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We demonstrate a structuring method for crystalline silicon
using nanosecond laser internal irradiation followed by
chemical etching. We show a dramatic dependence of the
etch rate on the laser-writing speed. Enhanced isotropic
etch rates of silicon by laser-induced internal damage were
recently demonstrated with strong acids, but our results
add the possibility to obtain reduced etch rates leading
to different topographies. Material analyses indicate the
possibility to efficiently produce high-aspect ratio channels,
thanks to laser-induced porosities, as well as silicon micro-
bumps due to highly stressed regions. This holds promises
for fabricating microfluidic, photovoltaic, and micro-
electromechanical systems. ~ ©2019 Optical Society of America
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Nonlinear processes (especially the plasma defocusing phe-
nomenon) impose severe limits on the laser energy that can be
deposited inside crystalline silicon (c-Si) with femtosecond
pulses [1], and make material modification with individual
pulses extremely challenging [2]. The advent of high-power
nanosecond infrared (IR) laser sources has helped to circum-
vent these limitations [3,4]. Advanced characterizations of
the laser-modified materials with a constant focus have shed
light on a wide variety of crystalline structures induced in the
bulk of ¢-Si by these pulses, including polycrystalline phases
[5], voids [6], and high-pressure phases [7]. This diversity is
similar to what can be produced on the surface of silicon at
wavelengths below 1.1 pm for which the material is not trans-
parent [8—10]. It also has been established that the internal
modifications are accompanied by a change of the apparent re-
fractive index of silicon. Accordingly, various optical function-
alities have been directly conferred by laser writing to bulk ¢-Si
[11-13]. However, efforts are still required for establishing the
relationship between the structural changes and the index mod-
ifications. Moreover, the knowledge and control of the material
structural aspects would open a path to the fabrication of
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three-dimensional (3D) architectures in ¢-Si by combining
in-volume laser writing and chemical etching, just as was done
for fused silica after the first waveguides were fabricated
[14-16]. In comparison to the previously reported laser-assisted
chemical etching methods on the surface of silicon [17,18],
such a technique would also add the interesting benefits of
the absence of surface plasma effect (e.g., shielding) and/or
debris. Making a first step in this direction, enhanced etch
rates for strong acid solutions have been reported recently in
the nanosecond laser damage regime, helping in the penetration
of the etchant deep inside the material [12]. This allowed the
authors to demonstrate negative-tone fabrication (i.e., the laser-
irradiated zone is removed) of complex 3D structures, includ-
ing microfluidic channels, vias, and micro-electromechanical
systems [12].

Supported by advanced material analyses, we demonstrate in
this Letter an extra level of flexibility by adding the possibility
for positive-tone microfabrication (i.e., the laser-irradiated zone
remains after development) with this general approach. While
we have investigated the influence of several laser parameters,
we show how the laser-writing speed, an easily adjustable
parameter, can be exploited to fabricate not only high-aspect
ratio negative structures, but also bumps after a subsequent
etching step in a diluted potassium hydroxide (KOH) solution.
This evidences that not only the magnitude, but also the sign of
the ¢-Si etch rate change in a standard KOH solution can be
tailored with this control parameter. Using electron diagnostics
and micro-Raman spectroscopy, the difference is explained by
the production of material disruptions in the first case and
stressed monocrystalline zones inside the material in the second
one. These two types of material modifications simply help
or prevent the penetration of the chemical solution deep
inside the material. Interestingly, the conditions to create the
densified zones are the exact analog to those used for the fab-
rication of the first waveguides by positive refractive index
engineering in ¢-Si [11]. This flexible laser-based approach for
positive and negative texturing of ¢-Si surfaces may find plenty
of applications in microfluidics, including the preparation of
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superhydrophobic substrates [19], channel-based microfluidic
devices, black silicon for photovoltaics application [20], as well
as the fabrication of lab-on-a-chip systems [16].

