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ABSTRACT: Beta gallium oxide (f-Ga,0;) is an emerging
ultrawide band gap (4.5 €V—4.9 eV) semiconductor with
attractive properties for future power electronics, optoelec-
tronics, and sensors for detecting gases and ultraviolet radia-
tion. #-Ga,Oj; thin films made by various methods are being
actively studied toward such devices. Here, we report on the
experimental demonstration of single-crystal $-Ga,O; nano-
mechanical resonators using f-Ga,O; nanoflakes grown via
low-pressure chemical vapor deposition (LPCVD). By investi-
gating f-Ga,O; circular drumhead structures, we demonstrate
multimode nanoresonators up to the sixth mode in high and
very high frequency (HF/VHF) bands, and also realize spatial
mapping and visualization of the multimode motion. These

Laser

measurements reveal a Young’s modulus of Ey = 261 GPa and anisotropic biaxial built-in tension of 37.5 MPa and 107.5 MPa.
We find that thermal annealing can considerably improve the resonance characteristics, including ~40% upshift in frequency and
~90% enhancement in quality (Q) factor. This study lays a foundation for future exploration and development of mechanically
coupled and tunable $-Ga,0; electronic, optoelectronic, and physical sensing devices.
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spatial mapping, mode shape

Wide band gap (WBG) semiconductors, such as gallium
nitride (GaN) and silicon carbide (SiC), have been
widely employed in power electronics and high-temperature
and harsh-environment electronics and transducers, as well
as in ultraviolet (UV) photonics,' ™ thanks to their advanced
material properties such as high critical field strength (&, .
33 MV em™, S qnsic & 2.5 MV cm™) and UV photon
absorption (band gap Eggn ® 34 eV, Eggc ~ 2.3-3.3 eV).
These WBG crystals also possess outstanding mechani-
cal properties such as very high Young’s modulus (Eyg, ~
300 GPa, Eygc & 400 GPa), exceptional thermal properties
(e.g, thermal conductivity kgy = 130 W m™ K™ and kgc =
360—490 W m™ K™, at ~300 K), outstanding thermal tolerance
(maintaining mechanical properties up to 1300 °C), and chemical
stability.” These characteristics, combined with readily available
microfabrication techniques, make these WBG crystals technolog-
ically critical materials for advanced micro/nanoelectromechanical
systems (M/NEMS) beyond the conventional counterparts based
upon silicon (Si). By exploiting these advantageous properties,
great progress has been made in SiC and GaN M/NEMS,"’
for sensing and detection of physical quantities, and in low-power
signal processing at radio frequencies, especially for high-
temperature and harsh-environment scenarios.
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As an emerging ultrawide band gap (UWBG) semiconductor,
P-Ga,0; has recently attracted increasing interest because of
its UWBG (Eg,ﬁ-Ga203 ~ 4.5-49 eV) that is significantly
wider than those of GaN and SiC."”"" It offers very high critical
field strength (Sy 56005 = 8 MV cm™ predicted, and
Epcnos = 3.8 MV cm™ measured) and electron mobility
up to g, = 300 cm* V's™! at room temperature.lz_16 These
make f-Ga,0; a ;)romising contender for future generation
power devices."”'”'® Beyond electrical properties, f-Ga,O;
also exhibits excellent mechanical strength (Young’s modulus
EypGaos = 232 GPa) along with extraordinary chemical and
thermal (melting point at 1820 °C) stability.'”** The excellent
ensemble of attributes in f-Ga,O; makes it suitable for new
UWBG M/NEMS beyond SiC and GaN M/NEMS. Further,
p-Ga,0; is sensitive to solar-blind UV light’"** and offers
reversible response to oxidation and reduction gases,”” enabling
UV light and gas-sensing applications. Importantly, in contrast
to other demonstrated WBG M/NEMS materials including
SiC, diamond, and GaN, bulk $-Ga,O; crystals can be made
by homoepitaxy (thus preventing threading dislocations) and
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Figure 1. Schematic representation of experimental demonstration of f-Ga,0O; nanomechanical resonators. (a) f-Ga,O; crystal structure.
(b) Scanning electron microscopy (SEM) image of an as-grown f-Ga,0; nanoflake extruding from a f-Ga,0; nanorod grown on the 3C-SiC
substrate. (c) Ilustration of all-dry transfer of #-Ga,O; nanoflakes by using thermal release tape as a stamp to create suspended f-Ga,O; devices on
predefined microtrenches and arrays. (d) Illustration of fabricated f-Ga,O; resonators under study by using the scanning laser interferometry motion

