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1. Introduction

Microfluidics has witnessed tremendous growth over the last 
two decades in applications ranging from biochemical anal-
ysis and medical research to microelectronics and optics. It 
has realized numerous devices such as gas chromatography 
[1], micro-mixers [2–4], micro-valves [5], micropumps [6], 
etc. Widely used fabrication techniques for 3D microfluidic 
devices include soft photolithography [7], thermo-forming 
such as injection molding [8], and etching, i.e. dry etching 
with plasma [9] and wet etching with chemical solutions 
[10]. At present, silicon [11], glass [12], and polymers such 
as polydimethylsiloxane (PDMS) [13] are the most common 
materials used in microfluidic systems. They are, however, 

unable to survive or function satisfactorily in a harsh environ-
ment with high temperature [14], and intense radiation [15], 
and/or corrosive substance [16].

Currently, silicon carbide (SiC) is the most established 
material for device applications in harsh environments as it 
is hard, temperature tolerant, chemically inert, resistant to 
high electric field, and biocompatible [17, 18] due to its wide 
band gap [17]. SiC has been extensively investigated and used 
in various applications such as MEMS resonators capable 
of wider operating frequencies than the polysilicon-based 
ones [19] and pressure sensors [20]. Most of the SiC-based 
MEMS devices developed are realized by crystalline SiC 
thin film deposited on other easy-to-etch bulk substrates, par-
ticularly silicon substrate [21]. However, it is still immature to 
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fabricate directly on the bulk SiC substrates that are required 
for various applications such as all-SiC microsystem devices 
and through-wafer bonding tailored for a harsh environ-
ment. The high thermal stability and chemical inertness make 
SiC extremely difficult to be etched compared with silicon: 
for example, potassium hydroxide slightly below 100 °C is 
widely used to fabricate Si-based devices, whereas the process 
is not suitable for SiC [22]. Furthermore, both wet- and dry-
etching techniques require hard masks such as metal that has 
high selectivity. However, such masks may contaminate the 
chambers of plasma etch systems and roughen the surface of 
a SiC substrate [23], as metal masks, despite being chemically 
inert, are still etched by the flux of ions in a plasma etching 
chamber over the long term. Then, micromasking occurs in 
which the non-volatile by-products generated are redepos-
ited on the sample or in the chamber, thereby reducing the 
quality of the transferred patterns and gradually degrading 
the quality of the etch tools. In addition, the etching tech-
nique is not applicable for complex 3D device fabrication. 
The laser direct writing technique has been proposed as an 
alternative to reactive-ion dry etching due to its simplicity, 
low-cost, capability of fabricating complex 3D structures, 
and fast ablation rate for hard materials [24, 25]. Recently, 
femtosecond laser micromachining has drawn more attention 
than its longer-pulsed counterparts owing to the advantages 
of precision micromachining capability, lower thermal and 
material damage, less sensitivity to target materials, and high 
repeatability with accurate ablation threshold [26]. Therefore, 
femtosecond pulsed laser ablation is superior when ablating 
ultrahard and hard-to-etch materials such as SiC. So far, the 
femtosecond laser micromachining technique has shown suc-
cess in ablating SiC films on Si substrates for MEMS devices 
[27], optical ridge waveguide formation [28], in-air through-
hole fabrication in SiC substrates [29], and alcohol-assisted 
through-hole drilling in SiC [30]. However, the SiC MEMS 

devices fabricated by femtosecond laser micromachining 
were restricted to the surface thin film and the SiC through-
wafer studies were focused merely on the characterization of 
the via holes by single shot ablation.

Here, we present a through-wafer fluidic structure con-
sisting of microchannels in bulk 4H–SiC wafer fabricated by 
deionized water-assisted femtosecond laser micromachining 
for the first time. It has been reported that the water-assisted 
near-infrared laser drilling of SiC generates better quality and 
much less debris than ablating the material in air [31]. High-
quality microchannels were achieved with minimal thermal 
effect around the laser affected zones (LAZs) in which the 
liquid could flow smoothly. The effects of laser fluence and 
ablation speed on the dimensions of the trenches that resulted 
from a single ablation were characterized. In addition, it was 
found that the surface of the LAZ of SiC is highly attractive 
to mineral oil with a contact angle of less than 5°. Moreover, 
the surface morphology of the microchannels comprising the 
microfluidic structure was characterized by a scanning elec-
tron microscope (SEM), while the depth and width of the 
grooves generated by single ablation were measured by a 
high-resolution surface profilometer.

