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Due to the recent interest in ultrawide bandgap $-Ga;Os thin films and nanostructures for various electronics and UV device appli-

cations, it is important to understand the mechanical properties of Ga;O3 nanowires (NWs). In this work, we investigated the elastic

modulus of individual f-Ga,O3 NWs using two distinct techniques — in-situ scanning electron microscopy resonance and three-

point bending in atomic force microscopy. The structural and morphological properties of the synthesised NWs were investigated

using X-ray diffraction, transmission and scanning electron microscopies. The resonance tests yielded the mean elastic modulus of

34.5 GPa, while 75.8 GPa mean value was obtained via three-point bending. The measured elastic moduli values indicate the need

for finely controllable B-Ga,O3 NW synthesis methods and detailed post-examination of their mechanical properties before consid-

ering their application in future nanoscale devices.

Introduction

Significant advancements in both material and device technolo-
gies related to monoclinic gallium oxide (f-GayO3) have been
achieved in the current decade [1,2]. Recently, attention has
been directed towards it due to its outstanding properties [3]
such as ultrawide band gap (4.4—4.9 eV) and chemical stability
[4,5]. GayO3 is a promising candidate for visible-blind UV-light
sensors [3], power devices and optoelectronics [6-9], gas

sensors [10], and memory devices [8].

These applications can be scaled down to the nanoscale, includ-
ing flexible nanodevices. Ga;O3 nanowires (NWs) could be
suitable for use on bendable and stretchable substrates in line
with the current trends in electronic technologies focusing on
flexible electronic device development [11,12]. Consequently,
understanding the mechanical properties of f-GayO3 NWs
becomes an important step. For instance, precise determination

of the elastic modulus is essential for designing Ga,O3-based
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nanomechanical resonators or flexible field-effect transistors
[13]. However, a minimal amount of research has been dedi-
cated to exploring and understanding the mechanical properties
of GapO3 NWs [14].

There are several methods available for studying the mechani-
cal properties of NWs, such as nanoindentation [15], three-point
bending tests using an atomic force microscope (AFM) [16],
and in-situ scanning electron microscope (SEM) resonance [17].
However, challenges of obtaining consistent and comparable
elastic modulus values across these different methods arise from
multiple factors. For instance, different NW growth mecha-
nisms and sensitive synthesis conditions, their structural and
geometrical variations, beam theory model validity, and the
resolution of microscopy techniques leading to inaccurate mea-
surements of the NW dimensions, particularly at the lower reso-
lution limit [18].

The low symmetry of monoclinic crystal systems, as in the
B-Ga,O3 case, might promote the growth of nanostructures with
different crystalline orientations, which often leads to the for-
mation of nanostructures with various dimensions, such as
NWs, nanobelts (NBs), and nanosheets/nanoplates [19,20].
Therefore, it is essential to understand how the elastic modulus
values of NWs and NBs may differ. For instance, materials such
as ZnO have demonstrated varying elastic modulus values
depending on their geometrical dimensions [21,22]. Additional-
ly, studies by Luan et al. [23] have revealed the elastic
anisotropy in B-GayO3, highlighting the strong directional de-
pendence of Young’s modulus. Available studies hint that
various factors could strongly influence the mechanical proper-
ties of Ga,O3 one-dimensional nanostructures, which merits to

be investigated more deeply.

This work addresses the challenges associated with deter-
mining the elastic modulus of individual monoclinic Ga,03
NWs. Here, the selection and use of two distinct measurement
techniques, resonance and three-point bending, was driven by
the fact that the test method contributes to variations in re-
ported nanostructure moduli. The mean elastic modulus of 34.5
and 75.8 GPa were obtained from resonance and three-point
bending methods, respectively, which is significantly lower
than the bulk value. Furthermore, the measured elastic moduli
values indicate the need for finely controllable f-Ga,O3 NW
synthesis methods and detailed post-examination of their me-
chanical properties before considering their application in future

nanoscale devices.

Results
For structural analysis of the as-grown NW arrays on Si(100)/

SiO; substrates, X-ray diffraction (XRD) measurements were
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conducted. The marked peaks are associated with monoclinic
B-Ga,O3 (ICDD-PDF #41-1103), as indicated in Figure 1a,
while the Bragg peak at around 33 degrees corresponds to the Si
substrate (forbidden Si(200) reflection). Furthermore, transmis-
sion electron microscopy (TEM) was used to study the inner
crystalline structure of individual NWs (see Figure 1b and
Figure 1c). The as-grown NWs typically are single crystalline
without any distinguishable planar structural defects, such as
twin boundaries or stacking faults. Fast Fourier transformation
(FFT) was performed on the TEM images to ascribe the crys-
talline planes and determine the growth direction of the NWs.
Several NWs were studied, and more than one growth direction
was identified, which is common for B-Ga,O3 NWs [20]. For
example, Figure 1b shows a NW with interlayer spacing of
5.7 A indicating [001] growth direction, while in another NW,
shown in Figure lc, orthogonal (11-2) and (-112) planes were
identified with 2.2 A interlayer spacing, indicating [021] growth
direction. The presence of NWs with various crystalline orienta-
tions suggests either the absence of one dominant preferential
growth direction due to the low-symmetry monoclinic phase or
other growth mechanisms alongside the vapour—liquid—solid
(VLS) method.

