure is called the Schottky junction
(Schottky barrier). In work by Bin Zhu [13,14] a hydrogen fuel cell based on the Schottky barrier (metal,
p-type semiconductor) was described.

Porous silicon functionalised with noble metals is of undoubted scientific and practical interest
as an object for the production of new energy generators. Simplifying the design by switching to a
single-layer functional structure will increase the productivity and reduce the cost of the finished device.
Conducting studies of the electrocatalytic ethanol oxidation using the cathode/anode structure, based
on Pd clusters in a porous layer, allows producing an environmentally-friendly and resource-saving
energy sector. The efficiency of creating a structure is associated with a high specific surface area of the
porous silicon, and size effects of a metal catalyst during the ethanol electrooxidation. It occurs on
the local nano- and micro-regions of the anodes/cathodes inside of porous silicon. Understanding the
electro-catalytic activities of the ethanol on the Pd/por-Si structure is very important for developing
more active catalysts for the direct-ethanol generators. The purpose of the work is establishment
of the influence of the porous layer thickness and porosity formed by Pd nanoparticles-assisted
etching on the duration of gas evolution, and ethanol electrooxidation mass activity for different
ethanol-based electrolytes.

2. Materials and Methods

Boron doped p-type silicon wafers with (1 0 0) orientation and resistivity of 0.01 Ω·cm were
cleaned as follows: (i) dipping into H2SO4 (98%):H2O2 (30%) (in volume 1:1) solution, then (ii) into
HF (40%):H2O (in volume 1:4) solution to remove native oxide and finally, (iii) into pure ethanol. The
cleaned wafers were cut into pieces 3 × 3 cm2. The samples were placed in a Teflon cell. The samples
were immersed into solution PdCl2:HCl (0.5 g/L PdCl2, 20 mL/L HCl) for 30 min at 25 ◦C for Pd film
deposition. The por-Si formation was performed in solution HF (40%):H2O2 (30%):H2O (25:10:4 in
volume) at T = 25, 50 and 75 ◦C. Porosity was calculated by gravimetric analysis. Samples with area S
were weighed before etching (m1). Then non-polished side of the sample was covered by varnish and
dried in the air. The etching duration was 30–120 min. Then, samples were cleaned in ethanol and
dried at 65 ◦C. The varnish was removed and the samples were weighed (m2). Por-Si was dissolved in
a water solution of NaOH and weighed (m3). Porosity was calculated by the equation:

P =
m1 −m2

m1 −m3
× 100%, (1)

where m1 and m2 are the sample’s masses before and after etching and m3 is the sample mass after por-Si
dissolution. Samples were etched in the same conditions because of the multi-sectional Teflon cell.
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The duration of filling of the same gas volume (2.4 mL) during ethanol electrooxidation (EEO), with
different C2H5OH concentrations, was fixed. The gas volume, as a result of the ethanol electrooxidation
by 2.5 cm2 samples, was measured using a cell (Figure 1). The essence of the method is the displacement
of water by the gas, under a glass cell.

 
Figure 1. Schematic presentation of cell for gas volume measurement: (1) sample, (2) ethanol solution,
(3) gas, (4) flexible tube, (5) cell, (6) glass cell, (7) holes.

The sample (1) was placed into a glass cell with ethanol solution (2). Gas evolution (3) occurs.
Then, gas follows on a flexible tube (4) in cell (5) located in glass cell (6) with water (level 0). Then the
gas displaces water from cell through the holes (7) and the level changed. The displaced water volume
equals to gas volume evolved during a certain time Vwater = Vgas.

The cell was filled multiple times to calculate the gas evolution rate υ. It was calculated by
the equation:

υ =
Vgas

t
(2)

where Vgas is the gas volume and t is the duration of the gas evolution.
Sample surface morphology was investigated by optical and scanning electron microscopy (Carl

Zeiss Axiovert 40 MAT (Carl Zeiss Group, Oberkochen, Germany) and Helios NanoLab 650 (Thermo
Fisher Scientific, Hillsboro, OR, USA)). Energy-dispersive X-ray (EDX) spectroscopy was performed on
FEI Helios (FEI, Hillsboro, OR, USA) with an EDAX Octane Elite super EDS System (Octane Super,
Mahwah, NJ, USA). The short-circuit current during etching in the galvanic cells and the mass activity
as a function of EEO time were measured with a digital multimeter (UNI-T UT61C, UNI-T Group Ltd.,
Hong Kong). The value of the charge QExcess Carrier was determined by numerical integration of current
versus time, Q =

∫ t
0 Jdt. The composition and conductivity of ethanol solutions for mass activity

measurements are presented in Table 1. pH equals to 2 made by adding H2SO4 into ethanol solution.

Table 1. Solution properties.

Solution Ethanol/Water (Volume Ratio) pH Conductivity

1 10/90 2 5.00 mS/cm
2 50/50 2 2.84 mS/cm
3 95/5 2 0.514 mS/cm

The gas composition was measured using quadrupole mass selective detector Hiden Analytical
HPR-20 (Hiden Analytical, Warrington, UK) in the m/z range 1–100. EEO was performed in glass
reactor at T = 25 ◦C, p = 1 bar. To obtain information on types of chemical bonds presented in the
porous layer, the samples were analyzed by infrared (IR) reflectance spectroscopy using Nicolet iS50
spectrometer (Thermo Fisher Scientific).
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3. Results

Figure 2 shows scanning electron micrograph (SEM) images of Si (1 0 0) surface with palladium
clusters deposited during immersion in PdCl2 solution for 30 min. The dimension of separate Pd
particles varied in the range of 20 < d < 50 nm. The agglomerates from the Pd particles varied in the
range of 0.1 < d < 2 μm.

Figure 2. Scanning electron micrograph (SEM) image of Pd particles deposited on Si (1 0 0) wafer by
immersing in PdCl2:HCl solution for t = 30 min.

Figure 3 shows SEM images of the porous silicon surface after Pd nanoparticles-assisted chemical
etching with different etching times.

  
(a) (b) 

 
(c) 

Figure 3. Scanning electron micrograph of the cross section porous silicon film etched for (a) 2 min, (b)
15 min and (c) 120 min at 25 ◦C.
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Figure 3 illustrates porous silicon formation during different etching times. The minimum etching
duration was 2 min because of 1.25 μm porous layer is observed. The maximum etching duration
was 120 min. The porous layer breaks after 120 min etching. The porous silicon has perpendicular
macropores with diameters from 1 to 3 μm and mesopores tightly penetrating the walls of the porous
matrix. Pd particles dissolve silicon, gradually plunging inwards and forming a pore. Parts of the
particles were deposited on the pore walls during the etching process. This contributed to the formation
of mesopores.

Each pore is characterised by the size and shape of the metal particle. The appearance of the inner
pore cavity is a consequence of the etching. If the particle is agglomerated, the pore walls are like a
sponge of mesoporous silicon. As the agglomerate moves deeper into the pore, individual particles
with a diameter of 80 ± 5 nm are deposited on the pore wall, contributing to its dissolution. This
phenomenon is described in [12]. As particles are deposited on the walls, the agglomerate decreases
in size, forming a dimple of a smaller diameter, which ultimately leads to the formation of a conical
pore. In this case, the conical pore is due to the gradual dissolution of the walls (Figure 4a). Etching
segments can determine the particle size. The upper part of the pore promotes its expansion with the
solution penetrating the portion, uniformly dissolving the walls of the pore by photoelectrochemical
dissolution. In the case of the separate metal particles, the pores will be formed vertically (Figure 4b).
The pore diameter will be equal to the particle diameter.

  
(a) (b) 

Figure 4. SEM image of cross section of sample after etching during 60 min: (a) the Pd particles are
agglomerated, (b) the separate Pd particles.

It was found that Pd particles are present in the mesopores, which have access to a system
por-Si/Pd. This system provides the ethanol electrooxidation (EEO). It can proceed according to one of
a few schemes (Figure 5) [15]. The acetaldehyde, acetic acid (incomplete oxidation) and carbon dioxide
(complete oxidation) are the products of electrooxidation of ethanol [16].

 

Figure 5. The scheme of the ethanol electrooxidation.

Figure 6a illustrates EEO. Intense gas evolution is observed from the functionalised metal-based
silicon porous material immersed in ethanol solutions. Intense gas evolution gradually decreased. The
gas evolution duration can be as long as several hours. The gas composition is shown in Figure 6b.
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(a) (b) 

Figure 6. Electrooxidation (EEO): (a) sample photo during EEO, (b) the mass spectrum of a gas.