2. Experimental details

2.1. Fabrication of microchannels and vias on bulk SiC  
substrates

The fabrication of microchannels and via holes on the SiC sub-
strates was achieved by a femtosecond laser micromachining 
system, which is illustrated in figure 1(A). A high-energy fiber 
femtosecond laser (Uranus2000-1030-1000, Laser-Femto, 
Inc., USA) with a wavelength of 1030 nm, pulse width of 700 
fs, and repetition rate of 121 kHz was transmitted into an objec-
tive lens (Mitutoyo, Japan) with a numerical aperture of 0.42 

Figure 1. Schematic diagrams of the femtosecond laser micromachining. (A) Optical setup of the laser micromachining system.  
(B) Laser scanning strategy for the surface channel. (C) Laser scanning strategy for the via hole.
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and focused onto the SiC target. The diameter of the focal spot 
was about 1.5 µm. A mechanical shutter was applied to switch 
the laser on or off. The power of the laser was adjusted by a 
polarizer. To achieve a clean surface after the laser ablation, 
the SiC sample was immersed in a deionized water (DI water) 
chamber that was mounted on a computer-controlled transla-
tion stage (Newport XMS-160, XMS-100, and GTS-30 V for 
x-, y-, and z-axis, respectively) with the precision of 0.1 µm. 
The flow rate of the water was about 1 mm s−1. A CCD camera 
(Thorlabs Inc., USA) was employed for the real-time moni-
toring of the laser processing. The microchannels and via 
holes were fabricated by a layer-by-layer ablation process 
with the laser scanning strategy shown in figures  1(B) and 
(C), respectively. For the specific structures mentioned in this 
work, it took approximately 45 min to produce the via hole 
and 20–40 min to fabricate the microchannels depending on 
the various cross-sectional shapes.

2.2. Preparation and characterization of the SiC samples

In our experiments, double polished 4H–SiC substrates 
(N-type doped, CREE, USA) with a thickness of ~350 
micrometers were utilized. The wafer was cleaved into 
1  ×  1 cm2 square pieces and pre-washed with DI water before 
the laser ablation. The laser power was measured right before 
the laser beams hit the DI water surface. After the laser treat-
ment, the samples were cleaned with acetone, methanol, and 
DI water in an ultrasonic bath for 15 min, respectively. The 
morphology of the ablated microchannels was characterized 
by an SEM (Zeiss LEO 1530, Germany) and a high-resolution 
optical microscope (Nikon Eclipse LV100ND, Japan), while 
the width and depth of the ablated grooves were measured 
by a high-resolution surface profilometer (Tencor AlphaStep 
200).

2.3. Measurement of contact angle on the SiC surfaces

A goniometer (OCA series, Future Digital Scientific Corp, 
USA) was used to measure the contact angles of the mineral 
oil and DI water on the SiC sample surface with and without 
the laser ablation. The sample was placed on a manually con-
trolled 3-axis stage. The liquid droplet (1.5 µl) was dispensed 
from a volume controlled pipette onto the sample surface.

To test the wettability of the laser ablated SiC surface, an 
area of 5x 5 mm2 on the SiC was ablated by a line-scanning 
path with a pulse energy of 1.40 µJ and a scanning speed of 
1 mm s−1. The laser ablation area was much larger than the 
dimension of the droplet, so that the contact boundary of the 
droplet would not touch the edge of the laser-ablated area to 
ensure the accuracy of the measured contact angle.

