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By using 800-nm femtosecond laser irradiation and chemical selective etching, through holes were fab-
ricated in a 350-pm silicon carbide sample. The morphology and chemical compositions of the through
holes were characterized using scanning electronic microscopy equipped with an energy dispersive X-ray
spectroscopy. The formation mechanism of the holes was attributed to the chemical reactions of laser
affected zones with mixed solution of hydrofluoric acid and nitric acid. Results showed that chemical
compositions of the area around the holes were silicon and carbon which were the same as those of
the original one. Furthermore, the influences of number of pulses and pulse energy on the depth and
diameter of the holes were investigated.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Because of its small size, excellent performance, low cost and
high volume production, microelectromechanical system (MEMS)
has attracted increasing attention of researchers. Silicon-based
MEMS devices have been well developed. These devices are gener-
ally limited in electronic devices performance to below 250°C, and
in mechanical device performance to below 600°C [1]. They are
not suitable working in corrosive environment since Si could be
easily etched by acid solutions. Silicon carbide (SiC) is a promising
candidate for MEMS applications [2-6] because of its outstanding
physical and chemical properties. SiC-based devices are capable
of working in harsh temperatures, wear, chemical, and radiated
environment [7-11]. Therefore, SiC has been used in temperature
Sensors, gas Sensors, pressure sensors, micromotors and resonators
[12,13]. Unfortunately, because of its superior properties, SiC is dif-
ficult to etch; and there are no known wet enchants that could be
used for bulk micromachining of SiC [14,15].

Commonly, the two main methods used for drilling and pattern-
ing SiC are photoelectrochemical (PEC) [2] and reactive ion etching
(RIE) [16]. However, low processing rate, necessity of having
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micro-masks in etch field [14,17], and complexity of processing
procedure are the main drawbacks of these methods.

Recently, femtosecond laser has been proposed as an effective
tool for micromachining SiC. Laser micromachining has several
prominent advantages over the conventional methods, such as:
noncontact processing, fast removal rates and being independent
of etch masks [18,19]. Additionally, laser direct writing is capable
of fabricating three dimensional micromechanical devices since the
samples can be mounted onto a programmable positioning stage.

However, femtosecond laser drilling hole in SiC suffers from
several limitations. First, since these experiments were performed
in ambient air, the chemical composition of the induced holes
would not be pure silicon carbide anymore. This means that for-
eign species could be trapped into the sample during fabricating
process. This has a bad effect in the integration of SiC-based chips
with other devices. Second, during laser treatment process, the light
is scattered by the debris re-deposited around micro-voids, reduc-
ing the laser energy on incident spots, decreasing the depth of the
holes. Finally, diameter of the hole decreases with the increase of
the depth due to strong absorption near the surface of the pattern,
reducing the aspect ratio of the hole. Because SiC is transparent
to 800-nm light wave, 800-nm femtosecond laser is capable of
inducing structural changes with high aspect ratio, which could be
removed with proper etching technique. Therefore, we predict that
the combination of 800-nm femtosecond laser with chemical etch-
ing could be ideal for fabricating through holes in SiC. However,
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Fig. 1. The schematic diagram of fabricating through hole in SiC; (a) experiment
setup for laser irradiation; (b) experiment setup for chemical etching.

there has been no report about using this method to fabricate
through holes in SiC.

In this work, we propose a simple method of fabricating through
holes in 6H-SiC, in which femtosecond laser irradiation and chem-
ical selective etching with mixed solution of hydrofluoric (HF) acid
and nitric acid (HNO3) were combined. First, laser affected zones
(LAZ) were produced with the irradiation of 800-nm femtosecond
laser. Then, mixed solution of HF and HNO3 was used to remove
the LAZ, forming the holes in SiC. Subsequently, SEM equipped with
EDS was employed to characterize the morphology and chemical
compositions of the LAZ and SiC through holes, respectively. Fur-
thermore, we investigated the influences of number of pulses and
pulse energy on the depth and diameter of the holes.