detection and spatial mapping system.

other more cost-effective melting growth methods, such as
Czochralski (CZ),”*** floating zone (FZ),”°"*" and edge-
defined film-fed growth (EFG)” techniques. The variety of
synthesis methods has already led to realization of various
P-Ga,0; nanostructures, including nanowires,”® nanobelts,*'
nanorods,”” and nanosheets.”” Given these exciting and prom-
ising properties, in parallel to currently active pursuit of
electronic devices, it is intriguing to explore -Ga,0; as a new
structural material for M/NEMS; it is important to gain
knowledge and understanding of its mechanical properties
down to the nanoscale. Toward these objectives, here we per-
form the first experiments on studying and exploiting
mechanical properties of -Ga,O; nanoflakes by realizing the
first robust f-Ga,0; nanomechanical devices, from material
synthesis to device fabrication and characterization. Employing
all-dry-transfer techniques, we fabricate suspended p-Ga,0;
diaphragms based on S-Ga,0; nanoflakes® synthesized by
low-pressure chemical vapor deposition (LPCVD).***® Using
an ultrasensitive laser optical interferometry measurement sys-
tem, we detect the undriven thermomechanical motion of these
nanoresonators, from which we examine thermal annealing
effects and resolve the elastic properties of the S-Ga,0O;
nanoflakes. Further, we analyze the frequency scaling laws of
multimode f-Ga,0; nanoresonators and discover the aniso-
tropic stress distribution in the f-Ga,O; diaphragms by com-
paring finite element modeling (FEM) results with measured
multimode resonances and their mode shapes.

P-Ga,0; is the most stable polymorph of Ga,O; which has a
monoclinic crystalline structure (Figure 1a).”” The construction
of f-Ga,0; suspended nanomechanical resonators starts with
the synthesis of $-Ga,O; nanoflakes. Using an LPCVD method,”*
we grow f-Ga,0; nanostructures on a 3C-SiC epilayer on Si
substrate at a growth temperature of 950 °C for 1.5 h, using high-
purity Ga pellets and O, (Ar as carrier gas) as source materials
(Figure S1 in Supporting Information (SI)). The as-grown
nanoflakes have widths of ~2—30 pm and thicknesses of ~20—
140 nm (Figure 1b). We use an all-dry-transfer method to
fabricate the suspended f-Ga,O; diaphragms (Figure Ic,
Figure S2 in SI). The as-grown nanoflakes are picked up by
thermal release tape which is then stamped onto a substrate
with arrays of predefined microtrenches that are ~290 nm deep
(Figure 1c). By heating the structure to 90 °C and by gently

lifting the thermal release tape, the #-Ga,0; nanoflakes remain
on the substrate, forming circular suspended diaphragms with
diameters of ~3.2 ym and ~S$.2 um (set by the sizes of the
prepatterned circular microtrenches). To examine the crystal
quality of f-Ga,O; after device fabrication, we first measure
Raman spectra of the transferred flakes and find Raman modes
at ~143, ~168, ~199, ~346, ~416, ~476, ~653, and ~768 cm™,
excellently matching the calibrated Raman modes of bulk
P-Ga,03; this verifies the high crystal quality of the suspended
B-Ga,0; diaphragms (Figure S3 in SI).”®

We then conduct optical resonance measurements on the
B-Ga,05 circular drumhead diaphragms: a He—Ne (633 nm)
laser is focused upon the suspended f-Ga,O; device to inter-
ferometrically detect the out-of-plane motion of the diaphragm
(Figure 1d). The laser scanning interferometry detection
system has been engineered to achieve® (1) ultrahigh displace-
ment sensitivity (~4 fm Hz™'2) in reading out flexural
vibrations down to the undriven, Brownian thermomechanical
motion, and (2) submicrometer-scale spatial resolution in its
scanning spectromicroscopy mode, thus capable of spatially
mapping and vividly visualizing the mode shapes of the
multimode resonances.

