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Abstract

This paper introduces a simple method using 800 nm femtosecond laser irradiation and wet
etching with a hydrofluoric (HF) acid solution for the parallel fabrication of high-aspect-ratio
all-silicon groove arrays. In this method, one laser beam was divided into five beams by a
diffractive optical element. Five laser-induced structure change (LISC) zones were formed

in the silicon simultaneously with a single scan of the divided beams, and then the materials
in the LISC zones were etched by HF acid solution to form groove arrays. Via this method,
all-silicon grooves with aspect ratios up to 39.4 were produced, and the processing efficiency
could be increased by five times in contrast with that of the single laser beam irradiation.
Furthermore, high-aspect-ratio grooves with near uniform morphologies were fabricated using
this method in silicon wafers with different crystal orientations.

Keywords: silicon groove, wet etching, parallel fabrication, femtosecond laser

(Some figures may appear in colour only in the online journal)

1. Introduction

Monocrystalline silicon, which is the basic material in the
electronic semiconductor field, plays an important role in the
semiconductor industry. Silicon-based microstructures, such
as high-aspect-ratio grooves [1, 2], micro-spikes [3], and
micro-ripples [4], have inspired increasing research interest
due to their important potential application in areas such
as micro-fluidic devices [5, 6], solar energy cells [7], near-
infrared photodetectors [8, 9] and so on.

As one of the silicon-based microstructures, high-aspect-
ratio grooves have been successfully applied in a deep silicon
insulation trench [10], micro-sensors [6], photonic crystal
structures [11, 12] and micro-chemical reactors [13]. Plasma
etching is usually employed to produce silicon grooves.
However, plasma etching [14, 15] has some drawbacks such
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as a high cost, a strict machining environment and the need to
use masks. Meanwhile, chemical wet etching [16, 17] is also
an effective approach to fabricate silicon grooves. Potassium
hydroxide (KOH) and sodium hydroxide (NaOH) are com-
monly employed as etchants in wet etching. The etching rate
on the crystal plane of (100) and (110) is faster than that
on the (111) plane in a KOH or NaOH solution, therefore
only silicon with special crystal orientations, for example
(110)-oriented silicon, can be applied for fabricating deep
grooves with a high-aspect ratio. In addition, this method
needs an etch barrier which should be removed after etching.
This adds complexities to the fabricating process. Based on
the anisotropic wet etching of n-type (1 10) silicon wafers in
KOH, Tolmachev et al fabricated one-dimensional (1D) pho-
tonic crystals with 57 ym deep grooves [16]. Dwivedi et al
fabricated 400 ym deep microchannels in n-type (1 10) silicon

© 2015 IOP Publishing Ltd  Printed in the UK
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wafers for heat dissipation of semiconductor devices, and
found that the aspect ratio of the grooves was less than 6 [18].

In the last few decades, the femtosecond laser has become
a powerful tool in areas of ultrafast dynamics measurements
[19, 20] and micromachining [21-24]. As an effective way
for fabricating microstructures, the femtosecond laser has
been used extensively to process a wide range of materials,
such as semiconductors [21], polymers [22], glasses [23], and
ceramics [24]. Until now, silicon grooves with an aspect ratio
of 10 were produced by using femtosecond laser direct writing
[25]. However, the debris produced during laser drilling
would scatter the subsequent laser pulses and block the energy
transfer deeper into the silicon [26, 27]. Therefore high energy
was needed for the fabrication of deep silicon grooves. Sven
Doring et al studied the dependence of the groove depth and
width on the laser power and attained a 210 ym deep hole in
the silicon using a 50 uJ femtosecond laser [21]. In addition,
oxygen species were incorporated into laser-induced structure
change (LISC) zones, which is not beneficial for the groove
structures which are to be applied in semiconductor devices
and micro-electro-mechanical-systems (MEMS).