The mass spectrometry analysis of EEO products on por-Si/Pd shows that the main products
are CO2, CH4, H2, CO, O2, acetaldehyde (CHO)+ [17], methanol, ethanol and water vapor. The
volumes of components relative to the total volume of EEO products are the following: H2—5%,
CH4—7%, H2O—33%, CO—25%, O2—20%, CO2—10%. Figure 7a,b shows the influence of the sample
porosity, etching duration and temperature on the duration of gas evolution. In this work, intensive
gas evolution can be visually detected without using additional devices.

 
(a) (b) 

Figure 7. The dependence of the gas evolution on the (a) samples treatment duration, (b) por-Si porosity.
Points are experimental results, lines are approximations.

It has been found that the maximum duration of intense gas evolution (32 min) is observed for
samples formed at 50 ◦C for 120 min etching, and the minimum duration (2 min) is observed for
samples formed at 75 ◦C for 60–120 min etching. Increase and reduction of the duration of gas evolution
is caused by the increase and reduction of porous silicon thickness respectively. It was established that
a linear increase in the thickness of the porous layer happened with an increase in the etching duration
from 30 to 120 min for temperatures of 25 and 50 ◦C. The thickness of the porous layer was from 30 to
90 μm for 30–120 min and 25 ◦C etching; from 60 to 105 μm for 30–120 min and 50 ◦C etching; and
from 100 to 45 μm for 30–120 min and 75 ◦C etching. It is due to porous layer dissolution. Reducing
the porous silicon thickness leads to a decrease of the local metal/semiconductor and the EEO regions,
respectively. The transfer of porous silicon at elevated processing temperatures is described in detail
in [18]. The duration of the gas evolution is linearly dependent on the porosity of the layer. Therefore,
the high porosity of the sample ensures access of the reactants to the surface of por-Si/Pd and removal
of the reaction products.
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Besides the duration of gas evolution, an important parameter for establishing the EEO mechanism
is the gas evolution rate. It characterises the EEO reaction rate. Table 2 shows the results of the analysis
of the rate of gas evolution.

Table 2. The rate of gas evolution for three ethanol solutions.

Volume Ratio C2H5OH/H2O 95/5 60/40 30/70

t, s
120 540 105
360 900 870
840 2550 2760

V ·10−3, cm3/s

19.8 4.3 22.6
6.6 2.6 2.6
2.8 1 0.8

It has been found that the rate of gas evolution and the EEO is higher for solution 95/5. The high
concentration of ethanol molecules promotes rapid adsorption. In addition, the rate of gas evolution is
gradually reduced, which may be due to several factors:

1. solution depletion,
2. porous layer destruction,
3. contamination of the porous layer surface with reaction products.

The first two factors do not have an effect on the rate reduction. The porous layer destruction
(SEM) and solution depletion has not been established. The addition of alcohol to the solution after the
gas evolution stopped did not resume the process, while the as-prepared sample oxidized the spent
solution. Treatment of the used sample in hydrofluoric acid contributed to the resumption of intense
gas evolution in the spent solution.

Figure 8 shows SEM images of Pd/por-Si surface after EEO.

  
(a) (b) 

 
(c) 

Figure 8. SEM images of porous silicon after EEO of solutions contained (a) 95/5, (b) 60/40 and (c) 30/70
ethanol/water at 25 ◦C during 30 min.
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In Figure 8, it can be seen that the gradual reduction of the gas evolution rate was due to
contamination of the surface with reaction products. The higher the concentration of ethanol in the
solution, the denser the precipitates. The thickness of the precipitate layer covering the porous layer
has a value of several micrometres. The element analysis (EDX method) of the porous surface after
EEO (Figure 9) allows us to determine a non-uniform distribution of elements into the surface. The
elements in porous silicon are Si, O, and C (Table 3). The element in porous silicon at Spots 1, 3 and 4
is silicon.

 

Figure 9. SEM image of porous silicon after electrooxidation and energy-dispersive X-ray (EDX)
analysis spots.

Table 3. The element analysis of Spot 2 for porous silicon after 120 min electrooxidation of
different solutions.

Volume Ratio C2H5OH/H2O Elements Weight % Atomic %

95/5
C 2.37 5.23
O 3.33 5.53
Si 94.30 89.23

60/40
C 4.82 10.16
O 8.35 13.23
Si 86.83 76.61

30/70
C 3.20 7.05
O 2.56 4.23
Si 94.23 88.71

Chemical bonds between the components of the porous layer were analyzed by infrared (IR)
reflectance spectroscopy (Figure 10).

IR reflection spectra show the presence of bands typical for EEO by Pt and Pd catalysts. Table 4
presents wavenumbers corresponding to the bonds.

The CO3
2− may be observed near 2846 cm−1. The acetate was displayed as two intense peaks at

1553 and 1410 cm−1. As the concentration of ethanol in solution increases, the acetate of CH3COO−
band (1550 cm−1) and ν (C−H) of CH3CH2OH band (2900 cm−1) intensities also increase. As the
concentration of ethanol in solution increases, the Si-H wag band intensities decrease. Decrease in
intensity may be due to the increasing of the thickness of the precipitate layer covering the porous layer.
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Figure 10. FTIR (Fourier-transform infrared) spectra of porous silicon after 120 min of electrooxidation
of ethanol with different concentration.

Table 4. Surface bonding of porous silicon after electrooxidation (EEO).

Wave Number, cm−1 Bonds, Vibration Mode

625 Si–H wag [19]

1391 δ(C−H) of CH3CH2OH

1400 acetate νs CH3COO− [20]

1452 δ(C−H) of CH3CH2OH

1550 acetate νs CH3COO− [20]

2850 CO3
2−

2900 ν(C−H) of CH3CH2OH [21]

4. Discussion

The studies of EEO products on platinum catalysts using various analytical methods show that
the reaction predominantly involves ethanol oxidation to CO2 [22]:

Anodic reaction on Pd:

C2H5OH 2e→ CH3OH 2e→ CHX + CO 8e→ 2CO2 (3)

Cathodic reaction on Si:
12H+ + 3O2 + 12e− → 6H2O (4)

O2 and H2 is a result of water splitting by porous silicon because of water solutions of ethanol [23].
Figure 11 shows the mass activity as a function of time on the Pd/porous silicon with a different
thickness of por-Si for the solution No. 1–3. The mass activity characterises the amount of ethanol that
was oxidized by the sample over a period of time t and the behavior of the process. The measurement
was performed in a two-electrode cell, Pd/Si- anode, Pt- cathode. When the Si/Pd-system is dipped into
the ethanol solution, EEO is occurred at the Pd/Si surface. The electrons’ transport is going through the
porous layer and silicon wafer. The electrons diffuse into the semiconductor and accumulated at the
wafer’s rear (unload) side. The current can be registered in the galvanic cell (Figure 10). The current
flows through the electrolyte between the Pt-cathode and Si/Pd-anode. The Pt-electrode is arranged in
the electrolyte in immediate proximity to the sample surface.
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(a) (b) 

 
(c) 

Figure 11. Current–time curves measured on Pd/por-Si for solutions: (a) No. 1 (10/90), (b) No. 2 (50/50)
and (c) No. 3 (95/5).

The current density decreased with time for all porous samples and solutions. All catalysts
showed the maximum current densities (Jmax) immediately after the step (I section) (Figure 12). Then,
the current decreased with time (II section). After a few minutes, the current achieved a pseudo-steady
state (III section). The curve type corresponds to current–time curves measured during electrooxidation
of dimethyl ether on Pt/C and PtMe/C catalysts in sulphuric acid [24].

Figure 12. Typical J(t) sections.
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Decrease of the current density is due to the formation of the contamination on the porous silicon
surface. Table 5 shows the current–time curves analysis for different solutions.

Table 5. The current–time curves analysis for different solutions.