Following an examination via SEM, it became evident that the
NWs exhibit variations in their dimensions, highlighting a
nonuniform geometry (Figure 2). The observed NWs and
NB-like structures exhibited various cross-sections, including
square-like, trapezoid, and rectangular shapes (see Figure S1 in
Supporting Information File 1). Only part of the NWs had Au
catalyst particles at the end of the NW, which is an indication of
VLS growth; therefore, suggesting that a large portion of NWs
grew via the self-catalytic vapour—solid (VS) mechanism [24].
Different growth mechanisms could potentially lead to varia-
tions in the NW structural properties, as was also indicated by
the TEM study.

The mechanical characteristics of Ga;O3 NWs were first exam-
ined using in-situ SEM resonance tests. Figure 3a—c presents a
series of SEM images depicting an excitation of the first mode
mechanical resonance in a Ga,O3 NW, characterised by a
length L = 13.23 uym and width w = 102.79 nm with a reso-
nance frequency f] = 126.75 kHz. In the presence of a 4V AC
voltage applied to the probe, the NW exhibits noticeable oscilla-
tions (Figure 3b). When the generated frequency aligns with the
natural resonance frequency of the NW (Figure 3c), there is a
substantial increase in the amplitude of NW oscillations. To
ensure the fundamental natural resonance frequency has been
correctly identified, instead of a parametric or forced resonance
[25], oscillations at half of the resonance frequency were
checked for each NW. In total, the resonance frequency of

26 NWs was measured (see Table S1 in Supporting Informa-
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Figure 1: a) X-ray diffraction pattern of B-GasO3 NWs on silicon substrate. b) TEM image of a p-GaxO3 NW with interlayer spacing of 5.7 A, indicat-
ing [001] growth direction. c) TEM image of a B-GaxO3 NW with orthogonal (11-2) and (-112) planes and interlayer spacing 2.2 A, indicating [021]
growth direction.
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Figure 2: a) SEM image of the as-grown Ga,O3 NWs on silicon substrate; b) an individual NW with trapezoid cross-section.
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Figure 3: SEM image of a NW fixed at one end and a closely positioned probe tip: a) without applied AC and DC; b) observable oscillation with 4V AC

and 2V DC (no resonance); ¢) with 4V AC and 2V DC (resonance).

tion File 1). The width of the NWs varied from 48 to 183 nm,
while the length ranged from 6 to 27 pm. In the horizontal
(y-axis, see the chosen coordinate system in Figure 6a) reso-
nance oscillations measurements, only the width of the NW is
measured for the elastic modulus calculation. The lack of suffi-
ciently precise height measurement at both ends of the NW in

this setup does not allow accurate elastic modulus value estima-
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tion from resonance oscillation in the vertical (x-axis) direction.
The mean value of the elastic modulus was E.s = 34.5 GPa,
which is significantly smaller than the reported theoretical
Young's modulus for the bulk material (discussed in detail in
the Discussion section) [26]. No dependence of the measured
elastic modulus values on the geometrical dimensions of Ga;03
NW was observed (see Figure 4a and Table S1 from Support-
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Figure 4: Elastic modulus plotted with respect to the width of Gao,O3 NWs: a) obtained via SEM resonance tests; b) obtained via AFM three-point

bending tests.
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ing Information File 1). The histogram of obtained elastic
modulus values is shown in Figure S3 in Supporting Informa-
tion File 1.

