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Abstract

Hemispherical photonic crystals found in species like Papilio blumei and Cicendella chinensis have
inspired new applications like anti-counterfeiting devices and gas sensors. In this work, we investigate
and compare four different ways to micro fabricate such hemispherical cavities: using colloids as
template, by wet (HNA) or dry (XeF,) isotropic etching of silicon and by electrochemical etching of
silicon. The shape and the roughness of the obtained cavities have been discussed and the pros/cons
for each method are highlighted.

1. Introduction

Hemispherical cavities are macroscopic optical structures found in many species of lepidopteran and
coleopteran. Most especially, the Papilio family, such as the Papilio blumei [1, 2], the Papilio palinurus 3], the
Papilio ulysse [4] or the Papilio peranthus [5, 6] are known to exhibit hemispherical-like photonic crystal, as well
as some coleopteran such as the Calidea panaethiopica [7], Chlorophila obscuripennis [8] or the Cicindella
chinensis [9] and repanda [10]. This characteristic photonic structure has been widely studied for its optical
applications: colour and colour mixing [11-16] and polarization effects [9, 17, 18]. Most recently, the blumei
structure was even studied for its gas sensing properties [ 19, 20]. The hemispherical shape is also used in many
other optical applications, such as shell resonator [21, 22], electro-wetting lens [23], micromirror [24] and
optomechanical accelerometer [25] or in polymer chemistry to confine block copolymers [26, 27].

In this work, we investigate and compare four different methods to micro fabricate hemispherical cavities
onto silicon substrates using fabrication techniques. The first method is widely used to fabricate hemispherical
cavities and consists of using self-assembled films of spherical colloids as a template or a mold. Sol-gel coating
[28-31], electrodeposition [18, 32, 33] or e-beam [2] are then used to fill the colloid interstitial spaces to form
hemispherical cavities. The three other methods consist of an isotropic etching of the silicon by:
HF:HNO;:CH;3;COOH solution (namely HNA) [9] mostly used to etch large cavities [23, 25], XeF, gas used in
MEMS releasing processes [34—38] and electrochemical etching used to fabricate concave porous silicon
structures [20]. The methods investigated here allow to fabricate a wide range of cavity sizes with different
degrees of surface roughness.

For each method, recipes and procedures are fully described. The fabricated cavities are analyzed in term of
their curvature quality thanks to cross-section and top-view scanning electron microscope (SEM) observation.
In fact, it remains challenging to etch perfect hemispherical cavities in a crystalline material like silicon. We then
show a quantitative method to control if the surface quality of a cavity is specular or not, which is mandatory for
most optical applications.
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Figure 1. (a) to (d) Electroplating through colloids. (e) to (h) Silicon etching through a hard mask.(a) Silicon wafer is coated with gold.
(b) Closed-packed colloids are deposited by self-assembly. (c) Cavities are created by electroplating nickel through the colloids mask.
(d) The colloids are removed in acetone + sonication. (e) Silicon is coated with a SizN, hard mask. (f) Holes are etched in the hard
mask with optical lithography followed by wet or dry etching. (g) Cavities are etched in Si by HNA, XeF, or by electrochemical etching.
(h) The hard mask is removed by wet etching.

2. Materials and methods

Substrates used for the fabrication of cavities via the use of colloids, HNA etching and XeF, are 3 inches CZ
p-type boron doped silicon wafers with a (100) orientation and 10-20 €2 - cm resistivity range (Siegert Wafer,
Germany) while the electrochemically etched cavities were fabricated using CZ p " -type heavily boron doped
wafers with a (100) orientation and presenting a resistivity range of 0.8—1.2 m{ - cm (Sil’tronix Silicon
Technologies, France). Before any processing, all wafers were cleaned with piranha solution (H,SO4 9597%:
H,0,30%, 5:2 v/v) for 10 min, followed by a rinsing in deionized water then a 15 s immersion ina 2% HF
solution and a final rinsing in deionized water.

2.1. Cavities with colloids

Cleaned silicon substrates were coated with a 100 nm-thick gold film by e-beam evaporation and were then cut
in1 x 1cm?samples (figure 1(a)). Those samples were exposed to a plasma oxygen to render the surface
hydrophilic, mandatory for the next step. Close-packed hexagonal colloidal monolayers were transferred on the
samples by using a liquid interface-mediated surface protocol (direct assembly, figure 1(b)) [39-42]. Aqueous
suspensions of sulphonate polystyrene colloidal particles with a diameter of 2.4 m and 6 psm were used as the
source of colloids.

