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ABSTRACT We show the very particular behavior of focused-
ion-beam etching in macroporous silicon. We demonstrate that,
contrary to bulk samples, a porous substrate allows extremely
high-aspect-ratio patterns to be etched at submicrometer scales.
Thanks to the pre-introduced porosity, the secondary effects that
limit the pattern depth in bulk-sample etching, namely the sput-
tered material redeposition as well as the beam ‘self-focusing’
effects, are strongly reduced in a porous sample. In this case
the walls between the pores are sputtered in an almost indepen-
dent way. The etching of deep and straight patterns is feasible.
Combined with photoelectrochemical etching that generates the
initial macropores, three-dimensional (3D) lattices can be ob-
tained, as demonstrated by 3D photonic crystal fabrication.

PACS 85.40.Hp; 81.05.Rm

1 Introduction

The focused-ion beam (FIB) is widely employed
for mask-less dry etching that is much more flexible than tra-
ditional etching methods [1]. It can be used in particular to
etch patterns at any angle with respect to the substrate sur-
face. This allows us to obtain structures defined by more
than one axis and thus provides the possibility to etch three-
dimensional (3D) lattice structures.

This is, however, difficult to achieve in practice due to
a major drawback of the FIB etching: it is impossible to pro-
duce deep patterns in a bulk substrate, where, limited by sev-
eral secondary effects intrinsic to FIB etching [2, 3], the aspect
ratio (width/depth) remains too weak for 3D lattices.

In this work we will show that if, instead of bulk substrates,
the FIB etching is performed on a porous one, the etching of
extremely deep high-aspect-ratio holes becomes feasible even
at the submicrometer scale. 3D lattice structures can thus be
achieved. We will apply this method to the fabrication of 3D
photonic crystals in the near-infrared range, which, due to the
short wavelength, are characterized by periods of submicrom-
eter scale.
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2 FIB etching of porous substrate

It is observed that, when etching bulk substrates
using a FIB, the etched depth varies non-linearly with the
etching time. During the etching, the sputter rate first in-
creases and then decreases down to almost zero, thus limit-
ing the depth of the pattern. The sputter-rate saturation can
be clearly observed at less than 2-pm depth for a trench
width below 1 pm [3]. Moreover, the resulting trench has a V-
shaped profile [2, 3]. An aspect ratio not greater than eight has
been observed when etching bulk silicon with a 30-keV Ga™
beam [2].

The origins of these phenomena are attributed to the Gaus-
sian profile of the ion beam and to several secondary ef-
fects related to the beam—substrate interaction, mainly the
ion-beam reflection by the side walls of the trench (‘self-
focusing’) that modifies the beam profile by concentrating the
incident ions to the center of the trench, as well as the re-
deposition of the sputtered material that tends to ‘refill’ the
trench [2,3]. Chemically assisted etching allows a greater
sputter rate, but only a slight aspect-ratio increase is observed
(10 instead of eight) [4].

A 3D lattice needs deep and straight holes to be drilled
in the substrate. Therefore, the above limiting effects must
be eliminated, or, at least, sufficiently reduced. Independently
of the etched material, the amplitude of the Gaussian wings
in the FIB profile can be diminished by using a weak emis-
sion current in order to limit the ion-energy spread [5]. The
substrate-related-effect elimination will imply substrate mod-
ifications. In this perspective, porous substrates can be used
instead of bulk ones. This choice is motivated by the following
considerations.

On one hand, in a porous substrate, the material to sputter
is the walls between the pores. There is much less mate-
rial to evacuate, depending on the substrate air-filling rate.
The higher the latter, the less the sputtered material. Fur-
ther, the presence of the pores facilitates the evacuation
of the sputtered material, most of which will be projected
into the pores rather than out of the substrate. The FIB
will always meet pores whatever the etching depth is, so
the material evacuation is always possible. Moreover, since
the sputtered material is projected into the pores which are
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separated by the walls, there is little correlation of mate-
rial redeposition between the pores over the whole depth.
The etching condition will remain almost identical for all
the walls. Therefore the etching of very deep holes can be
achieved.

On the other hand, for each hole to etch, the ion beam
meets a series of walls, separated by pores. The side walls
of the holes are thus discontinuous. Such a particular struc-
ture will strongly reduce the ion reflection by the side walls of
the FIB-etched holes responsible for the self-focusing effect.
Since these side walls are not continuous, it is difficult for in-
cidentions to be ‘bounced’ continuously by the side walls and
concentrated to the center of the holes. The ion current density
profile will thus remain more uniform, and the hole side walls
more straight.

