Single-Crystalline 4H-SiC Micro Cantilevers with a High Quality Factor
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Abstract

Single-crystalline 4H-SIC micro cantilevers were fabricated by doping-type selective
electrochemical etching of 4H-SiC. Using this method, n-type 4H-SiC cantilevers were
fabricated on a p-type 4H-SiC substrate, and resonance characteristics of the fabricated
4H-SIC cantilevers were investigated under a vacuum condition. The resonant
frequencies agreed very well with the results of numerical simulations. The maximum
quality factor in first-mode resonance of the 4H-SiC cantilevers was 230,000. This is 10
times higher than the quality factor of conventional 3C-SiC cantilevers fabricated on an

Si substrate.
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Microelectromechanical systems (MEMS) resonators have been adopted in various
sensor and actuator applications because of their high frequency and high sensitivity
[1,2]. There are many applications that require structures capable of operating in harsh
environments such as high temperatures, high pressures, and corrosive environments.
Silicon carbide (SiC) is a material that meets these demands because of its chemical
stability, high yield strength, and wide bandgap [3-5]. Moreover, SiC is a very useful
material for high-frequency resonators because its Young’s modulus (448 GPa) [4] is
much larger than those of other semiconductor materials commonly used for MEMS
devices such as Si (130 GPa) and GaAs (85 GPa) [6].

These attractive characteristics give advantages to SiC resonators, and many papers on
cubic-polytype 3C-SiC [7,8] and poly-SiC MEMS [9] resonators have been published.
These SiC resonators are fabricated on Si substrates. These structures are easy to be
manufactured and can be integrated with other Si devices. On the other hand, there have
been few papers on hexagonal-polytype 4H- or 6H-SiC MEMS structures which are
made of homoepitaxial layers grown on single-crystalline 4H- or 6H-SIC substrates
[10-12]. Single-crystalline 4H- or 6H-SIiC has more advantage in MEMS devices
intended for use in harsh environments than 3C-SiC/Si or poly-SiC/Si because they do
not use Si substrates. Si becomes conductive over 200°C resulting in leakage current via
substrate and yield strength of Si declines over 450°C [3], which may limit range of
mechanical operation. Furthermore, it is expected that 4H- or 6H-SiC MEMS can show
superior resonance characteristics because of their high crystalline quality. However,
these resonance characteristics have not been investigated in detail.

In this paper, we fabricated 4H-SiC cantilevers and measured their resonance

characteristics. In addition, 3C-SiC cantilevers with the same dimensions as the 4H-SiC



cantilevers were fabricated on an Si substrate to compare their resonance characteristics.

Fig. 1 shows the fabrication process of single-crystalline 4H-SiC cantilevers. First, a
1-um-thick n-type 4H-SiC layer was grown on a p-type 4H-SiC substrate by chemical
vapor deposition (CVD). (Fig. 1(a)) The doping concentration of the n-type SiC layer
was 4.5x10™ cm™. Next, an Ni layer was patterned by a photolithography lift-off
process to form a mask for subsequent reactive ion etching (RIE). (Fig. 1(b)) Then, the
n-type SiC was etched by capacitively coupled plasma RIE using CF4 and O, gases. RIE
was performed until the p-type SiC was exposed to the surface. (Fig. 1(c)) After the RIE
process, we performed electrochemical (EC) etching, which can etch selectively on the
basis of doping type [13]; by applying a positive voltage to the SiC, holes are supplied
only at the interface between the p-type SiC and the solution, so that only p-type SiC is
oxidized and etched. A Ti/Al/Ni layer was deposited on the back side, followed by rapid
thermal annealing in an Ar atmosphere to form an ohmic contact. This metal layer was
used as an electrode for EC etching. The EC etching was performed in 1 mol/l KOH
solution at 80°C by applying a constant current to the p-type SiC for 12 min. The
constant current source was set to 16 mA, which corresponds to a current density at the
interface between the SiC and the KOH solution of 3.3 mA/mm? Under these
conditions, the side-etching width of the substrate was about 35 um and the etched
depth was about 18 um.

