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Fabrication of Micro-Grooves in Silicon Carbide Using Femtosecond Laser
Irradiation and Acid Etching *
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A simple method using an 800-nm femtosecond laser and chemical selective etching is developed for fabrication of
high-aspect-ratio grooves in silicon carbide. Micro grooves with an aspect ratio of approximately 40 are obtained.
The morphology and chemical compositions of the grooves are analyzed using a scanning electronic microscope
equipped with an energy dispersive x-ray spectroscopy. The formation mechanism of SiC grooves is attributed to
the chemical reactions of the laser induced structural changes with a mixed solution of hydrofluoric acid and nitric
acid. In addition, the effects of laser irradiation parameters on the aspect ratio of the grooves are investigated.

PACS: 79.20.Eb, 79.20.Ws, 81.05.Je

Due to its small size, excellent performance, low
cost and high volume production, microelectrome-
chanical systems (MEMSs) have attracted increasing
attention of researchers. Silicon-based MEMS devices
have been well developed. These devices are gener-
ally limited in electronic devices performance to be-
low 250°C, and in mechanical device performance to
below 600°C. They are not suitable working in the cor-
rosive environment since Si could be easily etched by
acid solutions. Silicon carbide (SiC) is a promising
candidate for MEMS applications in harsh environ-
ments due to its outstanding physical and chemical
properties.l' % SiC-based devices are capable of work-
ing in harsh temperatures, wear, chemical, and radi-
ated environments.[” ) Commonly, the main method
used for drilling and patterning SiC is the dry etch-
ing technique.l'"~ ") However, the low processing rate,
the necessity of having micro-masks in the etch field,
and the complexity of the processing procedure are the
main drawbacks of this technique. Recently, an ultra-
fast laser has been proposed as an effective tool for
micromachining SiC. Laser micromachining has sev-
eral prominent advantages over conventional methods,
such as noncontact processing, fast removal rates and
being independent on etch masks.[' 21 Additionally,
laser direct writing is capable of fabricating three-
dimensional micromechanical devices since the sam-
ples can be mounted onto a programmable position-
ing stage. Fabricating grooves in SiC has attracted
increasing interest of researchers due to their poten-
tial applications in microelectronics, optoelectronics,
microchemical systems, microelectromechanical sys-
tems (MEMS), microbiology and so on. Plenty of
studies have been focused on the ablation threshold
and morphology of SiC surface structures processed
with an 800-nm femtosecond laser.”' ~2° However, lit-
tle research has been conducted on the fabrication of
high-aspect-ratio grooves in SiC with an 800-nm fem-
tosecond laser. Due to the fact that SiC is transpar-
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ent to the 800-nm light wave, an 800-nm femtosecond
laser is capable of inducing structural changes with a
high aspect ratio, which could be removed with the
proper etching technique. Therefore, we predict that
the combination of an 800-nm femtosecond laser with
chemical etching could be ideal for fabricating high-
aspect-ratio grooves in SiC. However, there has been
no report on using this method to fabricate grooves in
SiC.

In this Letter, we propose a simple method of fab-
ricating high-aspect-ratio grooves in SiC, in which the
femtosecond laser irradiation and chemical selective
etching with a mixed solution of hydrofluoric acid
(HF) and nitric acid (HNOg3) are combined. Firstly,
the laser induced structural change (LISC) zones are
produced with irradiation of an 800-nm femtosecond
laser. Then, mixed solution of HF and HNOj is used
to remove the LISC zones, forming the grooves in
SiC. Subsequently, a scanning electronic microscope
(SEM) equipped with an energy dispersive x-ray spec-
troscope (EDS) is employed to analyze the morphol-
ogy and chemical compositions of the LISC and the
SiC grooves, respectively. Furthermore, we systemat-
ically investigate the dependencies of the aspect ratio
(AR) of the grooves on the numerical aperture (NA) of
the microscope objective lens, the laser average power
P and the laser scanning velocity v, respectively.

The experimental setup consists of a femtosecond
laser source, an attenuator, a neutral density filter, a
mechanical shutter, an xyz movable stage, a computer
and a CCD camera. The laser used was an ampli-
fied Ti:sapphire femtosecond laser system (Coherent
Inc., USA) with pulse duration of 150 fs, wavelength
of 800 nm, and repetition rate of 1 kHz. An attenuator
provided a convenient way to adjust the laser energy,
while a mechanical shutter was employed to control
the access laser beam. A movable stage, on which the
SiC sample could be mounted, controlled by the com-
puter program, allows us to fabricate on the pattern
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with high precision. The CCD camera was connected
to a computer for clear online observation in SiC pat-
tern surface during the fabricating process.