The results of the three-point bending tests are shown in
Figure 4b and in Table S3 in Supporting Information File 1, ex-
hibiting significant data scattering without clear dependence on
the geometrical dimensions, similar to the results of the reso-
nance technique. The mean value of the elastic modulus was
calculated to be Eypp, = 75.8 GPa, which is below the elastic
modulus for bulk Ga,O3. While the length and width of NWs
for three-point bending were measured in SEM, the heights
were taken from the topography data obtained by AFM in the
adhered parts of the NW at each end. In Figure 5a, an SEM
image captures the morphology of a Ga,O3 NW positioned over
an inverted pyramid structure. Notably, both ends of the NW
are fixed, laying the foundation for a controlled three-point
bending experiment. Figure 5b presents the AFM topography of
the Ga;O3 NW. The loading and unloading spectra, illustrating
one instance of the three-point bending test, is shown in
Figure 5c. Since the elastic modulus depends on the height of
the NW in the third power, errors in measuring the height can
cause significant scattering. Furthermore, few NWs exhibited a
nonuniform height distribution. For example, the height of the
specific NW was slightly above 20 nm at one end but increased
to 80 nm at the other end (see Figure S2 in Supporting Informa-
tion File 1), leading to deviation from beam theory and giving

inaccurate calculation of the elastic modulus in such case.

Discussion

Observing differences in the elastic properties of our Ga,O3
NWs in comparison to bulk material, as well as a significant
data scatter, prompted various potential explanations for this

variation. Firstly, both experimental and theoretical investiga-
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tions have shown that f-Ga,O3 elastic characteristics exhibit
significant anisotropy [13,26,27]. This indicates that Young's
modulus is strongly dependent on the direction of crystalline
orientation (e.g., E1go = 138 GPa, Ey1g = 263 GPa, Egg; =
228 GPa [26]) emphasising directional differences in the me-
chanical properties of the material. Since our as-grown NWs
tend to exhibit various growth directions, as was determined in
the TEM studies, this elasticity anisotropy could be one of the
reasons for the scattering of the measured elastic modulus

values.

Secondly, since the elastic modulus depends so intricately on
the dimensions of the nanostructure (height is raised to the third
power for three-point bending, width to the second power,
and length to the fourth power for resonance frequency
calculations), inaccuracies in measuring these dimensions can
cause a scattering effect on the elastic modulus [28]. In this
work, this effect is further complicated by the fact that $-Ga,03
NW cross-sections tend to deviate from the rectangular geome-
try (e.g., trapezoid), giving an additional error to the calcula-
tions which should be minimised via a thorough study of each
individual nanostructure geometry [29]. The magnitude of the
geometrical measurement error typically increases significantly
for smaller NWs, since the relative measurement error is
becoming comparable to the absolute value of the dimension,
leading to overestimation of the elastic modulus, which can be
mistaken for the “size effect” [18]. The onset diameter of this
size effect, when the surface contribution towards the NW stiff-
ening is becoming significant, has been conflictingly reported to
be around 10-40 nm and below [18,30]. In this work, most of
the NWs had width values above 50 nm; therefore, elastic
moduli variations from the bulk value due to surface contribu-
tions should be negligible in this case. The primary source of

error is attributed to a nonuniform geometry (axial dimension

1.5um

Trace
—— Retrace

Force signal (V)

0 um

Figure 5: a) SEM image of GapO3 NW suspended over the inverted pyramid with both ends fixed. b) AFM topography image of GaoO3 NW
suspended over the inverted pyramid with both ends fixed, with the NW height determined to be approximately 23 nm. ¢) Loading and unloading spec-

tra, illustrating one instance of three-point bending test.
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deviations and deviations from rectangular cross-sections, e.g.,
trapezoid). Minimal and maximal values of possible geometry
deviations are used for modelling elastic modulus variations.
These cross-section errors are detailed in Table S4 and Table
S5, along with Figure S4, available in Supporting Information
File 1. These error simulations of the geometry uncertainty indi-
cate that a +25 nm width error (SEM method) and =15 nm
height error (AFM method) for NWs with 100 nm width/height
corresponds to the observed scattering in elastic modulus values

in Figure 4.

Finally, point defects, such as oxygen vacancies, can increase
the average bond length and thus result in a reduction in the
elastic modulus [31-33]. For example, Wang et al. [34] showed
that ZnO NWs with a higher density of oxygen vacancies,
inferred from photoluminescence measurements, exhibited sig-
nificantly (up to 20%) lower Young’s modulus. Wang et al. [35]
measured a lower (up to 16%) elastic modulus for Al,O3 NBs
in comparison to the theoretical value and attributed this differ-
ence to oxygen vacancies within NBs. As per our previous
study [36], our as-grown Ga;O3 NWs exhibit a strong photolu-
minescence band related to oxygen vacancies, indicating a high
concentration of such point defects. This could then partially be
responsible for their lower elastic modulus values in compari-
son to that of the bulk material. Furthermore, planar structural
defects, such as stacking faults, can also influence the mechani-
cal properties of NWs. However, reports are showing that
stacking faults can either decrease or increase Young’s modulus
[31,37]. The decrease of Young’s modulus of NWs in compari-
son to that of bulk has been reported to be even as high as three
times in WO3 NWs [25], four to five times in boron NBs [38],
and up to 10 times in ZnO NBs [22]. This drastic difference
from the bulk value is typically ascribed to a growth-direction-
dependent concentration of stacking faults and point defects in
NWs and NBs, which is correlated to the nanostructure cross-
section aspect ratio (e.g., in ZnO nanostructures). Lower width-
to-height ratio in NWs resulted in higher elastic modulus
values, while NBs with higher width-to-height ratios showed a

significant decrease in elastic modulus [22].

