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Abstract

The article presents the results of the study of the mechanical properties and defect structure of gallium oxide (Ga,0,) by
using the piezoelectric composite oscillator technique. Bulk samples of the Ga,0, beta phase in the form of single crystals
and their intergrowths were obtained by growth from a melt with a shaper (Stepanov technique). The research involved
studying the dependences of the longitudinal elastic modulus and the damping of elastic vibrations at a frequency of 100
kHz on the strain amplitude. Changes in the elastic and microplastic properties of the samples at different temperatures
were attributed to possible relaxation phenomena in the structure of the material.

Studying the defect structure in samples of pure and doped Ga, 0O, is necessary to improve the technology for the production
of large single crystals. The fundamental questions in this area are the influence of defects on the anisotropy of electrical
conductivity, band structure, and other functional properties of the resulting semiconductor material. The purpose of this
article is to establish the features of sample preparation, research, and interpretation of the results obtained by the
piezoelectric composite oscillator technique for gallium oxide samples.

In the studied samples, the first longitudinal vibration mode was excited, which corresponded to a length of about 27 mm
and a small cross-section of the sample. The temperature dependences in the region of low and high strain amplitudes
were determined separately. The crystalline quality of the prepared samples was assessed by X-ray diffraction with the
analysis of the rocking curve.

The value of Young’s modulus obtained along the growth axis (crystalline orientation <010>) in Ga,0, crystals Ex260 GPa
is in line with the results of previous studies. Relaxation peaks corresponding to various dislocation interactions were found
on the temperature dependences of internal friction at a temperature of 280 K.
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1. Introduction

The search for new techniques for the
manufacture and study of large-sized single
crystals of B-Ga,O, is associated with the
possibility to use them to create substrates
and functional parts for semiconductor
devices [1]. Due to the unique properties of
various forms of gallium oxide, it can be used
to miniaturize existing power electronics
components and to develop new ones [2, 3].In
this case, B-Ga,0, substrates will allow using
the advantages of homoepitaxy, simplifying
the production technology, and ensuring
the durability of the finished devices [4].
Applications of Ga,O, for the creation of
ultraviolet [5, 6] and X-ray detectors [7], gas
sensors [8, 9], and other devices [10] have also
been described. Currently, the largest linear
dimensions of produced single crystals of
B-Ga,0O, areup to 11 cm [11]. Intrinsic defects
(oxygen vacancies [12]) and unintentional
alloying which occur in the process of growth,
as a rule, have a negative impact on their
functional properties [13, 14]. However, the
control of the density and distribution of
defects of various types can allow the thermal
conductivity, electrical conductivity, band
structure, and many other properties of
crystals to be purposefully changed [15, 16].

The defect-impurity structure of
semiconductors has been widely studied by
methods based on their optical and electronic
radiofrequency properties [13, 17]. The band
structure of Ga,O, and its other properties
which are important for solving applied
problems have been studied analytically
[18], numerically, and comprehensively
[19]. However, one of the most universal
techniques of structure analysis is based
on the interaction of defects with the field
of elastic waves [20, 21]. The piezoelectric
composite oscillator (PCO) technique has
been widely used to excite elastic vibrations
[22]. Depending on the temperature, crystal
orientation, and vibration frequency and
amplitude, such interactions will have
different values of energy loss due to internal
friction [21, 23]. The maximum sensitivity
of the PCO technique to the interaction of
dislocations with point defects of various
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kinds is achieved at strain amplitudes
from 1077 to 10~* in the frequency range
of 103+10° Hz [24, 25]. The amplitude-
independent part of the damping of elastic
vibrations makes it possible to construct
so-called indicative surfaces of the internal
friction background [23] and to determine
the orientation and activity of the dislocation
slip systems. The damping of high-amplitude
vibrations characterizes various processes of
dislocation reproduction and motion in the
elastic fields of other defects [26].

