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We report the first resonance characterization of 3-Ga,O3z-based doubly-clamped-beam resonators elongated along [100] and fabricated directly
on a (001) B-Gaz03 substrate by crystallographic gas etching. The beams exhibited clear fundamental-mode resonances with quality factors
(Q) on the order of 10*. Analysis of the beam-length dependence of the resonant frequency (fo) yielded an effective Young’s modulus of 143.2
(+16.4/—14.0) GPa within the Euler—Bernoulli beam approximation, while axial-stress analysis indicated only a small residual tensile stress.
The foQ values exceeded the highest reported values for transferred-flake-based doubly clamped beams, highlighting the potential advantage
of crystallographic etching for fabricating (3-Ga>Os microelectromechanical systems. © 2026 The Author(s). Published on behalf of The Japan

Society of Applied Physics by IOP Publishing Ltd
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ide-bandgap semiconductor microelectromechan-
Wical systems (MEMS) have attracted attention

for harsh-environment sensors, high-frequency res-
onators, and mechanically functional components integrated
with wide-bandgap electronics. SiC MEMS have been widely
studied for harsh-environment sensing owing to their high
thermal and chemical stability."” GaN MEMS have also
been investigated as high-frequency resonators and piezoelec-
trically transduced MEMS devices,?) while diamond MEMS
have demonstrated excellent mechanical performance based
on their high stiffness, thermal conductivity, and chemical sta-
bility.*3) These studies indicate that wide-bandgap semicon-
ductors can expand MEMS technologies beyond the operating
limits of conventional Si-based MEMS.

In this context, 3-Ga,Oj3 is also an attractive ultrawide-
bandgap semiconductor for MEMS applications beyond con-
ventional Si platforms. Its wide band gap of > 4.43 eV® gives
rise to a high critical electric field of >6 MV cm~! 78 and
intrinsic solar-blind sensitivity below 280nm,”’ making {3-
Ga, 03 promising for power electronics and deep-ultraviolet
optical applications.'”) In addition, 3-Ga, 05 has been inves-
tigated for gas sensors based on its sensitivity to oxidizing and
reducing gases.'!"'?) Its tolerance to elevated temperatures
and radiation further makes (3-Ga,3-based devices promis-
ing for harsh-environment operation.'3~'®) Together with its
mechanical properties comparable to those of Si, these fea-
tures suggest that 3-Ga,O3 could enable harsh-environment
MEMS actuators and resonant sensors, as well as monolith-
ically integrated mechanical components for 3-Ga,O3-based
electronic, optical, and sensing systems.'” Furthermore, bulk
[3-Ga, 05 substrates can be grown by melt-based methods,
offering advantages in substrate quality, scalability, and pro-
ductivity.'®) Therefore, 3-Ga,O; is attractive as a native-
substrate platform for integrated MEMS devices.

Despite these promising material and device features, {3-
Ga,03 MEMS technology is still in an early stage of devel-
opment. Several (3-Ga,0sz-based MEMS devices have been

demonstrated, including nanomechanical resonators,'”>!%:2%)

resonant ultraviolet sensors,”'*>?) resonant gas sensors,”? res-
onant pressure sensors,”*) vibrating channel transistors,>> and
thermal actuators.”® Most of these devices, however, have
relied on the transfer of (3-Ga,0O; flakes onto foreign sub-
strates.!7>19722:24-20) Qych transfer-based processes are useful
for proof-of-concept demonstrations but are not ideal for
reproducible and scalable MEMS fabrication.

Recently, crystallographic gas and wet etching have
enabled the direct fabrication of (3-Ga,Os/air-gap structures,
such as cantilevers and doubly clamped beams, on bulk
B-Ga, O3 substrates without using transfer processes.”’~>%)
In particular, the crystallographic gas-etching process and
the resulting suspended structures used in the present study
were established in our previous work.>”-*®) However, their
resonance characteristics have not yet been experimentally
evaluated.