2.4. Assembly and characterization of the SiC microfluidic 
device

To demonstrate the laser micromachining of microfluidics on 
SiC substrates, a microfluidic device shown in figure  2(A) 
was fabricated and tested. Two straight microchannels with 
a diameter of 100 µm and cross-section of a semicircle on 

both sides of a 1.6  ×  1 cm2 SiC substrate were connected 
by a via hole, forming a Z-shaped microfluidic channel, as 
illustrated in figure  2(B). The SiC substrate was flipped to 
machine the second microchannel, since the laser power was 
attenuated greatly after traveling through the wafer and thus 
no ablation could occur. In order to test the flow in the micro-
fluidic system, two pieces of polydimethylsiloxane (PDMS) 
were pre-treated with oxygen plasma and then bonded on the 
top and bottom surfaces of the SiC sample, respectively, on a 
hotplate at 60° for 12 h to facilitate the bonding. The plasma 
treatment was used to bond the oxidized PDMS surfaces and 
then seal permanently to create leak-tight microchannels in 
our microfluidic microchannels. A syringe was used to inject 
the liquid into the microchannel via a drilled hole in the top 
PDMS layer. Since the pure fluid could not be observed under 
the optical microscope, a red solvent-based fluorescent dye 
(Solvent 250 Red Fluorescent Color Coding Dye, Kingscote 
Chemicals, USA) was mixed with the liquid to generate a 
vivid red color to denote the microfluidic path under the 
optical microscope.

3. Results and discussion

3.1. Influence of laser parameters on ablation rate

Although it has been proved that 1 kHz fs laser pulses could 
minimize the thermal effects of the ablation process on var-
ious metal, dielectric, and semiconductor materials, very few 
works have provided a systematical study on femtosecond 
laser ablation on SiC, especially under water-assisted condi-
tion. Besides, a higher repetition rate of pulses (121 kHz) in 

Figure 2. Structural design of the Z-shaped microfluidics on SiC. 
(A) Schematic diagram of the microfluidic device. (B) Dimensions 
of the microchannels and via hole on the SiC substrate.
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our experiment would tend to result in thermal accumulation, 
which would lead to a more remarkable melting- solidification 
phenomenon of the materials. Therefore, we started our 
experiment from optimizing the laser pulse energy and scan-
ning speed, the most two important parameters for the laser 
machining, to improve the ablation morphologies. A series of 
straight grooves were ablated by single scanning of the laser 
beam with varying pulse energy and scanning speed.

Figure 3(A) shows the width and depth of the grooves 
ablated by the laser with different pulse energy ranging 
from 0.83–4.32 µJ at a translation speed of 1 mm s−1. Both 
the width and depth of the grooves almost linearly increase 
as the pulse energy ramps up within the pulse energy range 
we tested. Meanwhile, the ablation width increases much 
faster than the ablation depth with respect to the laser flu-
ence increase, since the femtosecond laser has a low thermal 
penetration depth, i.e. more localization of energy within the 
depth, whereas more debris generated from higher laser power 
assisted in more ablation in the surrounding regions. A similar 
trend was also observed with other translation speeds ranging 
from 0.1–20 mm s−1. Figure 3(B) shows the width and depth 
of grooves ablated by the laser with scanning speeds at 0.1, 
0.5, 1, 2, 5, 10, and 20 mm s−1 with a pulse energy of 2.23 µJ. 
This indicates that the ablated depth and width decrease with 
the increase in the scanning speed. During the line scanning 
process, fewer laser pulses would land on a unit area with a 
faster scanning speed, which results in a reduced ablation rate. 
In addition, the decreased rate in the ablation depth is sig-
nificantly higher than that in the ablation width with increased 
scanning speed due to the lower thermal penetration depth, as 
this phenomenon was also found with decreased laser power.

Although high-power laser pulses provide a higher abla-
tion rate, we found that lower laser pulse energy could cause 
fewer thermal effects as well as much better ablation quality. 
However, pulse energy lower than 0.83 µJ could not achieve a 
continuous kerf with measurable width and depth. Therefore, 
the critical pulse energy for our laser to produce a high-quality 
groove is considered to be 0.83 µJ, which is the value we used 
to fabricate microfluidic structures.

In addition, fast scanning can improve the fabrication effi-
ciency but sacrifice the ablation quality, as demonstrated in 
figure  4. Figure  4(A) shows the SEM image of the feature 
after one ablation with pulse energy of 4.32 µJ at 20 mm s−1, 
while figure 4(B) presents one of better quality with the pulse 
energy of 0.83 µJ at 0.5 mm s−1. No apparent ablation kerf 
was observed for higher power and scanning speed, whereas a 
clearly defined ablated path was formed after a single ablation 
at lower power and speed. Smooth ablation kerf is replaced 
with a thermally damaged feature if the scanning speed is not 
carefully calibrated.

