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ABSTRACT

The thermal-piezoresistive effect in silicon (Si) has
attracted great attention toward high-performance resonant
devices but still faces major challenges for harsh
environment applications. Instead of using Si, this paper,
for the first time, reports a thermal-piezoresistive resonator
based on a silicon carbide-on-insulator (SiCOI) platform.
The resonance frequency simulation, CMOS-compatible
fabrication, and thermoresistive properties characterization
of the proposed SiCOI resonator are presented. The
experimental results show linear current-voltage
characteristics and a constant temperature coefficient of
resistance (TCR) up to 200 °C.
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INTRODUCTION

Since the first miniature Si piezoresistive heat engine
was reported in 2011 [1], a variety of self-sustained
thermal-piezoresistive resonators or oscillators have been
developed for mass sensing [2, 3], Lorentz force
measurement [4], gas detection [5], and signal
amplification [6]. It was demonstrated that the thermal-
piezoresistive effect is strong enough to initiate and
maintain the mechanical oscillation of the resonator driven
by direct current (DC), without the demand for any external
alternating current (AC) source and amplifying circuitry.
Moreover, the self-sustained oscillation enabled by this
effect can significantly improve the quality factor of the
resonator, resulting in an enhanced signal-to-noise ratio
and sensitivity. However, the state-of-the-art thermal-
piezoresistive resonators are mainly based on silicon-on-
insulator (SOI) microelectromechanical systems (MEMS)
technology. Owing to the intrinsic properties of Si, it is a
major challenge to implement SOI resonant devices in
harsh environments, like high temperatures and pressure,
aggressive chemical corrosion, strong electric field, intense
radiation, and high shock or vibration.

To overcome the limitations of Si devices, wide
bandgap (WBG) semiconductor materials possessing a
bandgap of 2.2 eV or higher [7], have recently attracted
tremendous attention as possible MEMS platforms for
extreme environment applications. Among all the WBG
materials, silicon carbide (SiC) is one of the most appealing
platforms for hostile environments compatible MEMS
devices [8, 9], as its unique combination of excellent
electrical, thermal, and mechanical properties. Furthermore,
with the rapid progress in massive production and CMOS
processing, SiC also enjoys the benefits of commercial
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availability of high-quality crystalline bulk wafers and
compatibility with current CMOS nanofabrication
processes.

SiC exists in more than 200 polytypes that are
generally categorized into ¢-SiC and £-SiC [10, 11]. The
most common ¢&-SiC crystal structures are the hexagonal
SiC including 4H- (bandgap 3.2 eV) and 6H-SiC (bandgap
3.0 eV) which are commercially available up to 200 mm in
diameter. 3C-SiC (bandgap 2.3 eV) is the only cubic crystal
of SiC, commonly known as f-SiC. As 3C-SiC is the
lowest-temperature phase among all the SiC polytypes, it
can be epitaxially grown on Si substrates by the chemical
vapor deposition (CVD) method [12, 13]. Compared with
Si, the large bandgap of SiC dramatically reduced the
leakage current at elevated temperatures. The high ratio
between Young’s modulus and density enables high-
frequency MEMS resonators and oscillators. In addition,
the high thermal conductivity is especially crucial for
quickly heating up and cooling down the beam in the
thermal-piezoresistive resonator.

Here, we demonstrated a 3C-SiCOI thermal-
piezoresistive  resonator based on the internal
thermodynamic feedback mechanism. The proposed
structure and working principle of the resonator are
described. The dependence of the resonance frequency on
the piezoresistive beam dimension is determined by finite
element analysis. A CMOS-compatible fabrication process
for the SiCOI resonator is established. Experimental
measurements are performed to characterize the
thermoresistive properties of the resonator.

DESIGN AND SIMULATION

To implement the thermal-piezoresistive effect in SiC,
we propose a resonator based on a SiCOI platform with a
negative piezoresistive coefficient. The SiCOI thermal-
piezoresistive resonator is comprised of two symmetrical
suspended masses connected by a narrow piezoresistive
beam and supported by four spring beams [14]. Figure 1(a)
shows the finite element model of the SiC resonator
oscillating in its in-plane mode. The two mass plates are
free to move back and forth in the in-plane direction. The
ends of the four spring beams are kept fixed to obtain
eigenfrequency by simulation.