Although the variation of the cross-section geometry and the
presence of different growth directions, related to the low
symmetry of the monoclinic Ga;O3 phase and thus anisotropy
in mechanical properties, are the most probable causes of the
significant data scattering of the measured elastic moduli, the
reason for the considerable decrease in comparison to the bulk
value remains unclear. Our previous study of the as-grown
Ga03 NW photoluminescence [36] implied a high concentra-
tion of oxygen vacancies, which could partially be responsible
for the lower elastic modulus values. The TEM studies per-

formed on a few selected NWs did not indicate the presence of
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stacking faults, which could contribute to higher elasticity.
However, in order to gain full insight into the various factors
affecting the elastic properties of Ga,O3 NWs, a further study
should be performed on individual nanostructures with
advanced combinatory methods, such as in-situ TEM mechani-
cal resonance, to precisely determine the geometrical
parameters, crystalline orientation, and presence of planar
defects.

Conclusion

In this work, elastic moduli of individual f-Ga,O3 NWs have
been experimentally measured by two techniques: three-point
bending and mechanical resonance. The obtained mean values
are 34.5 GPa (standard deviation +24.9) and 75.8 GPa (stan-
dard deviation +47.6) from resonance and three-point bending
methods, respectively. The measurements exhibited significant
scattering, which was attributed to the variation of the cross-
section geometry and the presence of different growth direc-
tions, related to the low symmetry of the monoclinic Ga,0O3
phase and thus anisotropy in mechanical properties. This work
demonstrates the need for finely controllable 8-Ga;O3 NW syn-
thesis methods and detailed post-examination of their mechani-
cal properties before considering their application in future
nanoscale devices.

Experimental

Materials

Ga;03 NWs were synthesized using atmospheric pressure
chemical vapour transport in a horizontal quartz tube reactor
(18 mm inner diameter) according to the method reported in [2].
The process involved loading a ceramic boat with 0.15 g of
GayO3 powder (99.99%, Alfa Aesar) at the centre of the quartz
tube. Oxidised silicon wafers SiO,/Si (100) coated with Au
nanoparticles (NPs, 100 nm of diameter, water suspension, Alfa
Aesar) were positioned in a lower-temperature region 10 cm
away from the furnace centre. Au NPs served as catalysts for
the vapour-liquid—solid (VLS) growth mechanism. The reactor
was heated to 1010 °C (high-temperature zone) under a carrier
gas mixture of Ar/H, 5%, maintaining this temperature and
flow for 30 min to allow NW growth. Subsequently, the reactor
was naturally cooled to room temperature. Ga,O3 NWs, up to
100 pm in length, grew on SiO,/Si substrates downstream in the
low-temperature zone maintained around 850-900 °C.

Characterisation

The morphology of as-grown NWs was examined using SEM
(Helios 5 UX DualBeam). The measurements were carried out
at an acceleration voltage of 5 keV and a beam current of
25 pA. Transmission electron microscopy (Tecnai GF20, FEI)
at an accelerating voltage of 200 kV provided information on

the crystalline structure of NWs. Fast Fourier transformation
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was performed on the obtained TEM images to determine crys-
talline orientations. The structure was also analysed using XRD
on a Rigaku MiniFlex 600 X-ray powder diffractometer. The
measurements were conducted in Bragg—Brentano 6/260 geome-
try, utilising a 600 W Cu anode (Cu Ka radiation, A = 1.5406 A)
X-ray tube.

In four steps, (100)Si wafers (Semiconductor wafer, Inc.) with
50 nm thermal oxide, were processed to create the patterned
silicon substrates with grooves and inverted pyramids. First, the
patterns were created in a photoresist on the wafer using
conventional optical lithography. Next, the SiO, was selec-
tively removed using a buffered HF solution to replicate the
resist pattern in the oxide layer. Then, the silicon was etched at
90 °C in a tetramethylammonium hydroxide (TMAH) solution
to create etch pits. Finally, the remaining SiO, was removed in
HF. Two types of substrates were fabricated: one containing
rectangular grooves with a depth of approximately 10 um for
resonance measurements, and the other containing inverted
pyramid holes with depths ranging from hundreds of nm to a

few pum three-point bending experiments.