We carefully investigate the multimode resonances of these
devices by conducting thermal annealing at 250 °C for 1.5 h
and by calibrating resonance characteristics both before and
after annealing. Fundamental mode resonance spectra of a
typical device with diameter d ~ 3.2 um (Figure 2a) before and
after annealing are shown in Figure 2b and Figure 2c, respecti-
vely. Fitting the spectra to a damped simple harmonic resona-
tor model, we find that the thermal annealing has led to a
resonance frequency (f) upshift from 65.50 to 74.90 MHz and
a quality (Q) factor enhancement from 420 to 566. Measured
fundamental mode fs and Qs of 10 devices (Figure 2d—f) show
an average f increase of ~40% and a Q enhancement of ~90%.
The results suggest that thermal annealing (with the same
parameters) may be comparatively more effective for these
P-Ga,0; nanoresonators than for their molybdenum disulfide
(MoS,) or hexagonal boron nitride (h-BN) counterparts
(where similar thermal annealing does not cause as much
measurable enhancement),””"" likely partially because of the
relatively stronger affinity of #-Ga,O; with gaseous adsorbates
in ambient environment. The postannealing measured upshifts

DOI: 10.1021/acsami.7b13930
ACS Appl. Mater. Interfaces 2017, 9, 43090—43097


http://pubs.acs.org/doi/suppl/10.1021/acsami.7b13930/suppl_file/am7b13930_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b13930/suppl_file/am7b13930_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.7b13930/suppl_file/am7b13930_si_001.pdf
http://dx.doi.org/10.1021/acsami.7b13930

ACS Applied Materials & Interfaces

Research Article

f~65.50MHz, Q=~ 420

f~74.90MHz, Q ~ 566

Before Anrllea'liné '

After Anﬁeallin'g '
0.45}-For 1.5hr § In 250°C

0.30k PR B

65.0 65.5 66.0 66.5 74.0 745 75.0 75.5
Frequency (MHz) (C)

Frequency (MHz)

Before/After Annealing: O/@d=32um </®d=52um 250 ]
/\80 T T T LI . T L L L L °\° - 4
Eeo_ 3 - 800 * 1 Z200F ]
= °UF © I 1 € ]
= | 600} 4 ©150f- -
& 401 ° O6 - o ® : 1 Sroof .
S | % ° & | Z4o0r * 2 4 8100 (=
=] 3 © [o) 1 < 50l A 4
32T & b4 G200F © Boy g1 271 ‘ 4T
w 0 | IR U ST T N L1 . 1 . 1 .8I PR T B ﬁ O C 1 1 a

20 30 40 50 60 70 80 20 30 40 50 60 70 80 Af, AQ

(d) Thickness (nm) (e) Thickness (nm) (f) A /Qo

Figure 2. Measurement results of f-Ga,O5 diaphragm nanoresonators before and after thermal annealing. (a) Optical microscopy image of a typical
f-Ga,O; diaphragm nanoresonator with a diameter of d & 3.2 ym and a thickness of t & 60 nm. Inset: Atomic force microscopy (AFM) trace of the
corresponding cross section labeled in the optical image. (b, c) Thermomechanical noise spectra of the device’s fundamental mode, before and after a
250 °C, 1.5 h thermal annealing, respectively. (d) Fundamental mode resonance frequencies (f,) and (e) quality (Q) factors of the f-Ga,O,
diaphragm nanoresonators before and after annealing. Hollow symbols show results before annealing, and solid ones show the results after annealing.
Blue color diamonds represent devices with diameter d ~ 5.2 um and green circles represent d ~ 3.2 ym devices. (f) Measured postannealing

enhancement (in percentage) and dispersion of f, and Q.

