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We report on the non-destructive measurement of Young’s modulus of single crystal beta
gallium oxide (B-Ga203) out of its nanoscale mechanical structures by measuring their
fundamental mode resonance frequencies. From the measurements, we extract a Young’s
modulus in (100) plane, Ey,100) = 261.4 GPa, for p-Ga:03 nanoflakes synthesized by low-
pressure chemical vapor deposition (LPCVD), and a Young’s modulus in [010] direction,
Ey jo10] = 245.8 GPa, for f-Ga203 nanobelts mechanically cleaved from bulk B-Ga203 crystal
grown by edge-defined film-fed growth (EFG) method. The Young’s moduli extracted
directly on nanomechanical resonant device platforms are comparable to theoretical values
from first-principle calculations and experimentally extracted values from bulk crystal. This
study yields important quantitative nanomechanical properties of p-Ga:03 crystals, and

helps pave the way for further engineering of p-Ga:03 M/NEMS transducers.
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| Introduction

Beta phase gallium oxide (B-Ga203) is the most stable polymorph of gallium oxide at ambient
conditions. In addition, the monoclinic crystal structure of -Ga,Os is the only crystal structure
that can be grown from the melt, contributing to strong potential in cost-effective mass production
of high quality, high volume -Ga>Os3 single crystal for wafer scale device fabrication. Intriguingly,
B-Ga,0s3, as a semiconductor with an ultra-wide bandgap (UWBG, E; ~ 4.8eV), 1? also possesses
outstanding properties in electronic, photonic and mechanical domains. Thanks to its UWBG, B-
Ga203 can hold very high electrical field before breaking down (up to Exr = 8 MV/cm
theoretically).>* The high breakdown field enables the material for power and radio frequency
(RF) electronic applications.>** The bandgap at E; = 4.8 eV also introduce a photon absorption
edge at the cutting off wavelength of solar-blind ultraviolet (SBUV) light, making the material
attractive for artificial light detection in UV regime.®’ Further, p-Ga;O;3 has excellent Young’s
modulus (Ey = 230-280 GPa),®:?:19-11-12 fayorable for micro/nanoelectromechanical systems
(M/NEMS) applications. On one hand, -Ga,O3; M/NEMS can supplement the rapidly emerging
B-Ga>Os power and RF electronics.'*!'* On the other hand, the B-Ga>xOs M/NEMS transducers are
complimentary to p-Ga>O3 optoelectronics for SBUV detection.!>!® However, the development
of B-Ga203 M/NEMS is still burdened by the limited understanding in mechanical properties of -
Gax0s3 crystal. The Young’s modulus of B-Ga;Os crystal has only been studied in a handful of
investigations experimentally or theoretically.®*!%!112 Determination of Young’s modulus of B-
Ga,0s3 in micro- and nano-scale structures along with its dependency to the anisotropic crystal

structure is desired for accelerating the development of B-Ga>,O3; M/NEMS.

In this paper, we demonstrate non-destructive Young’s modulus extraction for B-Ga,Os3 crystal

by measuring resonance frequencies from two different types of B-Ga>Os nanomechanical
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structures produced by different growth methods. The first type of device takes the form of
nanodisks clamped at circular perimeter. The devices are fabricated using -Ga0O3 nanoflakes
grown by low-pressure chemical vapor deposition (LPCVD). The second type of device uses a
doubly-clamped beam structure. The beam is constructed by mechanically cleaved B-Ga>O3
nanobelts from bulk crystal synthesized by edge-defined film-fed growth (EFG) method. The
devices are carefully selected to ensure the dominance of flexural rigidity on the resonance
frequency. We use ultrasensitive optical interferometry techniques to measure the resonance
frequencies of the micro-/nano-mechanical structures.!! Young’s moduli from eight devices are

extracted and compared to the values from the literature.

