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Morphologies of high-aspect-ratio silicon grooves fabricated by using femtosecond laser irradiation and
selective chemical etching of hydrofluoric acid (HF) were studied. Oxygen was deeply doped into sili-
con under femtosecond laser irradiation in air, and then the oxygen-doped regions were removed by HF
etching to form high-aspect-ratio grooves. After HF etching, periodic nano-ripples which were induced
in silicon by femtosecond laser were observed on the groove sidewalls. The ripple orientation was per-
pendicular or parallel to the laser propagation direction (z direction), which depended on the relative
direction between the laser polarization direction and the scanning direction. The formation of nano-
ripples with orientations perpendicular to z direction could be attributed to the standing wave generated
by the interference of the incident light and the reflected light in z direction. The formation of nano-
ripples with orientations parallel to z direction could be attributed to the formation of self-organized
periodic nanoplanes (bulk nanogratings) induced by femtosecond laser inside silicon. Materials in the
tail portion of laser-induced oxygen doping (LIOD) regions were difficult to be etched by HF solution due
to low oxygen concentration. The specimen was etched further in KOH solution to remove remaining
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materials in LIOD regions and all-silicon grooves were fabricated.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

High-aspect-ratio (HAR) silicon grooves are important for
micro-electro-mechanical systems (MEMS), microfluidic devices
and so on [1-9]. In MEMS, HAR grooves are basic structures in
the trench isolation CMOS technology, which makes it possible to
integrate MEMS and electronics on one chip [1-3]. Microgrooves
are more widely used in micro-fluidic devices as microchannels
or microchambers [4]. Many devices based on microgrooves such
as microchemical reactors [5,6], microsensors [7], and so on have
been demonstrated. In addition, heat sinks with microgroove array
on back side show excellent thermal control capability [8]. Sili-
con microgroove grating is also an important element for terahertz
radiation [9].

Many techniques have been carried out to fabricate HAR
microstructures. Anisotropic wet etch is commonly employed
for fabricating HAR silicon microstructures [10]. Alkaline solu-
tions such as the potassium hydroxide (KOH) solution and
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tetramethylammonium hydroxide (TMAH) were usually used as
etchants for wet etching of silicon. However, only silicon wafers
with specific orientations such as (1 10) could be adopted for fab-
ricating HAR grooves by using anisotropic wet etch. For the latest
two decades, the workhorse for HAR microstructures fabrication
has been the deep reactive-ion etching (DRIE). DRIE is a highly
anisotropic dry etching process. It can be applied to create HAR
grooves and other structures with aspect ratios over 10:1 but usu-
ally below 40:1 [11,12]. However, DRIE requires expensive tooling.
It is also a complex technology because its overall etching rate
depends on many parameters. In addition, silicon grooves have
also been fabricated by laser ablation in gas and liquid environ-
ments [13,14]. During the process, however, the debris generated
by laser ablation blocked the energy delivery in deeper region of
silicon and hampered the increase in the groove depth and aspect
ratio. Recently, our group found femtosecond laser could induce
structure changes including buried microchannels formation and
element change inside silicon [15-17]. When the silicon was irradi-
ated by femtosecond laser in air, oxygen was incorporated into the
silicon simultaneously. The doping depth of oxygen could be more
than 200 wm [15]. Further, the laser-induced oxygen doping (LIOD)
regions were selectively etched by hydrofluoric acid (HF) to form
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Fig. 1. Schematic diagram of microgrooves fabrication.

HAR grooves. Grooves with aspect ratio of 44 have been attained
by using this method [18,19]. However, the surface morphology of
grooves is still unknown.

Surface morphology of grooves is an important character for
applications. Usually, smooth groove surface is expected for appli-
cations. On the other hand, textured surface with micro- and
nano-structures could diversify functions of the microgrooves.
It is well known that the micro- and nano-structures signifi-
cantly influence the surface wettability. By patterning micro- and
nano-structures on microchannel sidewalls, the liquid flow in
microchannels could be controlled [20,21]. Surface microstructures
on microchannel sidewalls were also applied to capture cells in
microchannels [22]. In additional, nanostructured surfaces have
been widely applied for surface enhanced Raman scattering (SERS)
spectroscopy measurements [23,24].

