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a b s t r a c t

Laser drilling of silicon carbide (SiC) wafer in air (dry ablation) and underwater by using ns pulsed infra-
red (1064 nm) Nd:YAG laser is investigated. In order to suggest optimal parameters of via processing in
SiC wafer, the effects of pulse number, laser fluence, water film thickness, and focus position are evalu-
ated. As compared with dry ablation vias, decreasing etching rate, increasing via diameter, and generation
of cracks in high-energy regime are observed in liquid-assisted processing. However, it is found that it can
create vias without debris, HAZ, cracks. Also, optimal parameter set for infrared pulse laser processing
under water is found to be the laser fluence of less than 10 J/cm2 and water thickness of 1 mm.

! 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The success of microelectronics has been followed by rapid
development in microelectro-mechanical systems (MEMS) where
silicon (Si) is currently the leading material. Nowadays there is
an increased demand for devices capable of functioning at high
temperatures and in harsh environments, which exceed the phys-
ical properties of Si. This demand accounts for the emergence of
SiC, with higher band-gap, higher breakdown threshold, higher
thermal conductivity and higher saturation velocity than Si, as pre-
ferred material for MEMS in the future.

Unfortunately some of the properties of SiC are also barriers to
the fabrication of microelectronics and MEMS devices. Conven-
tional dry etching techniques of via through SiC wafers requires
time-consuming mechanical thinning to a thickness of !100 lm.
Typical etch rates for 4H and 6H SiC substrates in F2- or Cl2-based
plasmas range between 0.2 lm/min and 1.3 lm/min [1–4]. In con-
trast to the chemical-based micro-fabrication methods, laser abla-
tion of SiC is capable of higher etching rates [5–7] and precise
control of via size with advancement of the reduction in the num-
ber of processing steps as masking, machining independent of
crystal structure, and curved surfaces. Laser ablation of SiC has
been carried out with pulse durations from nanosecond to femto-
second regime. Femtosecond lasers have produced little contami-
nation and low HAZ (heat affected zone) [8–10]. However, the

lower etch rates via formation compared with nanosecond laser
and the high cost of machining system still is the problem to
spread out. In the practical system, the ns pulse laser machining
is widely used.

Single-crystalline SiC is practically transparent at visible wave-
lengths, but has an optical absorption on the order of 105 cm"1 in
the UV regime due to the intrinsic absorption of photon energy.
Nanosecond pulsed UV lasers such as excimer and frequency tri-
pled and quadrupled Nd:YAG are the most widely used [11–14]
due to their prevalence and the high optical absorption of crystal-
line SiC at UV wavelengths. It is concluded that UV laser ablation is
an effective but slow material removal process for SiC wafers com-
pared to infrared lasers such as 1064 nm Nd:YAG [14]. However, it
is well known that near-infrared laser micromachining can be
quite complicated by collateral thermal effect such as melt, recast
and HAZ.

Recently, there have been increasing studies on liquid-assisted
laser micromachining, in particular, laser drilling of a work piece
under water. It has been reported that liquid-assisted laser
micromachining can reduce the extent of HAZ, micro-cracks, sput-
ter redeposition and tapering of drilling [11–13]. The etching rate
on liquid-assisted laser drilling strongly depends on liquid film
thickness [14–15]. The reduction of the extent of HAZ, micro-
cracks, and sputter redeposition can be explained by the cooling
effect of the liquid. However, the dependence of etching rate on li-
quid film thickness and the detailed processing parameters are still
unclear because of the change of laser profile and energy during its
propagation in water film [16]. That is one of issues for spread out
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liquid-assisted laser micromachining technique. The authors have
investigated the laser propagation in various media both experi-
mentally and numerically [16–18]. In this study, the detailed pro-
cessing parameters in liquid-assisted laser micromachining will
also be discussed based on the propagation characteristics of the
laser beam during its propagation under water.

In this study, the efficiency and quality of pulsed-laser drilling
of SiC in the air and under water are investigated and compared.
Besides in order to suggest optimal parameters of via processing
in SiC wafer, the effects of pulse number, laser fluence, water film
thickness, and focus position are evaluated.

2. Experimental set-up

2.1. Experimental set-up and methodology

Fig. 1 represents the experimental set-up geometry. Laser beam
has been set to focus on the surface of SiC wafer in the air. The SiC
wafer was immersed in water film with a thickness of 0.5 mm,
1.0 mm, and 1.5 mm during laser drilling. The thickness of water
film is deposited by diving the injected water volume (measured
value) by the area of the cuvette (31.5 mm # 31.5 mm). A commer-
cial 4H–SiC wafer (10 mm # 10 mm # 0.34 mm) was used for laser
drilling. The SiC sample is doped with nitrogen. The concentration
of nitrogen was measured by using secondary ion mass spectrom-
etry method as the depth-wise profile of concentration with con-
centration of 1.8 # 1020 cm"3 at the surface and 1.6 # 1019 cm"3

in the bulk.
The near-infrared nanosecond laser used in this work was an

Nd: YAG laser (Continuum Surelite I-10, P = 4.72 W, k = 1064 nm)
with the pulse duration of 6 ns. The laser is operated in the
TEM00 mode, and the laser beam profile is Gaussian, which was
measured by a CCD camera. The pulse energy was controlled by
an external attenuator including a variable beam splitter and a cor-
rection plate. After focused by a 10# object lens, pulse energies
were measured by using an energy meter. The quality of process-
ing was evaluated with an optical microscope (KEYENCE VF7500)
and a scanning electron microscope (KEYENCE VE8800). The de-
tailed experimental parameters are shown in Table 1.