The operation mechanism of the thermal-
piezoresistive resonator is attributed to the internal
thermodynamic feedback illustrated in Figure 1(b). The
device oscillates from its initial state (phase (1)). A
constant DC (/4.) passes through the piezoresistive beam,
resulting in an increasing beam temperature 7y caused by
the resistive heating power Pn= I4’Rp. The heat capacitance
of the piezoresistive beam leads to a thermal delay between
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resistive heating power and temperature in the beam.
Consequently, the beam expands at a higher temperature,
and the strain in the beam is tensile. Meanwhile, the beam
resistance decreases due to the negative piezoresistive
coefficient. In phase (3), the beam resistance reaches its
minimum value. The beam starts cooling and contracts to
its initial state. In phase (5), the beam continues to contract
because of the beam temperature is reduced, until it reaches
phase (7) where the strain is compressive. Finally, the beam
is heated and expanded again to phase (1). Thus, the beam
expansion/contraction cycle forms an in-plane mechanical
vibration. The piezoresistive beam is used as both a thermal
actuator and a piezoresistive sensor in this structure. The
oscillation of the beam can be detected by the alternating
output voltage.

As a result of the geometry of the resonant structure,
the heating power density and mechanical strain are
concentrated in the narrow piezoresistive beam, but the
resonance frequency of the structure is mainly determined
by the masses and spring beams. The finite element
analysis results shown in Figure 2 suggest that the 3C-SiC
thermal-piezoresistive resonator can generate an in-plane
mechanical resonance over 1 MHz. The eigenfrequency
increases with increasing piezoresistive beam length and
width. Scaling down the length-to-width ratio of the beam
leads to a higher resonance frequency. Furthermore,
scaling the beam dimension down reduces the power
consumption of the resonator while having a higher
resonance frequency. On the other hand, the effect of the
beam thickness on the eigenfrequency can be neglected.
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Figure 1: (a) Finite element model of the SiCOI
piezoresistive resonator. (b) Schematic illustration of the
thermodynamic cycle in the thermo-piezoresistive
resonator. The heating power in the piezoresistive beam
depends on its position as a result of the piezoresistive
effect. Phases (1)-(4) indicate the heating and expansion
half cycle, and phases (5)-(8) indicate the cooling and
contraction half cycle.
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Figure 2: Finite element analysis results of the in-plane
resonance frequency change with the piezoresistive beam
length and width.
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FABRICATION

The fabrication process of the proposed SiCOI
thermal-piezoresistive resonator is schematically shown in
Figure 3. The process begins with a double side polished 4-
inch Si handle wafer with a thickness of 400 = 8 um. The
Si wafer is thermally oxidized to provide a 2 um thick
buried SiO; layer on both sides. The 3C-SiC film is
deposited on the Si wafer by low-pressure chemical vapor
deposition (LPCVD) at 860 °C and 0.6 Torr.
Dichlorosilane (SiH>Cly) and acetylene (C,H>) with a flow
rate of 80 sccm and 16 sccm are selected as precursor gases,
respectively. Ammonia (NH3) with a flow rate of 1.5 sccm
diluted in hydrogen (H>) is introduced as an N-type dopant
during the deposition. As a result, a 1.7 um thick N-type
3C-SiC film with an average resistivity of 0.02 Q-cm and a
negative piezoresistive coefficient [9] is obtained. The
material stack of the created 3C-SiCOI platform is shown
in Figure 3(a). The residual stress of the 3C-SiCOI platform
is measured to be 6.8 MPa. Such small tensile stress
enables flat multilayer thin films without buckling.