In this paper, we studied the morphology of HAR silicon grooves
fabricated by using femtosecond laser irradiation and selective
chemical etching. Silicon wafers were firstly irradiated by fem-
tosecond laser to form deep oxygen-doped regions. Then materials
in LIOD regions were etched by HF solution to form grooves. Peri-
odic nano-ripples were found on the groove sidewalls. The periodic
structures were induced by femtosecond laser in silicon prior to HF
acid etching. The ripple orientation was perpendicular or parallel
to the laser propagation direction (z direction), which depended
on the relative direction between the laser polarization direction
and the scanning direction. The ripple periods were about 120 nm
and 140 nm, respectively. The formation of nano-ripples with ori-
entations perpendicular to z direction could be attributed to the
standing wave generated by the interference of the incident light
and the reflected light in z direction. The formation of nano-ripples
with orientations parallel to z direction could be attributed to
the formation of self-organized periodic nanoplanes induced by
femtosecond laser inside silicon. In addition, the tail portion of
LIOD region was difficult to be etched by HF solution due to low
oxygen concentration. After the specimen was etched further in
KOH solution, the remaining materials in the tail portion of LIOD
regions were completely removed and all-silicon grooves with an
aspect ratio of 26 were fabricated. The dependence of silicon groove
dimensions on the laser fluence was studied after KOH etching.

2. Experimental setup

The overall fabrication process for grooves in silicon wafers is
schematically described in Fig. 1, which shows two principal steps:
laser-induced oxygen doping in silicon and wet etching. The mor-
phology and chemical compositions of the LIOD regions and the
selectively etched grooves were characterized by a scanning elec-
tronic microscopy (SEM, FEI Quanta 250 FEG Serials) equipped with

an energy dispersive X-ray spectroscopy (EDS, TEAMTM Serials),
respectively.

2.1. Femtosecond laser-induced oxygen doping

In our experiments, a 50-fs Ti:sapphire regenerative amplifier
system (Libra-USP-HE, Coherent Inc.) was employed as light source,
which outputs 1-kHz pulse trains with pulse energy of 4 mJ/pulse
and central wavelength of 800 nm. The laser pulse fluence was con-
trolled by a variable neutral density attenuator, and the access of
laser beam was controlled by a mechanical shutter. The laser beam
was focused normally onto the specimen by a 10x objective lens
(numerical aperture of 0.3, Nikon lens) to induce structure change
insilicon. In experiments, the incident beam filled only about 70% of
the input aperture of the objective lens. Hence, the effective numer-
ical aperture of the objective lens was reduced to 0.2. The spot size
at focus was estimated to be about 3.3 wm in diameter. Specimen
was mounted on a computer controlled three dimensional (3D)
xyz translation stage (ProScan II™). The focal spot was set on the
specimen surface. Laser polarization was set along x direction in
horizontal plane.

A p-type silicon wafer with a thickness of 500 um was used in
experiments, which was (100) in the crystal orientation. Prior to
laser irradiation, silicon wafers were cleaned in an ultrasonic ace-
tone bath, followed by a methanol bath. Then the silicon specimen
was mounted on a 3D translation stage and LIOD patterns were
formed by scanning the focused laser beam over silicon surfaces.
The scanning direction was along the x axis or y axis. The scan length
was 800 pwm for each scanning line, and the separation distance was
set at 80 wm to avoid the overlap between two adjacent scanning
lines. After laser treating, the specimen surface perpendicular to the
scanning direction was polished with water proof abrasive papers
to a random position to observe LIOD and groove morphologies
from side view. The polished specimen was ultrasonically cleaned
by acetone, alcohol and deionized water for 15 min each before
characterization.