II.  Anisotropic Crystal Structure of f-GazOs

Figure 1 illustrates the crystal structure of B-Ga>O3 which belongs to monoclinic crystal system,
with C2/m space group. Axes a, b, and ¢ defines the unit cell of -Ga>O3 crystal. Axes a and b
are perpendicular to each other, while axis ¢ has a f = 103.7° angle to axis a. The unit cell of p-
Ga,Os is anisotropic, where a = 12.2 A, b=5.8 A, and ¢ = 3.0 A. To simplify the representation
of directions in the crystal, we define an orthogonal coordinate system with respect to the unit cell
of B-Ga;03. The x and y axes coincide with a ([100] direction) and b ([010] direction) axes of -
GaxO;s crystal, respectively. Therefore, we have z axis perpendicular to x and y axes, which is 13.7°

off from c¢ axis as shown in Fig. 1.



a=12.2A c=5.8A
b =3.0A B =104

c / “103.7

Figure 1. Schematic of monoclinic structure of f-Ga,0Os crystal with coordinative illustration of

b A

the relations between x, y, z directions and crystal orientations of $-GaO:s.

II. Young’s Modulus of B-Ga;0O3 Disks Grown by LPCVD

The first series (Series A) of B-Ga;O; resonators are fabricated using B-Ga2O3 nanoflakes
synthesized by low-pressure chemical vapor deposition (LPCVD) method on a 3C-SiC-on-Si
substrate.!” The devices in Series A are selected from the devices used in Ref. 11. Using high
purity Ga pellets and O» (Ar as carrier gas) as source materials, f-GaO3 is grown on a 3C-SiC
epi-layer on Si substrate at a growth temperature of 950 °C for 1.5 hours. The as-grown B-Ga>O3
is in the form of nanoflakes. We use thermal release tape to pick up the -Ga,O3z nanoflakes and
apply the nanoflakes to a 290nm-Si0»-on-Si substrate with predefined microtrenches. Then, the
structure is heated up to 90 °C. By gently removing the thermal release tape, the p-GaxO3
nanoflakes are deposited on the substrate. The deposited B-Ga>O3 nanoflakes along with the pre-
defined circular microtrenches form suspended nanostructures in the form of nanodisks clamped

at the peripheral of the circular microtrenches.

We conduct electron backscatter diffraction (EBSD) measurement on multiple deposited 3-

Ga,0s3 nanoflakes (Fig. 2a). The EBSD pole figures (Fig. 2b) suggest that the major surfaces of
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the B-Ga,03 nanoflakes are in parallel with the (100) plane of the crystal (perpendicular to the x

direction in Fig. 1), while y (or [010]) and z directions are in parallel with the substrate plane.
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Figure 2. EBSD results of B-Ga,0Os flakes. (a) An SEM image of f-Ga,Os nanoflakes on substrate with
circular microtrenches. (b) EBSD pole figure for (100), (010), and (001) planes of the B-Ga,Os flakes in
(a). CPO: crystallographic preferred orientation.

Figure 3a shows a typical B-Ga>O; disk (Device A1) suspended over a circular microtrench
with a diameter of d = 5.24 um. EBSD measurement suggests that the B-Ga>Os3 flake has its x axis
pointing into the substrate (Fig. 3b), while the y and z directions are along the edges of the -Ga,0s
flake. Using atomic force microscopy (AFM), we determine the thickness of the device as 4 =61
nm (Fig. 3c). By measuring the thermomechanical noise resonance frequency of Device A1, we
resolve a fundamental mode resonance at a frequency of fo = 39.6 MHz with a quality (Q) factor

of O =626. When the resonance frequency of such disk device is dominated by the flexural rigidity



of the suspended structure, i.e., the device is in the ‘disk’ regime, the averaged Young’s modulus

in device plane can be revealed from measured fundamental-mode resonance frequency f by'!!8
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where p = 5950 kg/m? is the mass density of B-Ga20s, v = 0.2 is Poisson’s ratio, and kaor = 3.196
is the eigenvalue for the fundamental mode of a disk resonator clamped at the circular perimeter.
Using Eq. (1) and the measured fundamental mode resonance frequency of Device Al, we extract

a Young’s modulus, Ey = 292 GPa.