Volume Ratio C2H5OH/H2O Porous Silicon Thickness, μm Jmax, μA/cm2 Jsteady state, μA/cm2

10/90
30 23 8
32 22 6
38 17.5 5

50/50
8 16 2

24 52.5 3.5
38 77 7

95/5
30 54 3
34 33 4.5
40 79.6 5.5

It was established that Jmax depends on the thickness of the porous silicon and concentration
of ethanol. Such dependence is due to the EEO reactions yield. In this case, the thickness of the
porous layer affects the amount of Pd particles in the porous layer, due to the sample preparation. The
minimum value of Jmax and Jsteady state is observed for the case with a minimum porous layer thickness
of 8 μm. The maximum values of Jmax equal to 77 and 79.6 μA/cm2, and Jsteady state equal to 7 and
5.5 μA/cm2, are observed for 38–40 μm thick porous layers. Ethanol concentration in solution does not
affect Jsteady state, but affects Jmax. Jmax reaches a value between 17 to 23 μA/cm2 for solution 10/90. Jmax

reaches a value between 33 to 79.6 μA/cm2 for solution 95/5. This may be due to the non-wettability
of the surface of porous silicon formed Pd nanoparticles-assisted etching [25] by solution 95/5 and
50/50 (the contact angles are 140◦). The contact angle for solutions 10/90 is 140◦. The higher the
ethanol concentration, the less the contact angle on porous surface [26]. Solution 10/90 showed the
best activity for the electrooxidation in this study because of the high value of Jsteady state. Low surface
contamination during electrooxidation (Figure 8c) facilitates ethanol access to the Pd surface, intensive
mass transfer, and high Jsteady state value.

The corresponding charges from Figure 11 can be extracted and plotted versus a time scale to
indicate the rate of formation of adsorbed species at this preparation potential of Pd/por-Si. The value
of QExcess Carrier was determined by numerical integration of the dependence of the current on time
and presented in Figure 13. The QExcess Carrier value is characterising excess charge carriers diffused
into the substrate during EEO.

 
(a) (b) 

Figure 13. Cont.
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(c) 

Figure 13. The QExcess Carrier versus duration of ethanol oxidation of porous silicon with different
thickness and solution: (a) 10/90, (b) 50/50, (c) 95/5.

The charge of time is described by a polynomial of degree 2 with R = 0.99%. The charge passing
through the substrate QExcess Carrier depends on a few factors: concentration of charge carriers injected
into silicon Qtotal, substrate thickness and specific resistivity (Qsub), and porous layer thickness (Qpor-Si).

Qtotal = QExcess Carrier + Qsub + Qpor (5)

Qtotal characterises the value of all charge carriers involved in the electrooxidation of ethanol.
It the case of the present research work, Qtotal depends on Pd/por-Si contact area. The increase in
charge carrier concentration on the surface of the hole, caused by injection, leads to the appearance of
a diffusion electron flow directed along the x-axis perpendicular to the semiconductor surface, with
the result that the carrier concentration increases not only on the surface but also in the depth of the
semiconductor. In this case, injected carriers go deeper into the semiconductor at different distances,
where they are recombined.

Figure 14 shows current–time curves measured on Pd/por-Si for different solutions at 25 ◦C. A
decrease in the wafer thickness by 70 μm, with the same thickness of porous silicon 30 μm, increases
the charge from 36 to 140 mC for solution 10/90, from 20 to 100 mC for solution 50/50, and from 14 to
72 mC for solution 95/5 at 3600 s oxidation.

Figure 14. Current–time curves measured on Pd/por-Si for solutions: 10/90, 50/50 and 95/5.

Having excluded the contribution of the thickness and resistivity of a single crystal silicon wafer,
as well as the thickness of the porous layer because of equal value, we can obtain the equation:

Qtotal n −QExcess Carrier n = Qtotal m −QExcess Carrier m (6)
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where n and m are the solutions number, and QExcess Carrier is measured by short-circuit current in the
galvanic cells. We can calculate Qtotal for unknown solutions for any duration, using the same porous
silicon samples and one test solution with Qtotal.

This approach can be used for porous silicon formation by Pd nanoparticles-assisted etching. The
process of forming a porous layer is identical, with the only difference being that the thickness of the
initial single crystal is 525 μm (Figure 15a) and 336 μm (Figure 15b), respectively.

 
(a) (b) 

Figure 15. Current–time curves measured during Pd nanoparticles-assisted etching of silicon with
thickness: (a) 525 μm, (b) 336 μm.

The J(t) curves characterise the etching mechanism. Five characteristic regions can be identified:

(I) current increasing,
(II) slowing growth rate and subsequently decreased current,
(III) current increasing,
(IV) constant current,
(V) current decreasing.

J(t) reflects a change of the area (S) of the electrochemical reaction front. The changes of J with time
(Figure 14) are related to the evolution of the Si morphology during pore nucleation. Pore formation
takes place after the immersion of silicon into the solution containing HF and H2O2. The pore area
depends on the duration of the treatment [27]. The increase in the surface area leads to the growth of
the current density, the first region.

The current growth continues until a porous layer of critical thickness is formed on the Si surface.
In this case, access of the solution to the surface of monocrystalline silicon becomes limited. The
transport of holes through porous silicon is difficult due to the high specific resistance of the por-Si [27].
With an increase in the thickness of the porous layer, the concentration of excess holes that are not
involved in the dissolution of Si becomes smaller, the second region. A further effect of the solution
on the surface leads to the dissolution of the porous layer (the beginning of region III). Dissolution
of por-Si reduces the thickness of the porous layer to less than the critical value, which increases the
concentration of holes in Si, and, consequently, the current in region III. The current is constant in
region IV due to the growth and etching of the porous silicon. The porous layer growth and current
decrease in the region V.

The charge of the first cycle (single crystal is 525 μm) takes the value of 1.5 C, while the second
(single crystal is 336 μm) 17.7 C. Thus, in a single crystal 189 μm thick with a specific resistance of
0.01 Ω·cm, carriers of charge of 16.2 C recombine. Removing silicon can increase the charge passing
through the sample by 11.8 times. The currents of the second cycle have values exceeding the currents
of the first cycle and allow a detailed study of the structural change during Pd nanoparticles-assisted
chemical etching of silicon.
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5. Conclusions

It is shown that por-Si, formed by Pd nanoparticles-assisted chemical etching, has the property of
ethanol electrooxidation. Intense gas evolution is observed from the metal/porous silicon immersed in
ethanol solutions. The chromatographic analysis of EEO products on por-Si/Pd shows that the main
products are CO2, CH4, H2, CO, O2, methanol and water vapor. The duration of the gas evolution is
linearly dependent on the porosity of the layer. Therefore, the high porosity of the sample ensures
access of the reactants to the surface of por-Si/Pd and removal of the reaction products. The gradual
reduction of the gas evolution rate was due to contamination of the surface with reaction products.
The mass activity, as a function of time, was measured by the short-circuit current in the galvanic cells.

It was established that Jmax depends on the thickness of the porous silicon and concentration
of ethanol. Such dependence is due to the EEO reactions yield. In this case, the thickness of the
porous layer affects the amount of Pd particles in the porous layer, due to the sample preparation. The
minimum value of Jmax and Jsteady state is observed for the case with a minimum porous layer thickness
of 8 μm. The maximum value of Jmax equals to 77 and 79.6 μA/cm2, and for Jsteady state equals to 7 and
5.5 μA/cm2, is observed for 38–40 μm thick porous layers. Ethanol concentration in solution does not
affect Jsteady state, but affects Jmax. Jmax reaches a value between 17 to 23 μA/cm2 for solution 10/90. Jmax

reaches a value between 33 to 79.6 μA/cm2 for solution 95/5.
A decrease in the wafer thickness by 70 μm, with the same thickness of porous silicon, increases

the charge carriers, diffused into the substrate, from 36 to 140 mC for solution 10/90, from 20 to 100 mC
for solution 50/50, and from 14 to 72 mC for solution 95/5 at 3600 s oxidation. Thus, the porous silicon
thickness, porosity and solution composition are the main factors defined EEO efficiency.
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Abstract: High-aspect-ratio silicon micro- and nanostructures are technologically relevant in several
applications, such as microelectronics, microelectromechanical systems, sensors, thermoelectric
materials, battery anodes, solar cells, photonic devices, and X-ray optics. Microfabrication is usually
achieved by dry-etch with reactive ions and KOH based wet-etch, metal assisted chemical etching
(MacEtch) is emerging as a new etching technique that allows huge aspect ratio for feature size in
the nanoscale. To date, a specialized review of MacEtch that considers both the fundamentals and
X-ray optics applications is missing in the literature. This review aims to provide a comprehensive
summary including: (i) fundamental mechanism; (ii) basics and roles to perform uniform etching in
direction perpendicular to the <100> Si substrate; (iii) several examples of X-ray optics fabricated by
MacEtch such as line gratings, circular gratings array, Fresnel zone plates, and other X-ray lenses;
(iv) materials and methods for a full fabrication of absorbing gratings and the application in X-ray
grating based interferometry; and (v) future perspectives of X-ray optics fabrication. The review
provides researchers and engineers with an extensive and updated understanding of the principles
and applications of MacEtch as a new technology for X-ray optics fabrication.