2.2. Wet etching

For fabricating silicon grooves, the laser treated silicon wafers
were immersed in 20 wt% HF acid solution for 60 min in an
ultrasonic cleaner to remove materials in the LIOD regions. The
temperature of the ambient water rose from 20°C to about 40°C
due to ultrasonic shocking process. After HF etching, silicon spec-
imen was then etched in 20 wt% KHO solution in an ultrasonic
cleaner for 20 min.

3. Experimental results and discussion
3.1. Grooves fabricated by HF solution etching

Fig. 2 shows results before and after HF etching of specimen. The
specimen was irradiated by the femtosecond pulse at the laser flu-
ence of 409 J/cm? and the scan velocity of 5 wm/s. This scan velocity
led to the accumulation of 660 pulses per spot. The scanning direc-
tion was along y axis (perpendicular to the laser polarization).
As shown in Fig. 2a, laser-induced structure change regions were
formed in silicon after femtosecond laser irradiation. According to
the EDS analysis, we found that LIOD occurred in laser-induced
structure change regions. The average depth of LIOD region along
z direction was about 250 pm. The atomic percentage of oxygen
decreased from 36% at the top to 0% at the end of LIOD region. After
60 min HF solution etching, materials in LIOD regions were selec-
tively removed and grooves were formed as shown in Fig. 2b. The
average groove depth and width were about 182 wm and 8.5 um,
respectively. The groove aspect ratio was about 21.4.



T. Chen et al. / Applied Surface Science 325 (2015) 145-150

L -~ OB
(a)

147

— 0:36%

—= 0:25%

%
— 0:0%
HV | det [mag O i 100
20.00 kV|ETD| 900

dwell m
30 us FEI Quanta FEG Series

V| det mag O] WD 100 pm ———
20.00 kV|ETD| 900x |12.8 anta FEC

Fig. 2. Cross-sectional SEM images of LIOD regions (a) before and (b) after 20 wt% HF acid etching. The etching time was 60 min. (c) is the SEM image of the groove sidewall

in (b), and (d) shows the detailed morphology of the marked area in (c).

In addition, the tail portion of LIOD regions was not completely
removed by HF etching. The unreacted tail portion remained as
debris on the groove bottoms. The length of remaining LIOD portion
was about 70 wm. The atomic percentage of oxygen in debris at the
top of the unreacted LIOD portion was measured to be less than
2.56%. The remaining debris on the groove bottoms was difficult to
be removed by HF solution. According to our previous research, the
reason that silicon irradiated by femtosecond laser could react with
HF acid is because silicon oxide was formed [ 18,19]. The low oxygen
concentration in remaining debris may make the reaction between
debris and HF acid solution very slow. Other method should be
applied for removing debris.

On the other side, the LIOD regions are not perpendicular to the
original surface all over but show a curve in the deeper region. This
could be explained as follows: the LIOD region was formed from top
to down under laser irradiation of pulse by pulse. It is reasonable to
suppose that the refractive index of LIOD region was different with
that of raw silicon. Reflection of incident light would occur on the
interface of LIOD region and raw silicon. When very slight asym-
metry occurred to the LIOD regions formed by the firstly arriving
pulses (for example laser was slightly obliquely incident), the prop-
agation direction of the succeeding pulses would be changed and
resulted in a slightly oblique LIOD segment in deeper region. The
oblique LIOD segment would increase the deviation angle of the
propagation direction of succeeding pulses from incident direction
further. With the accumulation of pulses in silicon, the LIOD seg-
ments would extend to deeper and deeper region in silicon, which
resulted in a LIOD region formation. The oblique angle of LIOD seg-
ment would also increase with the increase in depth. When very
deep LIOD region was formed in silicon, even very slightly oblique
of the top part may result in a curve shape in the deeper region.

Fig. 2c and d illustrates morphologies of groove sidewalls. It is
interesting to observe that periodic nano-ripples with a periodicity

of about 120 nm were formed on groove sidewalls. Orientation of
nano-ripples was along y direction, which was perpendicular to the
laser propagation direction and the laser polarization. The nano-
ripple structures should be induced in silicon by femtosecond laser
prior to HF etching. After materials in LIOD region were removed,
nano-ripples were observed on groove sidewalls.