In order to check the validity of the substrate choice, sev-
eral porous samples are prepared and etched by a Ga™ beam.
The Ga™ FIB is generated by a Canion ion gun, provided
by Orsay Physics. It is connected to a home-built ultra-high-
vacuum chamber. The residual pressure is maintained below
5x 1077 Pa. The sample holder is carried by a vibration-
isolated UHV-compatible displacement table. The ion gun
uses a hairpin-type needle to form the liquid-metal ion source.
The ion beam is accelerated at the energy of 25keV. The
extraction voltage is adjusted so that a weak emission cur-
rent, about 1 A, is stabilized. This allows us to limit the
ion-energy spread and thus the Gaussian wings in the FIB pro-
file [S]. The beam is focused to a final spot of about 100 nm in
size, with a spot current of about 30 pA. This current allows
areasonable etching rate at which the ion beam remains stable
during the etching process.

The apparatus is equipped with an electron detector com-
posed of a scintillator and a photomultiplier, allowing us to
image the sample surface through secondary-electron collec-
tion. The etching process can also be monitored by secondary
electron current measurements.
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FIGURE 1 The scanning microscopy image of a macroporous substrate
after FIB etching. The ion beam traverses the substrate and exits by its side
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FIGURE 2 The FIB etching depth as a function of the etching time

The scanning electron microscopy image of a porous sam-
ple after FIB etching is displayed in Fig. 1. The sample has
a so-called ‘macroporous’ structure. The porosity is intro-
duced into the crystalline silicon substrate by photoelectro-
chemical etching [6]. The macropores (submicrometer holes)
are perpendicular to the sample surface where their openings
can be seen. The air-filling rate of the sample is about 40%.
The FIB hits the sample at a glancing angle of about 30 de-
grees to the surface. It traverses the substrate and exits by its
side.

Several series of holes are drilled through the sample. For
each hole the etching is stopped when the beam traverses the
sample and hits the sample holder, provoking a jump in the
secondary-electron emission. This allows us to monitor the
etching time for different hole lengths.

The holes have a diameter of about 0.3 wm. The deepest
among them have a length of about 20 wm. The corresponding
aspect ratio reaches 60, almost an order of magnitude higher
than in the bulk substrate.

The etching speed is obtained by measuring the etching
time of holes of various depths through secondary electron
emission monitoring. A typical curve is plotted in Fig. 2 in
an etching depth vs. time diagram. The etching speed remains
constant to a depth of 25 pum. Neither initial speed increase,
characteristic of the self-focusing effect in bulk substrates [3],
nor final speed saturation, that occurs at a depth of less than
2 wm for a submicrometer trench width in bulk substrates [3],
are observed. This shows clearly that the substrate-related sec-
ondary effects are effectively eliminated in a porous sample.

The above results demonstrate the particular behavior of
the FIB in a porous substrate. Moreover, it is worth noting that
in the case of bulk substrates quoted above [2, 3] the etched
patterns are trenches, while in the present case they are holes.
The secondary effects should be stronger if holes (rather than
trenches) are to be drilled in a bulk substrate.

3 3D photonic crystal fabrication

Photonic crystals are artificial structures created in
high-refractive-index materials. A 3D photonic crystal has
the potentiality of generating a full photonic band gap and
thus controlling spontaneous light emissions in all space di-
rections. Yablonovite [7], a mechanically realizable diamond-
like structure, is proposed to fulfil the promise. However, such
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a structure remains difficult to fabricate at small scale for
wavelengths at (or below) the near-infrared range, essentially
due to the short period (below 1 jum) that the short wavelength
implies. Though various approaches have been proposed, the
fabrication is limited to a small number of periods (< 3) in the
third direction (thickness) [8—10].

The capacity of the FIB to etch extremely deep holes at
submicrometer scale in a porous substrate provides a unique
opportunity to fabricate Yablonovite in the near-infrared
range. Yablonovite is a 3D lattice formed by three sets of holes
along the (110), (101) and (011) directions of a face-centered-
cubic (fce) lattice [7], each set forming a 2D sublattice (see
Fig. 3). The holes cross one another with their crisscrosses co-
inciding with the nodes of the same fcc lattice. The fabrication
can thus be divided into two stages.