In our experiments, the 6H-SiC pattern with a
thickness of 300 pm was used. Firstly, it was cleaned
in acetone and de-ionized water with an ultrasonic
field for 10 min, respectively. Then it was mounted on
the movable stage. The laser beam was focused onto
the pattern via an optical microscope objective lens.
During the fabrication, the surface of the SiC pattern
could be seen either via an optical microscope or on
the computer screen connected to the CCD camera.
It should be noted that the scanning direction was set
parallel to the y-axis, which was parallel to the polar-
ization direction of the incident laser.
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Fig. 1. SEM images morphology of SiC grooves. (a) The
LISC (as marked with white box). (b) Atomic percentage
along the longitudinal direction of the LISC. (c) Atomic
percentage along the horizontal direction of the LISC at
105 pm depth. (d) After etching with HF. (e) After etch-
ing with mixed solution of HF and HNOg. (f) The middle
part.

After the laser irradiation, we polished the SiC
pattern with waterproof abrasive papers to a random
position to observe the LISC from the cross section.
The pattern is then cleaned consecutively with acetone
and de-ionized water for 10min before being selec-
tively etched with a mixed solution of 40wt% HF and
60wt% HNO3 for 10min. SEM equipped with EDS
was employed to study the morphology and chemical
composition of SiC grooves before and after etching.

Figure 1 shows the morphologies of the LISC
and the chemical etching induced SiC grooves. The
grooves were fabricated in ambient air. A 10X micro-

scope objective with NA of 0.3 was employed to focus
the laser onto the surface of the SiC sample. The
laser average power and scanning velocity were set at
30mW and 5um/s. After being irradiated with an
800-nm femtosecond laser, the sample was polished
to a random position of the grooves. LISC was in-
duced at the irradiated zones in the direction of the
femtosecond laser transmission. The cross section of
the LISC is shown in Fig. 1(a). Concerning the LISC,
there has been no report on the 800-nm femtosecond
laser induced such as microstructures in the interior
of SiC. We attribute the formation of LISC to the
change in structure of SiC caused by the interaction
of the femtosecond laser and the material. For an
ultra-short laser pulse, multiphoton absorption is con-
siderably strong. Although 800-nm photons cannot
meet the 6H-SiC band gap energy (3.1eV) require-
ments, bond breaking is induced by multiphoton ab-
sorption associated with the extreme intensity. Laser
induced heating and stress could generate dangling
bonds in original hexagonal crystal structure of 6H-
SiC. These dangling bonds make the LISC chemically
and physically less stable as compared to the original
SiC. The incorporation of oxygen atoms (O) in the
material could be attributed to the trapping effect of
dangling bond.[*‘]

The EDS results illustrated in Fig. 1(b) show the
change in the structure of LISC. The ratio of carbon
and silicon (C/Si) experiences a sharp change along
the LISC depth. Near the surface, it is much smaller
than 1, and with the increase of LISC depth the C/Si
ratio increases until reaching 1 as shown in Fig. 1(b).
This is due to the redistribution of Si and C caused
by the non-equilibrium condition of rapid heating and
cooling in laser treatment. Meanwhile, foreign oxy-
gen species was incorporated in the interior of the
SiC substrates. Contents of O species decrease with
the increase of the LISC depth. This is due to the
fact that the concentration of the femtosecond laser
induced dangling bonds decreases with the decrease
of laser intensity. Number of the dangling bonds de-
creases along the laser transmission direction in the
longitudinal direction. Therefore, the ability to ac-
commodate foreign species of SiC decreases, resulting
in the decrease of the atomic percentage of the incor-
porated O species with the increase of LISC depth.

Figure 1(c) shows the change in the structure
of LISC in the horizontal direction at the depth of
105 um (marked with point A in Fig.1(a)). It is ob-
vious that the content of O is maximal at the center
of the LISC and becomes smaller at the edge. At the
same time, from the center to the edge of the LISC,
the ratio C/Si increases. This is due to the fact that
the laser was a Gaussian beam of which the fluence is
strong at the center and becomes weaker at the edge
of the beam.

