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1. Introduction

Silicon carbide (SiC) has been attracting a significant interest
from the microelectromechanical systems (MEMS) community

owing to its superior physical properties
and resilience over Si in harsh environ-
mental applications.[1–3] The advantages
result from the high energy bandgap,
mechanical strength, chemical inertness,
and the high melting point of SiC.[4–6]

Therefore, a wide range of SiC-based
microsensing/electronics devices have
been developed with several micromachin-
ing techniques.[7,8] Unlike silicon counter-
parts, SiC micromachining processes are
undoubtedly limited and expensive due to
the chemical inertness of SiC. For instance,
SiC wet-etching processes typically requires
extreme conditions and aggressive chemi-
cals.[9] Moreover, in terms of patterning bulk
SiC wafers, dry etching of SiC using plasma-
based processes results in a very low etching
rate, hindering the implementation of SiC
micro/nanoelectronic and sensing devices
on a large scale. To mitigate this obstacle,
epitaxially grown SiC on silicon substrates
has been introduced and proven to be
a promising approach because it only

requires patterning of thin SiC layers and therefore is more
favorable than approaches using bulk SiC wafers. Compared
with other polytypes such as 4H–SiC and 6H–SiC, the cubic
SiC is the most suitable polytype for microsensing applications.
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Silicon carbide (SiC)-based microsystems are promising alternatives for silicon-
based counterparts in a wide range of applications aiming at conditions of high
temperature, high corrosion, and extreme vibration/shock. However, its high
resistance to chemical substances makes the fabrication of SiC particularly chall-
enging and less cost-effective. To date, most SiC micromachining processes
require time-consuming and high-cost SiC dry-etching steps followed by metal
wet etching, which slows down the prototyping and characterization process of
SiC devices. This work presents a lithography and etching-free microfabrication
for 3C-SiC on insulator-based microelectromechanical systems (MEMS) devices.
In particular, a direct laser ablation technique to replace the conventional litho-
graphy and etching processes to form functional SiC devices from 3C-SiC-on-
glass wafers is used. Utilizing a single line-cutting mode, both metal contact
shapes and SiC microstructures can be patterned simultaneously with a remark-
ably fast speed of over 20 cm s�1. As a proof of concept, several SiC microdevices,
including temperature sensors, strain sensors, and microheaters, are demon-
strated, showing the potential of the proposed technique for rapid and reliable
prototyping of SiC-based MEMS.
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This is owing to its capability of deposition on a Si substrate,
making it compatible with MEMS processes as well as reducing
the cost of the material compared with the bulk counterparts. In
addition, this platform can benefit from the mature Si-based
fabrication processes such as etching of the Si substrate, making
it convenient for engineering SiC-based microsystems. Due to
technological developments in the growth process of SiC on Si,
high-quality and large-scale epitaxial SiC on Si wafers have been
introduced.[10] However, the leakage of the electric current
through the SiC–Si junction drastically increases with tempera-
ture, exposing a significant limitation for high-temperature
applications that SiC materials are used for. To overcome this
obstacle, the SiC thin film can be bonded onto insulating sub-
strates such as glass by wafer bonding to prevent current leakage
at high temperature.[11–13] This platform provides a feasible devel-
opment for SiC electronics, eliminating the leakage observed in
SiC-on-Si electronics at high-temperature operations. Previously,
we introduced an anodic bonding technique for as-grown SiC-
on-Si onto an insulating substrate (i.e., glass), indicating a great
potential for SiC-based sensors and electronics for a wide range of
application including biological utilizations.[11]

To achieve SiC micro/nanostructures, expensive micro/
nanomachining processes in tightly controlled cleanroom envi-
ronments are typically required,[14] which include lithography
processes followed by plasma/wet etching of SiC micro/
nanostructures. These strict requirements are significant
obstacles for the development of cost-effective SiC-based sensors
and electronics devices, hindering the fundamental characteriza-
tion of the SiC materials. The present work reports a novel
method for rapid prototyping of SiC microscale sensors and elec-
tronics using UV laser ablation, to extend the application poten-
tial of the 3C-SiC-on-glass platform. We demonstrate that the
proposed technique can be used to fabricate multifunctional
SiC microdevices including temperature/force sensors as well
as integrated heaters, which can work at elevated temperatures.
The simplified method eliminates sophisticated lithography
and etching processes with cleanroom facilities, showing the
potential of reducing the fabrication cost of SiC-based microscale
sensors and electronics. This approach paves the way for fast-
prototyping and cost-effective SiC-based microsensing and
heating devices for harsh environmental applications.