Nickel was then electrochemically grown through the interstitial spaces between colloids [18] to obtain
hemispherical cavities of 2.4 ym or 6 pum (figure 1(c)). A NiSO4(H,0)s/H;3BOj3 solution and a platinum
electrode were used. The potential was set at —1 V. The electro-plating must be stopped when the nickel reaches
half of the colloids height. This can be done by following the real-time current signal and by switching the
potential off when the current reaches a minimum (figure 2). Indeed, after a transition period the current
decreases because the contact area between the electrolyte and the substrate decreases while the nickel grows. At
the mid-height, the contact area reaches its minimum then starts to increase. Above this point, the colloids
become gradually encapsulated in nickel and will be difficult to remove. Colloids were then removed with
ultrasonication in an acetone bath (figure 1(d)).

2.2. Cavities by HNA etching

Silicon substrates were coated with a 150 nm-thick LPCVD Si;N, (figure 1(e)). This coating method is used
because Si;N, sustains a tensile stress which makes it suitable to be under-etched. A hexagonal pattern of 1 um
holesand 16 pm spacing was etched by optical lithography followed by a reactive ion etching step (RIE) with SF4
(figure 1(f)). Hemispherical cavities were then etched through those holes by means of HNA (figure 1(g)), an
isotropic etchant composed of fluorhydric acid (HF 49%), nitric acid (HNO3 70%), and glacial acetic acid
(CH5COOH 99100%). We used a 3:94:3 composition in volume at room temperature and under stirring. Small
amounts of HF and CH3;COOH ensure a smoothly etched surface and a slow etch rate [43—45]. A slow etch rate is
mandatory here to avoid coalescence of the cavities. The nitride layer was then removed with phosphoric acid
(H3PO,4) at 180 °C (figure 1(h)).
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Figure 2. Current passing through the electrochemical cell, measured during nickel growing, with 2.4 ymand 6 pzm-diameter
colloids. Preliminary tests should be performed in order to establish the full curve (thick curves) and to find the minimum at which the
applied potential has to be switched off (thin curve).

In order to analyse the cavities from their rear side, membranes composed of these cavities have been
fabricated. Silicon cavities were oxidized (300 nm) in a thermal process (H,O at 950 °C). A lithography is then
performed on the rear side of the samples to open the SiO, in square windows.

A thick protect-resist was applied on the front surface by spin-coating in order to fill the cavities, to protect
the front SiO, and to mechanically support the membrane. The membranes were then released by etching the
silicon through the rear mask with TMAH. The resulting membranes consist in SiO, cavities supported by a
thick resist.

2.3. Cavities by XeF, etching

The cavities were etched by xenon fluoride (XeF,) in a Xactix el chamber (SPTS) through the procedure applied
for HNA etching (figures 1(e) to (h)). The samples were dipped in HF 2% during 10 s, rinsed and finally placed in
a120 °C oven during 5 min before the next step. XeF, was injected in the etching chamber at 3 Torr. The gas was
kept in the chamber for 5 s and was pumped out. The exposure time is limited to 5 s to ensure a high selectivity
between the silicon etching and the nitride hard mask etching, by limiting the by-product (which etch the
nitride) staying in the chamber. This cycle was then repeated 10 times. Tests were conductedon 1 x 1cm” dies.

2.4. Cavities by electrochemical etching
The wafers were submitted to the same process as described earlier for the XeF, and HNA etching (figures 1(e) to
(h)). Following the silicon nitride opening, the samples were electrochemically etched in a custom-made Teflon
etch cell with a potentiostat (Metrohm) as the current source, the wafer as the working electrode and a platinum
coil as the counter-electrode.

The electrolyte used for the electrochemical etching of porous silicon is a 3:1 (v/v) solution 0f 49 % HF and
absolute ethanol. The current is fixed to have an initial current density of 200 mA cm ™ and was applied for
10 min to obtain a porous silicon hemispherical cavity. A long etching time is required since the etch rate is
directly linked to the current density at any point in time. For the etching of a 3D structure, such as a cavity, the
total surface to etch continuously increases over time, which leads to a decrease of the effective current density at
the etching interface and incidentally of the etching rate. Following the porosification, the silicon nitride layer
was chemically etched by immersing the samples in a highly concentrated HF solution, then rinsing them in
isopropanol before removing the porous silicon in a2 M KOH solution and successively rinsing the samples in
deionized water and 2-propanol then drying them under a flow of dry nitrogen.