Despite the large amount of data on
the structural properties of B-Ga,0, [27],
scientists continue to research the activation
of various dislocation slip systems [28, 29].
The mechanical properties of bulk crystals
of B-Ga,0, necessary for the effective
manufacture of wafer substrates have also
been poorly studied. The study of these
properties appears to be challenging due to
the strict requirements to the preparation of
samples of the specified shape and size and
due to the need for additional research by
other techniques. In this regard, so far, studies
of the mechanical properties of Ga,O, have
only been carried out by those techniques
that could be adapted for measurements on
thin films and small-sized crystals.

The purpose of this work is to study bulk
Ga,O, crystals by the piezoelectric composite
oscillator technique at a frequency of 100 kHz
and to obtain data on the elastic and plastic
features of the mechanical characteristics of
Ga,0..

2. Experimental

Bulk crystals of B-Ga,0, were produced by the
liquid-phase growth technique from a melt with
a shaper (Stepanov technique) [11, 12] (Fig. 1a).

In this paper, the piezoelectric composite
oscillator (PCO) technique with a measurement
frequency of about 100 kHz was used as the main
method for studying mechanical properties [25,
26]. The experiments were carried out at strain
amplitudes from 107 to 10 in a wide temperature
range from 120 to 320 K.

A piezoelectric composite oscillator was
two soldered quartz single crystals. The studied
material was attached to the oscillator with
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Fig. 1. The appearance of the 3-Ga,0, bulk samples obtained by Stepanov edge-defined film-fed growth meth-
od (a) and samples prepared for investigation by composite oscillator technique (b)

various adhesive substances. When an alternating
voltage was applied to the electrodes of one of the
crystals, it started to oscillate and transmit elastic
vibrations to the sample. The value of the damping
coefficient was obtained from the ratio of the signal
on the electrodes of the second measuring crystal
to the first one. The oscillation frequencies of the
entire system were also measured. The values of
internal friction and elastic moduli were found
by the measured values with due account of the
characteristics of the quartz oscillator and the
coupling coefficient. In this research, measurements
were taken at a resonance frequency of about 100
kHz for the first longitudinal oscillation mode. In
this case, the change in frequency corresponded
to the value of the Young’s modulus. The Young’s
modulus and internal friction determined by this
technique provided cumulative information about
the dynamic properties of the microstructure and
their changes under the influence of deformations
in the studied material:

=m & +m_d

qu - qu sam ~ sam ?

moscf;)sc = mquf;qu + msamfsam ’
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where m___is the mass of the entire oscillator; m,
is the mass of quartz; m__ is the mass of the
sample; 8__ is the damping of vibrations on the
entire oscillator; §_, is the damping the vibrations
onquartz;d__is the damping of vibrations on the
sample; f, is the frequency of vibrations on the
entire oscillator; fq Jis the frequency of vibrations
on quartz; and f__is the frequency of vibrations
on the sample.

The Young’s modulus for the sample material
is defined as:
E =4pl*f?

sam ?
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p is the density of the studied material; and
[ is the length of the sample.

The relative change in elastic properties
associated with the heating of the sample
and its reversible dislocational deformation is
characterized by the Young’s modulus defect. In
the case of longitudinal oscillations, this value is
determined from the ratio:

_(E - ()
E' b

1

where E is the elastic modulus at the ampli-
tude-independent stage, E(e) is the elastic
modulus at the amplitude-dependent stage,
and ¢ is the strain amplitude of the sample.

For PCO measurements, a diamond-
coated circular saw was used to prepare
samples in the form of parallelepipeds with
dimensions of about 27x2x1 mm3. The long
side of the samples coincided with the growth
axis <010> and the propagation direction
of elastic vibrations from the piezoelectric
oscillator to the sample. To ensure reliable
results, measurements were taken on three
samples of the same type (Fig. 1b).

The density of the samples was determined
by hydrodensitometry using GH-252 accuracy
class III balances (A&D Company) and a
V7-78/1 temperature meter (AKIP). For the
studied material, the average density value
was p = 591512 kg/m>.