Figure 1(d) shows the LISC after being etched with
HF for 1h. It could be seen that only the part near
the surface of the LISC was removed. We speculate
that, near the surface, O species existed in the LISC
in the form of silicon oxide (SiO,) and this part was
removed due to the reaction of HF and SiO,. While
in the remaining part of the LISC, there was only a
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change in structure of SiC and it could not be etched
using the HF solution.

Figure 1(e) shows the grooves produced by the
laser treatment and having been etched with a mixed
solution of HF and HNO3 for 10 min. The pattern was
again polished to a random position along the groove
to see the cross section of the groove. Due to the
chemical reactions of mixed solution of HF and HNO3
with LISC, which is possibly composed of SiO,,, pure
Si and chemically non-stable form of SiC, the LISCs
were completely removed, forming grooves in SiC. The
related chemical processes are shown as follows:[*">]

Si(s) + 4HNOg(aq) = SiO2(s) + 2H20(aq) + 4NO2(g),

(1)
SiC(amorphous) + 2HNOj3(aq) + 2H20 = 2HNOs(aq)
+ Si02(s) + CO2(g) + 2Ha(g), (2)
SiO4(s) + 6HF (aq) = HaSiFg(aq) + 2H20(aq). (3)

In the above reaction progresses, HNOg3 acts as
the oxidizing agent, and HF removes the SiO, gen-
erated from the laser treatment process, Egs. (1) and
(2). It should be noted that only the LISC reacted
with the acid solution, while the surrounding zones
remained unchanged. This indicates the high selec-
tivity of the method. After being etched, the wafers
were rinsed in the ultrasonic cleaner with acetone and
de-ionized water for 10 min to eliminate the remaining
reactants HF and HNOg3 and the by-product fluosili-
cic acid (HySiFg), respectively. It can be seen from
Figs. 1(e) and 1(f) that the sidewalls of the grooves
are very smooth. Meanwhile, the atomic percentages
of O in the surrounding area of the grooves were in the
range of the measurement deviation of the EDS anal-
ysis, which could be ignored. In the following, we are
going to discuss the effects of the femtosecond laser
irradiation parameters on AR of the grooves.

To investigate the effects of the numerical aper-
ture (NA) on the quality of the grooves, five micro-
scopes of different NAs have been employed to fabri-
cate the grooves while the scanning velocity and the
laser power were 5 pm/s and 30 mW, respectively. Fig-
ure 2 shows the dependency of AR on NA. The inset
shows the representative of the groove produced as
NA is 0.3. It is obvious that AR decreases as NA in-
creases. For example, with NA of 0.3 AR is 37; while
it is 5 as NA is 0.45; and with NA of 0.9 AR is 1.
Moreover, as NA increases, the cross-sectional shape
of the grooves changes from a rectangular shape to an
ellipse, while the entrance width decreases. This is due
to the fact that NA characterizes the focus capacity of
the lens to the incident laser beam. That is, larger NA
means smaller laser spot sizes at the focal plane and
shallower focal depth. Therefore, with the same set
of laser cutting parameters, the entrance width and
depth of the LISC decrease with the increase of NA.
Simultaneously, there exists competition between the
self-focusing due to the nonlinear Kerr effect and the
self-defocusing resulted from the thermal accumula-
tion in femtosecond laser irradiation.[*”] As the laser
beam is loosely focused, the self-defocusing is domi-
nant. The cross-sectional shapes of the photoinduced
LISC are multiple slim ellipses. As the laser beam is

tightly focused, the self-focusing is remarkable. Cross
sections of the LISC are single fat ellipses. Since the
decrease of the depth is much larger than that of the
width, AR of the SiC grooves decreases with the in-
crease of NA. Meanwhile, with the same set of laser
parameters, a larger NA means a higher intensity of
the laser irradiated on the SiC substrates. Therefore,
more dangling bond appeared in the SiC lattice, ac-
celerating diffusion of foreign matter species into the
LISC. As a further consequence, deeper grooves were
produced. Based on the above analysis, the 10x mi-
croscope objective with NA of 0.30 was employed to
fabricate LISC with a single tapered cross-sectional
shape.
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Fig.2. AR of grooves versus NA.