2. Lithography and Etching-Free Fabrication of
3C-SiC-on-Glass

Figure 1 shows the concept of the fabrication process using laser
ablation starting from a 3C-SiC-on-glass wafer. SiC films were
initially epitaxially grown on (100) Si wafers by a low pressure
chemical vapor deposition (LPCVD) process and doped with
nitrogen to achieve n-type SiC. In our previous work, we have
reported that the as-grown SiC film on a Si wafer is single
crystalline 3C-SiC and its crystallographic orientation is (100)
by selected area diffraction (SAD) and X-ray powder diffraction
(XRD) measurements, respectively.[15] Due to the mismatch
in lattice constant and thermal expansion of SiC and Si, we
observed the stacking fault defects at the SiC/Si interface.
However, the stacking faults are mainly distributed within
50 nm from the SiC/Si interface and the crystallinity significantly

improved with increasing SiC film thickness. The carrier concen-
tration of the SiC thin film was measured to be 1018 cm�3 by a
hot-probe technique. The resistivity of the SiC film was 8Ω μm.
Subsequently, the as-grown 600 nm SiC thin films were trans-
ferred onto an insulating substrate by anodic bonding. The
details of the transferring process of SiC onto an insulating
substrate can be found elsewhere.[11]

Next, a 200 nm nickel (Ni) layer was selectively deposited on top
of the 600 nm SiC layer using a shadow mask, forming a Ni layer
only in desired electrode areas (Figure 1c). Micropatterns of SiC
were then formed by laser scribing with a diode-pumped solid
state (DPSS) Samurai laser (355 nm wavelength) at an average
power of 2W. The Ni layer was also cut to confine the metal elec-
trode pads. The cutting mode for both SiC and Ni was chosen as
single-cut lines at 50% of the full power setting (�3W) with a
scanning speed of 200mms�1, forming trenches on the glass sub-
strate, which electrically isolates SiC devices from each other. The
SiC microstructure designs, created using a standard computer-
aided design (CAD) software, were aligned with the predeposited
electrode areas using the printing–previewmode and a home-built
camera system. As the laser only etches the boundary (i.e.,
perimeter) of each SiC microstructure, the total fabrication time
is extremely short. For instance, the fabrication of an array of ten
SiC U-shape resistors with a total perimeter of 120mm took less
than 5 s. In addition, movable structures of SiC such as one-sided
clamped cantilevers or double-sided clamped bridges can also be
formed because the UV laser can also remove the glass substrate,
enabling rapid prototyping of SiC-based mechanical sensors and
electronics. In cleanroom-based fabrication processes, SiC sensors
and electrodes are patterned through the deposition/development
of photoresist followed by SiC and/or metal etching. In contrast,
our direct laser ablation of SiC only requires a single cutting step,
which significantly reduces the fabrication time and eliminates
material and chemical costs associated with the lithography and
etching processes arising from conventional micromachining
fabrications. With this new method, the postetching process
(e.g., photoresist removal) is no longer required, allowing for
the fabrication of SiC-on-glass microelectronics devices in typical
laboratory conditions without the need for a cleanroom facility.
The fabricated SiC structures can be utilized as a multifunctional
sensing and heating platform for numerous applications.

3. Demonstration of Laser-Engraved SiC
Applications

As the UV laser radiation can penetrate and remove the SiC
thin film and glass layers, it is convenient and cost-effective to
form SiC-based sensors/heaters in one single-step fabrication.
Figure 1d–f shows images of the fabricated SiC structures includ-
ing text patterns, U-shaped resistors, and a spring-shaped heater
on a 3C-SiC-on-glass chip (Figure 1g). The current–voltage char-
acteristic of the as-fabricated SiC resistors was measured using a
digital multimeter (i.e., Agilent B1500), indicating an excellent
Ohmic contact between metal and SiC (Figure 2). The resistance
of SiC wasmeasured for nine samples, showing a small deviation
of less than 5%. This result indicates the uniformity of
SiC devices fabricated using a single-step UV laser ablation.
Furthermore, as the SiC was transferred onto a glass substrate,
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the problem of current leakage into the substrate was completely
solved, enabling the development of SiC-based high-temperature
sensing devices. The following subsections demonstrate several
MEMS applications of our laser ablation technique including
temperature sensors, microheaters, and force sensors.