In this experiment, in addition to the PCO
technique, an X-ray diffraction analysis (a
DRON-8 diffractometer, CuK -radiation, slit
configuration, BSV-29 tube, Nal-TI1 detector)
was used to assess the crystalline perfection
of the studied samples. The crystals prepared
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for the PCO were studied in continuous and
discrete modes in a wide range of angles.
Rocking curves for reflection maxima (12 0 0)
were also studied. Since the maximum
deforming stress during the first longitudinal
mode is localized in the center of the sample,
we studied this area. The size of the X-ray
beam on the surface was approximately equal
to the width of the sample of ~ 2 mm.

2. Results and discussion

The obtained diffraction data are shown in
Fig. 2. The overall diffraction pattern (Fig. 2A)
has clear plane diffraction peaks (1 0 0) of
different diffraction orders. The profile and
diffraction angles correspond to the PDF 01-
087-1901 data. The sample was examined and
positioned by reflection (12 0 0). Fig. 2b shows
the reflection diffractograms in a discrete
mode to determine 20K _, = 102.24°. The
rocking curve for the reflection maxima (12 0 0)
was obtained with a narrow slit configuration in
a discrete mode at two step values (Fig. 2c). The
rocking curve profile has an asymmetric shape
with a “tail” at smaller o, the full width at half
maximum intensity is approximately 0.011°.

The amplitude dependences of internal
friction and Young’s modulus were obtained
by the PCO technique at room temperature
(Fig. 3).

In all samples, both amplitude hysteresis
due to internal friction (IT) and the Young’s
modulus (YM) are present, in other words, the
dependences measured sequentially during
increasing or decreasing amplitudes do not
coincide with each other. The dependence
measured during a decreasing amplitude
is located above the dependence measured
with an increasing amplitude. This behavior
is characteristic of various types of single
crystals and polycrystals [30, 31]. From
the theoretical perspective, the amplitude
hysteresis indicates the oscillatory motion
of dislocations in the force fields of stops
that secure dislocations of point defects [32,
33]. The hysteresis depends on the maximum
strain amplitude at which the dependences
were taken. For example, hysteresis was
not observed at an amplitude of less than
10-° (blue curves). A further slight increase
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Fig. 2. The X-ray diffraction of the central region of
the B-Ga,O, sample over a wide range of angles (a),
profile and rocking curve of the maximum (12 0 0) (b)
and (c) respectively
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Fig. 3. Dependences of Young’s modulus (a) and internal friction (b) on strain amplitude at room temperature

in amplitude (red curves) resulted in the
appearance of a small reversible hysteresis.
At amplitudes considerably higher than 10-°
(black curves), there were large reversible and
irreversible hystereses.

These curves can be divided into two
stages: (i) low-amplitude, characterized by a
moderate increase in IF and a fall in the YM;
(ii) high-amplitude with a significant increase
in IF and a fall in the YM. During the first stage,
there were vibrations of dislocations trapped
at point defects (pinning centers) in the form
of impurity atoms and vacancies and during
the second stage, vibrations of dislocations
appeared after the detachment [30]. The
transition from the first stage to the second
occurred at a strain amplitude of about 10-°.

=300K

1 225K
015 + +118K

0,1 +

Young's modulus defect AE, GPa

IE-7 1E-6

Fig. 4 shows the Young’s modulus defect
caused by the deformation of Ga,O, samples.
The curves were taken at three temperatures:
300,225,and 118 K. In this case, the amplitude
dependences of the Young’s modulus defect
are associated with the two stages of the
sample microdeformation described above.
Despite the fact that the YM defect is
determined primarily by the density of defect
structures and their distribution over the
section and length of the studied sample,
the temperature also has a significant
impact on this characteristic [30]. When
the temperature rose, the growth of the YM
defect was due to unlocking dislocations [34].
It should be noted that the graph was built
from the dependences E(€) taken at the very

" —n

Strain amplitude A, r.u.

Fig. 4. Amplitude dependence of the Young’s modulus defect
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first increase in amplitude on samples that
had never been exposed to high amplitudes.