To further validate the extracted Young’s modulus, we measure more -Ga>Os disk resonators.
Figures 3e & 3f shows thermomechanical noise spectra of two B-Ga,0Os3 disk resonators, Device
A2 and Device A3, respectively. We measure altogether five B-GaxOs disk resonators with
thickness in 39 to 73 nm range, diameters among 3.20-5.24 um, and fundamental mode resonance
frequencies ranging from 39.6 MHz to 74.9 MHz. Thus, we extract an averaged Young’s modulus
of Ev,00) = 261.4 GPa in (100) plane of B-GaxO; disk grown by LPCVD method. Table I
summarizes the sizes, resonance frequencies and extracted Young’s modulus of all Series A
devices. Since fundamental mode resonance frequency of f-Ga,Os disk scales linearly with the
aspect ratio h/d* of the disk, we can plot the scaling using Ey = 261.4 GPa (Fig. 3g). All the
measured data points are close to the scaling curve, indicating great precision in extracted Young’s

modulus.
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Figure 3. Young’s modulus extraction from -Ga,Os; disk resonators. (a) An SEM image of f-Ga»O; disk

resonator (Device Al). Coordinate labels indicate x, y, and z directions acquired from EBSD measurement.

(b) EBSD pole figure for (100) plane of Device Al. (c) AFM trace corresponding to the orange line in (a).

(d) Fundamental mode resonance spectrum of Device Al. (e) & (f) Fundamental mode resonance spectra

of Devices A2 and A3, respectively. Insets: device images. (g) Frequency scaling with respect to aspect

ratio A/d* using the extracted Young’s modulus (Ey = 261.4 GPa) for LPCVD B-Ga,Os crystal.

TABLE L. Extracted Young’s Moduli from B-Ga,O3 Disk Resonators

Device Diameter  Thickness Resonance Frequency fo Young’s Modulus
Number  d (um) h (nm) (MHz) Ey (GPa)

Al 5.24 61 39.6 292

A2 3.20 39 47.7 259

A3 5.18 73 33.0 244

A4 3.20 60 74.9 270

A5 3.32 45 494 242

Average 261.4




IV. Young’s Modulus of f-Ga;03 Doubly-Clamped Beams Synthesized by

EFG

We use the B-Ga2O3 nanobelts that are mechanically cleaved from bulk B-Ga>Os crystal grown by
edge-defined film-fed growth (EFG) method for fabrication of second series (Series B) of f-Ga>03
devices.!® During the fabrication, we first introduce bulk p-Ga,Os crystal onto a piece of tape.
After exfoliating the B-Ga,0s for multiple iterations using the tape similar to exfoliation of two-
dimensional (2D) materials, 2° we apply the exfoliated p-Ga>O; flakes onto a polydimethylsiloxane
(PDMS) stamp for transfer. Through observation under optical microscope, the exfoliated -
GaxO; flakes are in the form of nanobelts. Based on the bonding strength of different planes of
monoclinic B-Ga;0s crystal, the large surface of the $-Ga>O3 nanobelt is in parallel with the (100)
plane of B-GaxOs crystal and the [010] direction (y axis) is going along with the long sides of the
nanobelt. After identifying the B-Ga2O3 nanobelt with desired size and thickness, we transfer the
nanobelt on PDMS to a 290 nm-SiO2-on-Si substrate with pre-defined rectangular microtrenches
using the dry transfer technique.? The B-Ga>O3 nanobelt suspended over the microtrench forms
a doubly-clamped beam structure. Figure 4a shows a typical f-Ga,O3 doubly-clamped beam
resonator (Device B1). The device is 460 nm thick, suspended over a 20.6 um long microtrench.
The x, y, and z directions of B-GaxOs crystal are labeled in Fig. 4a based on the orientation of the
B-Ga20; nanobelt. We fabricate and measure three f-Ga;0Os; doubly-clamped beams. Device
images of Devices B2 and B3 are shown in Figs. 4c & 4e, respectively. Figures 4b, 4d & 4f show
the photothermally driven resonance spectrum of the fundamental mode resonance of Devices B1,
B2, and B3, respectively. Similar to the B-Ga>O3 disk resonators, Young’s modulus of the doubly-
clamped beam can be extracted from measured resonance frequency when the resonance motion
of the device is dominated by the flexural rigidity of the structure. Therefore, we have?!
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where L is the length of the doubly-clamped beam and koL = 4.73 is the eigenvalue for the
fundamental mode of a doubly-clamped beam. In this case, we can extract Young’s modulus along
the [010] direction (y axis) of P-GaxOs crystal. Table II summarizes the sizes, resonance
frequencies and extracted Young’s modulus of all Series B devices. We have an averaged Young’s
modulus of Ey =245.8 GPa along [010] direction (y axis). Similar to f-Ga,Os3 disk resonators, the
fundamental mode resonance frequency of f-Ga>Os doubly-clamped beams scales linearly with