P-type SiC was selectively etched by EC etching, but the p-type SiC underneath the
n-type SiC cantilevers was not completely etched, i.e., porous SiC remained in these
areas, as shown in Fig. 1(d). Then, thermal oxidation was performed for 2.5 hours at
1150°C to remove the porous SiC, because it had a very large surface area; thus it was

easily oxidized [14]. After the oxidation, the resulting SiO, was removed using an HF



solution. In these processes, the porous SiC was completely removed, and the thickness
of the SiC cantilevers was decreased from 1 um to about 900 nm. (Fig. 1(e)) Fig. 1(f)
shows an SEM image of a fabricated 4H-SiC cantilever.

3C-SiC grown on an Si substrate by CVD was provided by HOYA corp [15]. 3C-SiC
was patterned in the same way as the 4H-SiC by photolithography and RIE. Then, we
used a 47wt% HF, 69wt% HNOs, and 99.7wt% CH3COOH solution with a volume ratio
of 1:2:1 to selectively etch the Si.

The dimensions of the fabricated cantilevers were as follows. The width was 15 um.
The lengths ranged from 80 to 140 pm. The thickness of the 4H-SiC cantilevers was
about 900 nm, while that of the 3C-SiC cantilevers was 1 pm.

The resonance characteristics were measured as follows. Fabricated cantilevers were
mounted on piezoceramic (lead zirconium titanate, PZT) actuators and placed in a
vacuum chamber with a small window, which allowed optical access to the sample. The
pressure in the chamber was 1.5 mTorr. The cantilevers were vibrated by applying a
sinusoidal voltage to the PZT actuator while the frequency was swept. The resonance
characteristics were measured by illuminating a laser light onto the center of the
free-standing part of the cantilevers and detecting the reflected light with a laser
Doppler vibrometer and a network analyzer. We measured the resonance characteristics
in the frequency range below 1.5 MHz, in which the PZT actuator doesn’t resonate.

Before performing more detailed characterizations, we changed the amplitude of the
sinusoidal voltage from 0.2 to 20 mVrus and measured the resonance characteristics.
We confirmed that there was no dependence on either the resonant frequency or quality
factor (Q) of the cantilevers; therefore, the resonance characteristics responded linearly

to the amplitude of the applied voltage in this region. All data shown in this paper were



obtained at an amplitude of 1 mVgus.

In our measurements, two sharp resonance peaks corresponding to first- and
second-mode resonance were clearly observed. Fig. 2 shows these resonant frequencies
for 4H-SIC cantilevers of various lengths. The first- and second-mode resonant
frequencies are shown by filled and open circles, respectively. We performed numerical
simulations of the resonance characteristics of these cantilevers using the finite element
method. The physical properties of the SiC used in these simulations were as follows.
The density was 3.22 g/cm® and the Young’s modulus was 448 GPa [4]. The first- and
second-mode resonant frequencies obtained by the simulation are shown in Fig. 2 by
two types of crosses. The first- and second-mode experimental resonant frequencies
both agreed very well with the simulation results. The differences between experimental
resonant frequencies and the simulation results are only 3% in average.

The same measurements and simulations were performed for 3C-SiC cantilevers. The
experimental resonant frequencies of the 3C-SiC cantilevers also agreed with the
simulation results. The resonant frequencies of the 3C-SiC cantilevers were about 10%
higher than those of the 4H-SiC cantilevers because the 3C-SiC cantilevers were thicker
than the 4H-SiC cantilevers.

Fig. 3 shows first-mode resonant spectra of 100-um-long 4H- and 3C-SiC cantilevers.
The full-width at half-maximum (FWHM) of this 4H-SiC cantilever was 0.64 Hz, while
that of the 3C-SiC cantilever was 8.6 Hz. Q was calculated as Q=f/Af, where f is the
resonant frequency and Af is the FWHM. Q of the 4H-SiC was 230,000, and that of the
3C-SiC was 18,000.