Keywords: X-ray grating interferometry; catalyst; silicon; gold electroplating

1. Introduction

High resolution and high-efficiency diffractive optics have largely been unavailable for hard
X-rays where many scientific, technological, and biomedical applications exist. This is due to the
long-standing challenge of fabricating high aspect ratio high-resolution micro- and nano-structures.

Fabrication of high-aspect-ratio silicon micro- and nano-structures is a key process in many
applications, such as microelectronics [1], microelectromechanical systems [2,3], sensors [4],
thermoelectric materials [5], battery anodes [6], solar cells [7], photonic devices [8], and X-ray optics [9].
Microfabrication is usually achieved by reactive ion etching [10], which requires high investment in
tools and maintenance. KOH-based wet etching [11,12] has been used for microfabrication in Si at
micro- and nano-scale. However, the aspect ratio of etched trenches is limited by the etching rate
ratio between different crystallographic orientations and only possible in simple geometries like linear
gratings or crossed linear gratings defined by the direction of <111> crystallographic planes of Si.
As an alternative approach for fabricating Si microstructures, metal assisted chemical etching [13]
has attracted great interest [14] because of its simplicity, low fabrication costs, and ability to generate
high aspect ratio nanostructures such as nanowires [15]. Several acronyms were reported for this
process—MACE, MAE, MacEtch—since 2015 the community seemed to agree with the common
acronym of “MacEtch”, which was firstly introduced by X. Li [16] to distinguish the unique properties
with respect of standard wet-etch and dry-etch techniques. Unlike KOH wet-etch [12], the MacEtch
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process is almost independent of crystal orientation and may be used to create a wide variety of
patterns, without suffering of microloading effects of dry-etch. An advantage of the method is
the considerable reduction in fabrication costs and complexity with respect to the other techniques.
MacEtch fabrication of nanoscale patterns has been successfully applied for synchrotron-based X-ray
imaging methods [17,18]. For X-ray grating interferometry imaging, the fabrication of Si microgratings
requires sharp vertical profiles, high aspect ratios, high accuracy of pitch size and duty cycle, uniformity
over large area, and, finally, the possibility to fill up the Si template with a high X-ray absorbing
material [19,20] such as gold [21,22]. These requirements are especially stringent for X-ray medical
diagnostics for which extremely large field of view is necessary. Thus gratings require microfabrication
on area of many squared centimeters [9], with aspect ratio and pitch size that depend on the used
energy, specific design and performances (pitch size in the range of 1–20 μm, aspect ratio in the range
of 10–100).

Since its discovery in 2000, by Li et al. [13], MacEtch of silicon has emerged as a
new technique capable of fabricating 3D nano- and micro-structures of several shapes and
applications [23]:—nano-porous film, nanowires [24], 3D objects [25], trenches, vias [26], micro-fins [27],
nano-scale grooves, surface antireflection texturing [28], optoelectronic devices such as solar cells [29]
and photodetectors [30], sensor devices [31], X-ray optics—in a few semiconductors substrates: Si [15],
Ge [30], poly-Si [32], GaAs [33], β-Ga2O3 [27], SiC [34], etc.—and different catalysts: Ag, Au, Cu, Pt,
and Pd [15]. MacEtch has been developed with a strong controlled vertical directionality with respect
to the substrate and successfully applied for producing X-ray zone plates [17,23,35–38] and diffraction
gratings [19,20,37,39–41]. In MacEtch, a catalyst layer (e.g., Au) is patterned onto the substrate (e.g., Si) to
locally increase the dissolution rate of the substrate material in an etchant solution including a fluoride
etchant such as hydrofluoric acid (HF) and an oxidizing agent such as hydrogen peroxide (H2O2).

To date, no comprehensive review of patterned microstructures by MacEtch exists in the literature.
The existing reviews on MacEtch rarely focus on the aspects of X-ray gratings fabrication. This paper
provides an extensive overview of the fundamentals and recent developments of MacEtch as well
as addressing the research gaps in this field. After an overview about the MacEtch mechanism, we
dedicated a particular attention to the conditions (catalyst, additives, and reaction temperature) to
ensure the vertical etching of the (100) Si substrates. Then, we described the procedures for gratings
fabrication, from pattern design to transfer in the silicon substrate and finally the template filling with
a high X-ray absorbing material such as Au. In the last section we discussed the recent applications
of Fresnel zone plates and X-ray interferometric gratings fabricated by MacEtch. In the concluding
remarks we outlined the major challenges for large-scale MacEtch X-ray optics and the perspectives of
MacEtch microfabrication.

MacEtch offers the possibility to fabricate high aspect ratio structures for hard X-ray diffractive
optics and opens up new opportunities for high resolution imaging with compact X-ray sources and
for synchrotrons and X-ray-free electron lasers with more complex wave front manipulation.

2. MacEtch Mechanism

The mechanism of MacEtch has been extensively debated in literature [15] even with controversial
interpretations [42]. Etching occurs when the metal (catalyst) patterned Si substrate is immersed
in a solution with an etchant (for example HF) and an oxidizer (for example H2O2). The
solution-metal-silicon system constitutes a microscopic electrochemical cell that induces anodic
silicon etch.

For the most commonly employed oxidants (H2O2), the proposed cathodic reactions provide
free positive carriers to be transferred to the silicon, according to Equation (1). In the anode reaction,
the silicon consumes the positive carriers and is solubilized through oxidation (Equation (2)). The
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concentration of holes becomes higher in the region surrounding the metal catalyst, where silicon is
readily oxidized by HF and forms silicon fluoride.

H2O2 + 2H+ → 2H2O + 2h+ (1)

Si + 4h+ + 6HF→ SiF2−
6 + 6H+ (2)

Common oxidizers for MacEtch and their associated cathode reactions are reviewed by
Chiappini et al. [43]. A wide variety of metal salts can induce silicon porosification without the
addition of any other oxidizer, as their electrochemical potential is sufficiently high to directly inject
holes in the valence band of silicon [43]. Several other oxidizing agents have been studied [44],
including oxygen [37,45] with the following reaction (Equation (3)):

O2 + 4H+ + 4e− → 2H2O. (3)

Figure 1 shows Scanning Electron Microscopy (SEM) images of MacEtch after few seconds of
etching. The removal of Si atoms occurs faster at the interface with the metal catalyst, where positive
carriers have the maximum concentration. As the reaction proceeds, the catalyst sinks into the substrate
and progressively the catalyst nanopattern is transferred to the substrate. The process continues as
long as the etchants are present in the solution and the reaction byproducts diffuse out of the pattern.
Despite of the simple mechanism, the full process has indeed a complex dynamic where several
phenomena—mass transport of etchants and byproducts, charge carrier diffusion, catalyst stability,
and gas release—interplay to determine the etching rate, the etching direction, and the quality of the
etched structure.

 

Figure 1. MacEtch mechanism in solution of HF and H2O2. (a) The metal catalyst deposited on a
Si <100> substrate decomposes H2O2 with consequent injection of holes (+) into the semiconductor.
(b) Si consumes the positive carriers Si, it is readily oxidized by HF and forms silicon fluoride, the
process continues and the catalyst progressively sinks into Si along the <100> direction, transferring
the nanostructure pattern to the Si (formation of nanopillars in this case). Images are cross-section
Scanning Electron Microscopy (SEM) of nano-patterned Pt on Si (a) after few seconds of MacEtch in
solution of HF and H2O2.
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The etching mechanism and the composition dependence have been extensively reported in
literature [15,43,46].

Hydrogen peroxide is by far the most commonly employed oxidizer in MacEtch. Chartier et al.
assume that the relative concentration of HF and H2O2 in a MacEtch etch solution plays a similar
role to the current density Jps in anodic etch [46]. MacEtch solution is usually described in terms of
concentrations ratio between HF and H2O2, according to Chartier’s formula (Equation (4))

ρ =
[HF]

[HF] + [H2O2]
(4)

where [HF] and [H2O2] are the molar concentration of HF and H2O2, respectively and Hildreth’s [47]
compact expression ρ[HF].