3.2. Wettability of the femtosecond laser-ablated surface

The interfacial property of a microfluidic system interacting 
with the liquids chosen is critical, since it is directly linked 
to the smoothness, pressure, and velocity distribution of the 
liquid flow in the microchannels [32]. In the literature, the 
wetting property of SiC has been studied extensively for liquid 

metals [33], binary alloys [34], and even atomic nitrogen [35]. 
In our study, mineral oil was chosen as the liquid to flow in the 
microfluidic system for potential harsh environment applica-
tions since it has a relatively high boiling point, low thermal 
and electrical conductivity, and prevents the components of a 
fluidic system from corroding. The wettability of oil on a SiC 
surface has not been studied previously. Besides, compared 
with the lithography-based fabrication methods that produces 
smooth surfaces of the microchannels, the laser microma-
chining usually creates special micro- or even nano-structures 
during the laser-material interactions, which may significantly 
influence the interfacial properties of the microfluidic devices.

To explore the influence of the surface morphology induced 
by the laser ablation on the wettability of SiC, we measured 
the contact angle of mineral oil on the SiC substrate before 
and after the laser ablation. Figure 5(A) shows the smooth sur-
face of the SiC substrate before laser treatment. The contact 
angle of the mineral oil is about 21°, indicating a wettable 
surface of SiC. Figure 5(B) illustrates the surface morphology 
of the SiC after the laser ablation. The laser-ablated surface 
shows sub-µm-scale periodic surface roughness compared 
with the intact surface, and the contact angle of the mineral 
oil on the laser-ablated SiC surface plummets to a mere 2.9°, 
which is expected, since the wettability of the surface with 
the given liquid is improved with increased roughness if the 

Figure 3. Dependence of the femtosecond laser ablation width and 
depth on the laser pulse energy (A) and scanning speed (B).
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surface is wettable with the liquid [36]. The highly wettable 
characteristics of the oil in the LAZ reduces the pressure 
needed for it to be injected into and driven through the micro-
fluidic channels. In contrast, the SiC sample surface is not 
highly hydrophilic for either the clean surface or the LAZ. 
While the contact angle of water on clean substrate is quite 
close to 90°, the roughened surface after laser treatment does 
not greatly increase the hydrophilicity as the contact angle is 
still close to 85°, indicating that the mineral oil is the more 
suitable fluid for SiC-based microfluidic systems.

3.3. Control of cross-sectional shape of microchannels

Compared with conventional photo-lithography patterning, 
which is only able to realize structures with uniform cross- 
sectional depth from one-time pattern transfer, the femto-
second laser micromachining not only has the advantage of 
no mask requirement and low cost but its capability of high-
precision complex 3D structure manufacturing, including 
fabricating devices with various cross-sectional shapes. In 
general, the geometrical design of the cross-section of micro-
channels in a microfluidic MEMS system has substantial 
impact on the pressure [37] and flow velocity dynamics [38] 
of the liquid. Hence, it is indispensable to characterize the 
microchannels of various cross-sectional shapes during the 
design process of a microfluidic system.

The fabrication process for microchannels of various 
shapes was previously investigated. Maselli et  al reported 

on a long microchannel with a circular shape on fused silica 
using femtosecond laser irradiation [39], Welin et al demon-
strated water flows in trapezoidal silicon microchannels [40], 
Cheng et  al varied the cross-sectional shape of microchan-
nels in photostructurable glass [41]. Although microchannels 
of many regular or irregular shapes have been investigated, 
the target materials chosen for such studies mostly relied on 
conventional semiconductors such as silicon, common metals 
such as nickel and copper, and polymers such as PDMS. Here, 
we demonstrate microchannels of rectangular, semicircular, 
and triangular cross-sections in SiC by femtosecond laser 
micromachining and show the numerical simulations of corre-
sponding cross-sectional velocity flow distributions.

In order to examine the morphology of the ablated surface 
in the designed structures, top-view SEM images for the three 
aforementioned microchannels were obtained. Figures 6(A)–
(C) show surface images for channels with cross-sectional 
rectangular, triangular, and semicircular shapes, respectively. 
All the microchannels are confined by the clear edges and 
relatively smooth transition inside their trenches. The raised 
stripes present in the three channels might be attributed to the 
slight turbulence of the flowing DI water that dispersed laser 
energy occasionally during the ablation process, which should 
be addressed in the future.