Firstly, a 2D triangular lattice, with a periodicity of
0.65 um, is generated by photoelectrochemical etching in
a low-doped monocrystalline silicon substrate. The holes
(macropores) are about 50-pm deep [11]. This lattice has two
functions: it forms the first sublattice along the (110) direc-
tion, and provides at the same time the porous structure for
FIB etching (the photoelectrochemically etched holes also
serve as pores). Secondly, the other two sets of holes, along
the (101) and (011) directions (each forming an angle of
60 degrees with the first set), are generated by FIB etching,
made possible thanks to the first set of holes, to achieve the full
dimensionality.

In the second stage, the openings of the photoelectrochem-
ically etched holes are used to guide the etching in order to
allow the FIB positioning with sufficient precision. The points
to etch are defined as the center of the openings, so that the first
(110) plane in which the three sets of holes cross one another
coincides with the substrate surface. The beam positioning
is realized using the imaging mode of the same apparatus.
The FIB parameters are the same as in Sect. 2. In order to
drill larger holes the beam is scanned around its central pos-
ition. Two etching sections A and B, containing the same
number of hole openings, are defined on the substrate surface
(see Fig. 4). The FIB enters the substrate in A and B by the

The three sets of holes that form the lattice of Yablonovite

FIGURE 3
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FIGURE 4 A sample after FIB etching and milling. The photoelectrochem-
ically etched holes are perpendicular to the substrate surface (along the (110)
direction). Their openings in the sections A and B are etched respectively
along the (101) and (011) directions. The ion beam exits from the substrate
side through the zone C

hole openings and exits through the zone C on the sample side.
The etching in each zone is performed in only one direction
((101)in A, (101) in B). A specially designed sample holder is
used to ensure a precise orientation. The 3D structure thus ob-
tained is inside the substrate, and can be milled out using the
same FIB (see Fig. 4).

Photonic crystals up to 25 periods wide and five periods
thick are fabricated using this method [12], which ensures
an excellent geometrical precision. An area in the zone C is
shown in Fig. 5. This sample is already milled out. The ver-
tical holes are obtained by photoelectrochemical etching, the
oblique ones by FIB etching. The precision of the FIB etch-
ing is high enough for the holes (one photoelectrochemically
etched and two FIB-etched) to cross at the same point (see
the amplified view in the same figure) after the FIB-etched
ones have run through 25 pm inside the substrate. Reflection-
spectra measurements are performed on these samples, where
photonic band gaps are observed in the near-infrared range, in
agreement with numerical simulations [13].
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FIGURE 5 FIB-etched holes on the sample side where the beam exits. An
amplified view is displayed on the right
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4 Remarks

The above results demonstrate the capacity of the
FIB etching to fabricate 3D lattices in a porous substrate. The
combination of a FIB with chemical or plasma pre-etching
opens new perspectives in the fabrication of various complex
3D objects at submicrometer or nanometer scale. The pre-
etching allows the preliminary material removal and struc-
turation indispensable for further FIB etching deep inside the
substrate.

Itis worth noting that, during FIB etching, though the total
ion dose received for each pattern (especially deep ones) can
be high, the total dose is distributed on the pore walls the
beam traverses thanks to the porous structure, so that the ef-
fective dose for each wall is much weaker. As an example,
for the deepest holes in the photonic crystals (35 periods),
the total ion dose is estimated at about 1.8 x 10'% ions/cm?,
but the effective dose received by each wall is only about
5 x 10" ions/cm?. As pointed out, since the walls are etched
in an almost independent way, the structural damage caused
by ion irradiation is hoped to be weaker than in a bulk sub-
strate for the same total ion dose.

It should also be pointed out that much of the sputtered ma-
terial is redeposited into the pores inside the substrate. This
will, or will not, strongly modify the porous structure, de-
pending on the air-filling rate. If the latter is high enough, the
porous structure will remain almost unchanged, as the walls
are thin and the sputtered material will be of small quantity.
The higher the air-filling rate, the less the redeposition. In the
case of photonic crystal fabrication, the walls are about 0.1 ~
0.2 pm in thickness and the pores about 0.4 ~ 0.5 pm in diam-
eter; the material redeposition into the pores due to wall sput-
tering will not introduce a strong geometrical modification.

5 Conclusion

We have shown that the focused-ion beam has
the capacity of etching extremely high-aspect-ratio patterns
in a porous substrate. Three-dimensional lattices of sub-
micrometer periodicity can thus be generated in combi-
nation with chemical pre-etching. Three-dimensional pho-
tonic crystal fabrication in the near-infrared range provides
a demonstration.
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