in fs and enhanced Qs can be qualitatively explained by the
annealing-enabled cleaning of possible adsorbates and residues

(lowering the mass M in @ = y/k/M) and the alleviation or
elimination of their associated dissipation and energy-loss
processes. Most of the measured resonances show decreased
dissipation rates (f/Q) after annealing (see Table S2), further
confirming the alleviation of dissipation pathways by thermal
annealing.

To quantitatively understand the measured resonances, we
first perform analysis on multimode resonances and frequency
scaling for these circular f-Ga,O; diaphragms. In any given
circular drumhead device, both flexural rigidity (dominated by
thickness and elastic modulus) and built-in tension (stress) can
be important, and thus we have™

D 2 }/'(12
w, = (k a k a —
n (m)\/ [(m)+D] "

p.t.u4
where m denotes the mode number, w,, = 2af,, is the mth
mode angular resonance frequency, (k,a)* is the eigenvalue
which can be numerically calculated (kea = 10.215, kja =
21.260, kya = 34.877, kya = 39.771),* a is the radius of circular
resonator, D is the flexural rigidity D = Eyt*/[12(1 — v?)] with
t being the thickness of the device, v is the Poisson’s ratio, p is
the volume mass density of $-Ga,O;, and y is the surface
pretension evenly distributed in the plane. Equation 1 yields a
“mixed elasticity” model that captures both the “disk” and
“membrane” limits of frequency scaling for such devices as well as
the transition between these two regimes.43 In the disk regime
where resonance frequency is dominated by the flexural rigidity, a
large D makes the yaz/D term in eq 1 negligible. The resonance
frequencies are positively dependent on resonator thickness, @,,
« t. In the membrane regime where the built-in tension
dominates, the term ya?/D > (k,a)* and the term (k,,a)* can be
neglected. The resonance frequencies scale with resonator
thickness as @,,  t /% For circular drumhead resonators in
the disk regime, the built-in tension has negligible effect on
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determining the resonance frequency. Therefore, if the device is
in the disk regime, the Young’s modulus can be revealed from
measured fundamental-mode resonance frequency w, by

_ 12a'p(1 — yl)w 5

YT T w2 o
[(koa) T -t* )
with (kga)* = 10.215 for the fundamental mode. We choose the
applicable devices for Young’s modulus extraction. By fitting and

plotting the measured data to the w, o t relation (straight
dimmed solid lines in Figure 3a), we can compare the measured
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Figure 3. Modeling and elucidating the mixed elastic behavior and
transition from the disk regime to the membrane regime in -Ga,0;
diaphragm nanoresonators. Green circles and blue diamonds represent
devices with diameters of d & 3.2 um and d & 5.2 pm, respectively.
Scattered symbols represent experimental data from optical
interferometry measurements with solid ones representing devices
used for Young’s modulus extraction. Curved lines show calculated
resonance frequency vs device thickness, each with 0.02, 0.2, and 2 N
m™' surface tensions, plotted using eq 1. Dimmed solid lines indicate
the relation for ideal disk resonators. (a) Frequency scaling of -Ga,05
diaphragm nanoresonators with thicknesses in 1—100 nm range.
(b, ¢) Zoomed-in scaling of measured devices’ thickness ranges for
resonators with diameters of d & 3.2 ym and d & 5.2 pm, respectively.
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Figure 4. Comparison of measured multimode resonances before and after thermal annealing of a f-Ga,O; diaphragm nanoresonator (device optical
image shown in the inset of panel (c). Thermomechanical resonance spectra of (a) before and (c) after thermal annealing (250 °C, 1.5 h) with
zoomed-in individual resonance spectra with fitted fs and Qs (panels in (b) and (d), respectively) and spatial mapping and visualization of the

resonance mode shapes (insets of (a) and (c)).

resonance data with the ideal disk curve. We exclude the two
devices deviated from the ideal disk curve (two thinner devices
with diameter of ~5.2 um) along with devices with nonideal
geometry (see Figure SS in SI) for extracting Ey. Using eq 2 and
the measured fundamental mode resonances of the rest devices,
we extract an average Young’s modulus, Ey & 261 GPa, for the f-
Ga,0; nanoflakes.