3.1. Temperature Sensors

Owing to its resilience to high temperature and the significant
thermoresistive effect, the 3C-SiC-on-glass platform can be

utilized as sensitive temperature sensors. The measurement
of the 3C-SiC-on-glass-based temperature sensors was conducted
in an oven with precisely controlled temperature of �0.1 �C. The
resistance change of the SiC sensor was measured against
temperature in the range from room temperature to 473 K.
The temperature was increased by 20 �C per step and the resis-
tance of SiC was recorded using a digital multimeter (i.e., Agilent
B1500). Figure 3 shows that the resistance of the SiC sensor
significantly increases with increasing temperature within the
testing range. It should be pointed out that the increment in

Figure 1. Concept of the lithography-free process to form SiC microdevices. a) Photograph of 6 in. 3C-SiC-on-glass wafer (SiC film was transferred onto
glass from a (100) SiC-on Si wafer). b) Schematic sketch of fabricated structures after direct laser ablation technique. c) Fabrication steps using a shadow
mask to form patterned metal contacts, followed by computer-aided control laser ablation to create various patterns of piezoresistors and microheaters.
d) Patterned structures from 3C-SiC-on-glass wafer. e) U-shape resistors for temperature and force sensors. f ) Spring-shaped microheater; the metal
contact areas are shown as white color; scale bar for (d), (e), (f ): 500 μm. g) Photograph of multifuntional chip consisting of various types of microscale
sensors and heaters using the laser ablation method.
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the resistance of the SiC indicates that the decrease in electron
mobility is more dominant than the increase in thermally
activated carrier concentration that reduces the resistance. The
reduction of the electron mobility at elevated temperatures is
due to electron–electron and electron–phonon scattering, which
are more dominant in highly doped semiconductors. The
thermal resistive effect in SiC films can be quantified by the

temperature coefficient of resistance, TCR ¼ ΔR
RΔT. Accordingly,

the TCR in the highly doped 3C-SiC-on-glass was found to be
285 ppmK�1.

3.2. Microheaters

Microheaters can be used as the heat source of mass-flow sensors
or to provide thermal stimuli to biospecies grown on SiC, due to
the good biocompatibility of SiC.[16–18] As the glass substrate is
an excellent electrical insulator, the use of 3C-SiC-on-glass heat-
ers will confine heating power on the SiC resistors, locally raising
temperatures at the targeted areas due to the Joule heating effect.
We applied a voltage to a spring-shaped SiC microheater and
observed its temperature change using an infrared (IR) micro-
scope to demonstrate the function of 3C-SiC-on-glass heaters.
Prior to applying the voltage to the SiC resistors, the surface
of SiC was coated with a carbon powder layer with a known emis-
sivity which was calibrated by varying the surface temperature of
this coating layer using a hot plate. This calibrated emissivity
(ranging from 0.92 to 0.98) was used to derive the actual temper-
ature generated from the SiC heaters under applied DC voltages.
Figure 4 shows the temperature of the SiC heater at 0, 3, 6, and
9 V, for which the temperature of the heater can reach above
100 �C under an applied power of 0.15W. The measured temper-
ature distribution is in good agreement with a finite element
analysis (FEA) with a conductivity of SiC of 1.25� 105 Sm�1

(Figure 4b). In the FEA model, the SiC layer with a thickness
of 600 nm on top of 1mm thick glass substrate was simulated.
The basic mechanical, electrical, and thermal properties of the
glass layer were derived from integrated parameters within
the software (i.e., COMSOL Multiphysics) (also available else-
where). The Young’s modulus and thermal conductivity of
SiC are set as 350 GPa and 350Wm�1 K�1, respectively; the
electrical conductivity of SiC is calculated from its resistivity:
σ¼ 1/ρ¼ 1.25� 105 Sm�1. The measured temperature of the
glass substrate at the vicinity of the SiC heater was slightly higher
than the simulation result, which is attributed to an increase in
the thermal conductance caused by the carbon coating layer.

Figure 4c shows the relationship between the maximum
temperature generated using the spring-shaped SiC microheater
versus the applied electric power. The heater can generate a high
temperature with a relatively small supplied power. This is due to
the nearly zero leakage current from SiC to the glass substrate, in
which the electrical current only flows in the SiC heater.
Therefore, the integrated SiC heater at a relatively low voltage/
power shows a promising feature for biocell thermal stimulation
applications (e.g., cell lysis), which also takes advantage of
the robustness of SiC with respect to chemical or biological
environment.