3. Vertical Etching

Huang et al. [48] demonstrated that MacEtch is intrinsically anisotropic along the preferred
crystallographic <100> directions. Such an orientation dependence is related to the silicon lattice
configuration at the reaction site. Removal of oxidized silicon by HF is associated with the cleavage of
its back bonds, of which effective number density in different crystal planes increases with the order
(100) < (110) < (111) [49]. Due to the different back-bond strength, the Si atom on the (100) surface
plane is the most easily removed, and the etching occurs preferentially along the <100> directions. The
anisotropy could be reduced or eliminated by varying the concentration of the etchants. In MacEtch of
Si, the movement of the etching front (i.e., metal/Si interface) is a net consequence of the following two
competing events: (1) injection of a positive charge carriers into bulk Si through the metal-Si interface
and (2) removal of oxidized Si by HF from just underneath the catalyst metal. Since the generation of
holes is related to the catalytic decomposition of H2O2 at the interface between the solution and the
catalyst metal surface, the amount of holes injected into Si is proportional to the H2O2 concentration in
the solution and the catalyst activity. In conditions of low H2O2 concentration, hole injection into Si
atoms will be localized at the (100) plane, where there are the fewest Si back bonds to break, resulting
in etching along the <100> direction. As the concentration of H2O2 increases sufficiently, removal
of oxidized Si would be kinetically favored in the crystal planes with a higher density of silicon
back bonds, resulting in etchings along non-<100> directions. The same argument can be played
considering HF, in conditions of low HF concentration, the removal of oxidized silicon would control
the reaction so the favorite etching direction is again the <100>. While, for high HF concentration, also
the other directions are favored. A schematic is reported in Figure 2. It must be noted that H2O2 and
HF are correlated in the solution, so the transition between one etching direction to the other should
be determined as a function of the specific solution and the used catalyst. A complex ternary graph
would result taking into account the water dilution, as reported by J. Kim et al. [50].

During the process of etching, a triggering event that produces unequal etch rates might occur.
These events can change the effective forces on the catalyst and produce a resultant torque on the
catalyst. [51]. Such triggering events are made more frequent in the case of higher etch rates as brought
about by higher oxidant concentration or by etching at elevated temperature. To date, this represents
one of the major challenge to optimize MacEtch as a reliable and controllable process for large area
patterning of high aspect ratio structures. Hildreth et al. [25,52] demonstrated that controlled 3D
motion of catalyst patterns during MacEtch can be achieved by locally pinning them with an electrically
insulating material prior to etching. However, due to this movement, the aspect ratio achievable for
features perpendicular to the substrate in an arbitrary dense pattern is limited.

Moreover, charge carriers are injected into Si and charge distribution affects the catalyst
movement [53], so that parallel and elongated structures [17] are more difficult to etch than spaced
cavities [26]. Several approaches have been attempted in literature to force the uniform etching along
the <100> and to minimize the etching along the other directions [51] in order to realize high aspect
ratio structures perpendicular to the (100) substrate (vertical etching). Electron-hole concentration
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balancing structures were used to achieve a vertical etch profile in X-ray zone plates [17]. Figure 3
shows some examples of balancing structures [36] used to define the vertical etching at the borders of
the X-ray lens structures [41].

 

Figure 2. Schematic of preferred etching direction as a function of H2O2 and HF concentration. The Si
back bonds are preferentially removed along the <100> directions in conditions of both low H2O2 and
HF concentrations.

Figure 3. Balancing structures to control the vertical etching at the device border: (a) cross section SEM
of etched linear grating (pitch 250 nm) with and without balancing structures, the figure was adapted
with permission from C. Chang et al., 2014. [17]; (b) cross-section SEM of etched kinoform lens with
outmost zone of pitch 150 nm, the figure was adapted with permission from M. Lebugle et al., 2018. [41];
(c) SEM of Au pattern of zone plates with balancing ring, the figure was adapted with permission from
K. Li et al., 2017. [36]; and (d) detail of border with balancing ring in (c), the figure was adapted with
permission from K. Li et al., 2017. [36].

Negative carbon mask [54,55], electrical bias [32,55], and magnetic catalyst [56] have been proposed
to force the vertical etching and to improve the control of the catalyst movement [47,52,57]. MacEtch
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resulted to be very efficient for Si nanostructures, nanowires, and ordered nanopillars [15,29,58–61],
but etching in the microscale regime is more critical [62], the etching rate is limited by the reactant
diffusion through the metal mask. The effective transfer of reactants and their by-products would not
be identical where the metal pattern size is nanometers or few micrometers. Therefore, two regimes
can be distinguished in literature [2,14,63]: (i) nanoscale patterns, in which the etchant species diffuses
through the pattern edges and (ii) microscale patterns with nano-porous films, in which the porosity of
the film itself controls the diffusion length. In both regimes, the catalyst geometry significantly affects
the etching performance. Catalyst optimization and etching conditions are here reviewed in order to
address the vertical etching.

3.1. Catalyst

A wide range of transition metals can catalyze MacEtch. Noble metals are especially favored
for the formation of nanowires as well as for nanostructures with defined cross sections since they
better preserve their structure during the etch, as they do not dissolve in HF. Non-noble transition
metals have been mostly used to form nano-pores, porous Si, and polished surfaces [43]. The most
used MacEthc catalyst is Ag [15]. However, X-ray optics fabrication requires sophisticated patterning
techniques such as electron beam lithography or UV photolithography and the catalyst film is usually
deposited by thin film evaporation. Silver oxidation is quite difficult to prevent during thin film
physical deposition, so Au is the most studied catalyst for thin film deposition. Here, we review the
catalyst that have been used for X-ray optics fabrication, which are Au [17,39,40] and Pt [37]. Platinum
is the metal with the highest catalytic activity so it allows to obtain the highest MacEtch rate [64]. The
patterning of nanostructures requires high precision pattern transfer and high lateral resolution during
etching, with MacEtch in liquid this corresponds to a condition of very high HF concentration [17].
Gold catalyst suffers of bad adhesion on silicon substrates, yet a detrimental pattern peel-off has been
reported during MacEtch in conditions of high HF concentration [50,65]. On the other hand, uniform
high aspect ratio has been reported for nanoporous Au catalyst in conditions of low HF and high H2O2

concentration [39,66]. In these conditions, the etching is more isotropic [63], the top of the trenches
appear wider with respect to the bottom compromising the fidelity of the pattern transfer in the lateral
dimension, so the process is not suitable for high aspect ratio structures.

Porous catalyst film is reported [2,63,66,67] to improve the etching performances of micro-scaled
Si trenches structures with interconnected catalyst pattern. The porous morphology of the film allows
the MacEtch reactants to pass through the catalyst spacing, significantly improving the mass transport
and uniformity, which ensures a highly uniform etch rate over all the catalyst area. We recently applied
the thermal de-wetting technique to carefully design the film porosity of Au and Pt catalyst and control
the vertical etching in micrometer patterns of MacEtch for grating fabrication [21,37,39,40]. Thermal
de-wetting is much more robust than evaporation rate to control the film morphology. De-wetting
occurs when a thin metal film on a solid substrate is heated, inducing breaking and reassembling
of the film [68,69]. The film morphology can be tuned as a function of film thickness and annealing
temperature. Figure 4 reports an example of de-wetting for Au film and Pt film deposited on a
Si substrate with a cleaned native oxide (oxygen terminated surface). The Pt de-wetting occurs in
agreement with literature [69] with a progressive increase of film fractures density (250–350 ◦C) and
finally the hole formation appeared (400–500 ◦C), followed by a coalescence process of holes expansion
(550–600 ◦C). The thermal treatment in the case of Pt film has two different functions: it creates the
porous structure in the metal coating and it forms a platinum silicide at the interface with the substrate
that helps to stabilize the catalyst during etching [37].
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(a) (b) 

Figure 4. (a) Au coverage in percentage of the surface area measured in SEM images in plan-view as
a function of the annealing temperature. The Au film thickness was 10 nm and the annealing was
performed in air for 30 min. Insets show SEM images of Au film annealed at 180 ◦C (left) and 230 ◦C
(right), the scale marker is the same in both images. The figure was adapted with permission from L.
Romano et al., 2017. [40] (b) Pt de-wetting (12 nm) on (100) Si substrate at temperature of 400, 550, and
600 ◦C. The figure was adapted with permission from L. Romano et al., 2020. [21].