Starting with the 3C-SiCOlI, the resonator structure is
transferred into the top 3C-SiC device layer via lithography
and chlorine (Cly)/ hydrogen bromide (HBr) plasma
etching. A 500 nm thick titanium (Ti) metal layer is then
sputtered onto the top 3C-SiC layer at 350 °C to form
Ohmic contact with low contact resistance, followed by
plasma etching. After finishing the frontside processing,
the backside 3C-SiC and SiO; layers are opened using
plasma etching in two steps. The 3C-SiC and SiO» films
leave on the backside after etching act as hard masks for
the subsequent Si deep reactive ion etching (DRIE). The
“Bosch DRIE process” is employed to etch through the Si
wafer. In the last step, the frontside SiO» layer underneath
the resonator structure is removed using vapor hydrogen
fluoride (HF) etching. Finally, the suspended 3C-SiCOI
thermal-piezoresistive resonator is achieved.

The scanning electron micrograph (SEM) images of
the resonator structure are shown in Figure 4. Two 400 um
% 400 pm suspended masses are connected by a 30 um long,
1 um wide piezoresistive beam. The masses are supported
by four spring beams with the same length of 200 um and
width of 10 um. Figure 4(b)-(c) show the zoom-in views of
the piezoresistive beam and spring beam, respectively.
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Figure 3: Schematic representation of the industry-
standard, CMOS-compatible microfabrication process
flow. (a) 3C-SiC thin film deposition and doping by
LPCVD. (b) Frontside SiC resonator structure patterning
via plasma etching. (c) Metal layer (Ti) deposition. (d)
Metal layer patterning. (e) Backside 3C-SiC layer
patterning. (f) Backside SiO, layer patterning. (g)
Through-Si etching lands on the frontside SiO: sacrificial
layer via the “Bosch process”. (h) SiO: sacrificial layer
removing in vapor HF.
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Figure 4. (a) Scanning electron micrograph (SEM) image
of the SiCOI thermo-piezoresistive resonator. (b)
Magnification of the piezoresistive beam. (c) Magnification
of a spring beam.

THERMORESISTIVE CHARACTERISTIC

The thermoresistive effect of the 3C-SiC resonator
was characterized by the CascadeMicrotech probe system.
The applied current varied from -50 pA to 50 pA. Figure 5
shows the measurement results for the current-voltage (I-
V) characteristics of the resonator at various temperatures
ranging from 25 °C to 200 °C. The output voltage is
linearly increased with the increasing current in the whole

623

temperature range. The linear I-V curves indicate good
Ohmic contact between the Ti electrodes and the 3C-SiC
film is maintained at elevated temperatures. At a constant
applied current, the measured voltage decreased with
increasing temperature. The conduction of N-type 3C-SiC
is thermally activated.

Figure 6 shows the relative resistance change of the
resonator as a function of ambient temperature. The
relative resistance change (AR/R) linearly decreased with
increasing temperature up to 200 °C. According to the
definition of temperature coefficient of resistance (TCR),

TCR=(R1-Ro)/[(T-To) Ro] (1)

where Rr is the resistance at temperature 7, and Ry is the
reference resistance at room temperature 7 (20 °C). The
corresponding temperature coefficient of resistance (TCR)
value is calculated to be -1670 ppm/°C. The constant TCR
is of high interest for MEMS resonators working at
elevated temperatures in terms of simplicity in the design
and implementation of circuitry.
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Figure 5: Current-voltage (I-V) characteristics of the 3C-

SiC resonator at various temperatures ranging from 25 °C
to 200 “C.
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Figure 6: Relative resistance change as a function of the

temperature.

CONCLUSION

In summary, we have demonstrated an N-type 3C-
SiCOI  thermal-piezoresistive resonator for high-
temperature applications. The resonator structure design
and operation mechanism were introduced in detail. The
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finite element analysis of the resonator indicates a high in-
plane eigenfrequency over | MHz. We have developed a
CMOS-compatible process for the SiCOI resonator
fabrication. The as-fabricated device shows a linear I-V
characteristic and constant negative TCR value up to 200
°C. Our work provides a viable route toward harsh
environment-compatible, self-sustained SiCOI resonate
devices. The thermal-piezoresistive effect at high
temperatures and frequency responses of the SiCOI
resonator in this work need to be further investigated and
tested.
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