Recently, it has been reported that high-aspect-ratio
LISC zones along the laser transmission direction could be
induced inside silicon wafers by a 800 nm femtosecond laser.
Elemental analysis results indicate that oxygen species were
incorporated into the silicon substrates and SiO, was formed
in the LISC zones [28]. Furthermore, a simple approach for
micromachining silicon grooves was proposed in [29]. In this
approach, materials in the LISC zones were removed by chem-
ical selective etching, and silicon grooves with an aspect ratio
of 16 were produced. Because debris was hardly produced in
the LISC zones inside the silicon, this method could avoid the
energy loss arising from debris scattering in the laser direct
writing groove process. In addition, only silicon species were
detected in the grooves and the all-silicon grooves were fab-
ricated after etching. However, the fabrication efficiency was
restricted by the scanning velocity, especially for fabricating
a groove array, in which the grooves were produced one by
one. Parallel fabrication with multi laser beams could highly
improve the processing efficiency, which can be achieved by
dividing the incident laser beam into multiple beams using
diffractive optical elements (DOE) [30, 31]. Laser energy
could be utilized more effectively using parallel fabrication
techniques. In addition, the parallel fabrication method could
be used to pattern the array directly by designing the distribu-
tion pattern of the beams. Most importantly, the distribution
pattern of the beams produced by the DOE was stable and all
the beams reacted with the target simultaneously. Therefore,
compared with single beam fabrication, parallel fabrica-
tion could decrease the non-uniformity of the array elements
arising from laser fluence fluctuation and stage vibration in
moving.

In this paper, we introduce a simple method for the parallel
fabrication of high-aspect-ratio all-silicon groove arrays using
800nm femtosecond laser irradiation and wet etching with a
hydrofluoric (HF) acid solution. An 800 nm femtosecond laser
beam was divided into five beams by a DOE and then was
focused onto the silicon wafers by a lens. Five parallel LISC
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Figure 1. Schematic setup for parallel fabrications of the silicon-
based grooves. The inset is the photograph of the marked portion in
the dotted box.

zones were formed in the silicon simultaneously by scan-
ning the laser focus over the silicon surface. Then materials
in the LISC zones were removed via the HF acid selective
etching and five grooves with a near uniform morphology
were formed simultaneously. Grooves with aspect ratios up to
39.4 were attained by optimizing femtosecond laser irradia-
tion parameters. The machining efficiency can be improved
by five times compared with single beam machining. What
is more, high-aspect-ratio grooves with similar morphologies
were fabricated in (100)-, (110)- and (11 1)-oriented silicon
wafers. This indicates that this parallel fabrication method is
applicable for the fabrication of high-aspect-ratio grooves in
various crystal-oriented silicon wafers.

2. Experimental details

Figure 1 shows the schematic setup for the parallel fabrication
of the silicon-based grooves using a femtosecond laser and
a DOE. An amplified Ti: sapphire femtosecond laser system
(Coherent Inc., USA) was used to provide 50 fs laser pulses
with a 800 nm central wavelength and a 1 kHz repetition rate.
The maximal output power was approximately 3.5W. The
femtosecond laser beam was divided into five laser beams with
the same intensities by an eight-level phase modulating DOE.
The diameter of each laser beam was approximately 8§ mm.
Samples were fixed horizontally on a computer-controlled
three dimensional (3D) translation stage. Behind the DOE,
five laser beams were focused onto the surface of the silicon
wafer by a lens. The focal length of the lens was 60 mm. The
numerical aperture (NA) was estimated to be approximately
0.07 and the diameter at the focal plane was estimated to
be approximately 9.4 pym. The power of the incident laser
could be continuously varied by a variable attenuator, and
the access of the laser beam was controlled by a mechanical
shutter connected to a computer. The pulse duration of the
samples was optimized by adjusting the pulse compressor in
the laser system and was estimated to be less than 70 fs using
the optical Kerr shutter method [20]. A charge coupled device
(CCD) camera was used to monitor the laser treating process
on line.
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Figure 2. Schematic diagram for the process of the silicon-based
grooves fabrication.