The experimental setup for inscribing modifications inside
¢-Siis detailed in Ref. [11]. Described briefly, this arrangement
relies on pulses at 1.55 pm wavelength emitted by an Er-doped
laser source operated at a 1 kHz repetition rate. The temporal
profile is Gaussian with a pulse duration of 5 ns (full width at
half-maximum). The laser energy is adjusted by combining a
half-wave plate and a polarizer. The beam is focused inside
a 1 mm thick intrinsic ¢-Si sample [(100)-oriented] with an
objective lens of numerical aperture NA = 0.42 mounted
on motorized stages. The diameter at 1/¢? of the Gaussian
beam is ~2.3 pm at the focus, and the Rayleigh length in
air is ~2.8 pm. The focal spot is uniformly moved longitudi-
nally from the rear to the front surface at v =1.0 and
0.1 mm/s, corresponding to 5.6 and 56 pulses per point of
the material, respectively, according to the focusing geometry.
As shown in Ref. [11], the morphology of the lines produced at
1.0 mm/s mainly consists of voids (with a negative refractive
index change), whereas the lines inscribed at 0.1 mm/s exhibit
a homogeneous positive refractive index. For writing speeds in
between and lower than 0.1 mm/s, a combination of these two
morphologies likely provoked by cumulative effects was ob-
served [11]. Therefore, the speeds of 1.0 and 0.1 mm/s have
been selected in this Letter in order to study two single types of
refractive index change (i.e., positive and negative). Although
damage is systematically observed on the front surface, no
modification is detected on the rear surface for all the pulse
energies used between 2.7 and 0.5 pJ (measured at the focus
in air prior to the experiments). This range was chosen in order
to produce modifications inside silicon with the maximum
reachable energy with our setup down to an energy close to
the bulk damage threshold [4,11]. For ensuring repeatability,
six lines have been inscribed using identical processing condi-
tions. It must be emphasized that, as shown in Ref. [11], the
general morphology of the written lines does not change with
the pulse energy, except for the line diameter. After laser writing
inside ¢-Si, the modifications are observed by means of a
customized phase-shift interferometry microscope described
in Ref. [21]. Briefly, this microscope relies on an IR Mach-
Zehnder interferometer and provides quantitative information
about the refractive index change of the modifications. The
sample is then polished on the exit surface and treated by aniso-
tropic chemical etching during 90 min using a 22 wt. % KOH
solution at the temperature of 40°C, mixed with a saturated
20 wt. % isopropyl alcohol solution. The corresponding (100)
etch rate measured experimentally on a silicon sample unmodi-
fied by the laser is 10 pm/h. The rear surface is then charac-
terized in Nomarski interference contrast (NIC) microscopy,
scanning electron microscopy (SEM), transmission electron
microscopy (TEM) and electron diffraction after a lamella
preparation using a focused ion beam (FIB), as well as Raman
spectroscopy.

The typical morphology of the lines written in the bulk of
¢-Si is shown in Figs. 1(a) and 1(b) for two different writing
speeds. These images are acquired before chemical etching by
means of the IR phase-shift microscope. At a writing speed of
v = 1.0 mm/s, the line is likely composed of randomly distrib-
uted voids as emphasized by the dark spots in (a) corresponding
to a negative phase shift. Conversely, for v = 0.1 mm/s, the
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Fig. 1. (a), (b) Typical IR phase micrographs of modifications

in bulk silicon written at 1.0 and 0.1 mm/s, respectively. These are
obtained before etching, and the scale bar applies to both images.
(c), (d) are the NIC micrographs of the surface after etching.
(e), (), (g), and (h) are SEM characterizations of this surface. The

vector k shows the laser direction of propagation.

line in (b) consists of a homogeneous positive phase shift, as
confirmed by the waveguiding properties of the structures writ-
ten under the same conditions [11]. In this case, one may note a
slight negative phase shift of about -0.05 rad surrounding the
positive one. This morphological difference in the bulk is also
revealed on the surface after KOH etching, as shown by the
NIC micrographs in (c) and (d). Indeed, the etching of the
modification written at 1.0 mm/s results in an inverted pyra-
mid, including a hole in its center [see the dark rectangles
in (¢)]. Thanks to the NIC technique, a strong color contrast
is exhibited in the inverted pyramid area in comparison with
the non-irradiated material on top of the image suggesting
an important change of the surface slope. This morphology
is observed for all the tested energies, showing that it only de-
pends on the laser-writing speed. Nevertheless, one can note
that, as suggested in (c), the size and depth of the holes do
not depend on laser energy. This may be attributed to the
irregular spatial distribution of the voids along the optical axis,
as shown in (a) which is found to be a typical feature at this
writing speed and independent of the laser energy. This surface
morphology is confirmed by the SEM images in (e) and (g),
exhibiting an inverted pyramid with the four well-defined
edges, as well as the deep hole in the center. This is a typical
feature of KOH, a common etchant for Si and associated with a
reaction rate on the (100) planes much higher than on the
(111) planes. This leads to this anisotropic etching initiated
by any local window for the etchant and already widely ex-
ploited for surface engineering for various applications [22].
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In contrast, surface morphology around the modification writ-
ten at 0.1 mm/s, is extremely different, as highlighted by the
NIC micrograph in (d). First, the etching depth around the
modification is much smaller than in (c), since the aforemen-
tioned color contrast is similar to that of the non-irradiated area
on top of the image. Secondly, the central area is more repeat-
able and regular than in (c). Interestingly, the SEM images in
(f) and (h) show that the central area corresponding to the pos-
itive phase shift in (b) is a bump exhibiting also a pyramidal
shape somehow opposite to the previously developed hole mor-
phology associated with the lines written at 1.0 mm/s.