Figures 6(D)–(F) show the optical images of microchannels 
of rectangular, semicircular, and triangular shapes, respec-
tively. The samples were processed on a program-controlled 
stage with a pulse energy of 2.23 µJ and a translation speed of 

Figure 4. Ablated feature after a single ablation with different pulse energy and scanning speeds. (A) Pulse energy: 4.32 µJ; speed:  
20 mm s−1. (B) Pulse energy: 1.4 µJ; speed: 0.5 mm s−1.

Figure 5. Surface morphology of SiC substrate (A) before and (B) after laser ablation. Inserts in (A) and (B) show the contact angle of 
mineral oil measured on the SiC surfaces.

J. Micromech. Microeng. 27 (2017) 065005
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5 mm s−1 in DI water and with the target 0.1 µm deep. After 
the ablation process, the samples were rinsed with acetone in 
an ultrasonic bath for 5 min to remove any remaining debris. 
The microchannels were processed layer-by-layer with min-
imal thermal effect and cracking phenomenon.

In an effort to characterize the impact of cross-sectional 
geometry on the flow properties, Ansys Fluent 17.0 was uti-
lized to simulate the steady-state cross-sectional velocity 
profile for the mineral oil. Since the Reynolds number is 
quite low in microscale channels, pressure driven laminar 
flow mode was selected. Figures 6(G)–(I) illustrate the cross-
sectional velocity distribution for rectangular, semicircular, 
and triangular microchannels, respectively, with the initial 
velocity of 1 cm s−1. The velocity of the oil near the walls of 
all three microchannels was set to zero with the assumption 
of no-slip boundary condition, as required by the basic law of 
fluid mechanics for pressure-driven laminar flow that produces 
a parabolic velocity distribution along the flowing direction 
within microchannels. However, due to the different shapes 
of the boundary walls, the transverse velocity profile can be 
squeezed to fit the cross-sectional configurations. Despite the 
similar trend that the closer the oil is to the center of the geom-
etry, the faster it travels, the area that represents the fastest 
flowing speed varies for the three microchannels under invest-
igation. The flexibility of creating microchannels of various 
cross-sectional shapes by femtosecond laser micromachining 

widens the applications of microfluidics requiring unconven-
tional or non-uniform flowing channels.

3.4. Fabrication of microchannels and via holes on SiC

It is necessary to utilize through-wafer structures when com-
plex 3D microfluidics, such as wafer-to-wafer microfluidics, 
need to be built. In order to realize a through-wafer micro-
fluidic system, femtosecond pulsed laser was used and the 
relevant parameters, i.e. translation speed and laser pulse 
energy, were tuned to obtain the best quality of the surface 
and through-wafer microchannels. The water film thick-
ness was set slightly over 1 mm, which was found to be the 
optimal parameter for infrared pulse laser drilling of SiC in 
the water [31].

Figure 7 illustrates the morphology of the microchannels 
and the via manufactured by the femtosecond laser microma-
chining. Figure  7(A) presents the top view of a Y-channel 
with three legs of identical dimensions with sharp turns at the 
intersection and minimal thermal damage, indicating the high 
quality of the ablation by the femtosecond laser. The SEM 
image of the Y-channel in Figure 7(B) shows the morphology 
of the laser-ablated microchannel. The overall roughness is in 
the range of 800 nm–1 µm and the micro- and nano-roughness 
on the sidewall and bottom of the microchannel could improve 
the wettability of the microfluidic channel, as demonstrated 

Figure 6. (A)–(C) Surface images of the microchannels with rectangular, triangular, and semicircular shapes, respectively. (D)–(F) 
Cross-sectional images of the microchannels with rectangular, triangular, and semicircular shapes, respectively. (G)–(I) Steady-state cross-
sectional velocity profiles of microchannels with rectangular, triangular, and semicircular shapes, respectively.
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in the section 3.2. The images of the cross-section, top, and 
bottom view of the via hole are demonstrated in figures 7(C)–
(E), respectively. The cross-sectional view indicates a vertical 
sidewall not readily possible with other manufacturing tech-
niques within a reasonable processing time. The top and bottom 
views of the via show smooth and clear edges, indicating the 
minimized thermal damage of the water-assisted femtosecond 
laser-ablation process. The slightly wider opening of the sur-
face is due to the higher susceptibility of the laser power near 
the surface region. The top and bottom of the via exhibit the 
same feature as the cross-section as well as the rough wall, as 
found in the microchannels on the surface.