To further understand the effects of laser average
power on the grooves, a 10x microscope objective with
NA of 0.3 was employed. The scanning velocity was
set at 5um/s, while the laser average power was set
from 5 to 40 mW with the increment of 5 mW. Figure
3 demonstrates the dependence of AR of the grooves
on the laser average power, and the inset shows the
morphology of the grooves produced with a laser av-
erage power of 40 mW. It is obvious that the AR of the
grooves increases as the laser average power increases.
For example, with the P of 5mW, AR is 7; while it
is 24 as P is 25 mW; with P = 40mW, AR is 39. As
mentioned above, multiphoton absorption associated
with the extreme intensity of a femtosecond pulse is
responsible for bond breaking and the subsequent cre-
ation of a dangling bond in SiC. As the incident laser
average power increases, more laser energy could be
absorbed by the material, resulting in the increase in
the LISC depth. Meanwhile, the higher the incident
laser average is, the larger the effective irradiation area
on the SiC surface is. Consequently, the width and the
entrance width of the LISC and the chemical etching
produced grooves increase. Furthermore, due to the
fact that the concentration of the femtosecond laser
induced dangling bond increases with the increases
in the laser average power, more foreign species of O
would be trapped in the SiC substrate. As a result,
the chemical and physical properties of the LISC are
less stable as compared to those of the original one,
which could accelerate the etching process. Therefore,
the depth of LISC and the depth of the SiC grooves

increase with an increase in the laser average power.
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Fig. 4. AR of grooves versus the laser scanning velocity.

Figure 4 illustrates the dependence of AR of the
SiC grooves on the laser scanning velocity, and the
inset shows the morphology of the grooves produced
with a laser scanning velocity of 1 pm/s. The 10x mi-
croscope objective with NA of 0.3 was used. The laser
average power was set at 30 mW. The scanning speeds
were set to be 1, 2, 3, 4, 5, 6, 7, 8, 10, and 12 pm/s,
respectively. It can be seen from Fig.4 that the AR
of the grooves decreases with the increase of the scan-
ning speed. For example, with the scanning speed of
1um/s, AR is 37; while it is 30 as the scanning speed
is 4pum/s, and with scanning speed of 12pum/s, AR
is 17. This is due to the pulse accumulating effect.
As the scanning velocity increases, the average pulses
number on the unit area of the SiC samples decreases.
This also means that the laser energy accumulated on
the unit area of the SiC pattern decreases, resulting
in the decrease of the depth of the LISC. While there
is no significant change of the entrance width of the
grooves, since the incident laser average power which
decides the effective irradiation area on the pattern
remains unchanged. As a result, the AR of the groove
decreases with the increase of the scanning velocity.

The absorption spectrum of 6-H SiC was mea-
sured. Band gap of 6-H SiC is about 3.1eV which
corresponds to 400nm photon energy. The material
has a poor absorption at a wavelength larger than
400 nm. It shows strong absorption as the wavelength
is smaller than 400 nm. Therefore, we believe that as
long as the laser fluence is large enough to induce mul-

tiphoton absorption, it could be easy to obtain high-
aspect-ratio grooves with the laser of a wavelength
larger than 400 nm. In contrast, for the laser with a
wavelength smaller than 400 nm, since the beam could
not travel very long in the SiC due to the strong ab-
sorption, it is hard to obtain such high-aspect-ratio
grooves.

In conclusion, we have proposed a simple method
of fabricating high-aspect-ratio grooves in SiC using
a femtosecond laser and chemical selective etching.
Firstly, the LISC zones with aspect ratios up to 40
are induced on the SiC pattern. Then the grooves
are produced as the LISC are removed by the chemi-
cal selective etching with a mixed solution of HF and
HNOg3. The formation mechanism of the SiC grooves
is attributed to the chemical reaction of the LISC
with a mixed solution of HF and HNOj3. By using
SEM equipped with EDS, the morphology and chem-
ical composition of the SiC grooves are analyzed. It
is observed that the sidewalls of the grooves are of
a good quality. Furthermore, the effects of the nu-
merical aperture of the microscope objective lens, the
laser average power and the laser scanning velocity,
on the AR of the grooves are systematically investi-
gated, respectively. The AR of grooves increases with
the increase of laser power. However, it decreases as
the scanning speed increases. A microscope lens with
a small NA should be chosen for higher AR grooves.

The authors sincerely thank Ms. Dai at the In-
ternational Center for Dielectric Research (ICDR) in
Xi’an Jiaotong University for the support of SEM and
EDS measurements.
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