The difference in surface morphology between the lines
written at the two different speeds can be attributed to the pen-
etration ability of the KOH solution inside the laser-modified
material. Indeed, the observed positive phase shift (and, thus,
the positive refractive index change Az) in Fig. 1(b) could re-
sult from a local densification provoked by laser-induced stress
inside the material. This would imply that the penetration of
the chemical solution is slow within the zone where Az > 0,
in agreement with the SEM observations in (f) and (h). The
pyramidal morphology in Fig. 1(h) first suggests that the stress
is more important in the center of the line with Az > 0 than in
its periphery since if it was homogeneously distributed, a cyl-
inder would be exhibited in (h). Second, this tetrahedral shape
rather than a conical one implies that the material mainly
remains monocrystalline; so the anisotropy of KOH etching
keeps following the crystalline axes of the silicon sample.
Ultimately, the 20 pm radius area with a slight negative phase
shift surrounding the line where Az > 0 indicates that the
material has been rarefied in this zone. This is very consistent
with the slightly ablated square around the pyramid in compari-
son with the non-laser-processed surface in (d) and (f).
Conversely, for the highest speed (v = 1.0 mm/s) voids are
produced [see Fig. 1(a)] and can help the chemical solution
to penetrate from the surface deep inside the material. This
is consistent with the holes observed in (c), (), and (g).

In order to validate this scenario, high resolution character-
izations of the two aforementioned morphologies are performed
using electron microscopy, providing paramount information
about the nature of the laser-produced modifications. To do
so, a cross section of a hole similar to these displayed in
Figs. 1(c) and 1(e) is prepared thanks to ion polishing. The
resulting SEM images are shown in Fig. 2, where a secondary
electrons image in (a) is compared to a backscattering electron
image in (b). The main difference between these two imaging

10 pm

Fig. 2. SEM image of an etched site written at 1 mm/s and 0.9 pJ
obrained with (a) secondary electrons and (b) backscattering electrons.
The vector & shows the laser direction of propagation. The blue and
yellow arrows indicate the sample surface and subsurface cracks,
respectively. The spatial scale applies to both images.
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techniques is that (a) is sensitive to the surface topography while
(b) is sensitive to the atomic mass of the elements. Both of these
images reveal the high-aspect ratio of the hole which is ~24 pm
deep under the surface unmodified by the laser for a minimum
diameter of ~3 pum. The measured depth of the hole enables us
to estimate the etch rate in the laser-modified area. This etch rate
is obtained by measuring the height difference between (i) the
surface before and after etching, and (ii) the surface after etching
and the bottom of the hole in Fig. 2. This etch rate is
~22.7 pm/h, i.e., more than ~2.3 higher than for unmodified
silicon. Moreover, one can observe a void structure in accor-
dance with Ref. [6] at about 40 pm below the surface consistent
with our conclusions drawn from the phase microscopy in
Fig. 1(a). At the bottom of the hole, one can distinguish cracks
in Fig. 2(a) which likely have been assisting the KOH solution
to penetrate inside the material. Interestingly, Fig. 2(b) reveals a
dark grey layer of ~7 pm starting from the surface, suggesting a
material modification at the surface layer. We attribute this fea-
ture to the exothermic character of the etching process.
Ultimately, electron diagnostics are performed on the
pyramidal morphology exhibited in Figs. 1(f) and 1(h). The
corresponding results are shown in Fig. 3. ATEM lamella from
the central portion of the modified site as indicated by the red
dotted line in (a) is prepared using FIB. Analogous to the
observations in Fig. 2, the lamella allows us to evaluate the
height of the pyramid of ~5.1 pm with respect to the surface
unmodified by the laser. This corresponds to an etch rate of
~6.6 pm/h. The TEM characterization in (b) and the magni-
fied image in (c) clearly reveal the laser-affected zone. Although
the modifications look homogeneous at the microscale level
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Fig. 3. (a) SEM image of an etched site written at 0.1 mm/s and
0.9 pJ. (b) TEM image of the same site corresponding to the dotted
red line in (a). () TEM magnification of the dotted blue square in (b).