Then the influence of the relative direction of the laser polariza-
tion and the scanning direction on the nano-ripple structures was
studied. The grooves were fabricated by using the same parameters
as that used for the above specimen, except that the scanning direc-
tion was along x axis (parallel to the laser polarization direction).
The results were shown in Fig. 3. We can see that the nano-ripple

Fig. 3. The SEM image of the groove sidewall for the scanning direction was parallel
to laser polarization direction (x axis).
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orientation was parallel to the laser propagation direction (z direc-
tion) but still perpendicular to the laser polarization direction. The
periodicity was about 140 nm, which was a little different with that
in Fig. 2.

The orientation features of the nano-ripples on silicon groove
sidewalls were summarized as follows: when the scanning direc-
tion was perpendicular to the laser polarization, the nano-ripple
orientation was perpendicular to z direction; when the scanning
direction was parallel to the laser polarization, the nano-ripple
orientation was parallel to z direction. Nano-ripples formed on
materials surface or inside materials have been reported widely
[25-28]. Until now, only surface nano-ripples were observed on sil-
icon [29-31]. The interference of incident light and surface plasma
wave has been widely adopted to clarify the formation of the sur-
face nano-ripples on silicon [29-31]. However, there has been few
report concerning nano-ripples on sidewalls of holes or grooves
induced by femtosecond laser irradiation. Weck and Khuat reported
on the nano-ripples structures induced by femtosecond laser on
the hole sidewalls in copper [32] and SiC [33], respectively. In
our experiments, the relative directions of nano-ripple orientations
with respect to the laser polarization direction and the propagation
direction were the same as in their reports. In Refs. [32] and [33],
the formations of nano-ripples were attributed to the interference
effect.

We attributed the formation of nano-ripples on silicon grooves
with different orientations to two different mechanisms. The
formation of nano-ripples with orientation perpendicular to z
direction (with 120-nm periodicity) could be attributed to the
standing wave generated due to the interference between the inci-
dent light and the reflected light. The orientation of this type of
nano-ripples was perpendicular to the laser propagation direction
and had no dependence on laser polarization direction [33].

The nano-ripples on silicon grooves with orientation parallel to
z direction (with 140-nm periodicity) could be attributed to the
formation of self-organized periodic nanoplanes induced by fem-
tosecond laser inside silicon. It has been known that self-organized
periodic nanoplanes (also known as bulk nanogratings) could be
induced inside fused silica by femtosecond laser irradiation [25,26].
The formation of self-organized periodic nanoplanes was attributed
to the interference between the incident light and the plasma
waves [25,28]. More recently, a spherical nanoplasmas model was
applied for describing the evolution of the periodic nanoplanes.
However, arguments on their formation still exist. The normal of
periodic nanoplanes was parallel to the laser polarization but per-
pendicular to the laser propagation direction. These self-organized
periodic nanoplanes extended over the full depth of the laser-
modified region [26]. Self-organized periodic nanoplanes may also
be induced in silicon by femtosecond laser irradiation. When the
scanning direction was parallel to the laser polarization, the normal
of formed periodic nanoplanes was along the scanning direction.
After the LIOD regions were etched, nano-ripples were observed on
the groove sidewalls as projections of nanoplanes. The two mech-
anisms of nano-ripples formation coexisted. When the scanning
direction was perpendicular to the laser polarization, projections
of nanoplanes on groove sidewall were just a plane and resulted
in no periodic ripples on groove sidewalls. In this case, the nano-
ripples formed by the standing wave could be shown on groove
sidewalls. The supposition of these two mechanisms could be also
applied for explaining results of the laser polarization dependence
of the nano-ripples in Refs. [32] and [33].