3. Results

3.1. Colloids method

The first limitation of using colloids to create a self-assembled monolayer is their diameters. The small particles
(2.4 pm) tend to easily assemble in a hexagonal close-packed film (figure 3(a)) while it takes much more effort to
achieve the same results with the large particles (6 m, figure 3(b)). From a macroscopic point of view
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Figure 3. Optical microscopy pictures of (a) 2.4 um-thick colloids and (b) 6 um-thick colloids. (c) The monolayer is composed of
different hexagonal domains.

(figure 3(c)), both films arrange themselves in a polycrystalline network. Standard defects such as grain joints
and stacking problems then appear as it is the case at the atomic scale in any polycrystalline materials
(figure 3(c)).

Scanning electron microscopy (SEM) after the electrochemical step shows that the colloids sustained well the
nickel growing and the electrolyte (figures 4(a) and (b)). Both colloids size stay in the hexagonal network
(figures 4(c) and (d)) and adhere to the substrate, allowing the nickel to be shaped in the expected hemispherical
geometry (figures 4(e) and (f)). This is confirmed by the top-view, showing perfect circle cavities (figure 4(g)).

The 2.4 pm-colloids used here are easily dissolvable in acetone and thus can be easily removed from the
nickel cavities. On the other hand, the 6 ym-colloids are composed of cross-linked polymers which makes them
difficult to dissolve in acetone (figure 4(g)). A longer sonication time is thus needed.

Smaller colloids as well as other metal plating (like copper) can be used, depending on the application.

3.2. HNA etching method

Getting hemispherical cavities by wet etching is a very convenient method because it doesn’t require any manual
steps compared to the colloid method. Moreover, the optical lithography allows the fabrication of perfect
networks of cavities without any defects (figures 5(a) and (b)). However, due to the nature of the wet etching,
caution must be paid to avoid cavities coalescence (figures 5(c) to (e)). When it happens, cavities are quickly
smoothed out leading to the loss of the hemispherical shape (figures 5(f) to (h)). HNA is in fact a well-known
solution to chemically smooth rough surfaces or to thin silicon wafers. In contrast to a thinning process, etching
3D-cavities implies that the etch-rate varies with the size of the cavities because the surface of the etch-front
continuously increases during the process. It is also more and more difficult for the fresh solution to diffuse
through the holes in the hard mask (figure 5(d)), and for the by-product of the etching to be evacuated out of the
cavities. The etch-rate is thus difficult to measure but started at around 3 ;sm/min and decreased progressively.

The cavities obtained by HNA etching are not fully-hemispherical (figures 5 and 6). In fact, top-view and
cross-section of the cavities (figures 5(d) and (e)) clearly show a rounded square-shape where it should be a
perfect circle. In fact, the wagon-wheel diagram [46] of the HNA used here shows a small degree of anisotropy
(figure 7). The etch-rate in the [100] direction is faster than the etch-rate in the [110] direction and thus leads to
visible anisotropic effects (figure 6).

Crystalline plans and directions are depicted in figure 6 in two ways in order to highlight the anisotropic
effets. On many pictures in figures 5 and 6, a triangular shape is observed. From figure 6, it is clear that this shape
is formed from the edges between the {111} and {100} family plans, and {111} and {110}. However, it should
be noted that the triangle is not exactly the {111} plan. Cross-section of the cavities (figures 5(c), (¢) and (f)) as
well as the back of the cavities membrane (figures 5(i) and 6(e)) show a curved shape more than a fully flat plan.
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Figure 4. SEM images of the cavities before and after sonication. (a) and (b) Cross-section of the 2.4 ym and 6 jum cavities before
sonication, and (c) and (d) a top-view of these cavities. (¢) and (f) Cross-section of the same cavities after sonication. (g) Top-view of
the 2.4 pm-cavities. (h) The 6 um-colloids are difficult to remove by sonication + acetone.

Figure 5. SEM pictures of HNA cavities. (a) and (b) Top-view. (c) Cross-section. (d) Top-view of the holes in the hard-mask. (e)
Cavities are not perfect circles. The red-dashed circle is a guideline. (f) to (h) Cavities coalesce if the etching is not stopped on time. (i)
Oxidized cavities membranes viewed from the bottom.