3.2. Alcohols Additives

Ethanol [8] and isopropanol [39] alcohols have been largely used as surfactant in MacEtch solutions.
Like in KOH aqueous solutions with addition of alcohol [70], also for MacEtch the alcohol does not take
directly part in the etching process, but it strongly affects the etching. Both etch rate and roughness
of the etched surface depend on the alcohol concentration in the etching solution, which is connected
with the adsorption phenomena on the etched surface [40]. A common issue of MacEtch is the H2

gas release during the etching process. The H2 is produced as a by-product of reaction [15] and it can
substantially affect the etching results since very large bubbles can be formed on the surface of the grating,
dramatically preventing a uniform etching. This phenomenon appeared to be much more critical in
patterned microstructures than mesh pattern for nanowires since the gas bubbles can be stabilized in the
etched structure with liquid solution exhibiting the Cassie-Baxter wetting state [71,72]. The surfactant
forms a layer physically covering the surface and prevents the formation of large H2 bubbles, reducing
the amount and the size of etchant inhomogeneity in contact with the surface [40]. An example of grating
fabricated with and without surfactant additive in the etching solution is showed in Figure 5.

Figure 5. SEM in cross-section of 4.8 μm pitch grating etched with regular MacEtch (a) and MacEtch
solution with the addition of isopropanol alcohol (b). The arrows indicate the presence of a gas
bubble preventing the uniform etching of the grating. The figure was adapted with permission from
L. Romano et al., 2017. [40].
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Formation of porous Si is a well-known phenomenon which has been observed in MacEtch. The
porous morphology of Si using MacEtch has been attributed to the diffusion of holes outside of the
metal-semiconductor interface and causing an additional but reduced extent of etching in the areas
outside the metal mesh pattern [73]. Depending on etching conditions, pores with different density
and thickness can be found at the catalyst/Si interface, along the sidewalls, and within the etched Si
nanostructures. In general, a higher oxidant concentration or higher Si doping concentration results in
higher levels of porosity. Once the oxidant is reduced on the surface of noble metal, holes are injected
into the Si substrate. The holes diffuse from the Si under the noble metal to the off-metal areas that
may be etched and form microporous Si. Balasundaram et al. [73] showed that porosity depends on
Si doping, the dopant atoms are thermodynamically favorable sites for the formation of pores, and
heavily doped Si in liquid MacEtch produces very porous structures even in conditions of very low
H2O2 concentration. The thickness of the microporous Si can be additionally reduced by adding a
small amount of alcohol to the etching solution [40]. Figure 6 reports a magnified SEM of the top
Si lamellas in Pt-MacEtch with additional methanol, the microporous thickness is less than 50 nm.
Methanol is less affecting the etching rate with respect of isopropanol and ethanol alcohols [74].

 

Figure 6. SEM in cross-section of Pt assisted chemical etching of silicon grating with 4.8 μm pitch
(a,c), magnified view of the top (b) with etching solution ρ(HF) = 0.9920. Magnified view of top (c)
with additional methanol in the etching solution. The figure was adapted with permission from
L. Romano et al., 2020. [21].

However, a large amount of additive (methanol, ethanol, isopropanol, and acetonitrile in the
HF–H2O2–H2O solution) can cause the changing of the etching direction, inducing the formation of
curved or tilted structures [74]. An example is reported in Figure 7, where curved Si nanowires are
produced in a solution with isopropanol and acetonitrile. H2O2 is more severely shielded from reaction
sites by the additive than HF is, due to the higher surface tension of H2O2, effectively increasing the
HF to H2O2 ratio locally.

(a) (b) 

Figure 7. SEM images of Si nanowires etched for 20 min in HF–H2O2–water–co-solvent (a) isopropanol
2:1:5:2 and (b) acetonitrile 2:1:5:2. All scale bars are 2 μm. The figure was adapted with permission
from Y. Kim et al., 2013. [74].
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3.3. Temperature

With a temperature in the range of 0 ◦C to 50 ◦C, Cheng et al. [75] observed a linear relationship
between length of nanowire and etching time. The etching rate increased with increasing etching
temperature with an activation energy of 0.36 eV for the formation of Si nanowires on a (100) Si
substrate in AgNO3 and HF aqueous solution.

Temperature has also a strong effect on the etching direction. Figure 8 shows the effect of
temperature on etching direction for (100) substrates, as the temperature increases (50–70 ◦C) the
etching along the (110) instead of (100) is preferred. Figure 9 shows a comparison of etching at 30 ◦C
and 8 ◦C, indicating the temperature reduction as a possible way to control the vertical etching.

 

 

(a) (b) 

Figure 8. (a) Cross-sectional SEM images of the as-etched Si produced with Au catalyst of p-type Si
(100) substrate (0.005 Ωcm) in solution of 13.5 M HF and 0.16 M H2O2 at room temperature for 30 min
and subsequently etched at the same condition at 60 ◦C for 1 min. Scale bar is 2 μm. The figure was
adapted with permission from L. Kong et al., 2017. [51]. (b) Temperature dependence of etching rate
for different H2O2 concentration, at high temperature the etching direction changes from (100) to (110).
The figure was adapted with permission from J. Kim et al., 2011. [50].

(a) (b) 

Figure 9. Cross-sectional SEM images of the as-etched Si produced with a catalyst of 40/5 nm thick
Au/Ti of n-type Si (100) substrate (0.9–1.1 Ωcm). The etching temperatures are 30 ◦C (a) and 8 ◦C (b),
respectively. The etching duration and concentration of H2O2 are 12 h and 0.2 M, respectively. Scale
bar is 20 μm in all figures. The figure was adapted with permission from J. Yan et al., 2016. [76].

The Si porosity is strongly affected by the etching temperature. Excess holes tend to diffuse laterally,
resulting in lateral etching and the formation of pits on the sidewalls. Cold etching temperature is
also highly advantageous to reduce the pits on the sidewalls [77]. K. Balasundaram et al. [73] noted
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that when the etching temperature decreases, the porosity is reduced. R. Akan et al. [35] reported an
increase in surface roughness and porosity at the etching temperature of 40 ◦C.

Another way to observe the effect of temperature is MacEtch in gas phase [37,78], where the HF
is delivered in vapor phase and the oxidant in gas phase (oxygen from air) to the metal patterned
Si substrate. It has been recently demonstrated that etching in the vapor phase avoids the issues
related to wet-etching such as the nanostructures stiction due to capillary effects during liquid drying.
Moreover, the pattern transfer from the metal mask to the silicon template is much more precise and
defect-less due to the microporosity reduction and the extremely high concentration of HF, which
are not accessible in wet-etching. By increasing the temperature in the range 35–40 ◦C, the etching
rate increases in agreement with previous studies on MacEtch kinetics in liquid [75]. The etching
rate has a maximum at 40 ◦C (see [37]), then it decreases as a function of temperature, indicating that
the reaction rate is limited by the desorption of HF. Some examples of nano- and micro-structures of
X-ray optics [37] are reported in Figure 10. The etching was realized by evaporating water diluted HF
(50 wt.%) at room temperature and exposing the Pt-patterned Si substrate to the HF vapor and air,
the gaseous O2 present in the air worked as oxidant for the MacEtch reaction. The Pt-patterned Si
substrate is held at 55 ◦C during the etching in order to avoid the moisture’s condense, so the MacEtch
reaction temperature is 55 ◦C and the reaction is considered to happen with a solid–gas interface.

 

Figure 10. (a) Schematic of MacEtch in gas phase. SEM in cross section of structures by gas phase MacEtch
at 55 ◦C, HF was evaporated from a water diluted HF solution and the oxidant is supplied by air: (b) Si
nanowires; (c) linear grating with pitch of 4.8 μm; (d) circular grating with pitch 1 μm; (e) zone plate with
outmost pitch of 200 nm. The figure was adapted with permission from L. Romano, 2020. [37].

The use of gas-MacEtch turned out to be very useful to improve the stability of free-standing Si
nanostructures such as the nanowires and the zone plate in the outmost region. A totally interconnected
catalyst design results in free-standing Si nanopillars. As noted by R. Akan et al. [35] for very high
aspect ratios and smallest zone sizes, these pillars will become mechanically unstable. Chang et al. [17]
and K. Li et al. [36] increased the number of Si interconnects to solve this issue, but this further reduces
the active zone plate area and consequently the efficiency. The zone plate made by gas-MacEtch
(Figure 10e) does not need Si interconnects since the stability of Si lamellas is not compromised by the
liquid drying.