2. Experimental details

The schematic diagram of fabricating SiC with femtosecond laser
is shown in Fig. 1. Fig. 1(a) shows the experimental setup for fab-
ricating of LAZ in SiC. It contains: a femtosecond laser source, an
attenuator, a neutral density filter, a mechanical shutter, a xyz
movable stage, a computer and a CCD camera. The laser was an
amplified Ti: sapphire femtosecond laser system (FEMTOPOWER
Compact Pro, Austria) with pulse duration of 150 fs, wavelength of
800 nm, and repetition rate of 1 kHz. Attenuator provided a conve-
nient way to adjust the laser energy, while mechanical shutter was
employed to control the access of laser source. Movable stage, on
which the SiC pattern could be mounted, controlled by computer
program, allows us to fabricate on the pattern with high preci-
sion. The CCD camera was connected to computer for clear online
observation in SiC pattern surface during fabricating process. The
10x microscope objective with NA of 0.3 was employed to focus
laser onto the surface of 6H-SiC. The diameter of focal spot size of
the NA is about 3.2 wm. The polarization direction of the incident
laser is parallel to y-axis. Fig. 1(b) illustrates the etching experi-
mental setup. Ultrasonic machine was used to accelerate etching
process.

In ours experiments, the 6H-SiC pattern with thickness of
350 wm was used. Firstly, it was cleaned in acetone and de-ionized
water with ultrasonic field for 10 min, respectively; then it was
mounted on the movable stage. The laser beam was focused onto
the pattern through an optical microscope objective lens. During
fabrication surface of the pattern could be seen either through
optical microscope or on the computer screen connected to CCD
camera.

After laser irradiation, the pattern was cleaned consecutively
with acetone and de-ionized water for 10 min before being selec-
tively etched with mixed solution of 40 wt% HF and 60 wt% HNO5 for
10 min. SEM equipped with EDS was employed to study the mor-
phology and chemical compositions of the holes before and after
being etched.

Fig. 2. Morphology of SiC through hole; (a) the LAZ, and the insets show atomic
percentage of oxygen; (b) after etching and the insets show atomic percentage of
oxygen,; (c) cross section of micro groove after etching; (d) through holes array and
the insets show the entrance and the end part of the hole, respectively.

3. Results and discussion

Fig. 2 shows the morphology and chemical composition of the
LAZ and the chemical etching induced SiC through holes. The holes
were fabricated in ambient air. The pulse energy and number of
pulses were 40 ] and 3000, respectively. After being irradiated
with 800-nm femtosecond laser, the LAZ was induced at the irra-
diated zones in the direction of the laser transmission as shown
in Fig. 2(a). It is worth mentioning that the theoretical Rayleigh
length of the NA is 2.8 wm; while the length of LAZ is 350 p.m. This
is because of the occurring of the self-focusing induced by high
laser fluence that leads to long lasting filament which travel over
the thickness of the pattern. The insets show the atomic percentage
of oxygen (O) at the points marked with the arrows. The forma-
tion of LAZ is attributed to the diffusion of O into SiC caused by
the interaction of femtosecond laser and the material. For ultra-
short laser pulse, multiphoton absorption is considerably strong.
Although 800-nm photons cannot meet 6H-SiC band gap energy
(3.1eV) requirements, bond breaking is induced by multiphoton
absorption associated with extreme intensity. As a result dangling
bond, which is capable of trapping in O atomic, could be generated.
And the incorporation of O in the material could be attributed to
the trapping effect of dangling bond [20]. EDS results, as shown in
the insets, show the evidence of the presence of O in the interior of
the SiC substrate along the transmission direction.

After the laser treatment, the pattern was etched with mixed
solution HF and HNO3 for 10 min. Due to the chemical reactions
of mixed solution HF and HNO3 with LAZ, according to the above
analysis, possibly composed of: SiO,, Si and amorphous SiC, the
LAZ was completely removed, forming the hole in SiC as shown in
Fig. 2(b). The following formulas are the related chemical processes
[21,22].

Si(s) + 4HNOs3(aq) — SiOy(s) + 2H,0(aq) + 4NOy(g) (1)

SiC(amorphous) + 2HNOs(aq) + 2H,0
— 2HNO;(aq) + SiO3(s) + COz(g) + 2Ha(g) (2)

Si0,(s) + 6HF(aq) — H,SiFg(aq) + 2H,0(aq) 3)

In the above reaction progress, HNO3 acts as the oxidizing agent,
and HF removes the silicon oxide generated from the laser ablation
process, reactions (1) and (2). It should be noticed that only the LAZ
reacted with acid solution, but the surrounding zones remained
unchanged. This indicates the high selectivity of the method. After
being etched, the wafers were rinsed in ultrasonic cleaner with ace-
tone and de-ionized water for 10 min to eliminate the remained
reactants HF and HNO3 and by-product fluosilicic acid (H,SiFg),
respectively. It should be noticed that atomic percentages of O in
surrounding area of the holes were in the range of the measure-
ment deviation of EDS analysis and could be ignored. Because the
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Fig. 3. Depth and oxygen concentration of the LAZ versus pulse energy.
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Fig. 4. Depth and diameter of the holes versus number of pulses.

side wall of the hole is usually greatly damaged after being polished,
it is very difficult to obtain to the surface roughness of the hole. For
this reason the side wall of the micro-groove fabricated with the
same laser parameters was used to analyze the surface roughness
of the hole. Fig. 2(c) shows the cross-section of micro groove. It can
be seen that the side wall is quite smooth. The surface roughness
is smaller than 0.5. In addition, as can be seen in Fig. 2 (d) and the
insets, the holes are almost circular in shape.