As shown in figure 2, there were two steps for the parallel
fabrications of silicon-based groove arrays, consisting of laser
irradiation and chemical selective etching. Firstly, five LISC
zones were induced in the silicon simultaneously using five
laser beams produced by a DOE, as shown in figure 2(a). The
scanning velocity, scanning length, separation distance and
focus position could be varied by controlling the 3D trans-
lation stage motion. Secondly, the irradiated silicon wafers
were put into a 20 wt% HF acid solution for 2h in an ultra-
sonic cleaner. Materials in the LISC zones were removed by
selective etching to form grooves. Because the silicon mate-
rial was opaque to visible light, the irradiated silicon wafers
were polished with abrasive papers to a random position to
observe the laser-induced microstructures in the silicon from
the cross section. The samples were polished again after the
HF etching to random positions along the laser scanning
direction to observe the cross-sectional morphologies of the
formed grooves. After polishing, the wafers were ultrasoni-
cally cleaned by ethanol and de-ionized water for 15 min each.
In our experiments, a scanning electron microscopy (SEM,
FEI Quanta 250 FEG Serials) equipped with an energy disper-
sive x-ray spectroscopy (EDS) was employed to characterize
the morphologies and the chemical compositions of the LISC
and the silicon grooves. The aspect ratio of the grooves was
defined as the depth-width ratio. The depth and width were
the average depth and width at the half depth of the grooves
accordingly.

3. Results and discussion

Figure 3 shows the cross-sectional SEM images of the LISC
zones and the chemical selective etching induced grooves. A
p-type (100) silicon wafer with a thickness of 500 ym was
used as the sample. The incident laser power and scanning
velocity were set at 75 mW and 2 um s~!, respectively. The
scanning length was 500 ym.

As shown in the dotted box of figure 3(a), after 800nm
femtosecond laser irradiation, five LISC zones were induced
simultaneously at the irradiated zones along the laser trans-
mission direction. The average depths of the LISC zones (the
distance between the top surface and the last laser-induced
microcavity in the LISC zones) were approximately 208 um.
The distance between each LISC zone was approximately
120 ym. According to EDS analysis, it could be detected that
oxygen was incorporated into the interior of the silicon sub-
strates. The oxygen concentration decreased with the increase
in depth. The atomic percentage of oxygen at the top was

approximately 37%, and decreased to 22% at a depth of 164
um. At the end of the LISC region, the oxygen concentration
was 0%. When the irradiated silicon wafers were put into the
HF acid solution, materials in the LISC zones were removed
and then the grooves were formed. The cross-sectional SEM
images of grooves are shown in figure 3(b). It can be seen that
there is good uniformity of the grooves. The average depth and
width of the grooves were 224 ym and 6.2 ym, respectively.
The groove aspect ratio was calculated to be approximately
36.1. The depth difference between the grooves and the LISC
zones might arise from the fact that the sample was polished
on its side surface after etching to observe the cross-sectional
shape of the grooves, and also from the fact that the LISC zone
depth fluctuated at different positions. In addition, measure-
ment errors also contributed to the depth difference, because
sometimes it was difficult to distinguish the end of the LISC.

According to the above results, the application of the DOE-
based parallel fabrication method had the laser scanning time
per micrometer decreased from 0.5 s to 0.1 s as compared
to using single beam scanning. The etching time was 2h for
attaining deep grooves of over 200 ym. After the etching time
was taken into account, it took 0.3 s to realize long grooves
per micrometer. When a large number of grooves were fab-
ricated, the etching time may be negligible as compared to
the laser scanning time. Hence, the processing time for the
grooves per micrometer was decreased to 0.1 s. The divided
laser beam could be increased to more than five by changing
the design of the DOE to increase the production efficiency
of the grooves further. In fact, different diffraction angles
exist with the beams produced by the DOE, because the DOE
beam splitter was based on a diffraction effect. For the con-
figuration in figure 1, only one beam would be incident on
the sample normally. As the number of beams increased, the
diffraction angles of the outermost beams also increased.
We found the entrance of laser ablated holes would become
elliptical when the incident angle was over 1 degree and the
LISC zones became slightly oblique. In addition, the separa-
tion angle between the adjacent beams should be larger than
0.02 degrees to avoid the overlap of adjacent grooves for the
60mm focal-length lens. Therefore the maximal beam num-
bers were estimated to be less than 101. For the 101-beam
case, the laser power of approximately 1.52W was needed to
fabricate grooves with a depth over 200 ym, which was in the
output power range of our laser system. Therefore the diffrac-
tion angle was the dominantly limiting factor for the maximal
beam numbers.