Moreover, nanowires can be used as diffractive optics in speckle based X-ray phase contrast
imaging [79]. Nanowires are expected to improve the sensitivity by producing speckles of smaller size
in comparison to sandpaper [80] or other membranes with feature size in the micrometer scale.
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4. Silicon Based Microfabrication of X-ray Optics

Microstructures constitute the X-ray optical elements such as diffractive and refractive X-ray
lenses for microfocusing applications at synchrotron beam lines [81] and diffractive gratings for
interferometric systems [9,82]. For low energy applications (<10 keV) microfabrication can be realized
in silicon but higher X-ray absorbing materials are necessary for hard X-rays. The most common
microfabrication approach is based on creating a low X-ray absorbing template and filling it with
highly absorbing metal. Historically, the templates are based either on polymer [83,84] or silicon [85].

Silicon microfabrication has been the key technology in manufacturing integrated circuits and
microchips in the semiconductor industry. This gives the advantage of a well-assessed technology with
a competitive mass production such as deep reactive ion etching [86] and KOH wet etching [87,88]. The
combination of unconventional processing and the freedom from microelectronics constrains enrich
the spectrum of capabilities and give a new life to the “old silicon material”, with revolutionizing
advancements in nanotechnology [37]. We recently reported about micro- and nano-fabrication
processing for X-ray gratings, including lithography [89], dry [37,90,91] and wet etching methods [39],
Au electroplating [22], Ir atomic layer deposition [92] and metal casting [19,20]. The use of MacEtch
as a microfabrication process for X-ray optical devices was first reported in 2014 for Fresnel zone
plate structures [17,18]. Some SEM images of Fresnel zone plate structures produced by MacEtch are
reported in Figure 3; Figure 10. The X-ray nanofocusing effect of Fresnel zone plate optics fabricated by
MacEtch and atomic layer deposition of Pt was recently reported by K. Li et al. [93]. In the following
section we report an example of X-ray grating interferometry with gratings fabricated by MacEtch.
The main challenge for X-ray grating interferometry is the fabrication of the absorption gratings [85],
which are metal periodic microstructures, for high energy X-ray (>30 keV).

Deep X-ray lithography (also called LIGA) [83,84] is used to pattern the polymer template. This
technology has the advantage that the polymer pattern can be created on whatever substrate, such
as a metallic substrate that is used as a seed layer for the following Au electroplating process in
order to create the final Au absorbing grating. The metal layer can be deposited on graphite that has
the advantage of being flexible and allows to easily bend the Au grating structure. However, LIGA
process is limited to relatively small area (10 × 10 cm2) and it is quite expensive since it requires a
synchrotron facility. In the case of Si based technology, the Si etched structure can affect the quality
of the Au electroplating filling, some distortions [22] or voiding inside the template, resulting in less
X-ray diffraction efficiency. Atomic layer deposition of metallic coating has been implemented to create
a metallization layer for Au electroplating with conventional damascene approaches [94,95] and Au
bottom up superfilling processes [96]. MacEtch offers the possibility to benefit of the original catalyst
layer as a seed for the Au electroplating filling.

Gratings Fabrication for X-ray Phase-Contrast Imaging

X-ray grating interferometry (GI) based imaging is a very promising, fast growing and competitive
technique for medical, material science and security applications [1]. Contrast in X-ray imaging with
GI can be boosted by exploiting refraction and scattering, in addition to conventional absorption. GI
might have a large impact on the radiological approach to medical X-ray imaging because it will
intrinsically enable the detection of subtle differences in the electron density of a material (like a
lesion delineation) and the measurement of the effective integrated local small-angle scattering power
generated by the microscopic structural fluctuations in the specimen (such as micro-calcifications in a
breast tissue for instance). Similar enhancements are expected in homeland security or material science
application, where structural properties such as orientation, degree of anisotropy, average structure
size, and distribution of structural sizes can be inferred via omnidirectional tensor tomography [97].

The purpose of an X-ray interferometer is to encode propagation-induced phase changes in the
beam wavefront—when passing through a specimen—into an intensity modulation measured by a
(usually position sensitive) detector placed downstream. In its simplest configuration, called Talbot
Interferometer, an X-ray interferometer consists of two gratings placed in a partially coherent beam.
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The latter is usually provided by a third/fourth generation synchrotron source or, with significantly
less intensity, by a microfocus X-ray tube, see Figure 11. The first grating G1 (of period p1) is usually a
phase-grating, i.e., it actually does not absorb the beam but it imposes a significant phase shift resulting
in a controlled wavefront modulation at a specific distance downstream, usually where the second,
absorbing grating G2 (of period p2) is placed. G1 essentially divides the incoming beam into the two
first diffraction orders: being the grating pitch (p1~μm) much larger than the incoming wavelength
(~Å), the resulting angle between both diffracted beams is so small that they almost fully overlap,
resulting in a linear periodic interference fringe pattern downstream of G1, in planes perpendicular
to the optical axis. This effect is known as the fractional Talbot effect [98]. A sample of interest is
placed either in front or behind G1, and it usually absorbs, refracts and scatters the incoming beam.
These interactions consequently affect the interference pattern: absorption leads to an average intensity
reduction, refraction causes a lateral displacement of the fringes and scattering reduces the fringe
amplitude. For a phase grating with a phase shift of π illuminated by a plane wave, the periodicity of
the fringe pattern equals p1/2 [9]. The detector resolution might not be good enough to resolve the
interference pattern and therefore a second, absorbing grating G2 (with the same periodicity as the
fringes) is placed immediately in front of the detector at the position where the fringes form. This
grating behaves as a transmission (analyzer) mask and converts local fringe positions into signal
intensity variations. This is a crucial aspect of GI, as the analyzer gratings de-facto decouples the phase
sensitivity of the system from its intrinsic spatial resolution, making GI suitable for operation on
large samples and large field of views. In fact, when the source does not provide a sufficiently high
spatial coherence, like in the case of a conventional X-ray tube, a third grating G0 of period p0 can be
introduced right after the source yielding to the so-called Talbot-Lau (Figure 11a) configuration. G0 is
an absorbing structure that creates an array of individually coherent, but mutually incoherent sources.
If the condition p0 = p2 × L01/L12 is fulfilled [85], where L01 is the distance between G0 and G1 and
L12 is distance between G1 and G2, then the images created by each line source are superimposed in
the image plane. This enables to carry out efficient phase contrast X-ray imaging on commercially,
normally incoherent sources. Retrieval of the absorption, phase, and scattering signals has been done
with various methods, with the phase-stepping [9] and the fringe scanning [99,100] being the most
common used approaches.

(a) (b) 

Figure 11. (a) Sketch of an X-ray grating interferometer in the Talbot–Lau configuration. (b) Scheme of
the phase stepping process.

The intensity modulation of the recorded fringe pattern is usually characterized by its visibility
(Equation (5)):

V =
Imax − Imin
Imax + Imin

(5)
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where Imax and Imin are indicated in the phase step curve of Figure 11b. The visibility depends on
the degree of spatial coherence of the illumination as well as its spectrum, on the system geometry
and on grating’s pitch and depth. The interference fringe visibility is a common figure of merit for the
design of X-ray gratings interferometers [101]. This is because the formation of high-modulation fringe
pattern is a prerequisite for robust grating interferometry.

The main challenge is the fabrication of the absorption gratings [85], which are metal periodic
microstructures with high aspect ratio that are usually fabricated starting from templates produced by
LIGA [84] or deep Si etching [22,39,85]. The period p2 (p0) of the absorbing grating G2 (G0) is usually
in the range of 1–20 μm (5–100 μm), while the height (h) depends on X-ray energy and absorption
efficiency of the material [102]. A transmission of the structures of less than 25% is acceptable. It can be
calculated [102] that 10 μm thickness is sufficient for photon energies below 20 keV, while for photon
energies of 30 keV (60 keV), about 25 μm (160 μm) of gold is required. Very challenging, medically
oriented projects, require the design of very sensitive interferometers extending on short geometries,
imposing quite extreme aspect-ratios for G2 for which periods p2 as small as 1 μm (or below) and
gold height of 30 μm might be needed [103]. Such requirements pushed the research efforts toward
MacEtch as a new technique that is able to provide aspect ratio structures with period ranging from
tens of nanometers to tens of micrometers. Moreover, MacEtch offers the possibility to benefit of the
original catalyst layer as a seed for the Au electroplating filling. Figure 12 summarizes the Si template
fabrication by using MacEtch and the subsequent Au electroplating.