In this study, we report the first resonance characterization
of monolithic doubly clamped beams directly fabricated on a
(001) 3-Ga, O3 substrate by crystallographic gas etching. We
evaluate their fundamental-mode resonance behavior, quality
factors, beam-length dependence of resonant frequency, and
effective Young’s modulus.

[3-Ga, 03 doubly clamped beams with different lengths
along the [100] direction were fabricated on a (001) 3-Gay0O;
substrate (Novel Crystal Technology). The detailed fabrica-
tion sequence including laterally enhanced HCI gas etching
was described in our previous study.”® First, mesas were
formed by laser lithography followed by inductively cou-
pled plasma reactive-ion etching (ICP-RIE) using BCl; and
Ar gases. The etching depth was 1.75 um. After complete
removal of the residual photoresist by organic-solvent clean-
ing, oxygen plasma ashing, and HNOj; cleaning, a 142 nm-
thick SiO, masking layer was deposited by plasma-enhanced
chemical vapor deposition. The SiO, layer was then patterned
by laser lithography followed by capacitively coupled plasma
RIE using CHF; and N, gases so that the SiO, mask covered
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only the top and sidewall surfaces of the mesa structures.
After complete removal of the residual photoresist by organic-
solvent cleaning and oxygen plasma ashing, HCI gas etching
was performed at 647 °C under an HCI partial pressure of
250Pa for 11 min. Finally, the SiO, mask was removed by
buffered hydrofluoric acid etching.

The structural features of the fabricated doubly
clamped beams were characterized using scanning elec-
tron microscopy (SEM) and a focused-ion-beam—SEM
(FIB-SEM) hybrid system, as shown in Fig. 1. Beams
with the same width of 5.7 um and eight different lengths
(L =275, 375, 475, 57.5, 61.5, 77.5, 817.5, and 97.5 pm)
were prepared [Fig. 1(a)]. The beam sidewalls exhibited
striations caused by ICP-RIE [Fig. 1(b)], which could poten-
tially be reduced by optimizing the RIE conditions. The beam
thickness (¢) was determined to be 0.95 + 0.05 um from an
FIB-SEM cross-sectional observation at one representative
location [Figs. 1(c) and 1(d)]. The uncertainty mainly reflects
the rough underside of the beam, which may be characteristic
of HCI gas etching of the (001) plane. Although the use of a
(100)-oriented substrate could provide a smoother HCI-gas-
etched surface,””) we chose (001)-oriented substrates because
they are more suitable for practical device fabrication in
terms of scalable substrate availability and compatibility with
epitaxial growth and device processing.

The resonance characteristics were measured using a
custom-built optical vibration measurement setup. The (3-
Ga, 03 substrate on which the doubly clamped beams were
fabricated was cut into a rectangular chip (5.0 x 15.0 x
0.65mm) and attached to a piezoelectric actuator (10.0 x
10.0 x 3.0 mm; PA4HKW, Thorlabs) with vacuum grease for
mechanical excitation. The piezoelectric element of the actu-
ator was made of lead zirconate titanate (PZT) and had a
nominal resonant frequency of 160 kHz. The mounted sam-
ple was then placed in a vacuum chamber equipped with
optical windows, and the chamber was evacuated using a tur-
bomolecular pump backed by a diaphragm pump. The vacuum
pressure was measured to be 2.6 x 1072 Pa. This pressure
range is expected to be sufficiently low for characterizing
MEMS resonators while suppressing air damping.*’-3!) The
out-of-plane motion of the beams was measured using a laser
Doppler vibrometer with a 632.8 nm He—Ne laser focused
to a spot diameter of approximately 2 um, which was suffi-
ciently smaller than the beam width. Resonance spectra were
obtained by sweeping the driving frequency (f) applied to the
piezoelectric actuator and recording the vibration amplitude
(A) of the beams.