The formation mechanism of the silicon grooves could be
attributed to the chemical reaction between the HF acid and
Si0O, formed by the femtosecond laser irradiation [32]. When
the silicon wafers were irradiated by the femtosecond laser
pulses, oxygen species in the ambient air were incorporated
into the interior of the silicon substrates and the high-aspect-
ratio LISC zones were formed. As shown in figure 3, x was
approximately 0.6 for the oxygen atomic percentage of 37%
at the top of the LISC zones. x decreased to O at the end of
the LISC zones, corresponding with pure silicon. The doping
depth of the oxygen could be increased with the decrease in the
scanning velocity and the increase in the laser power. The NA
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Figure 3. The SEM images of (a) the LISC zones and (b) the chemical selective etching induced grooves, and the atomic percentages of

oxygen at different depths.
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Figure 4. Influences of laser average power on (a) the groove depths and widths, and (b) the aspect ratios.

determined the Rayleigh length of focused light and thereby
influenced the depth of the LISC. When the irradiated silicon
wafers were put into the HF acid solution, the HF acid reacted
with SiO, in the LISC zones. However, the HF acid hardly
reacted with the silicon at room temperature [29]. Therefore
only materials in the LISC zones were removed in etching. It
implies that the etching was highly selective. During etching,
because the entrance of the groove was very narrow, the rate
of the fresh acid solution flowing into the groove bottom
became low as the groove depth increased. In addition, the
oxygen ratio also decreased. Therefore the etch rate would
decrease with the increase of the etching time. High-aspect-
ratio grooves were produced after removing materials in the
LISC zone due to the selective etching. Since grooves were
formed only in the LISC zones, the groove depth and width
were dependent on the laser power, scanning velocity and the
NA of the lens.

In order to study the influence of laser power on the aspect
ratios of grooves, we fabricated grooves at different laser
powers. The scanning velocity was set at 2 um s~!. Figure 4
demonstrates the dependence curve of the depths, widths and
aspect ratios of the grooves versus the laser power. When the
laser power increased from 25 to 100 mW, the depth, width
and aspect ratio of the grooves r increased with the increase
in the laser power. At the laser power of 100 mW, grooves
with a depth of 279 um and an aspect ratio of 38.6 were
attained. When the laser power increased to 150 mW, the
depth increased to 332 um and the increase of depth showed
a little saturation. The aspect ratio of the grooves increased to
39.4 and became saturated. The aspect ratio and the depth of
the grooves were almost two times larger than those in [29].
In our experiments, the laser fluence was about 39.1 J cm™2
for the laser power of 150 mW, which was higher than 11.9 J
cm™ as detailed in [29]. The application of a lower scanning
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Figure 5. Cross-sectional SEM-images of the grooves in the silicon wafer with different crystal orientations. (a) p-type (100), (b) p-type

(110), and (c) n-type (111).

velocity and lenses with more optimal NA also contributed
to the improvement of the aspect ratio as compared to that
in [29]. The formation of the high-aspect-ratio grooves could
be attributed to the self-trapped filament of femtosecond laser
that occurred in the LISC region [29]. With the increase in
the depth, the absorption increased. The laser power has to
be increased to increase the depth of the LISC. However,
when the laser power was too high, other complicated non-
linear optical phenomenons can occur, for example nonlinear
scattering. In addition, the light propagation direction can be
disturbed by the asymmetry of the top LISC zones and deviate
from the original direction at high depth. Therefore self-
trapped filaments of the femtosecond laser would be disturbed
in a high depth position and the depth of the LISC zones and
grooves could not be increased.