Fig. 4 shows Q in first-mode resonance for cantilevers of various lengths. Q of all

4H-SiC cantilevers was nearly 200,000, while Q of the 3C-SiC cantilevers was nearly



20,000. Enderling et al. reported Q of a 3C-SiC cantilever in vacuum condition to be
14,755 [16], and Q of our 3C-SiC cantilevers was similar to this reported value. Q of
4H-SIC cantilevers was 10 times that of 3C-SiC. This shows that the energy dissipation
of 4H-SiC cantilevers is much smaller than that of 3C-SiC.

The energy dissipation characteristics were discussed by Hosaka et al. and categorized
as air damping, internal friction, and support loss [17]. We performed measurements
under various air pressures to analyze the air damping loss. Fig. 5 shows Q of our SiC
cantilevers in various pressures. Q of our cantilevers is independent of air pressure
below 1.5 mTorr for 4H-SIiC and 10 mTorr for 3C-SiC, and thus air damping can be
neglected at 1.5 mTorr where above measurements were performed. Under the
atmospheric pressure, Q of 4H-SiC and 3C-SiC cantilevers is similar; in this region, air
damping loss is dominant. Q of 3C-SiC cantilevers is slightly higher. This is due to gap
length between cantilevers and substrates. The gap of 4H-SIiC is smaller, resulting in
stronger air damping.

In 3C-SiC cantilevers, the dominant mechanism of energy dissipation is expected to be
either internal friction or support loss. 3C-SiC films have a large number of defects such
as stacking faults and dislocations, whose density is about 2x10° cm™, because they are
heteroepitaxially grown on Si substrates with a large lattice mismatch (20%) [15].
Defects in crystals are one of the sources of internal friction and can lead to energy
dissipation. On the other hand, support loss is generated by the friction between
connected surfaces. 3C-SiC cantilevers were fabricated on an Si substrate, which is a
different material from the cantilevers; therefore, support loss cannot be neglected.
Support loss decreases with increasing cantilever length, which means that Q increases

with increasing cantilever length. In Fig. 4, long 3C-SiC cantilevers have a slightly



higher Q than short cantilevers.

4H-SiC cantilevers were fabricated on a high-quality 4H-SiC substrate (dislocation
density < 10* cm™). Homoepitaxially-grown 4H-SiC films have significantly fewer
defects than 3C-SiC films, and the internal friction is expected to be much lower.
Furthermore, Q of 4H-SIC cantilevers is independent of cantilever length. This shows
that 4H-SIiC cantilevers are not influenced by support loss. 4H-SiC resonators were
fabricated with only 4H-SiC, including the support, and thus, support loss is expected to
be very small. These results clearly suggest that 4H-SiC is an ideal material for high-Q
resonators.

In summary, we fabricated single-crystalline 4H-SiC cantilevers on a 4H-SiC substrate
by selective etching of p-type SiC using electrochemical etching and thermal oxidation.
The maximum Q of the 4H-SiC cantilevers was 230,000. Q of the 4H-SiC cantilevers
was 10 times that of conventional 3C-SiC cantilevers fabricated on an Si substrate.
Although the fabrication process of 4H-SIC MEMS is more difficult than that of
3C-SIiC/Si MEMS, their very high Q makes 4H-SiC MEMS very attractive for

high-sensitivity sensors.
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Figure Captions
Fig. 1. Fabrication process and an SEM image of a 4H-SiC cantilever. This structure
consists of an n-type SiC cantilever and a p-type SiC substrate.
Fig. 2. Resonant frequencies of 4H-SIiC cantilevers of various lengths and schematic
illustrations of first- and second-mode resonance of cantilevers.
Fig. 3. Spectrum of (a) 4H-SiC and (b) 3C-SiC cantilevers. L and f are the length and
resonant frequency of these cantilevers, respectively.
Fig. 4. Q in first-mode resonance for cantilevers of various lengths. Q of the 4H-SiC
cantilevers was 10 times that of the 3C-SiC cantilevers.
Fig. 5. Q in first-mode resonance for cantilevers in various air pressures. Q of the
4H-SIC cantilevers was independent of air pressure below 1.5 mTorr and that of 3C-SiC

cantilevers was independent below 10 mTorr.
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