For the two types of nano-ripples, the periodicities were Aq/(2n),
where Ag and n were the laser wavelength in vacuum and refractive
index of medium [26,33]. The refractive indexes n were calculated
to be about 3.0, which was smaller than the silicon refractive index
of 3.7 at 800 nm. The decrease of n could be attributed to the for-
mation of plasma in silicon induced by femtosecond laser [25]. The

periodicities of nano-ripples observed on silicon groove sidewalls
were smaller than that on SiC hole sidewalls. This may be due to
larger refractive index of silicon compared with SiC.

3.2. KOH solution etching

To remove the debris on the groove bottoms, the specimen used
in Fig. 2(b) was further immersed in 20% KOH solution with an

HV [ det [mag O
20.00 kV|ETD| 900 x

Fig. 4. (a) Cross-sectional and (b) sidewall SEM images of silicon grooves after 20
wt% KOH etching for the specimen in Fig. 2(b). The etching time was 20 min. (c)
Detailed morphology of the marked area in (b).
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ultrasonic bath. Fig. 4 shows the results that the specimen was
etched for 20 min in KOH solution. As shown in Fig. 4a, the debris
on the groove bottoms was removed completely and the average
groove depth and width were increased to 256 pum and 9.8 pm,
respectively. The groove aspect ratio was about 26. In addition,
according to the EDS analysis, no oxides on the groove were
detected and all-silicon groove were formed. Fig. 4b and ¢ shows
the morphologies of the groove sidewalls. Ripples on groove side-
walls were removed and shallow pits with smooth inner surface
appeared on groove sidewalls. Although the sidewall surface was
rough, it may be improved by optimizing KOH etching parameters.

The etching of debris by KOH solution was due to that the KOH
could react with silicon. However, HF could only etch the silicon
oxide. The pits formation was perhaps due to the anisotropic etch-
ing of KOH to silicon. The related reactive chemical equation can be
expressed as follows:

Si+2KOH+H,0 — K,SiO3 + Hy 1

In addition, we studied the dependences of groove dimensions
on irradiation laser fluence. The results are shown in Fig. 5. The
laser scan velocity was set at 5 um/s (660 pulses per spot). The
specimen was etched successively by 20 wt% HF acid for 60 min
and then 20 wt% KOH solutions for 20 min, respectively. When the
laser fluence increased from 58 J/cm? to 409 J/cm?, groove depths
increased from 75 to 256 wm, while groove widths increased from
6.0 to 9.8 wm. The groove aspect ratio increased with the increase
in the laser fluence and reached about 26 at a laser fluence of
409]/cm?2. The increase of aspect ratio was unsaturated at the
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Fig.5. (a) Depths, widths, and (b) aspect ratios of grooves versus femtosecond laser
fluences. The grooves were fabricated by using femtosecond laser irradiation and
then etched successively by 20 wt% HF for 60 min and 20 wt% KOH for 20 min.

maximal laser fluence of 409 J/cm? in Fig. 5. The formation of the
HAR grooves could be attributed to that self-trapped filament of
femotsecond laser occurred in the LIOD region [18]. With the fur-
ther increase in the laser fluence, more nonlinear optical processes
such as multiphoton absorption could be excited and disturbed the
formation of filament in deeper region. Hence the filament length
could not increase further with the increase in laser fluence, and
the aspect ratio increase perhaps saturated at higher laser fluence.

4. Conclusion

In conclusion, we studied morphologies of grooves fabricated
by femtosecond laser irradiation in air and selective chemical etch-
ing of HF acid. It was found that naon-ripples with orientations
perpendicular and parallel to laser propagation direction were
formed on the groove sidewalls. The formation of these two types
of nano-ripples could be attributed to the interference of the inci-
dent light and the reflected light in z direction, and the formation
of self-organized periodic nanoplanes induced by femtosecond
laser inside silicon, respectively. By using KOH etching further,
remaining debris in LIOD regions was completely removed, which
was difficult to be removed by HF acid, and all-silicon grooves
were fabricated. In addition, nano-ripple structures on groove side-
walls were removed and shallow pits with smooth inner surface
appeared.
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