Fig. 5 shows the temperature dependences
of the YM and IF. On the whole, when
the temperature decreased, the Young’s
modulus increased, while the IF decreased.
This behavior of dependences of mechanical
characteristics is conventional. There was also
a slight gap in the dependences around 273 K,
apparently due to the presence of residual
moisture in the measuring cell. It should be
noted that the YM was in the range of 261-
272 GPa (Fig. 5a) and at room temperature
it fully correlated with the data presented in
other papers [35, 36]. For example, the authors
of [35] studied nanomechanical resonators
based on B-Ga,O, nano flakes grown by low
pressure chemical vapor deposition (LPCVD).
The measurements taken in this paper
revealed the Young’s modulus E = 261 GPa
and anisotropic biaxial inline tension of 37.5
and 107.5 MPa. At a temperature of about 280
K, there was an IF peak (Fig. 5b), while on
the YM temperature dependence there was
an inflection. This peak and inflection are
associated with dislocation interactions,
apparently with Hasiguti relaxation or
Snoek-Koster relaxation [37]. Hasiguti
relaxation is associated with the interaction of
dislocations (inflections) with their intrinsic
defects: interstitial defects, vacancies, and
their complexes. In our case, Snoek—Koster
relaxation can be due to the “dragging”
or “separation” of impurity atmospheres
during the motion of dislocations. The
obtained results can be associated with the
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technology of obtaining monocrystalline
intergrowths. At growth temperatures, the
melt is unstable and subject to decomposition
into gas components: divalent gallium oxide,
monovalent oxide, metallic gallium, and
oxygen: (Ga,0, — GaO — Ga,0 — Ga, and
0). This process cannot be fully compensated
for by an excess of oxygen in the growth
atmosphere, which, as a rule, leads to the
emergence of oxygen vacancies in the
growing bulk crystal [38]. Hence, it can be
assumed that the Hasiguti relaxation is
the main mechanism responsible for the
formation of the IF peak and the inflection
on the YM dependence. However, further
research is required to reliably prove the
determined nature of the peaks. When
comparing equivalent samples of the same
initial material, the Hasiguti relaxation peaks
in some of them can be annealed during the
reverse stage [37].

3. Conclusion

The obtained diffraction curve profile (Fig. 2a)
and the value of the parameter a of the crystal
lattice of the synthesized monoclinic phase
correspond to the reference data in the PDF
database and the data presented in other scientific
publications [39], which may indicate a high
degree of structural perfection of the obtained
B-Ga,0, samples and a small value of residual
stresses in the crystal. The small value (for the
used slit configuration) of the half-width of the
rocking curve indicates a high degree of crystalline
perfection of the studied region within the sample.
Aninconsiderable asymmetry of this curve in the

0,025 |
0.020 +
0.015 T

265 1 0.010 +

Internal friction 4, a.u.

Young's modulus £, GPa

0.005

....................
.....................

260 " " t " 0.000 +—
100 150 200 250 300 100 150 200 250 300

Temperature T, K

Temperature 7, K

a b
Fig. 5. Temperature dependences of Young’s modulus (a) and internal friction (b) of Ga,0,
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area of small angles can be due to various factors,
such as the small-angle disorientation of blocks
(grains) or the presence of twins. The crystal
structure of the studied samples corresponds to
the initial material [11, 12].

The PCO technique was used to obtain the
mechanical characteristics of the samples at a
frequency of 100 kHz. During the experiments,
the amplitude dependences of the YM and IF
were obtained and interpreted. The amplitude
dependences can be divided into two stages: (i)
low-amplitude, in which vibrations of dislocations
occur within impurity atmospheres; (ii) high-
amplitude, in which vibrations of dislocations
occur outside impurity atmospheres. The value
of strain amplitude was found at which there is
the transition from the first stage to the second.
As a result, the temperature dependences of the
YM and IF at a frequency of about 100 kHz were
obtained for B-Ga,0,. Those dependences are in
line with the results of other experiments. Further
research is required to interpret the nature of
the IF relaxation peak at 285 K associated with
dislocation interactions.
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