the aspect ratio #/L>. Thus we can also confirm the precision of Young’s modulus extraction with

the scaling curve in Fig. 4g.
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Figure 4. Young’s modulus extraction from p-Ga,Os; doubly-clamped beam resonators. (a), (c) & (e)
Optical image of B-Ga;O; doubly-clamped beam resonators, Devices B1, B2, and B3, respectively.
Coordinate labels indicate x, y, and z directions based on the orientation of the B-Ga,Os nanobelt. Lengths
of Devices B2 and B3 are determined by the distances between the electrodes. (b), (d) & (f) Fundamental
mode resonance spectra of Devices B1, B2, and B3, respectively. (g) Frequency scaling with respect to

aspect ratio #/L? using the extracted Young’s modulus (Ey = 245.8 GPa) for EFG B-Ga,Os crystal.
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TABLE II. Extracted Young’s Moduli from B-Ga,Os Doubly-Clamped Beam Resonators

Device Length  Thickness Resonance Frequency fo Young’s Modulus

Number L (pm) 4 (nm) (MHz) Ey (GPa)
Bl 20.6 460 7.315 256.4
B2 10.2 320 20.09 240.3
B3 10.2 430 27.02 240.7
Average 245.8

V. Discussions

Utilizing the measured fundamental mode resonance frequencies, we have extracted the Young’s
modulus in (100) plane for LPCVD grown -Ga>Os3 nanoflakes, and in [010] direction (y axis) for
exfoliated nanobelts from bulk crystal synthesized by EFG method. Though the monoclinic crystal
structure of B-Ga>O3 gives rise to possibly anisotropic Young’s modulus, our results and evidence
from previous works suggest that the chance of strong in-plane Young’s modulus anisotropy in
(100) plane of B-GayOs3 crystal, the suspended plane of both types of devices, is low. Multiple
measured Young’s modulus values of B-Ga>Os in different directions, e.g., Ey =232 GPa for (100)
plane of bulk B-Ga»03,'° Ey = 280GPa for nanowire,® and our Ey = 261.4 GPa for (100) plane and
Evy = 245.8 for [010] direction (y axis), are all close to each other, indicating that in certain
directions the Young’s modulus of B-Ga>Os is similar. Using the theoretically calculated elasticity
tensor matrix of B-Ga>O3 in Refs. 9 and 12, we can calculate the Young’s modulus in y and z
directions, Ev, = 329 GPa, Ey. = 298 GPa, and Evy, = 263 GPa, Ey. = 228 GPa, for Ref. 9 and
Ref. 12, respectively. The derived results from elasticity tensor matrix indicate insignificant

anisotropy of Young’s modulus in the lateral directions (y and z) of B-Ga>Os flakes. Thus our
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measured Young’s modulus Ey = 261.4 GPa from LPCVD B-Ga>Os nanoflakes is accurate as the

average Young’s modulus for (100) (y-z) plane of the B-Ga>Os.

VI. Conclusions

In conclusion, we have demonstrated the extraction of Young’s modulus in (100) plane, Ev 100) =
261.4 GPa, for LPCVD grown B-Ga;O3 nanoflakes and Young’s modulus in [010] direction,
Ev 0100 =245.8 GPa, of f-Ga>0s3 nanobelts exfoliated from EFG synthesized bulk f-Ga>Os crystal,
using the measured fundamental mode resonance frequencies of B-Ga;O3 micro-/nano-mechanical
structures. These extracted Young’s moduli are comparable to those obtained from bulk crystal
experimentally or from theoretical calculations, indicating no clear size effect on Young’s modulus
for B-Ga20; down to 10s of nm scale. This work provides essential information regarding
mechanical properties in nanoscale f-Ga>Os3 crystal for future design and development of f-Ga203

M/NEMS devices for power, RF and optical sensing applications.

Data Availability Statement: Data available in article.
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