2.2. Relationship between water film thickness and focal position

When a workpiece is immersed in the water film, it is required
to reset the focus on the workpiece surface according to conditions.
In order to compare the focal position in the air and that under
water, the difference was measured. The displacement from the fo-
cal position in the air is defined as ‘‘defocus’’. The defocus opposite
to the sample surface is defined as positive value. Fig. 2 shows the

Fig. 1. Schematic of the experimental set up.

Table 1
Experimental parameter.

Parameter Value

Wavelength 1064 nm
Repetition rate 10 Hz
Pulse width 5–7 ns
Objective lens 10#
Beam spot size 29.4 lm
Focus position Surface

Fig. 2. Plot of squared diameter against energy per pulse. Vertical and horizontal
axes show depth from defocus and laser fluence (pulse energy), respectively.

Fig. 3. Relationship between via depth and pulse number. Vertical and horizontal
axes show etching rate and thickness of water film, respectively.

Fig. 4. Relationship between etching rate and thickness of water film. Vertical and
horizontal axes show etching rate and thickness of water film, respectively. Here,
the etching rate is measure after 2048 pulses of laser irradiation.
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defocus as a function of laser fluence for 1.0 mm thickness water
film. The dotted line shows a theoretical estimate based on Snell
law to a laser beam incident on the interface between air and
water. As a result, it is found that the focal position under water
is located between that in the air and the estimated position. With
the increasing of laser fluence, defocus is fluctuated. When laser
pulse is focused in the water film the focal point will be moved
out of the set-up focal point in air cause by 2 reasons. First, the fo-
cal length is longer in water because the incidence or refraction of
water (1.33) is higher than that of air (almost 1.0). The increase of
focal length is proportional to the water film thickness. The other is
the due to the nonlinear optical effects including optical Kerr effect
and plasma defocusing. When the laser intensity becomes very
high, change of water refractive index depends to the intensity of
the laser. This causes self-focusing and shorter focal length. As
the result, the peak laser fluence at wafer surface is higher than
that of focusing in the air. As the intensity of the self-focused spot
increases beyond a certain value, the water is ionized by the high
local laser field. This lowers the refractive index, resulting in defo-
cus of the propagating light beam. The change of focal position for
the laser fluence occurs because of changing the balance of self-
focusing and defocusing. Therefore, it is required to reset a focal
position when the water film thickness and pulse energy are
changed.

3. Results and discussions

3.1. Effects of pulse number and water film thickness on etching rate

Fig. 3 shows the relationship between via depth and pulse num-
ber. Vertical and horizontal axes show etching rate and water film
thickness, respectively. The via depth increases non-linearly with
increasing the pulse number and tends to be saturated. Rayleigh
length is calculated as approximately 240 lm in this optical sys-
tem. Since the laser beam was focused on the SiC surface, the suit-
able region for laser drilling is estimated approximately 120 lm as
a half of Rayleigh length. The depth is therefore tends to be satu-
rated at around this value.

Fig. 4 shows the relationship between etching rate and thick-
ness of water film. Vertical and horizontal axes show etching rate
and thickness of water film, respectively. Here, the etching rate is
measure after 2048 pulses of laser irradiation. In the case of
liquid-assisted processing, the etching rate becomes lower. It
decreases with increasing water film thickness, as shown in
Fig. 4. From these results, it is suggested that the energy is ab-
sorbed by the ionization of water and the energy reaching the
workpiece becomes smaller as discussed in previous work [16].
However, the influence of the liquid film thickness is very small
for the lowest energy (=4.9 J/cm2.) This can be due to the decreas-
ing water ionization resulting from the decreasing pulse energy.
Thin water film is therefore better from the viewpoint of energy

Fig. 5. Relationship between via diameter and laser fluence for the processing in air
and water. Vertical and horizontal axes show via diameter and laser fluence (pulse
energy), respectively.

Fig. 6. Laser microscope image of cracks.

Fig. 7. Relationship between the generation of cracks and the condition of pulse
number and laser fluence.

Fig. 8. SEM image of SiC surface after ablated in air and under water.
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(a) in air

(b) Under water
Fig. 9. EPMA analysis of the via surface processed.
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efficiency. From the viewpoint of process condition setting, it is
difficult to maintain the 0.5 mm water film because the surface
tension and the impact during processing easily break the film
structure. Considering in conjunction with energy efficiency, a suit-
able liquid film thickness is proposed to be around 1.0 mm.

This method has unstable conditions where the etching rate
drops sharply (Fig. 3: 1.5 mm, n = 1024). Since many factors influ-
ence the process quality, such as nonlinear optical effect, ionization
of water, generation of bubbles, and particles emission, it is neces-
sary to fine-tune the control process conditions.