The synthesized NWs were mechanically deposited onto the
etched Si wafers. Nanowires, particularly those partially
suspended over the groove with a free end, were selected for
mechanical studies in SEM. Nanowires suspended over the
inverted pyramid with both ends fixed were selected for three-
point bending tests in AFM. The width and length of the
selected NWs were determined using the Analyze-Measure
function in the Fiji ImageJ]2 software (version 1.53t) [39]. The

a)

. G

9
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selection of NW dimensions relied on the background contrast
in SEM micrographs, ensuring an accurate determination of

each start and endpoints of NWs.

Mechanical resonance

Resonance measurements were executed using a micromanipu-
lator (Kleindiek MM3A-EM) with a sharp tungsten probe.
Resonance in the NWs was induced by applying a sinusoidal
oscillating AC signal between the NW and the tungsten probe
(electrode). The 4 V AC and 2 V DC excitation signal was
generated by a waveform generator (RIGOL DG4162). For
each NW, a resonance at its fundamental frequency was visu-
ally observed in SEM (Tescan Lyra, Figure 6a). If the applied
frequency coincided with the frequency of the natural vibration,
mechanical resonance was created due to an electric-induced
charge on the oscillating tip of the NWs at the applied voltage
frequency. In SEM, the selection of straight and horizontally
oriented NWs was achieved by a focus test — when a NW
remained in focus across its entire observed length, it was
assumed to be in a single plane. This assumption suggests that
the NW maintains a consistent horizontal alignment without
deviating from a straight path throughout the observed region.
Furthermore, to confirm the secure attachment of the NW to the
substrate, seven NWs were “welded” to the substrate in SEM by
Pt deposition using a gas injection system, and resonance
frequencies were compared before and after the “welding”
process (Table S2 in Supporting Information File 1). No signifi-
cant difference was observed, indicating that the NWs were
strongly fixed on the Si substrate and did not require any addi-
tional anchoring.

b) K

Figure 6: Schematic representation of the mechanical resonance and three-point bending tests: a) A NW suspended over the etched trench with one
end fixed and a tungsten needle with applied potential for resonance measurements in SEM. Arrows “x” and “y” indicate NW resonance directions.
b) A NW suspended over the inverted pyramid with both ends fixed for three-point bending measurements in AFM. The red arrow indicates the

applied force direction.
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The elastic modulus is then calculated from observed reso-

nance frequencies of NWs as follows [40]:

_48np IV,

res — 4 2Jn>
Br W

where E.  (of y-axis) is the elastic modulus, f; is a constant for
the i-th harmonic (for the first harmonic (i = 1), §; = 1.875), W
is the width of the NW, p is the density of the bulk Ga;03,
v is the NW resonance frequency, and L is the length of the
NW.

Three-point bending tests

Three-point bending tests were performed by AFM (Dimension
Edge, Bruker) using noncontact mode cantilevers with nominal
stiffness of 42 N/m (NCHR-50, Nanosensors, Figure 6b). The
NW lengths and widths for three-point bending were measured
by SEM (Nova NanosEM 450, FEI). For every measured NW,
many force—displacement curves were obtained. The
images were analysed using the Gwyddion software (version
2.63).

Three-point bending is known as one of the most reliable
methods for determining the elastic modulus (Epp) of NWs and
is calculated according to classical beam theory as follows:

_F.I
"0 192,51

where F is the applied force, L is the suspended length, & is the
displacement of the NW, and / is the second area moment of
inertia [41]. The second area moment of inertia for a rectan-

gular beam is given by:

where w is the width of the NW and 4 is the height of the NW.

Supporting Information

The Supporting Information contains details of values of
mechanical resonance experiments in SEM and AFM, and
profile measurements of NW in AFM and SEM images of
Ga,03 NWs with different cross-sections.

Supporting Information File 1

Additional results.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-15-58-S1.pdf]

Beilstein J. Nanotechnol. 2024, 15, 704-712.

Funding

This research was supported by the Latvian Council of Science
project 1zp-2022/1-0311. S.0, S.V, T.T., and A.K acknowledge
the European Union’s Horizon 2020 program, under Grant
Agreement No. 856705 (ERA Chair “MATTER”). Characteri-
zation facilities at the University of Tartu were supported by the
Center of nanomaterials technologies and research (NAMUR+)
for core facility funded by project TT13. The Institute of Solid
State Physics, University of Latvia as the Center of Excellence,
has received funding from the European Union’s Horizon 2020
Framework Programme H2020-WIDESPREAD-01-2016-2017-
TeamingPhase2 under grant agreement No. 739508, project
CAMART?2.