By applying the measured Young’s modulus to the resonator
model, we complete the frequency scaling of $-Ga,0;
nanomechanical resonators from the membrane regime to the
disk regime (Figure 3). The plots confirm that all the
resonators with ~3.2 ym diameter lie in the disk regime. For
the resonators with ~5.2 um diameter, the thicker two devices
lie in the disk regime while the other two resonators lie in the
transition regime.

To gain comprehensive understanding of the mechanical
properties and resonance performance of the S-Ga,O; dia-
phragms, we further investigate the multimode resonances and
spatial mapping of their mode shapes. Figure 4 displays the
measured results from a resonator with a diameter d & 5.7 ym
and thickness t & 23 nm, which, according to frequency scaling,
lies in the transition regime. We measure up to the sixth undriven
thermomechanical resonance mode, including resonance spectra
and mapping of mode shapes, both before and after annealing.
By vividly discerning and visualizing the multimode shapes, we
can easily compare and match the resonance modes before and
after annealing. Similar to the fundamental-mode resonances,
the higher order modes also exhibit clear upshifts in fs and
enhancement of Qs after annealing. The rich resonance modes
indicate that this device can potentially be used as the platform
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for studying the parametric pumping and modes coupling of
f-Ga, 0, nanomechanical resonators.”**

Importantly, the multimode spatial mapping reveals mechan-
ical properties and features that could be otherwise not visible
or measurable, thus shedding more light on understanding
these circular drumhead resonators. As shown in Figure 3c, the
multimode device measured in Figure 4 (d ~ S.7 um, t ~
23 nm) behaves in the transition regime, where both built-in
tension and flexural rigidity are important in determining its
resonance frequencies. When we apply a uniform built-in
tension and sweep this tension value in FEM simulations,
it yields a uniform stress of 6 = 70 MPa (1.61 N m™" surface
tension) that matches the fundamental-mode resonance fre-
quency, whereas the simulated frequencies of higher order
modes include well-known degenerate mode pairs that have
theoretically identical, nondistinguishable frequencies (ie., see
modes 2 and 3, modes 4 and $ in the bottom row of Figure ).
In clear contrast, measured resonances labeled with vertical
dashed lines in Figure 5 show salient splitting in the degenerate
mode pairs, indicating clear broken symmetry. This suggests
that the built-in tension cannot be uniform but is anisotropic
instead. Such an in-plane anisotropy is also strongly suggested
by the spatially mapped multimode shapes demonstrated in the
top row of Figure S, where the nodal lines in the mapped
shapes of modes 2 and 3 indicate the stiffer and softer axis of
in-plane anisotropy, respectively. To be quantitative, we sweep
the anisotropic, biaxial built-in tension in modeling. We find
that when the biaxial built-in tensions are 105 and 35 MPa
(corresponding to 242 N m™' and 0.81 N m™" of surface
tension, respectively), the simulated resonances are in good
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Figure 6. Resonances of a 42 nm thick -Ga,0; nanomechanical resonator. Zoomed-in measured resonance spectra of (a) first, (b) second, and
(c) third resonance mode, and resonance frequencies and quality factors are labeled. (d) Wide-range (10—100 MHz) spectrum of this device
with the thermomechanical motion maps of each resonance mode shape visualized by laser interferometry scanning spectromicroscopy.
Insets: optical microscopy image of the device with the corresponding static interferometry map. (e) Simulated mode shapes for the device with

anisotropic built-in stress.