Figure 12. Schematic illustration of the grating fabrication process by MacEtch and subsequent Au
electroplating: (a) growth of native silicon oxide on Si substrate, (b) pattern definition by means of a
lithographic process, (c) Pt deposition by evaporation, (d) lift-off, (e) Pt de-wetting by thermal treatment,
(f) MacEtch in a solution of HF and H2O2, (g) Si side wall oxidation in air, (h) electrical contact of
the catalyst metal interconnected pattern to the electroplating electrode, (i) seeded Au growth by
electroplating. The Pt pattern works as a catalyst for MacEtch and as a seed layer for Au electroplating.
The figure was adapted with permission from L. Romano et al., 2020. [21].

Absorption gratings are usually fabricated by metal electroplating (typically of Au, which is
one of the most efficient absorbing materials for X-rays), into high aspect ratio Si templates. The
performance of the Au electroplated grating in terms of uniformity and quality of the filling can be
well assessed with an X-ray interferometric set up. Figure 13 reports a typical example of grating
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characterization. The performance of an Au filled grating with a pitch of 6 μm was investigated with
an X-ray interferometer [104] (design energy 20 keV) operated at the 3rd Talbot order with π/2 phase
shifting G1 grating. The Pt-MacEtch grating (pitch 6 μm, height 39 μm) filled with Au up to 30 μm
was used as G0 grating together with a G1 phase grating made of Si by deep reactive ion etching
(DRIE) and a G2 absorbing grating fabricated by DRIE and Au electroplating [22]. The average X-ray
fringe visibility of 17.5% (Figure 13a) is comparable to the values achieved in absorbing gratings
fabricated by conventional DRIE followed by Au electroplating [22]. Figure 13b,c is examples of images
obtained with the X-ray grating interferometer, phase contrast (Figure 13b) enhances the detection of
low absorbing textures, while dark field (Figure 13c) highlights the presence of microstructures.

(a) (b) (c) 

Figure 13. X-ray performance of an Au electroplated grating of 6 μm period used as a G0 absorbing
grating. X-ray fringe visibility map and visibility histogram as insert (a), differential phase contrast (b),
and scattering (c) images of a grain ear. The figure was adapted with permission from L. Romano et al.,
2020. [21].

5. Conclusions and Perspectives

MacEtch is a very powerful and promising technique that is competing the performances of
more conventional etching technology, such as deep reactive ion etching and cryogenic processes [86].
Having a clear idea about the fundamentals and recent advances in this area allows researchers to
have a better perspective. During the process of etching, a triggering event that produces unequal
etch rates might occur. These events can change the effective forces on the catalyst and produce a
resultant torque on the catalyst [51]. Such triggering events can deteriorate the etching uniformity
and compromise the quality of the pattern transfer from the original lithography to the Si substrate.
We discussed the role of the metal catalyst pattern in order to be able to extent the feature size of
the etched structure from nanometers to micrometers and to control the etching uniformity. Metal
de-wetting technique turned out to be a reliable method to create a porous catalyst layer that allows to
etch very high aspect ratio structures. We discussed the critical role of etching solution by showing
the effect of reactants depletion and the presence of alcohol additives. A small amount of alcohol can
help to improve the etching uniformity and reduce the formation of the microporosity on the side wall
trenches. MacEtch in gas phase showed new possibilities of etching nanostructures with exceptional
aspect ratio up to 10,000:1. In the framework of X-ray optics, the fabrication of useful microstructures
by MacEtch with successful story of implementations started to record new publications in the last
few years, with continuously improving performances. In order to give an idea, we selected all the
publications about MacEtch that are relevant to produce high aspect ratio structures in silicon (100)
substrates for lithographic patterns such as ordered pillars arrays, electron beam lithographic patterns,
gratings, Micro Electro Mechanical Systems (MEMS) microstructures, photonic crystals, etc. Figure 14
reports the number of publications as a function of the publication year to the best of the authors’
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knowledge. The total number of publications in the time range of 2008–2020 years is 81, including
this special issue of Micromachines, the trend indicates a substantial increment in the last 10 years.
The publications addressing the use of MacEtch for specific X-ray optics fabrication is 13 with the first
reports in 2014.

Figure 14. Number of publications as a function of year regarding MacEtch for producing high aspect
ratio (HAR) patterned structures [2,8,15,17,18,21,24–26,31,32,35–41,43,47,50,51,54,56–58,62,63,71,73,77,
78,93,105–153] and specific for X-ray optics fabrication [17,18,21,35–41,93,119,126,153].

X-ray optics with nanostructured features, such as kinoform lenses and Fresnel zone plates,
showed to benefit from MacEtch fabrication. We can envisage new future applications of gas-phase
MacEtch when high aspect ratio and feature size in the nanoscale are needed, such in X-ray microscopy
with energy higher than 20 keV. A full process of gratings microfabrication for X-ray interferometry by
using MacEtch and subsequent Au electroplating is demonstrated with performances similar to other
fabrication methods. The Pt catalyst layer that sinks down into the Si substrate during MacEtch has
been successfully used as seed layer for Au electroplating in order to fabricate a periodic structure
with an high absorbing material for hard X-ray. The possibility to push forward the aspect ratio and
the relative low fabrication costs on large area of MacEtch with respect to other technologies, such as
reactive ion etching and LIGA, are motivating the investigation efforts. We envisage that MacEtch
will become a new enabling technology to fulfill the requirements of grating’s height for absorbing
hard X-ray radiation and submicron grating’s pitch for boosting the sensitivity in grating based high
sensitive X-ray systems, as required for instance for early breast cancer detection.

The main bottleneck in grating based X-ray interferometry is the fabrication of high aspect ratio
periodic structures, whose quality and homogeneity over large areas strongly affect the contrast of the
generated images. There is the need to produce X-ray diffraction gratings with (i) very high aspect
ratio (AR ≥ 50:1) in highly absorbing material such as gold; (ii) large area (mammography, e.g., asks
for a field of view above 20 × 20 cm2 [103,154]); (iii) good uniformity (no distortions and changes
in the duty cycle and depth over the grating area); and (iv) bending capability in order to improve
the field of view limitation of cone beam emission from the X-ray source. MacEtch technique has
the clear advantage of silicon patterning with high aspect ratio at nanoscale, it is a relatively low
cost technology since it is accessible even in labs with limited equipment (no vacuum or clean-room
conditions). However, MacEtch is performed in solutions of hydrofluoric acid, we recommend to
follow all the necessary safety protocols in order to handle heavily concentrated hydrofluoric acid. The
bending capability of the silicon substrate depends on the wafer thickness, extreme bending has been

87



Micromachines 2020, 11, 589

reported for silicon wafers with thickness below 50 μm but the bending of a thick absorbing grating
can be challenging and we predict that dedicated processing needs to be developed to avoid cracks
and distortions, such as eventually etching off the silicon template. Four inch wafer scale MacEtch
gratings have been demonstrated with good uniformity and high control of trench profile and etching
direction for aspect ratio up to 30:1 [39]. The process itself has no limits in terms of patterning area
such as LIGA, photolithographic processes are available for Si based technology up to 12 inch wafer
scale, periodic linear gratings with pitch size in the range of 100 nm can be patterned on wafer scale by
interference lithography [89], nanoimprinting processes can be implemented to further increase the
patterned area with nanoscale resolution [55]. High quality structures with high aspect ratio require an
etching regime that is dominated by the diffusion of the reactive species. Stirring [26] and large volume
of solutions [21] are used to homogenize the concentration of reactants during the etching but the effect
on etching rate, aspect ratio and defects need to be systematically investigated in order to anticipate
the commercialization of MacEtch as a grating fabrication technology. The fabrication throughput as a
function of grating quality and performances needs to be assessed to start the technology transfer from
the research laboratory level to an industrial R&D.

MacEtch as a technology is still at its infancy, its control and reproducibility over a large area are
still not clear and n to be systematically studied. Further scientific efforts need to be made to take full
advantage of high aspect ratio capability and exploit its application.
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