In some cavities (figures 5(g) and 6(b), (c) and (f)), edges between {110} plans divided the cavities in four parts.
Finally, even if the silicon is etched through circular holes (figure 5(d)), the bottom of the cavities remains flat
and squared, exactly as the (00—1) plan in the 3D schematic of figure 6.
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Figure 6. () to (f) Reminiscence of crystalline plans is observed in SEM cavity pictures. Crystalline plans are schematized in two
different ways in the middle of the figure. Dashed red arrows indicate the corresponding plans and edges on the SEM pictures. (d)
Oxidized cavities. (¢) Membranes of oxidized cavities. (f) Cavities smoothed out due to a too long etching time.

Despite the reminiscence of the crystalline plans, the cavities are still mainly hemispherical, as shown by the
cross-section in figures 5 and 6.

HNA is more suitable for large cavities (radius >2 pm) because an isotropical etch front takes time to
establish as the etching starts from a flat surface. However, the cavities can be etched through the whole wafer
thickness [23].

3.3. XeF, etching method

Cavities fabricated with XeF, are perfectly hemispherical (figure 8) but the surface roughness of those cavities is
important (figures 8(b) and (c)). The roughness can be reduced afterward by dipping the sample in a soft HNA
solution for a few seconds. In this case a 45 s immersion in a 6:88:6 v/v HNA solution was used (figure 8(d)). A
longer HNA step will further smooth out the surface but will increase the size of the cavities. It becomes less
interesting as the aim of dry etching is to avoid chemicals.

The XeF, etching has the advantage to be done in a transparent chamber. The under etching can thus be
controlled in situ with an optical microscope, allowing the process to be stopped before the cavities coalescence.
Asitis the case with HNA, very large cavities can be fabricated with this technique but it will require alarge
amount of pulses as the etch-front surface continuously increases.

3.4. Electrochemical etching method

Cavities obtained by electrochemical etching of silicon are not fully hemispherical (figure 9). Cross-section view
of a cavity shows a slight asymmetric deviation from a perfect circle (figure 9(a)). A small roughness is observed
on the surface of the cavities after the porous silicon removal by KOH etching (figure 9(b)). From the top view
(figure 9(c)), we observe that the technique is not fully isotropic and results in a rounded-square shape, which is
similar to what is observed with HNA etching. The squared cavities indicate that the etch rate is not equal in all
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Figure 7. Wagon wheel of 3:94:3 HNA etchant. Contour of the black area shows that the etching is not perfectly isotropic, i.e. a perfect
circle. The above left-corner insert shows the crystalline directions of the wafers used in this work.

Figure 8. Cavities etched by XeF,. (a) Cross-section of cavities and (b) zoom on a single cavity. (c) Top-view of a cavity. (d) Smoothed
cavity after HNA etching. The red-dashed lines in (b) and (c) are guide-lines to control the isotropicity.

the directions. This method is more adapted to produce small cavities (<10 pm). In fact, the current needed is
high and the etch rate quickly decreases monotonically.

3.5. Optical characterisation

Smoothness and curvature-quality of the cavities were checked under an optical microscope with a cross-
polarizer (perpendicular configuration of two linear polarizers). This polarizer configuration allows the
observation of back-reflected light which has sustained any polarization rotations after a reflection. Basically,
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Figure 9. Cavities fabricated by electrochemical etching. (a) Cross-section of a cavity of porous silicon. (b) Cavities after a slight KOH
etching. (c) Top-view of the cavities. Red dashed circles are guideline to compare curvatures with perfect circles.
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Figure 10. Photo of the cavities with an optical microscope. The arrows indicate the direction of the linear cross-polarizer. Colloids
and HNA cavities were coated with Bragg mirror used in our last works [9, 47].

polarization rotation is induced by geometrical rotation due to a double 45°—reflection in hemispherical
cavities [9, 17, 32] or due to diffusion because of the surface roughness.

A perfectly hemispherical cavity should exhibit a dark-cross parallel to both perpendicular linear polarizer
direction [32]. This is observed in cavities fabricated with colloids or by XeF, (figure 10). In the last case, the
black-crosses are shaded because of the excessive surface roughness but are still visible. On the other hand, areas
between the cavities are black under cross-polarizer because they exhibit specular reflection, which does not
induce polarization rotation. The light coming from those surfaces is thus blocked by the cross-polarizer.