Fig. 3 shows the dependence of the concentration of O in LAZ on
pulse energy. The pulse energy was varied from 5 pJ to 40 ] with
increment of 5 pJ. The number of pulses was set to be 3000. In order
to investigate the influence of pulse energy on O concentration, for
each LAZ, the O atomic percentage at point of 60 wm below the
surface was used. It is obvious that concentration of O increases
with the increase of pulse energy. This is because the concentra-
tion of femtosecond laser induced dangling bonds increases with
the increase of pulse energy. Therefore, the ability of SiC to accom-
modate foreign species of O increases, resulting in the increase of
the atomic percentage of O species in LAZ.

We also investigated the influence of number of pulses on the
depth and diameter of the hole. Pulse energy was 30 wJ; while num-
ber of pulses was set from 500 to 5000 with increment of 500. Fig. 4
demonstrates the dependence of depth and diameter of the hole
on the number of pulses. It is obvious that the depth increases
as number of pulses increases. As mentioned above, multipho-
ton absorption associated with extreme intensity of femtosecond
pulse is responsible for bond breaking and subsequent creation
of dangling bond in SiC. As the number of pulses increases, more
laser energy could be absorbed by the material, resulting in the
increase of the LAZ depth. Furthermore, because the concentration
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Fig. 5. Depth and diameter of the holes versus pulse energy.

of the femtosecond laser induced dangling bond increases with the
increases of number of pulses, more foreign species of O would
be trapped into the SiC substrate. As a result, chemical and physical
properties of the LAZ are less stable as compared to those of the orig-
inal one; this could accelerate the etching process. Therefore, the
depth of LAZ and depth of the SiC holes increases with the increase
of number of pulses. Meanwhile, when number of pulses increases,
the diameter slightly increases at first and almost keep unchanged
as number of pulses reaches 2000. This is because the effective area
on the material mainly depends on the pulse energy. As the pulse
energy keeps unchanged, the effective area rapidly reaches its peak
and almost makes no significant change regardless of the number
of pulse.

Fig. 5 demonstrates the dependence of the depth and diameter
of the holes on E. Number of pulses was set at 3000; while pulse
energy was set from 5 pJ to 40 pJ with increment of 5 uJ. It is obvi-
ous that the depth and diameter of the hole increase as E increases.
Since multiphoton absorption associated with extreme intensity of
femtosecond pulse is responsible for bond breaking and subsequent
creation of dangling bond in SiC. The higher the pulse energy, the
deeper the LAZ is generated. This leads to the increase of the depth
ofthe hole. Meanwhile, the higher pulse energy, the larger the effec-
tive irradiation areas on the SiC surface. Therefore, the depth and
diameter of the holes increase with the increase of pulse energy.

Additionally, in the etching process, as the etching time
increases the diameter rapidly reaches a certain value then it keeps
unchanged. This is because the mixed solution is effective to LAZ
only. This demonstrates the high selectivity of the method.

4. Conclusions

In conclusion, we proposed a simple method of fabricating
through holes in 6H-SiC using femtosecond laser and chemical
selective etching. First, LAZ were induced on the SiC pattern. Then
the holes were produced as the LAZ were removed by chemical
selective etching with mixed solution of HF and HNOs. The forma-
tion mechanism of the SiC holes was attributed to the chemical
reaction of the LAZ with mixed solution of HF and HNOs. By using
SEM equipped with EDS, the morphology and chemical composi-
tion of the holes were characterized. Furthermore, the effects of
pulse energy and number of pulses on the depth and diameter of
the holes were systematically investigated.

Compared with traditional ones, the method has several promi-
nent advantages, such as: fast removal rate, being independent of
etch mask, being simple technological process and high precision
and flexibility of controlling the depth of the hole. It is expected
that the method could be potentially used in many applications of
fabricating of SiC-based advanced functional materials.
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