The fabricated beams exhibited clear resonance behavior.
Fundamental-mode resonances were observed for beams with
L = 47.5, 575, 67.5, 77.5, 87.5, and 97.5 um. In contrast,
the resonances of the shortest and second-shortest beams with
L = 27.5 and 37.5 um could not be measured, presumably
due to insufficient excitation by the piezoelectric actuator
at their expected resonance frequencies (fp) of 6.55 and
3.52 MHz, respectively, estimated using the Euler—Bernoulli
beam theory. Nevertheless, the obtained resonance curves
of the longer beams were sufficiently clear for extracting
the fo and quality factor (Q), as shown in Fig. 2. These
parameters were extracted by fitting the resonance spectra
using the frequency-response function of a damped harmonic
oscillator:*?)
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Fig. 1. Summary of scanning electron microscopy observations. (a)
Surface-view image of 3-Ga,;O3 doubly clamped beams fabricated on a
(001)-oriented 3-Ga, O3 substrate. (b) Magnified image of the shortest
beam. (c) Cross-sectional image of the beam with a
focused-ion-beam-exposed cross section parallel to the (010) plane. (d)
Magnified image of (c). All images were obtained at a tilt angle of 54°.

A(f) = +Abga

where B and Ap, are a frequency-independent amplitude scal-
ing coefficient and a background offset, respectively. The
obtained Q values were relatively high, on the order of 10,
for all the measured beams. The Q values tended to decrease
with increasing fo. A Zener thermoelastic-damping analy-
sis reproduced this qualitative trend as shown in Fig. S1 in
the online supplementary data at https://stacks.iop.org/APEX/
19/116501/mmedia/, although the calculated quality factor
limited by thermoelastic damping values were several times
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Typical resonance spectra of doubly clamped beams with different beam lengths: (a) 97.5 um, (b) 87.5 um, (c) 77.5 pm, (d) 67.5 pm, (e) 57.5 um,

and (f) 47.5 um. Red solid and blue dashed lines indicate measured and fitted data, respectively. fo and Q indicate resonant frequency and quality factor,

respectively.

higher than the measured Q values. This indicates that ther-
moelastic damping alone cannot account for the observed
dissipation. Further improvement in Q may require suppres-
sion of additional loss mechanisms, such as surface-related
losses and defect-related losses. Therefore, the foQ prod-
uct was used as a figure of merit for fair comparison. The
measured fo, O, and fpQ values for all measured resonators
are summarized in Table SI of the supplementary material.
Table I summarizes the fo, O, and f,Q values of previously
demonstrated (3-Ga,O3-based MEMS resonators, including
the doubly clamped beams demonstrated in this work. Our
beams exhibited foQ values exceeding the highest reported
values for transferred-flake-based doubly clamped beams and
comparable to the highest reported values for transferred-
flake-based circular drumhead resonators, highlighting the
potential advantage of our crystallographic-etching-based
fabrication technique.

116501-3

We further analyzed the L dependence of f, to deter-
mine the Young’s modulus (E) along the beam direction. The
fundamental-mode f, of a doubly clamped beam without axial
stress can be expressed using Euler—Bernoulli beam theory

as??)
B3t E
fo (Lett) = -
¢ 2 L2\ 12p

where Lgs = L + AL is the effective beam length,
B1 = 4.730 is the eigenvalue for the fundamental mode of
a doubly clamped beam, and p = 5.96 g cm~? is the density
of 3-Ga,0;. Here, AL was used as a constant fitting param-
eter common to all beams, representing the correction to L.
This correction accounts for possible deviations of the effec-
tive vibrating length from the measured L values, which may

© 2026 The Author(s). Published on behalf of
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Table I.
respectively.

Specifications and figures of merit of demonstrated (3-Gay O3-based MEMS resonators. f(j and Q denote resonant frequency and quality factor,

Resonator structure

Fabrication method

fo (MHz)

0 (x10%)

foQ (x10'°Hz)

References

Circular drumhead

Transfer of flakes grown by low-pressure
chemical vapor deposition

10.0-74.9
30.2
29.6-47.7

0.98-8.26
153
2.44-6.26

0.147-4.24
0.462
0.806-2.52

Zheng et al.'?)
Zheng et al.2!)

Zheng et al.>")

Doubly clamped beam

Transfer of exfoliated flakes from a bulk crystal

14.3
26.3
7.32-27.0
27.1
4.92-8.05

11.7
0.82
5.03-10.3
1.08
1.40-11.3

1.68
0.215
0.756-1.43
0.293
0.0688-0.908

Zheng et al.??)