The coloured patterns in the case of colloids and XeF, are the same, regardless of the cross-polarizer
configuration (45°—45° or 0°-90°, figure 10). It indicates that the spherical symmetry of those cavities is perfect.
This is not the case with HNA cavities where the 45°-45° configuration gives triangular patterns, linked to the
cavity-shape (figure 6(a)). The 0°~90° configuration gives dot-patterns, also due to the cavity-shape (figure 6(c)).
The black-crosses here are not fuzzy because the cavity surfaces are highly specular.
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Table 1. Comparison between etching methods.

Methods Fully Surface Process Post Main
isotropic quality complexity smoothing drawback
Colloids Yes Specular 4 No Limited by colloids sizes
HNA No Specular 1 No Sensitive etch rate
XeF, Nes Veryrough 2 Yes Surface roughness
Porous Si No Rough 3 Yes Cavity shape

Optical images of electrochemically etched cavities with the cross-polarizer show that the cavities are
distorted as the black cross are not parallel to both perpendicular linear polarizer directions (Figure 10, 45°-45°)
and the white dots in a single cavity are not symmetric (figure 10, 0°-90°).

The black crosses are not as visible as in the case of HNA due to the small roughness of the surface and the
non-uniformity of the curvature (figure 9(a)) which induces small polarization rotation. Nevertheless, the
crosses are more defined that for XeF, as the roughness is less important.

4. Discussion

The four methods investigated in this work have pros and cons, which are summarized in table 1.

Cavities fabricated using colloids are perfectly hemispherical with a smooth surface. However, those cavities
are not directly made of silicon and their size is limited by the colloids themselves. Moreover, the self-packed
method induces alot of defects and the cavities cannot be easily arranged in something else than a close-packed
hexagonal network.

Fabricating cavities with HNA is an easy process but it is not a completely isotropic one. The main
disadvantages is the sensitivity of the etch rate with the HNA composition, its temperature and the stirring
during the process.

The etch time is thus difficult to predict and coalescence between cavities can happen quickly. On the other
hand, the obtained cavity surfaces are highly specular, being thus convenient for optical applications. The
isotropicity can still be slightly increased by using (111) silicon wafers [21].

XeF, etching is as simple as the HNA etching but needs a post-process to be optically usable. In fact, the fast
silicon etching by XeF, pulses induces a roughness unsuitable for optical application. However, the cavities are
highly hemispherical compared to HNA and electrochemical etching and the XeF, process can be controlled
in situ with an optical microscope.

Cavities made by electrochemical etching also need a post-process to remove the porous silicon in order to
reveal the cavities. However, this additional step could be avoided by decreasing the HF content in the electrolyte
which would allow the electropolishing regime to take place and prevent formation of porous silicon and thus
the presence of surface roughness. This technique also has an anisotropy behavior and lead to squared cavities.
The remaining roughness and deformation of the curvature make it so that they are not the first choice for
optical applications. The advantages here is that porous photonic structure, such as Bragg mirror or rugate
structure, can directly take the shape of a macro cavity or other structures. Complex porous multilayer photonic
structures like the papilio blumei [20] or the Hoplia coerulea [48-51], useful as vapour sensor, can thus be
investigated.

All the methods but the colloids allow to arrange the cavities as desired thanks to the optical lithography.
Moreover, these 3 methods can also be used to fabricate hemicylindrical cavities [9]. On the other hand, colloids,
available in sub-micron size, are more suitable for very small cavities. Indeed, the hemispherical shape takes time
to establish with the three other methods because of the size opening in the hard mask and the high etch rate.

5. Conclusion

This work aims at providing an overview of techniques suited to replicate bio-inspired hemispherical structures
on planar substrates. While this study intended to produce hemispherical cavities for optical devices their scope
is not limited and those cavities can be used in many other applications.

Four processing methods have been investigated: electroplating through a colloidal hard mask, wet isotropic
etching with HNA solution, dry isotropic etching with XeF, gas and electrochemical etching of the silicon. The
four methods gave reasonable results in term of optical applications. Out of these four, HNA results in the best
trade off between process complexity and cavity quality. HNA allowed to fabricate cavities with a highly specular
surface, compared with XeF, and electrochemical etching.
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