Author Contributions

Annamarija Trausa: investigation; methodology; visualization;
writing — original draft. Sven Oras: formal analysis; methodolo-
gy; validation; writing — review & editing. Sergei Vlassov:
conceptualization; validation; writing — review & editing. Mikk
Antsov: data curation; formal analysis. Tauno Tiirats: resources;
validation. Andreas Kyritsakis: formal analysis; validation.
Boris Polyakov: conceptualization; methodology; validation;
writing — review & editing. Edgars Butanovs: conceptualiza-
tion; methodology; supervision; writing — review & editing.

ORCID® iDs

Annamarija Trausa - https://orcid.org/0000-0001-9298-9490
Sven Oras - https://orcid.org/0000-0002-8313-8608

Sergei Vlassov - https://orcid.org/0000-0001-9396-4252
Mikk Antsov - https://orcid.org/0000-0003-1291-3520
Edgars Butanovs - https://orcid.org/0000-0003-3796-1190

Data Availability Statement
All data that supports the findings of this study is available in the published
article and/or the supporting information to this article.

References

1. Higashiwaki, M. AAPPS Bull. 2022, 32, No. 3.
doi:10.1007/s43673-021-00033-0

2. Butanovs, E.; Dipane, L.; Zolotarjovs, A.; Vlassov, S.; Polyakov, B.
Opt. Mater. (Amsterdam, Neth.) 2022, 131, 112675.
doi:10.1016/j.optmat.2022.112675

3. Pearton, S. J.; Yang, J.; Cary, P. H., IV; Ren, F.; Kim, J.; Tadjer, M. J.;
Mastro, M. A. Appl. Phys. Rev. 2018, 5, 011301.
doi:10.1063/1.5006941

4. Sivakumar, C.; Tsai, G.-H.; Chung, P.-F.; Balraj, B.; Lin, Y.-F;
Ho, M.-S. Nanomaterials 2021, 11, 2013. doi:10.3390/nano11082013

5. Alhalaili, B.; Bunk, R. J.; Mao, H.; Cansizoglu, H.; Vidu, R.; Woodall, J.;
Islam, M. S. Sci. Rep. 2020, 10, 21434.
doi:10.1038/s41598-020-78326-x

6. Liu, A.-C.; Hsieh, C.-H.; Langpoklakpam, C.; Singh, K. J.; Lee, W.-C;
Hsiao, Y.-K.; Horng, R.-H.; Kuo, H.-C.; Tu, C.-C. ACS Omega 2022, 7,
36070-36091. doi:10.1021/acsomega.2c03345

711


https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-15-58-S1.pdf
https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-15-58-S1.pdf
https://orcid.org/0000-0001-9298-9490
https://orcid.org/0000-0002-8313-8608
https://orcid.org/0000-0001-9396-4252
https://orcid.org/0000-0003-1291-3520
https://orcid.org/0000-0003-3796-1190
https://doi.org/10.1007%2Fs43673-021-00033-0
https://doi.org/10.1016%2Fj.optmat.2022.112675
https://doi.org/10.1063%2F1.5006941
https://doi.org/10.3390%2Fnano11082013
https://doi.org/10.1038%2Fs41598-020-78326-x
https://doi.org/10.1021%2Facsomega.2c03345

7. Li, Y.; Tokizono, T.; Liao, M.; Zhong, M.; Koide, Y.; Yamada, |.;
Delaunay, J.-J. Adv. Funct. Mater. 2010, 20, 3972-3978.
doi:10.1002/adfm.201001140

8. Guo, D.; Guo, Q.; Chen, Z.; Wu, Z.; Li, P.; Tang, W.

Mater. Today Phys. 2019, 11, 100157.
doi:10.1016/j.mtphys.2019.100157

9. Zhang, M,; Liu, Z.; Yang, L.; Yao, J.; Chen, J.; Zhang, J.; Wei, W.;
Guo, Y.; Tang, W. Crystals 2022, 12, 406. doi:10.3390/cryst12030406

10. Afzal, A. J. Materiomics 2019, 5, 542-557.
doi:10.1016/j.jmat.2019.08.003

11.Cui, S.; Mei, Z.; Zhang, Y.; Liang, H.; Du, X. Adv. Opt. Mater. 2017, 5,
1700454. doi:10.1002/adom.201700454

12.Wang, S.; Sun, H.; Wang, Z.; Zeng, X.; Ungar, G.; Guo, D.; Shen, J.;
Li, P.; Liu, A; Li, C.; Tang, W. J. Alloys Compd. 2019, 787, 133—-139.
doi:10.1016/j.jallcom.2019.02.031

13.Zheng, X.-Q.; Zhao, H.; Jia, Z.; Tao, X.; Feng, P. X.-L. Appl. Phys. Lett.
2021, 779, 013505. doi:10.1063/5.0050421