Zheng et al 2>
Zheng et al.2")
Zheng et al.'”)
Sui et al.>®)

Doubly clamped beam

Gas etching of a bulk crystal substrate

0.503-2.61

117-493

2.11-4.48

This work

3000 " .
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Fig. 3. Resonant frequency as a function of the inverse square of effective
beam length. A fitted line is also shown.

arise from nonideal anchor geometry, slight elastic deforma-
tion of the clamping regions, and uncertainty in determining
the beam edges from SEM images.

Based on this equation, the measured fo—L relationship was
fitted using

C

Jo (L) = m,

where C and AL are fitting parameters. The fitting yielded
AL = — 3.60 um, from which L.g was calculated. The result-
ing f O—L;ff2 plot exhibited excellent linearity, with R*> = 0.991,
as shown in Fig. 3. Because this linearity alone does not
exclude a small residual axial stress, we additionally analyzed
the fo—L relationship using a model including both bending
and axial stress. The analysis indicated only a small residual
tensile stress, with a conservative upper estimate of approx-
imately 17 MPa within the measured thickness range (see
supplementary material). Therefore, the simpler bending-only
model with AL was retained for the following effective-
modulus analysis.

The effective Young’s modulus was then extracted from the
fitted coefficient C using

2
2n C

E- 1zp(> ,
Bt

116501-4

yielding a value of 143.2 (416.4/—14.0) GPa within the
Euler—Bernoulli beam approximation. The uncertainty orig-
inates from the measured beam thickness, . Because the
present beams have w/t =6, a finite-width plane-strain effect
may influence the extracted modulus. For an isotropic mate-
rial, the corresponding correction factor is 1/(1 — %), which
corresponds to an increase of approximately 4%-10% for
representative Poisson’s ratios of 0.2—0.3. This magnitude is
comparable to the difference between the extracted value and
the reference Young’s modulus of approximately 153 GPa
along the [100] direction, derived from the reported elastic
constants of 3-Ga,03.%3-3% Details of this calculation are
provided in the supplementary material. However, because
[3-Ga, 03 is strongly elastically anisotropic, an accurate finite-
width correction would require an anisotropic elastic analysis
and cannot be obtained using a simple isotropic plate correc-
tion. Therefore, the extracted value should be regarded as an
effective modulus within the present beam approximation.

For future monolithically integrated 3-Ga,O3; MEMS res-
onators, an integrated transduction scheme will be required
because centrosymmetric [3-Ga,Os does not exhibit intrin-
sic piezoelectricity. Possible approaches include electrostatic
transduction using patterned electrodes and capacitive air
gaps or piezoelectric transduction using a deposited piezo-
electric thin film. 3-Gay0O3 is an oxide with a high melting
point of 2066 K,*>) suggesting good thermal robustness for
high-temperature processing required for the deposition and
crystallization of various piezoelectric thin films, including
PZT films. In addition, the crystallographic gas etching used
in this study was performed at 647 °C for only 11 min, provid-
ing flexibility in the process sequence. Thus, electrodes and
piezoelectric layers could potentially be formed either before
or after the gas-etching step, depending on their thermal and
chemical stability. These features provide several possible
routes toward integrated transduction, although the compat-
ibility of specific transducer materials and device structures
with the present etching process remains to be experimentally
established.

In summary, this study demonstrated the resonance char-
acteristics of monolithic (3-Ga;03-based MEMS resonators
fabricated directly on a native substrate. The fabricated dou-
bly clamped beams showed clear fundamental-mode reso-
nance with Q values on the order of 10*, confirming the
mechanical functionality of the previously developed sus-
pended structures. The beam-length-dependent resonance

© 2026 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd
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analysis yielded an effective Young’s modulus within the
Euler—Bernoulli beam approximation. These findings provide
an important basis for developing reproducible, monolithic
3-Ga,O3; MEMS that can be integrated with other 3-Ga,O3-

based devices on the same material platform.
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