3.5. Z-shaped through-wafer microfluidic device

Figures 8(A) and (B) shows a photo of a Z-shaped through-
wafer microfluidic device and an image of the microfluidic 

channel, respectively. The straight microchannels on the top 
and the bottom of the SiC are 5 mm long, 0.1 mm wide, and 
0.1 mm deep, while the width and depth of the via are 0.2 mm 
and about 0.35 mm, respectively.

Figures 8(C) and (D) demonstrate the oil flow in the top 
and bottom microchannels, respectively, from the optical 
microscope. The mineral oil was first mixed with the prepared 
fluorescent dye, then injected through the hole punched into 
the PDMS layer and finally the microchannels. Note that the 
bottom microchannel was displaced from the center of the via 
slightly to differentiate from the top for convenience of meas-
urement. According to the microscopic image showing the red 
color filling all areas of the top and bottom microchannels, a 
smooth liquid flow was achieved throughout the microfluidic 
channels.

It is interesting to note, however, that the laser power 
slightly above the ablation threshold did not successfully yield 

Figure 7. Fabricated surface microchannels and via hole on the SiC substrates. (A) and (B) Optical microscope and SEM images of a 
Y-shaped microchannel, respectively. (C) Cross-sectional image of the via hole. (D) and (E) Top- and bottom-view SEM images of the via 
hole, respectively.

Figure 8. Z-shaped microchannel device demonstrated with mineral oil flowing with red fluorescent dye. (A) Photo of the Z-shaped 
microchannel device. (B) Image of the microchannels and via hole on the SiC substrate. (C) and (D) Images of the mineral oil flow with red 
fluorescent dye for bottom and top channels, respectively.
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the best quality microchannel in our experiments. From the 
previous studies, ablation from lower pulse energies, so long 
as it is above the threshold, creates cleaner features with less 
heat-affected zone formation and debris around the patterning 
areas. This was true in our study only when the ablation took 
place near the surface. When the ablation continued into the 
bulk SiC, the defect-activation process occurred, which drasti-
cally reduced the ablation threshold fluence [42]. Therefore, 
the laser power was tuned to a lower value after the ablation 
continued into the bulk to approximately retain the ablation 
width and depth for each single scan, which in turn retained 
the target shape and dimension of the microchannels.

4. Conclusion

In conclusion, a prototype through-wafer microfluidic struc-
ture in a bulk 350 µm thick 4H–SiC wafer micromachined by 
a 1030 nm, 700 fs ultrafast femtosecond pulsed laser ablation 
system was demonstrated for the first time. A smooth oil flow 
in the microchannels was achieved, while it was found that 
the oil is highly attractive to the LAZ area of the SiC sub-
strate. The high-quality microchannels with several different 
cross-sectional geometries were also realized by the femto-
second laser system and the flowing properties were studied 
as well. The dimension of the ablated kerf with respect to the 
speed of the relative motion between the laser focal spot and 
the sample, and the laser pulse energy was also characterized. 
This study also indicates that the ultrafast femtosecond pulsed 
laser is a promising technique for high-precision 3D microma-
chining with minimal thermal damage for ultrahard materials. 
The manufactured through-wafer microfluidic system can be 
used in a harsh environment such as high temperature, cor-
rosive media, high radiation, etc. It also paves the way for the 
SiC wafer bonding in the packaging of microfluidic MEMS 
devices to be used in harsh environments.

In the future, we plan to design more complex structures 
to realize more functionalities based on this system such as 
microfluidic structures with not only various cross-sectional 
shapes but curved channels and varied channel dimension 
along the direction of the fluid flow in the bulk SiC substrate 
that the conventional photolithography technique cannot 
accomplish. We also intend to investigate further the micro- 
and nano-particles generated from the ablation of SiC in the 
liquid-assisted environment. The critical speed for a given 
laser pulse energy has not been studied extensively, and has 
yet to be explored in more depth.
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