3.3. Microforce Sensors

To characterize the SiC-based force sensors, mesa SiC resistors
on a 3C-SiC-on-glass beam were formed in a U-shape with a lon-
gitudinal edge (parallel to the beam’s length) much larger than
the transverse one (perpendicular to the beam’s length)
(Figure 5). The fabricated SiC structures can be used as a force
sensitive sensor owing to the large piezoresistance of SiC.[19,20]

Figure 2. Current–voltage (I–V ) characteristics of the fabricated SiC resis-
tors at room temperature (�18 �C). The test was conducted with nine
samples for which the I–V characteristics are almost identical for all tested
SiC resistors. The data indicate the uniformity and consistency of the
laser ablation in patterning SiC structures. Inset: Top-left: Microscopic
photograph of U-shaped SiC structures on the transparent glass substrate
(dark-color regions are metal contacts), scale bar, 1000 μm. Bottom-right:
Zoom-in view of the I–V curve at voltage from 1.6 to 2.1 V.

Figure 3. Characterization of 3C-SiC-on-glass temperature sensors: the
resistance variation is in a linear regression with the increasing tempera-
ture from 293 to 473 K, indicating the merit of the as-fabricated SiC
structures for temperature sensing. Inset: Microscopic photograph of
SiC temperature sensors.
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The bending beam method was used to measure a targeted force
if it is applied to a free end of the beam and induces uniaxial
strain in the SiC resistors located on the beam-shaped chips
(length, width, and thickness are 15mm� 2mm� 0.5mm).
The SiC piezoresistors are located at the vicinity of the other
end of the cantilever, which is clamped, to yield the highest
possible induced strain.

Figure 5a shows the variation of the output electrical current
with respect to an applied force of 320mN (at a supplied voltage

of 0.1 V). At the force application state, the electrical current flow-
ing through the SiC sensor significantly increased and remained
stable throughout the duration of the applied force. This indi-
cates that the resistance of the SiC sensor decreases with the
applied strain, showing a negative gauge factor

�
GF ¼ ΔR=R

ε

�
.

As the applied strain can be derived by the previous study,[21]

ε ¼ 6FL
Ebt2, where F is the applied force; L, b, and t are the length,

width, and thickness of the beam; and E is the Young’s
modulus of glass, E¼ 75 GPa. Consequently, the GF of the

Figure 4. Demonstration of spring-shaped SiC microheater employing Joule heating effect (unit of the temperature scale bar: �C): a) Thermal image
of the sensor under an applied voltage of 0, 3, 6, and 9 V using an IR camera (QFI InfraScope II) at an ambient temperature of 18 �C. b) FEA of
SiC heater on glass substrate at an applied voltage of 9 V. c) Relationship between maximum generated temperature on the heater versus
supplied power.
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n-type SiC was found to be �10.3, which is equivalent to the GFs
of other SiC strain sensors fabricated using conventional lithog-
raphy processes.[22,23] If the force was completely removed, the
electrical current instantaneously returned back to its original
value without any drift or hysteresis under tens of applied cycles.
This characteristic shows the good repeatability and fast response
of the SiC force sensor.

To confirm the linearity of the SiC force sensor, a stepped
loading from 0 to 320mN with an interval of 80mN was then
applied. Figure 5b clearly shows that the linear change in the
current with the applied force exhibited the excellent linearity
of the sensor in measuring force and strain. The good linearity
and repeatability of the SiC force sensor demonstrate the poten-
tial of our simple fabrication technique in the development of
SiC-based mechanical sensors.

4. Conclusion

We demonstrate a single-step and cost-effective fabrication
technique to form SiC microstructures on an insulating
substrate for a MEMS-based multifunctional platform consist-
ing of microscale sensors and heaters utilizing direct laser abla-
tion. This method eliminates the requirement for sophisticated
lithography and etching processes in a cleanroom facility,
reducing the cost associated with micromachining fabrications
as well as allowing fast prototyping of SiC-based structures for
MEMS applications. As a proof of concept, we designed and
tested multifunctional SiC-based microheaters, temperature,
and force sensors on a single chip. The developed miniaturized
sensors exhibited high sensitivity and good repeatability/
linearity, while the integrated heater can effectively generate
a temperature of up to 100 �C with a relatively low power.
This 3C-SiC based multifunctional platform is promising for
a wide range of sensing and heating applications at the micro-
scale utilizing the fast prototyping capability of direct UV laser
ablation.
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