14.Yu, M.-F.; Atashbar, M. Z.; Chen, X. [EEE Sens. J. 2005, 5, 20-25.
doi:10.1109/jsen.2004.838669

15.Kim, Y.-J.; Son, K.; Choi, I.-C.; Choi, I.-S.; Park, W. I.; Jang, J.-i.
Adv. Funct. Mater. 2011, 21, 279-286. doi:10.1002/adfm.201001471

16. Antsov, M.; Polyakov, B.; Zadin, V.; Mets, M.; Oras, S.; Vahtrus, M.;
Léhmus, R.; Dorogin, L.; Vlassov, S. Micron 2019, 124, 102686.
doi:10.1016/j.micron.2019.102686

17.Jasulaneca, L.; Meija, R.; Livshits, A. |.; Prikulis, J.; Biswas, S.;
Holmes, J. D.; Erts, D. Beilstein J. Nanotechnol. 2016, 7, 278-283.
doi:10.3762/bjnano.7.25

18.Vlassov, S.; Bocharov, D.; Polyakov, B.; Vahtrus, M.; Sutka, A.;
Oras, S.; Zadin, V.; Kyritsakis, A. Nanotechnol. Rev. 2023, 12,
20220505. doi:10.1515/ntrev-2022-0505

19.Hu, J.; Yu, B.; Zhou, J. Adv. Eng. Mater. 2023, 25, No. 2300688.
doi:10.1002/adem.202300688

20.Zou, X.; Xie, D.; Sun, Y.; Wang, C. Nano Res. 2023, 16, 5548-5554.
doi:10.1007/s12274-022-5243-0

21.Chen, C. Q.; Shi, Y.; Zhang, Y. S.; Zhu, J.; Yan, Y. J. Phys. Rev. Lett.
2006, 96, 075505. doi:10.1103/physrevlett.96.075505

22.Lucas, M.; Mai, W.; Yang, R.; Wang, Z. L.; Riedo, E. Nano Lett. 2007,
7, 1314-1317. doi:10.1021/nl070310g

23.Luan, S.; Dong, L.; Jia, R. J. Cryst. Growth 2019, 505, 74-81.
doi:10.1016/j.jcrysgro.2018.09.031

24.Kumar, S.; Singh, R. Phys. Status Solidi RRL 2013, 7, 781-792.
doi:10.1002/pssr.201307253

25.Liu, K. H.; Wang, W. L.; Xu, Z; Liao, L.; Bai, X. D.; Wang, E. G.

Appl. Phys. Lett. 2006, 89, No. 221908. doi:10.1063/1.2397547

26. Grashchenko, A. S.; Kukushkin, S. A.; Nikolaev, V. |.; Osipov, A. V.;
Osipova, E. V.; Soshnikov, I. P. Phys. Solid State 2018, 60, 852—857.
doi:10.1134/s1063783418050104

27.Yao, Y.; Sugawara, Y.; Sasaki, K.; Kuramata, A.; Ishikawa, Y.

J. Appl. Phys. 2023, 134, No. 215106. doi:10.1063/5.0180389

28.Nasr Esfahani, M.; Alaca, B. E. Adv. Eng. Mater. 2019, 21,

No. 1900192. doi:10.1002/adem.201900192

29.Kosmaca, J.; Jasulaneca, L.; Meija, R.; Andzane, J.; Romanova, M.;
Kunakova, G.; Erts, D. Nanotechnology 2017, 28, 325701.
doi:10.1088/1361-6528/aa79cd

30. Vlassov, S.; Polyakov, B.; Oras, S.; Vahtrus, M.; Antsov, M.; Sutka, A.;
Smits, K.; Dorogin, L. M.; L6hmus, R. Nanotechnology 2016, 27,
335701. doi:10.1088/0957-4484/27/33/335701

31.Wang, S.; Shan, Z.; Huang, H. Adv. Sci. 2017, 4, No. 1600332.
doi:10.1002/advs.201600332

Beilstein J. Nanotechnol. 2024, 15, 704-712.

32.Duncan, K. L.; Wang, Y.; Bishop, S. R.; Ebrahimi, F.; Wachsman, E. D.
J. Am. Ceram. Soc. 2006, 89, 3162-3166.
doi:10.1111/j.1551-2916.2006.01193.x

33.Xi, J.; Zhang, P.; He, C.; Zang, H.; Guo, D.; Li, T.