agreement with the measured multimode responses, for both
the frequencies and the mode shapes. We further increase the
stress in both directions in simulation to minimize the discrepancy
between the simulated resonance frequencies and measured ones.
A set of slightly increased biaxial stress, oy = 107.5 MPa (yy =
247N m™") and 6y = 37.5 MPa (y, = 0.86 N m™"), generates sim-
ulation results (f; = 18.18 MHz, f, = 28.68 MHz, f = 33.47 MHz,
fis = 4277 MHz, f; = 4530 MHz, f; = 5228 MHz) that
match excellently with the measured resonance frequencies

(f = 18.14 MHg, f, = 28.50 MHz, f, = 33.58 MHz, f, =
42.52 MHz, f; = 44.82 MHg, f; = 53.17 MHz).

In another thicker, transition regime device (t ~ 42 nm,
d ~ 5.2 um) with three measured resonance modes, multimode
resonances with spatial mapping exhibit similar mode-splitting
features that reveal in-plane anisotropy in elastic behavior
(Figure 6). Once again, parametric sweeping modeling yields an
anisotropic built-in tension (S MPa and 90 MPa, corresponding

to 021 N m™" and 3.78 N m™" of surface tension) that excellently
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reproduces the measured mode splitting features. These newly
resolved nonuniform, anisotropic components of built-in tension
in these devices are very reasonable and intuitively understand-
able, as they can be likely introduced during the nanoflake dry-
transfer process where the axis, along which the polymeric tape is
pressed down to make contact to substrate and is then lifted up, is
likely to build a higher stress component than along its per-
pendicular direction.

In conclusion, we have demonstrated a new type of UWBG
nanomechanical resonator based on synthesized single-crystal
P-Ga, 05 nanoflakes. These f-Ga,O; nanoresonators demon-
strate robust multimode resonances in the high frequency (HF)
and very high frequency (VHF) bands ranging from 18 to
75 MHz. From devices operating in the disk regime, the
measured resonances determine a Young’s modulus of Ey =
261 GPa. Multimode spatial mapping discloses new mode
splitting features, which in combination with parametric
modeling, reveal anisotropic built-in tension (at the levels of
0.2—3.8 N m™") in devices that operate in the transition regime.
Not only does this show that nanomechanical resonances with
multimode spatial mapping are a powerful probe for revealing
device properties that are otherwise invisible or unmeasurable,
but also it helps pave the way for future nanomechanical
engineering of #-Ga,0O; crystals toward electromechanical and
opto-electromechanical devices that harness the crystal’s unique
properties, which will greatly supplement the rapidly emerging
P-Ga, 05 electronic devices.

B METHODS

p-Ga,0; Nanoflake LPCVD Synthesis. The construction of
p-Ga,O; drumhead resonators starts with the synthesis of low-
dimensional f$-Ga,0; nanoflakes by using a low-pressure chemical
vapor deposition (LPCVD) method.>* The nanoflakes are synthesized
on a 3C-SiC epilayer on a Si substrate in a conventional tube furnace
with programmable gas and temperature controllers. Over a 1.5 h
period at a growth temperature of 950 °C, using high purity Ga pellets
(Alfa Aesar, 99.99999%) as source material and O, as a gaseous
precursor, the formation of f-Ga,O; proceeds, step by step, from
P-Ga,O; nanocrystals to -Ga,O; nanorods and then to nanoflakes,
without any foreign catalyst (Figure S1 in SI). The as-grown nano-
flakes have widths of ~2—30 ym and thicknesses of ~20—140 nm.

Suspended Diaphragm Fabrication. Large arrays of micro-
trenches are lithographically defined and fabricated on a 290 nm SiO,-
on-Si substrate. The SiO, layer is patterned with circular micro-
trenches using photolithography and then is etched by reactive ion
etching (RIE). The depth of resulting SiO, microtrenches is 290 nm in
this experiment, and the designed nominal values for the microtrench
diameters are 3 and S um (corresponding to actual diameters of
~3.2 ym and ~5.2 ym measured after the fabrication process).