The vector % shows the laser direction of propagation. (d) Electron
diffraction pattern observed in (c). (¢) Micro-Raman spectrum of
the site observed in (a), with monocrystalline features of silicon accord-
ing to Ref. [23] indicated by the blue arrows.
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under IR phase-shift microscopy [Fig. 1(b)], the TEM images
show irregularly distributed features at the nanoscale along the
optical axis. While in Ref. [11] these irregularities were useful
for investigating the light-guiding properties of the lines written
at 0.1 mm/s with scattering, they represent a serious drawback
for refractive index engineering in silicon where low losses are
required. The observations in (b) and (c) are possible if either
(1) the allotropic form of silicon has been modified or (2) stress
has been induced inside the material. In order to investigate
these hypotheses, electron diffraction measurements are per-
formed. As shown in (d), the diffraction pattern is typical of
monocrystalline silicon. Moreover, this pattern repeated at sev-
eral points is the same as that from the (100)-oriented c-Si
far from the laser-affected zone. This is all the more supported
by micro-Raman measurements shown in (e) revealing the typ-
ical features of monocrystalline silicon indicated by the arrows.
These Raman signatures of monocrystalline silicon are (1) the
main peak at 520 cm™!, (2) the secondary peaks at 300 and
610 cm™, and (3) a hill from about 910-1100 ecm™' [23].
The Raman spectrum is the same for the pyramidal area
and the unmodified silicon. It is worth noting in (e) the absence
of a broad band around 480 cm™' inherent to amorphous sil-
icon [24]. Therefore, we conclude from (d) and (e) that the
nanosecond-laser irradiation does not affect the crystalline
structure of ¢-Si. Nevertheless, based on the TEM images of
the laser-modified zone in Figs. 3(b) and 3(c), as well as the
positive refractive index change measured in Fig. 1(b), the
modified region is likely to contain highly stressed materials.
Indeed, such a stressed zone in the bulk can be provoked by
shock waves induced by the pulses [25]. No void is visible
under phase microscopy in this case [see Fig. 1(b)] with the
writing speed of 0.1 mm/s which, according to our focusing
conditions, implies that the motion of the melted material left
by one pulse fills the voids left by the preceding ones [11].
Thereby, the results in Fig. 3 not only provide information
about the crystalline structure of the lines written at 0.1 mm/s
with a positive refractive index change, but also imply that the
waveguide properties are induced by stressed material following
the laser path, similar to observations in fused silica [26].
Finally, in contrast to the voids left at 1.0 mm/s, the strained
material at 0.1 mm/s limits the penetration of the KOH sol-
ution, resulting in a bump morphology, as shown in Fig. 1.
To summarize, a surface texturing method for ¢-Si has been
introduced. This technique relies on in-volume structuring
with nanosecond laser pulses, followed by chemical etching
of the surface with KOH. By only adjusting the speed of the
laser-writing process, positive and negative texturing can be
produced on the surface after chemical etching. In a more fun-
damental way, material characterizations show that the lines
written at a high speed consist of voids facilitating the penetra-
tion of the KOH solution deep inside silicon. On the other
hand, the lines written at a moderate speed remain unchanged
in terms of crystalline structure, but become densified due to
laser-induced stress. Interestingly, this indirectly reveals the
material science aspect behind the waveguide properties re-
cently reported for these structures. By limiting the penetration
of etchants in comparison to the zone non-affected by the laser,
the same regime offers today a new possibility for positive-tone
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microfabrication making laser-assisted chemical etching a more
flexible method for silicon applications. To go further in the
comprehension, the same process will be applied for various
crystal orientations at different writing speeds in the future
for studying the morphology of the modified zone after both
laser writing and chemical etching,

Funding. H2020 European Research Council (ERC)
(724480); National Science Foundation (NSF) (CMMI-
1537846).
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