We further investigated the influence of the silicon crystal
orientation on the morphologies of grooves formed by this
parallel fabrication method. The p-type (100), p-type (110),
n-type (111) silicon wafers with thicknesses of 500 ym were
used. The incident laser power was set at 100 mW to avoid the
saturation of the aspect ratio of the grooves, and the scanning
velocity of the laser was set at 2 yum s~!. For each sample, the
laser beam was scanned two times and the separation distance
between each scan was set at 600 um. Hence ten LISC zones
with a period of 120 ym were formed in the silicon wafer
accordingly. According to the EDS analysis, the oxygen ratio
was almost the same for the three samples. The oxygen atomic

percentage was approximately 41% at the top of the LISC
zones, which corresponded to x = 0.7. The oxygen atomic per-
centage decreased to zero at the end of the LISC zones, in
which the depth was approximately 270 gm.

The morphologies of the grooves fabricated in the three
samples are shown in figure 5. Grooves formed in the silicon
wafers with different crystal orientations show similar mor-
phologies. Figure 5(a) shows the cross-sectional SEM-images
of the groove arrays in the p-type (100) silicon wafer. The
average depth and width of the grooves were 276 ym and
7.3 um, respectively. Figure 5(b) shows the cross-sectional
SEM-images of grooves in the p-type (110) silicon wafer.
The average depth and width of the grooves were 279 ym and
7.2 pm, respectively. For grooves in the n-type (11 1) silicon
wafer as shown in figure 5(c), the average depth and width of
the grooves were 279 um and 7.4 um, respectively. The groove
aspect ratios for the three samples were all approximately 39.
It can be seen that although the crystal orientations of the
silicon wafers were different, the fabricated grooves were
almost the same for the same laser irradiation parameters. In
other words, this parallel fabrication method is applicable for
various crystal-oriented silicon wafers.

The formation of silicon grooves was attributed to the tar-
geted reaction of the oxygen-containing regions and the HF
acid solution, so the area of the chemical selective etching
induced grooves depends only on the size of the LISC zones.
Laser ablation is an isotropic process that will sculpt silicon
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surface irrespective of the crystallographic orientation [33].
Since the single crystal silicon is isotropic, the refractive
index was the same for laser beams propagating in any direc-
tion, regardless of the crystallographic orientation. Therefore
there is no influence from the light propagation direction
with respect to the crystallographic orientation of the wafers
on the formation of the LISC zones. Thus the method could
be applied to fabricate high-aspect-ratio grooves in silicon
wafers with any crystal orientations. Meanwhile, the chemical
component of the grooves is only silicon, because the oxygen
element was eliminated by the HF acid solution etching. This
is of great importance for the silicon-based groove structures'
application in micro-fluidics networks, super-hydrophobic
microstructures and semiconductor devices.

4. Conclusions

In this paper, the parallel fabrication of all-silicon groove
arrays with aspect ratios up to 39.4 were shown via a combi-
nation of 800nm femtosecond laser irradiation and HF acid
selective etching. By using a DOE, the processing efficiency
was increased by five times. All-silicon grooves were pro-
duced due to the chemical reaction of the HF acid solution
and SiO; in the LISC zones. Furthermore, high-aspect-ratio
grooves with similar morphologies were fabricated in (100),
(110) and (111) silicon wafers by this method, respectively.
The method is universally applicable for fabricating high-
aspect-ratio deep grooves in various crystal-oriented silicon
wafers. Due to the superiority of the simple technological pro-
cess, the high processing efficiency, the low manufacturing
cost, and the single chemical component of the grooves, this
method would have potential application in the fabrication of
silicon-based advanced functional structures, such as silicon
trench capacitors and microfluidic devices.
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