Using the synthesized -Ga,O; nanoflakes, we fabricate suspended
P-Ga,0; nanostructures by employing an all-dry transfer technique
(Figure S2 in SI). With the assistance of thermal release tape, we pick
up the $-Ga,O; nanoflakes from the as-grown samples and thermally
release the flakes onto the prefabricated 290 nm SiO,-on-Si substrate
with predefined circular microtrenches. Using this method, we fabri-
cate f-Ga,O; circular drumhead resonators with thicknesses of ~20 to
~80 nm and diameters of ~3.2 ym and ~5.2 ym.

Atomic Force Microscopy (AFM) and Raman Spectroscopy.
AFM measurements are conducted with an Agilent 5500 AFM using
tapping mode. Raman measurements are performed using a custom-
ized micro-Raman system that is integrated into the scanning laser
interferometric resonance measurement system (Figure 1d). A 532 nm
laser is focused on the transferred $-Ga,O; flake using a 50X micro-
scope objective. The typical laser spot size is ~1 ym. Raman scattered
light from the sample is collected in backscattering geometry and then
is guided to a spectrometer (Horiba iHR550) with a 2400 g mm™
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grating and 2 min integration time. The Raman signal is recorded
using a liquid-nitrogen-cooled charge-coupled device (CCD). The
spectral resolution of our system is ~1 cm™.

Scanning Laser Interferometry and Spectromicroscopy.
Resonances of the circular f-Ga,O; drumhead resonators are
characterized using scanning laser interferometry detection techniques
(Figure 1d). A 633 nm He—Ne laser is focused on the device surface
for detection of the motion-modulated interference between multiple
reflections from the vacuum—flake, flake—cavity, and cavity—Si
interfaces, which is read out by a low-noise photodetector. A spectrum
analyzer is used to measure the signal from the photodetector.
We apply an incident laser power of ~2.8 mW to the devices which are
preserved under moderate vacuum conditions (~20 mTorr) to ensure
reasonable signal-to-noise ratio while avoiding overheating. For a given
resonance mode, performing the scanning spectromicroscopy mea-
surements yields the spatial mapping and visualization of the mode
shape of this resonance. All the interferometry measurements in this
work are done at room temperature.

Displacement Sensitivity. We calculate the resonator thermo-
mechanical noise in the displacement domain using

(o) = (
®)

When the device is on resonance (w = ®,,), the expression simplifies to

1/2
] (4)

where ®,, ks, T, Q,, and M, 4 are angular resonance frequency,
Boltzmann’s constant, temperature, quality factor, and effective mass,
respectively, and m denotes the mth mode of the resonator. Effective mass
can be calculated using

2(x, y)dS
Lzt ») Ny

22
4

'm, max

1/2
4kpTw,, 1

Mm,eff'Qm (wl - wyi)z + (wwm/Qm)z

1/2
Sx,th

4ksTQ

3
Mm,eff'wm

2 = (

m,eff =
a

©)
where z,(x, y) is the mode shape of the mth mode, z,,,,, is the
maximum displacement, and M is the mass of the resonator. We assume
that laser heating is minimal because of the UWBG nature of f-Ga,0;,
and therefore, the temperature of the sample remains at room
temperature (T &~ 300 K). The effective mass of the resonator in the
disk regime is M = 0.1828M. The effective masses of the transition-
regime devices are calculated by incorporating FEM simulated mode
shapes into eq S.

Using this analysis, the displacement spectral density of the resona-
tor can be calculated. Hence, we determine the responsivity of the

1/2 /ql/2
v,th/sx,th

/R for each device. Here, Sﬁ}{ﬁ and

domain thermomechanical noise and the noise level of the measure-
ment system, respectively. For all devices in this work, the respon-
sivities and sensitivities of the interferometry s/ystem range from
12 uV pm~ to 60 uV pm~' and from 4 fm Hz™"/? to 19 fm Hz '/,
respectively.

laser interferometry system R = and system sensitivity

Sl/l

v,sys

Sl/?. = SI/Z

x,Sys v,sys are the Voltage
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