3.2. Effects of laser fluence and pulse number on crack generation

Fig. 5 shows the relationship between via diameter and laser
fluence for the processing in air and water. Vertical and horizontal
axes show via diameter and laser fluence (pulse energy), respec-
tively. When the laser fluence is greater than about 10 J/cm2, via
diameter tends to increase rapidly, as shown in Fig. 5. Fig. 6 shows
laser microscope image of cracks. These results show that the gen-
eration of cracks spread via diameter at higher laser fluence. In
other words, the vias can be formed to be smaller than or equal
to those processed in the air if the cracks do not appear.

Fig. 7 shows the relationship between the generation of cracks
and the condition of pulse number and laser fluence. When pulse
number reaches a certain value for each fluences, cracks appear
suddenly. From this result, the mechanism for crack generation
can be inferred as follows; In the case of liquid-assisted processing,
generation of high pressure by the plasma confinement in the

water has been reported [19]. The pressure and thermal stress
are applied to SiC during processing. That is repeated by the pulse
number, and fatigue is accumulated in SiC. When accumulation of
the fatigue reaches a limit, cracks will be generated. Once cracks
are generated, the via edge collapses gradually. Therefore, it is
important to suppress generation of cracks. From this result, the la-
ser fluence should not exceed about 10 J/cm2.

On the other hand, the depth shows steady increase with the
increasing number of pulses. Despite the slower processing speed,
however, it is preferred to create a deep hole by increasing the
pulse number rather than increasing the laser fluence.

3.3. Surface quality

Fig. 8(a) and (b) show the laser microscope images of via surface
in air and under water, respectively. Discoloration pattern is ob-
served in the case of processing in the air, as shown in Fig. 8(a).
This discoloration is observed when the white light is reflected
from the top and bottom boundaries of the oxide film on the sam-
ple surface. During the drilling process, the samples were superfi-
cially melted by the laser beam leading to oxygen diffusion
through the molten material and, thus, to the oxidation of SiC.
Therefore, the discolored area shows the heat affected zone in sur-
face. The oxidation film consists of SiO2 (i.e. glass). Its thickness
gradually decreases with increasing the distance from the center.
Fig. 8(c) shows an SEM image of SiC surface after the EPMA analy-
sis. Fig. 8(a–c) indicates that the oxide film only stays on the flat
SiC surfacein the case of dry processing. In the case of liquid-as-
sisted processing, debris and a discoloration area decrease
dramatically.

A quantitative analysis by EPMA and an observation by SEM
were also carried out. Fig. 9 shows the results of EPMA analysis.
Although oxygen was detected from the surface of the via pro-
cessed in the air, it was not detected from that processed underwa-
ter. It was therefore confirmed that the discoloration area is an
oxide film. The smaller the distance from the via, the larger the
particles on the surface become. From these results, it is suggested
that the oxide film was formed by deposition of the debris. Since
water carried the discharged particles efficiently and controlled
deposition of the debris, oxygen was not detected from the surface
of vias processed underwater.

3.4. Influence of beam polarization

To investigate the hole shape, a silicone mold (Ted Pella, Inc.) of
the holes was made. Fig. 10(a) and (b) show, respectively, the SEM
images of the hole mold drilled in air and under water respectively.
The hole, which drilled in air, shows the formation of multiple
borehole tails. On the contraty, the hole, which drilled under water,
shows the improvement of axially symmetrical geometry. The gen-
eration of multiple borehole tails in the hole, which drilled in air,
can be explain by change of polarization of laser beam during it
multiple reflected in the hole [20–22]. The hole, which drilled un-
der water, have a smaller taper angle and smaller reflectivity. As a
consequence, the multiple reflection effect is reduced during dril-
ling processing under water. Therefore, as compared with dry abla-
tion vias, drilling hole under water improves the axially
symmetrical geometry of the hole for deep drilling process.

4. Conclusion

Characteristics of via processing on SiC surface by means of ns
pulse near-infrared laser is investigated.

When the workpiece is immersed in a water film, a focus moves
to the sample surface, and the amount of defocus changes by

(a) Air, fluence: 8.3 J/cm2, 
number of pulses: 2048

(b)Water thickness: 1.0 mm,
fluence: 23.6 J/cm2, 

number of pulses: 2048
Fig. 10. SEM images of the hole mold drilled in air and under water respectively.
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self-focusing and plasma defocusing. Therefore, it is required to re-
set a focal position when the water film thickness and pulse energy
are changed.

As compared with dry ablation vias, decreasing etching rate,
increasing via diameter, and generation of cracks in high-energy
regime are observed in liquid-assisted processing. Especially pro-
cessing with high fluence has several drawbacks, such as change
of the focus by ionization of water, generating of cracks However,
it is found that it can create vias without debris, HAZ, cracks, and
optimal parameter for infrared pulse laser processing under water
by fine-tuning the parameters.

Drilling hole under water reduces multiple reflection effect,
improves the axially symmetrical geometry of the hole for deep
drilling process.
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