Nucl. Instrum. Methods Phys. Res., Sect. B 2015, 356-357, 62—68.
doi:10.1016/j.nimb.2015.04.059

34.Wang, X.; Chen, K.; Zhang, Y.; Wan, J.; Warren, O. L.; Oh, J.; Li, J.;
Ma, E.; Shan, Z. Nano Lett. 2015, 15, 7886—7892.
doi:10.1021/acs.nanolett.5b02852

35.Wang, S.; Huang, Q.; Wu, Y.; Huang, H. Nanotechnology 2016, 27,
475701. doi:10.1088/0957-4484/27/47/475701

36.Butanovs, E.; Zubkins, M.; Nedzinskas, R.; Zadin, V.; Polyakov, B.

J. Cryst. Growth 2023, 618, 127319.
doi:10.1016/j.jcrysgro.2023.127319

37.Dai, S.; Zhao, J.; He, M.-r.; Wang, X.; Wan, J.; Shan, Z.; Zhu, J.

Nano Lett. 2015, 15, 8-15. doi:10.1021/n1501986d

38.Ni, H.; Li, X. D. J. Nano Res. 2008, 1, 10-22.
doi:10.4028/www.scientific.net/jnanor.1.10

39. Schindelin, J.; Arganda-Carreras, |.; Frise, E.; Kaynig, V.; Longair, M.;
Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid, B.;
Tinevez, J.-Y.; White, D. J.; Hartenstein, V.; Eliceiri, K.; Tomancak, P.;
Cardona, A. Nat. Methods 2012, 9, 676—682. doi:10.1038/nmeth.2019

40.Bai, X. D.; Gao, P. X.; Wang, Z. L.; Wang, E. G. Appl. Phys. Lett. 2003,
82, 4806—4808. doi:10.1063/1.1587878

41.Polyakov, B.; Antsov, M.; Vlassov, S.; Dorogin, L. M.; Vahtrus, M.;
Zabels, R.; Lange, S.; Léhmus, R. Beilstein J. Nanotechnol. 2014, 5,
1808-1814. doi:10.3762/bjnano.5.191

License and Terms

This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjnano/terms), which is

identical to the Creative Commons Attribution 4.0
International License

(https://creativecommons.org/licenses/by/4.0). The reuse of

material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the

material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjnano.15.58

712


https://doi.org/10.1002%2Fadfm.201001140
https://doi.org/10.1016%2Fj.mtphys.2019.100157
https://doi.org/10.3390%2Fcryst12030406
https://doi.org/10.1016%2Fj.jmat.2019.08.003
https://doi.org/10.1002%2Fadom.201700454
https://doi.org/10.1016%2Fj.jallcom.2019.02.031
https://doi.org/10.1063%2F5.0050421
https://doi.org/10.1109%2Fjsen.2004.838669
https://doi.org/10.1002%2Fadfm.201001471
https://doi.org/10.1016%2Fj.micron.2019.102686
https://doi.org/10.3762%2Fbjnano.7.25
https://doi.org/10.1515%2Fntrev-2022-0505
https://doi.org/10.1002%2Fadem.202300688
https://doi.org/10.1007%2Fs12274-022-5243-0
https://doi.org/10.1103%2Fphysrevlett.96.075505
https://doi.org/10.1021%2Fnl070310g
https://doi.org/10.1016%2Fj.jcrysgro.2018.09.031
https://doi.org/10.1002%2Fpssr.201307253
https://doi.org/10.1063%2F1.2397547
https://doi.org/10.1134%2Fs1063783418050104
https://doi.org/10.1063%2F5.0180389
https://doi.org/10.1002%2Fadem.201900192
https://doi.org/10.1088%2F1361-6528%2Faa79cd
https://doi.org/10.1088%2F0957-4484%2F27%2F33%2F335701
https://doi.org/10.1002%2Fadvs.201600332
https://doi.org/10.1111%2Fj.1551-2916.2006.01193.x
https://doi.org/10.1016%2Fj.nimb.2015.04.059
https://doi.org/10.1021%2Facs.nanolett.5b02852
https://doi.org/10.1088%2F0957-4484%2F27%2F47%2F475701
https://doi.org/10.1016%2Fj.jcrysgro.2023.127319
https://doi.org/10.1021%2Fnl501986d
https://doi.org/10.4028%2Fwww.scientific.net%2Fjnanor.1.10
https://doi.org/10.1038%2Fnmeth.2019
https://doi.org/10.1063%2F1.1587878
https://doi.org/10.3762%2Fbjnano.5.191
https://www.beilstein-journals.org/bjnano/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjnano.15.58

	Abstract
	Introduction
	Results
	Discussion
	Conclusion
	Experimental
	Materials
	Characterisation
	Mechanical resonance
	Three-point bending tests

	Supporting Information
	Funding
	Author Contributions
	ORCID iDs
	Data Availability Statement
	References

